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ABSTRACT

Compartmentalization is an essential cellular mechanism that allows cells to create and
organize controlled microenvironments for specific metabolic pathways, increase their
reaction rate and/or protect the cell from the harmful effect of substrates or products. Due to
the lack of organelles, prokaryotes produce protein-based compartments by protomer self-
assembly.

Encapsulins, one of the bacterial nanocompartments most recently described, are
protein nanocages with the ability of sequestering other smaller proteins (cargo proteins)
within their cavity. The physiological function of encapsulins seems to be determined by the
type of cargo proteins encapsulated. Myxococcus xanthus encapsulin (EncA) is constituted by
180 protomers assembled into a 32 nm wide cage protein. This protein naturally encapsulates
two ferritin-like proteins (EncB and EncC) and a third protein with no predicted activity. The
encapsulation of cargo proteins and the characterization of the complex are described in this
thesis. No major structural changes in EncA were detected upon cargo encapsulation but the
assembly of EncC is shown to be iron-dependent. The function of the shell protein in
stabilizing and protecting cargo proteins from thermal denaturation is also demonstrated.
Additionally, a novel function of binding and protection of circular double stranded plasmid
DNA (pUC19) by EncA was discovered and characterized. Finally, the intrinsic ability of EncA
to mineralize iron was observed and described as similar to L-chain ferritins. The
encapsulation of EncC or EncB within EncA renders the complexes into a ferritin-like catalytic
active system. Differences in the chemical nature of the mineral core formed in the presence of
molecular oxygen and hydrogen peroxide were probed, as well as the detection of ferric
intermediates in EncC during the ferroxidation and iron mineralization reactions using
Mossbauer spectroscopy.

Dps, or DNA-binding protein from starved cells, is another bacterial
nanocompartment composed of 12 monomers assembled into a cube-like cage protein ~ 9 nm
wide. These proteins are known to bind and protect DNA and to accumulate ferric iron in their
cavity, protecting the cell from reactive oxygen species. However, the mechanism by which
labile iron returns to the cellular medium is still poorly understood. As such, the second part
of this thesis describes the iron release mechanism from the Dps of Marinobacter
hydrocarbonoclasticus while using WrbA, a flavoprotein, as an electron-transfer partner, NADH
as an electron donor and two types of iron acceptors: an inorganic compound (1,10-
phenanthroline) and a metalloprotein (rubredoxin). Although in aerobic conditions the iron is
only released when an iron chelator is present, labile iron is released into the solvent in
anaerobic condition. However, the presence of a chelator increases the rate of release.
Rubredoxin was proven to be suitable as a putative biological partner for the iron release from
Dps with faster iron release than in the presence of 1,10-phenanthroline.

Keywords: Encapsulin; Cargo protein; Ferritin-like protein;, DNA-binding protein
from starved cells (Dps); Iron homeostasis; Structural dynamics; DNA binding and
condensation; Iron oxidation and mineralization; Iron release from ferritins; Kinetics; Dynamic
Light Scattering; Synchrotron Radiation Circular Dichroism; Small Angle X-ray Scattering;
Mossbauer spectroscopy
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RESUMO

A compartimentaliza¢do é um mecanismo celular essencial que permite que as células
se organizem internamente e criem microambientes controlados permitindo vias metabdlicas
especificas, o aumento da taxa reacional e/ou a protecdo celular dos efeitos nocivos de
substratos ou produtos. Devido a auséncia de organelos, os organismos procariontes
produzem compartimentos através da produgdo e auto-organizagdo de protémeros.

As encapsulinas, um tipo de nanocompartimento proteico descoberto recentemente,
sdo nanocages com capacidade de encapsular outras proteinas de menores dimensdes
(“proteinas-carga”) dentro da sua cavidade. A fungdo bioldgica das encapsulinas ainda é
relativamente desconhecida, mas parece estar associada a func¢do das proteinas-carga
encapsuladas. A encapsulina de Myxococcus xanthus (EncA) é composta por 180 monémeros
organizados de modo a formar uma proteina esférica oca com 32 nm de didmetro. Neste
organismo, a EncA encapsula duas proteinas semelhantes a Ferritinas (EncB e EncC) e uma
terceira sem atividade prevista. O trabalho nesta tese descreve o estudo deste sistema, a
auséncia de altera¢des estruturais notdérias na EncA aquando do encapsulamento das
proteinas-carga e a necessidade da presenga de ferro para garantir a oligomerizagdo completa
da EncC. Observou-se, ainda, a fungdo protetora da encapsulina das proteinas-carga durante
a desnaturacdo térmica. Adicionalmente, foi descoberta como nova funcdo da EncA a
capacidade de se ligar e proteger DNA plasmidico circular (pUC19). Finalmente, demonstrou-
se a atividade da EncA em realizar a mineraliza¢io de ferro de forma semelhante as ferritinas
do tipo L e que a encapsulagdo das proteinas-carga EncB e EncC converte o complexo num
sistema catalitico. As diferengas na natureza do mineral férrico quando este se forma na
presenca de oxigénio molecular ou de peréxido de hidrogénio e a detegdo de intermedidrios
férricos durante a reagdo de ferroxidacdo pela EncC foram analisadas através da
espectroscopia de Mossbauer.

A Dps, DNA-binding protein from starved cells, é outro nanocompartimento bacteriano
composto por 12 mondémeros que formam uma proteina oca, quase ctiibica, com 9 nm de
largura. Sabe-se que essas proteinas se ligam ao DNA bacteriano, protegendo-o, e armazenam
ferro na sua cavidade protegendo o organismo de danos por espécies reativas de oxigénio. No
entanto, o mecanismo pelo qual o ferro é libertado para o meio celular de forma biodisponivel
é um fenémeno pouco estudado. Assim, na segunda parte desta tese é descrito o mecanismo
de libertacdo de ferro da Dps de Marinobacter hydrocarbonoclasticus, acoplando a reagdo a agdo
da flavo-proteina WrbA como parceira de transferéncia eletrénica, NADH como doador de
eletrdes e dois tipos de aceitadores de ferro: um composto inorgénico (1,10-fenantrolina) e uma
metaloproteina (rubredoxina). Apesar de em condicdes aerdbicas o ferro apenas ser libertado
na presenca de um quelante, este é libertado para a solugdo em condi¢des anaerdbicas.
Contudo, a presenga do quelante aumenta a taxa de libertagdo. A rubredoxina mostrou ser um
bom candidato como parceiro biolégico para a libertagdo de ferro sendo que sua presenca
aumenta a taxa de libertacdo de ferro comparativamente a molécula inorganica.

Keywords: Encapsulina; Proteinas-carga; Ferritin-like protein; Dps; Homeostasia de
ferro; Dindmica estrutural; Ligacdo e condensacdo de DNA; Oxidagdo e mineralizagdo de ferro;
Libertagdo de ferro; Cinética; Dispersdo Dindmica de Luz; Dicroismo Circular com Radiagdo
Sincrotrao; Dispersao de Radiacdo raio-X a Angulo Baixo; Espectroscopia de Mossbauer.
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INTRODUCTION

Sections 1.1 and 1.2 were adapted from the following manuscript, published during
this thesis:
Ana V. Almeida, Ana ]J. Carvalho, Alice S. Pereira, “Encapsulin nanocages: Protein
encapsulation and iron sequestration” Coord. Chem. Rev. 448: 214188, (2021). DOL
10.1016/j.ccr.2021.214188.

Section 1.3.2.3.1 was adapted from the following manuscript, published during this
thesis:
Ana V. Almeida, Jodo P. Jacinto, Jodo P. L. Guerra, Bruno J. C. Vieira, Jodo C. Waerenborgh,

Nykola C. Jones, Seren V. Hoffmann, Alice S. Pereira, Pedro Tavares., “Structural features and
stability of apo- and holo-forms of a simple iron-sulfur protein” Eur. Biophys. J., 50(3-4): 561-
570 (2021). DOI: 10.1007 / s00249-021-01546-0.



1.1 Cell Compartmentalization

Cells spatially control and constrain metabolically related enzymes through a process
called compartmentalization. It was initially suggested that cell compartmentalization was
limited to eukaryotic organelles (such as mitochondria, lysosomes, or peroxisomes) due to the
lack of intracellular lipid-based membranes in eubacteria and archaea. However, with the
discovery of protein-based compartments, prokaryotic cells were found to have the capacity
to maintain distinct controlled environments within the cell [1]. These bacterial micro- or
nanocompartments are generated by the assembly of a specific number of identical subunits
forming highly symmetrical large-scale structures (Figure 1.1) [2]. These grant a localized
concentration of enzymes, facilitate the transfer of substrates and products between reactions,
sequester toxic substances or block reactive intermediates from reaching the cytosol, where
they might cause cellular damage [1,2].

Bacterial compartments have a wide array of sizes and roles within the cell. The
carboxysome is an 80 — 140 nm polyhedral proteinaceous bacterial microcompartment that
enhances CO, fixation in cyanobacteria and chemoautotrophic bacteria due to the presence of
key enzymes in the inner cavity [3,4]. Ethanolamine utilization (Eut) microcompartments are
present in Enterobacteriaceae and in some Firmicutes and are 100 -200 nm wide. They
prevent the accumulation of the harmful intermediate acetaldehyde in the cytosol while
reducing the loss of carbon source by compartmentalization [5,6]. The lumazine synthase (LS)
nanocompartment (16 — 29 nm) forms an icosahedral shell that contains an enzymatic complex
(riboflavin synthase) involved in riboflavin biosynthesis [7]. The smallest type of nanocages
corresponds to the proteins from the Ferritin Family, octahedral protein cages formed by the
assembly of 24 subunits with 12 nm of diameter (or 12 in the case of the mini-ferritin DNA-
binding protein from starved cells, Dps, with 9 nm) with ferroxidase activity. These proteins
accumulate and store a mineral iron core inside their cavity, controlling its bioavailability [8].

Bacterial microcompartments Bacterial nanocompartments
Carboxysome Ethanolamine Encapsulin Lumazine Ferritin
utilization Family Synthase Family

10 nm

Figure 1.1: Quaternary structure of micro- and nanocompartment shells. Left: Simplified models of the
carboxysome and ethanolamine utilization microcompartment assemblies. Right: Atomic structures of bacterial



nanocompartments: two types of encapsulins, lumazine synthase and two members of the Ferritin Family. The
carboxysome shell is constituted by pentameric and hexameric vertices, rendering an icosahedral shape. The Eut
shell is solely composed of hexamer faces resulting in a less geometrically regular shell. The pentameric vertices
are shown in yellow and the hexameric capsomer is identified as blue for carboxysome, Eut, encapsulins and LS.
In the Ferritin family the 3-fold channel formed by adjacent N-terminal regions is represented in yellow. Adapted
from [9]. Encapsulin from Quasibacillus thermotolerans (top structure, PDB: 6NJ8) and Thermotoga maritima (bottom
structure, PDB: 7KQ5); LS from Aquifex aeolicus (PDB: 1HQK); Ferritin from Muycobacterium tuberculosis (top
structure, PDB: 30J5); and Dps from Escherichia coli (bottom structure, PDB: 1DPS).

1.2 Encapsulins

1.2.1 Discovery

A new type of protein nanocompartment was recently identified and classified as the
Encapsulin Family (Figure 1.1). Encapsulin systems comprise the interplay between at least
two distinct types of proteins: one that self-assemblies into an icosahedral shell-like structure
24 to 42 nm wide (the encapsulin shell) and functional cargo proteins that are encapsulated in
the cavity of the former (the cargo proteins). There was some initial disparity regarding the
nomenclature of the encapsulin genes upon their identification. In 1994, encapsulins were
originally identified in Brevibacterium (Bre.) linens as a high molecular weight aggregate
classified as linocin M18 [10]. Homologs of this high molecular weight aggregate were later
identified in the supernatants of Mycobacterium (Myc.) tuberculosis, Mycobacterium (Myc.) leprae
and Thermotoga (The.) maritima cultures [11-13]. In Streptomyces griseus, a multimeric protein
was identified in the cytoplasm (27 nm of diameter) with a positive effect on DNA replication
at late growth phases [14]. These discrepancies were clarified upon the publication of the
crystallographic structures of Pyrococcus (Pyr.) furiosus and The. maritima encapsulins, which
showed that the previously described high molecular weight aggregates were protein
nanocages loaded with functional cargo proteins [15,16]. So far, the activity of the encapsulin
shell is believed to be limited to a structural scaffolding function, while the catalytic activity
of the system is ensured by the cargo proteins.

1.2.2 Family of Proteins

Encapsulin monomers share high structural homology with viral capsid protomers
(such as the Hong Kong 97 (HK97)-like from Caudovirales), when compared with other
bacterial nanocompartments [15-17]. Encapsulins are widely distributed in bacterial and
archaeal phyla, representing the larger distribution than any other large-scale compartments
in Prokarya. Encapsulins can be found in anaerobic thermophilic microbes, aerobic mesophilic
soil bacteria, cyanobacteria and host-associated microbes, both common and pathogenic,
which demonstrates the relevance of researching these proteins [18].



The encapsulins proteins are generally classified as Family 1 (classical), Family 2,
Family 3 and Family 4, depending on the type of cargo proteins they encapsulate [19].
According to the cargo proteins of Family 1 encapsulins, the function of these systems is
closely related with the protection against oxidative stress by preventing the formation of
reactive oxygen/nitrogen species (ROS/RNS) through the removal of ferrous iron from the
solution or by consuming toxic intermediates of oxygen and nitrogen reactions [18,20-22].
Family 2 encapsulins are evolutionarily distant from their Family 1 counterparts and are
expected to be the most numerous Encapsulin sub-family [19-23]. It is also proposed that
Family 2 can be further subdivided into Family 2a and Family 2b according to the absence or
presence of an internal cyclic nucleotide-monophosphate-binding domain in the E-loop (see
section 1.2.3.3). Based on a single study of a member of the Family 2a, the encapsulin shell and
its cargo protein seem to be associated with the rescue of sulfur upon starvation. However,
there is no experimental evidences currently reported for members of the Family 2b, and all
the information about this subclass is based on bioinformatic analysis [19,23,24]. Two
additional families have been newly described: Family 3 and Family 4. Family 3 (or natural
product encapsulin) is associated to biosynthetic gene clusters resulting in the production of
peptide-based natural products. However, the function of their cargo proteins is still unclear.
Family 4 (or A-domain encapsulin) only contains the A-domain of the HK97-fold due to a
major sequence deletion. This family is mostly found in anaerobic thermophiles found in
submarine hydrothermal vents. It is hypothesized that Family 4 might self-assemble as
pentamers facets or even larger complexes, yet their function is still speculated [19].

1.2.3 Shell Protein

1.2.3.1 Structure of the Encapsulin Shell

Recently, the high-resolution structures of Pyr. furiosus, The. maritima, Myxococcus
(Myx.) xanthus, Quasibacillus  (Qua.) thermotolerans and  Symnechococcus  (Syn.) elongatus
encapsulins determined by X-ray crystallography and Cryogenic Electron Microscopy (Cryo-
EM) revealed that encapsulins and Caudovirales capsid proteins share high structural
similarity. The resemblance lies on the architecture of the monomers and their self-assembly
into an icosahedral protein shell [15-17,21,23,25]. Such as viral capsids, encapsulin shells are
classified by their size and triangulation number (T). T is a nomenclature used in virology that
describes the complexity of a capsid. It is based on the number of equilateral triangles on its
surface [26]. The gp5 phage capsid protein of HK97 bacteriophage is composed of 420
monomers. These protomers assemble into a 66 nm wide icosahedral shell with 12 pentameric
and 60 hexameric faces (T = 7) (Figure 1.2A) [17]. All encapsulins described so far are smaller
than gp5. Likewise, encapsulins are nanocompartments formed by the self-assembly of
identical subunits into an icosahedral shell-like structure. Additionally, the encapsulin shell of
Families1 and 2 exhibit differences in protomer organization and overall structure
(Figure 1.2).



The first Family is further subdivided into three distinct architectures. The smallest
type of encapsulin was found in The. maritima. It is composed of 60 identical monomers
(~ 31 kDa/monomer) that form a 23 — 24 nm wide cage structure with an inner diameter of
22 nm. It presents an icosahedral T=1 symmetry with 12 pentamers and no hexamers
(Figure 1.2A) [15]. Other examples of 60-mer encapsulins are present in
Rhodospirillum (Rhs.) rubrum, Rhodococcus (Rhe.) jostii, Myc. turberculosis, Bre. linens and
Mycobacterium (Myc.) smegmatis [20,22,27-29].

The second encapsulin Family 1 sub-group comprises the Pyr. furiosus and
Myx. xanthus (38.8 and 32.5 kDa per monomer) homologs. Both are built from 180 copies of
the same protomer organized in 12 pentamers and 20 hexamers occupying icosahedral vertices
and faces. The 180-mer architecture forms a T =3 symmetry, creating a nearly spherical
structure. These encapsulins have an outer diameter of 32 —36 nm and a 33 A-thick shell
(Figure 1.2A) [16,21]. Notably, the encapsulin from the Kuenenia (Kue.) stuttgartiensis
Anommox bacterium has an additional diheme cytochrome (cyt) domain fused to the N-
terminus of each monomer. It belongs to the Family 1, is a T = 3 encapsulin and assembles into
a 180-mer nanocompartment regardless of the truncation of the N-terminal cyt domain.
However, the cage of this variant is smaller (29 nm) than the wild-type (diameter of 33 nm)
[18]. Strikingly, the expression of the Myx. xanthus encapsulin in Escherichia (Esc.) coli resulted
in two distinct types of shell organization. Besides the expected T =3 encapsulin, empty
protein shells with T =1 symmetry were also obtained (36 % of the total protein produced)
(Figure 1.2A) [30]. This behavior had also been described in a previous work [21].

The third and largest encapsulin Family 1 sub-group includes the protein from
Qua. thermotolerans, characterized by Cryo-EM. It revealed an icosahedral T = 4 shell topology
resulting from the self-assembly of 240 identical subunits, rendering a cage 42 nm wide [25]
(Figure 1.2A). The organization of the shell consists of 12 pentameric and 30 hexameric
capsomeres. The Qua. thermotolerans encapsulin displays a non-covalent chainmail topology
established by the interaction of E-loops with two adjacent P-domains through electrostatic,
hydrophobic, and potential anion-mt interactions. HK97 also presents this topology albeit with
distinct physico-chemical properties due to the covalent nature of the interactions [25,31].

The Encapsulin Family 2 is currently solely comprised by the Syn. elongatus encapsulin,
which is 24.5 nm wide and results from the self-assembly of 60 identical monomers creating
an icosahedral T =1 symmetry [23] (Figure 1.2A). The most notorious structural difference
between Family 1 and 2 is observed at the protruding vertices that form the 5-fold symmetry
axis leading to a “’spike” morphology in Family 2. Similar to the Qua. thermotolerans protein,
the encapsulin from Syn. elongatus has a chainmail-like topology. This organization is achieved
by the interconnection of the extended N-terminal region with the adjacent subunit [23].



1.2.3.2 Assembly Mechanism of the Encapsulin Shell

A report on the Bre. linens encapsulin using native mass spectrometry (native MS)
suggests a two-step assembly pathway. Initially, there is the self-association into dimers
promoted by the E-loop of each subunit across the 2-fold icosahedral symmetry axis. In a
second step, a new set of dimers repeatedly assemble into the structure until the complete shell

is formed. The cargo protein is encapsulated during this process [28].

A

The. maritima Pyr. furiosus
r=il T=3

Viral Capsid HK97
T=7

Qua. thermotolerans
T=4

Myx. xanthus
T=1

Myx. xanthus
T=3

Syn. elongatus
T=1

Family 2

Figure 1.2: Structural overview of the Family 1 and 2 encapsulin proteins. (A) Size comparison between assembled
encapsulins. Hexameric facet (in gray) and pentameric vertices (in yellow) for the The. maritima, Syn. elongatus,
Pyr. furiosus, Myx. xanthus (T =1 and T = 3), Qua. thermotolerans proteins and HK97 viral capsid (proteins in scale).
The FMN co-factor of The. maritima is colored as blue atoms. (B) Tertiary structure of the encapsulin monomers.
Left: The. maritima monomer colored according to its domains: P-domain in cyan, E-loop in red and A-domain in
yellow. The a and f structures are numbered. Right: Superposition of Family 1 and 2 monomers. The. maritima in
yellow (PDB: 7KQ5), Syn. elongatus in blue (PBD: 6X8M), Pyr. furiosus in green (PDB: 2E0Z), Myx. xanthus T =1 in



dark gray (PBD: 7521) and T = 3 in light gray (PBD: 4PT2), Qua. thermotolerans in salmon (PDB: 6NJ8). The gaps in
the structures are displayed as dashed lines.

1.2.3.3 Structure of the Protomer

Although the sequence identity between encapsulins and viral capsids is relatively
low, there are major structural similarities between their monomers. Encapsulin monomers
have a HK97-like fold, first reported for the capsid protein gp5 of HK97 lambdoid
bacteriophage [15-17]. The HK97-like fold renders a monomer with three different domains,
in a a+f structure comprising seven a-helices (a1-a7) and ten B-strands (p1-310) (Figure 1.2B)
[15,16]. Due to their conservation, these domains are termed as the P-domain, A-domain, and
E-loop (for peripheral, axial, and elongated /extended, respectively).

The P-domain entails most of the monomer (Figure 1.2B in cyan). It possesses two long
(al and a4) and two short (a2 and a3) a-helices and three antiparallel B-sheets (31, 4 and (39)
that cover the N-terminal and other non-consecutive regions along the primary sequence. The
a-helix and B-sheet regions of this domain protect a hydrophobic pocket that establishes the
interaction with the cargo protein [15]. Surprisingly, Syn.elongatus exhibits an extended
unordered N-terminal region, more characteristic of bacteriophage protein structures
[17,23,32]. In the case of the Pyr. furiosus encapsulin, the high flexibility of the initial 109
residues prevented atomic resolution [16].

The A-domain creates a compact motif formed by three a-helical (a5, a6 and a7)
segments accommodated against five parallel and antiparallel B-sheets (B5, 36, 7, 8 and $10)
that enclose the C-terminus (Figure 1.2B in yellow). This domain has almost no contact points
with the other two domains from the same monomer, but it is essential in the pentameric and
hexameric assemblies that form the encapsulin pores through contacts with the A-domains
from other monomers using the highly-flexible loop between helices a6 and a7 [14]. The
Syn. elongatus encapsulin A-domain presents an elongated C-terminal region, which leads to
the distinct Family 2 ““spike” morphology [23].

The E-loop is composed of two-antiparallel B-strands (2 and $3) and an unordered
region (Figure 1.2B in dark red). This domain establishes the contacts between dimers, forming
the two-fold symmetry pores. The E-loop is the most variable of all domains between
encapsulin homologs due to its flexible nature. The The. maritima encapsulin presents a shorter
loop with a 60° rotation. This rotation provides a tighter contact with the neighboring
protomers. Additionally, the Myx. xanthus variant that self-associate into a T =1 symmetry
also display a similar 60° rotation. Differences in the length and angle of this region may be
the reason for the distinct assemblies found within this encapsulin sub-group [15,16]. In the
Pyr. furiosus protein, the subunits forming either pentameric or hexameric capsomeres present
noticeable structural variations in both the A-domain loop and the E-loop [16].



1.2.3.4 Structure of the Pore

All known protein micro and nanocompartments, including Dps, ferritins, encapsulins
and even carboxysomes, present more than one type of pores. The unique properties of each
pore type provide the selective passage of substrates to the cavity trough chemical or steric
selection [15,23,25,33-35].

Encapsulins present three types of openings: the 5-, 3- and 2-fold pores. These pores
can be 3 to 7 A wide and differ in their electrostatic properties. In Family 1 the 2-fold channels
are constituted by negatively charged residues (Figure 1.3). In the The. maritima encapsulin,
the 5-fold pores are uncharged and mainly formed by histidine residues. The 3-fold pores are
not evolutionarily conserved. In the The. maritima shell the 3-fold pores are positively charged
[15] (Figure 1.3). Besides having a greater volume, Qua. thermotolerans encapsulin also displays
the widest pore with 7.2 A. The pores in this protein are all negatively charged, allowing the
channeling of positively charged substrates. However, the 2-fold pores located in 60-mer and
180-mer encapsulins are missing in Qua. thermotolerans due to the presence of two asparagine
side chains that hinder the opening (Figure 1.3) [25].

Both The. maritima and Qua. thermotolerans encapsulins present extra electron density
in their atomic structures due to the presence of metal ions. In The. maritima the histidine
residues in the 5-fold channels are coordinating a metal ion [15]. The Qua. thermotolerans
protein presents extra density in both the 5- and 3-fold pores [25]. A tightly bound flavin-based
molecule was found near the 3-fold pore in the The. maritima encapsulin (Figure 1.3A) [36].
More recently, this flavin molecule was also found in the interface between two subunits
interacting with a tryptophan (W90), suggesting that the The. maritima encapsulin might be a
flavoprotein, binding preferentially to FMN (flavin mononucleotide) and riboflavin [36,37]. It
is predicted that encapsulins from other organisms may also contain this flavin moiety.
However, its function is still unknown.

The negatively charged pores in encapsulin Family 1 compensate the positive charges
usually present in their substrates. Contrarily, the pores in Syn. elongatus encapsulin (from
Family 2) are positively charged (Figure 1.3), which is attuned with the channeling of L-
cysteine as substrate [23]. Interestingly, a recent study probing the flexibility of the
The. maritima encapsulin pentameric vertices revealed the dynamic conformation of the pore,
with the detection of an ““open” form with a 24 A aperture and a ““closed” pore, 9 A wide [38].
This observation suggests a dynamic feature of the encapsulin pore.



Encapsulin
Fold Symmetry 5-fold pore 3-fold pore 2-fold pore

The. maritima

Family 1
Qua. thermotolerans  Pyr. furiosus

1

Family 2
Syn. elongatus
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Figure 1.3: Electrostatic surface representation of the encapsulin pores. On the left the three pores are represented
with the icosahedral symmetry position. The pentagon corresponds to the 5-fold pore, the triangle to the 3-fold and
the ellipse to the 2-fold pore. On the right, the 5-fold, 3-fold and 2-fold pores are colored with blue to red according
to their electrostatic potential, from +10 kTe™! to —10 kTe™’. The scale bar corresponds to 10 A. The electrostatic
surface was calculated using the APBS software [39]. The. maritima (PDB:3DKT), Syn. elongatus (PBD:6X8M),
Pyr. furiosus (PDB: 2E0Z), Myx. xanthus (PBD:4PT2) and Qua. thermotolerans (PDB: 6NJ8). The electrostatic surface
was calculated using APBS software.

1.2.4 Cargo Proteins

So far, the function of an encapsulin system is always correlated with the proteins
found within the cavity. The ability of the encapsulin shell to harbor cargo proteins was first
identified in the The. maritima system. Additional electron density was found in its atomic



structure near the internal hydrophobic pockets of the protein shell, in which 8 extra residues
(Figure 1.4) were identified, not corresponding to any region of the primary sequence of the
encapsulin protomer [15]. These residues were found to be part of the C-terminal sequence of
a ferritin-like protein (Flp), encoded by a gene found in the encapsulin operon. The structure
of the whole encapsulated Flp was impossible to determine due to the flexibility of its C-
terminal region [15]. Subsequent bioinformatics studies identified this C-terminal coding
sequence conserved in several other genes usually present immediately upstream the enc gene,
depending on the organism: Flp, DyP (dye-decolorizing peroxidase), folate biosynthesis
(FolB), bacterioferritin (Bfr), ferredoxin (Fd), iron-mineralizing activity encapsulin-associated
Firmicute protein (IMEF), nitrite reductase domain fused to a hydroxylamine oxidoreductase
domain (NIR-HAO), hemerythrin-like, rubrerythrin-like proteins and biphenyl
dehydrogenase were found associated with members of encapsulins Family 1, while cysteine
desulfurase (CyD) and polyprenyl diphosphate synthase were found adjacent to members of
the Family 2 [15,18,22,23,25].

1.2.4.1 Cargo Loading Peptide

The deletion of the conserved amino acid sequence described above prevents the
encapsulation of endogenous cargo proteins and its artificial fusion to the C-terminus of
exogenous proteins allows their encapsulation. Therefore, this sequence was designated as
“’cargo loading peptide” (CLP) and deemed necessary for the incorporation of proteins by
encapsulins [15,18,22,23,25,40-42]. CLP are predominantly composed of alanine, proline and
glycine residues that interact with the hydrophobic pocket of the P-domain and the N-terminal
of the encapsulin protomer (Figure 1.4). In fact, the interaction between the encapsulin and the
cargo protein molecules is predominantly established by hydrophobic bonds and salt bridges
[15].

Besides the CLP found in the The. maritima encapsulin, other variations to the
encapsulation process have been found. For example, in the Pyr. furiosus system the first 109
residues (located inside the encapsulin shell) correspond to the cargo protein that is fused to
the encapsulin, resulting in a single polypeptide chain. As such, there is no CLP motif in this
case [16]. Furthermore, in the IMEF-encapsulin-Fd system, the IMEF cargo protein presents
the CLP at the C-terminus, whereas Fd is tagged at the N-terminus [18]. There is currently
only one encapsulin system described containing a single cargo protein with a N-terminal
CLP, shared between the cargo proteins of Encapsulin Family 2. Strikingly, the CLP domain
of the cargo protein from Kuenenia (Kue.) stuttgartiensis encapsulin—cyt system is absent. It is
suggested that the interaction among the shell and the cargo is established between the cyt
domain of the encapsulin shell and the NIR domain of the NIR-HAO fusion protein [18,43].

In The. maritima the gene coding for the cargo protein was identified in close proximity
to the encapsulin gene, as a core operon [15]. However, cargo proteins can also be found
throughout the genome of the organism, and are termed as secondary cargo proteins, such as
the EncC and EncD cargo proteins of Myx. xanthus or BfrB and FolB of Myc. tuberculosis
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[18,21,22]. The protein environment inside an encapsulin shell is not necessarily
homogeneous. The encapsulins from Myx. xanthus, Myc. tuberculosis and from Firmicutes can
simultaneously encapsulate different types of cargo proteins, such as the EncB-EncC-EncD,
DyP-BfrB-FolB and IMEF-Fd cargo proteins, respectively [18,21,22].

Protomer Profile Top

Figure 1.4: High resolution structures of native and non-native cargo proteins of encapsulin systems. Left: Top
and profile views of cargo proteins and their protomer/functional units. The secondary structure elements of a
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monomer of each cargo protein is colored with a-helices in green, B-sheets in yellow and coiled coils in dark gray,
with the remaining monomers represented in gray; the iron atoms are represented as orange spheres with their
binding residues shown as atoms. Right: The outer monomers of the encapsulin shell are represented in steel blue
and the cargo loading peptides are shown as atoms through red spheres. All structures are represented in a 20 A
scale. Native cargo proteins of encapsulins from Family 2: Cysteine desulfurase (CyD) (PDB: 6C9E) from Legionella
pneumophila; native cargo proteins of encapsulins from the Family 1: Dye-decolorizing peroxidase B (DypB) (PDB:
3QNR) from Rhc. jostii, folate biosynthesis enzyme (FolB) (PDB: 1INBU) from Myc. tuberculosis, bacterioferritin B
(BfrB) (PDB: 3UNO) from Muyc. tuberculosis, ferritin-like protein (Flp) (PDB: 5DA5) from Rhs. rubrum, iron-
mineralizing encapsulin-associated Firmicute (IMEF) (PDB: 6N63) from Qua. thermotolerans; non-native cargo
proteins: Cyan fluorescent protein derived (TFP) (PDB: 2HQK) from Clavularia, enhanced green fluorescent protein
(EGFP) (PDB: 4EUL) from Aequorea victoria, superfolder green fluorescent protein (sfGFP) (PDB: 2B3P) from
Aequorea victoria.

The CLP that tether to the encapsulin protomers were identified in the three sub-
families from Classical Encapsulins. In 60-mer encapsulins the CLP (and thus the cargo
protein) were found directly below the 5-fold pore in The. maritima (Figure 1.4), which suggests
that these represent the putative pathway for substrate entry and binding [15]. Contrarily, the
CLP was located near both 5- and 2-fold symmetry pores in 240-mer encapsulins, but with
tighter interaction with the 2-fold pores [25]. The location of the CLP in 180-mer systems was
recently identified at the 2-, 3- and 5-fold axes, resulting in similar distributions of the cargo

proteins next to the pentameric and hexameric facets [30].

1.2.4.2 Cargo Function

So far there is no evidence that the encapsulin shell presents any function besides the
role of cargo stabilization and protection. Encapsulins are known to be resistant to chemical
stresses such as pH variation or denaturation by chaotropic agents, mechanical forces and high
temperatures [15,27,28,40]. They are also highly resistant to unspecific proteolysis, while their
cargo proteins are usually not [40,42]. Thus, the encapsulation process may have evolved to
increase the lifetime of the cargo proteins, protecting them from different external factors and
maintaining suitable conditions for their enzymatic activity.

In Family 1 encapsulin systems the activity of the cargo proteins is intrinsically related
with redox chemistry. DyP-type proteins are members of the Heme Peroxidase Family that
use hydrogen peroxide to catalyze the oxidation of a wide variety of substrates, such as lignin
or anthraquinone dyes [44,45]. While, FolB cargo proteins are involved in folate (or vitamin
B9) biosynthesis. Folate derivatives are essential cofactors for amino acid and nucleic acid
synthesis. NIR-HAO cargo protein is suggested to oxidize hydrazine resulting in the formation
of N,. Moreover, distinct cargo proteins such as bacterioferritin, Flp and IMEF perform
ferroxidation of ferrous species by the consumption of molecular oxygen.
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1.2.4.3 Encapsulin Shell and Cargo Protein System

The encapsulation process limits the range and number of substrate molecules that
pass through the shell and reach the cargo protein, as in the case of guaiacol, a substrate of
Myc. tuberculosis DyP [22]. In some cases, the encapsulin cage also enhances the activity of the
cargo protein as shown for the encapsulated DypB of Rhc. jostii, with a ~ 8-fold increase in the
rate of lignin degradation [27]. The coupling of the NIR and HAO reactions in a fusion protein
encapsulated inside the 180-mer encapsulin shell of Anammox bacteria may be considered the
first depiction of sequential steps of a metabolic pathway controlled by spatial restriction of a
Encapsulin protein cage [18]. Moreover, the Flp and IMEF cargo proteins exhibit ferroxidase
activity but no capacity to harbor the ferric species generated, which leads to their toxic
precipitation in solution. As such, the partnership with an encapsulin cage enables them to
function akin to a large-scale ferritin-like system [20,21].

1.2.5 Iron Sequestration and Oxidative Stress Protection

As previously mentioned, encapsulins are thought to be involved in iron
mineralization and storage as well as oxidative stress protection, among other functions.
Although the catalytic mechanisms are still unknown, they are thought to act by removing the
toxic species, Fe?" ions and H,O,, from the intracellular environment.

Iron is often considered the most vital transition metal in Biology. It is present in the
active sites of multiple proteins responsible for carrying out a wide variety of functions, from
electron-transfer to oxygen transport and nitrogen fixation, among others. It is also the fourth
most abundant element in the Earth’s crust [46]. In water and at physiological pH, Fe*" ions
are relatively soluble (102 M) whereas the ferric form Fe®* is considered insoluble (107'¢ M).
Though soluble, in the presence of H,O, free Fe*" ions rapidly react to form ROS by the Fenton
reaction:

Fe?* + H,0, —» Fe3* + OH®* + OH™ Equation 1

Cycling between the Fe** and Fe*" ionic forms can proceed via the superoxide radical
anion:

Fe3* + 057 — Fe?* + 0, Equation 2

Combination of the two equations represents the so-called Haber-Weiss reaction:

05~ +H,0, - 0,+ 0OH® + OH™ Equation 3

Hydroxyl radicals (OH") can react with almost all types of biomacromolecules, nucleic
acids, proteins, carbohydrates and lipids, impairing essential functions that can lead to cell
death [47]. Hence, living organism have developed several mechanisms to cope with this toxic
drawback, including the production of proteins from the Ferritin Family that control the
intracellular concentration of free iron. They sequester free Fe** ions in solution and convert
them to a ferric mineral (through ferroxidation and mineralization activities) that is stored
inside the protein’s cavity and released on demand.
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1.2.6 Ferritin-like Proteins

The encapsulins of The. maritima and Pyr. furiosus were the first reported encapsulins
with an Flp identified as cargo protein [15,16,48]. Later, the Myx. xanthus homologue was
characterized with two Flp proteins: EncB and EncC. Additionally, Rhs. rubrum and
Haliangium (Hal.) ochraceum encapsulins were also reported to have this type of cargo protein
[20,48]. The primary sequence (and tertiary structure) of Flp cargo proteins from different
organisms is similar. The encapsulated Flp of Rhs. rubrum shows 53 % sequence identity with
its The. maritima counterpart, 33 % with Myx. xanthus, and 29 % with Pyr. furiosus homologues
and the iron binding motif, EXXH (X represents any amino acid residue), is conserved in these
proteins [20] (Figure 1.5A and B)

1.2.6.1 Structural Dynamics of Ferritin-like Proteins

Crystallographic structures of the free form of Flp from Nitrosomonas (Nit.) europaea,
The. maritima, Rhs. rubrum, Hal. ochraceum, Pyr. furiosus and both Flp from Myx. xanthus
encapsulins revealed a new type of assembly, distinct from the previously described ferritins
and Dps, displaying a toroidal arrangement composed of 10 identical subunits (Figure 1.5B).
Additionally, the crystal structure of a truncated domain of the Flp present in the N-terminal
of Pyr. furiosus encapsulin shows a similar organization [20,48]. Each monomer contains two
long antiparallel a-helices followed by a shorter a-helix (Figure 1.5B, left). The CLP-containing
C-terminus is pointed towards the outside of the ring, suggesting that these residues are
available to interact with the encapsulin shell.

The decameric structure results from the assembly of five dimers, with two types of
dimer interfaces. One of these interfaces contains a di-nuclear FOC, where two iron atoms are
coordinated by two glutamates and one histidine residue of each monomer (Figure 1.5B,
right). In the other type of dimer interface (formed by a back-to-back dimer conformation)
these residues are exposed to the solvent and as such no FOC is formed (Figure 1.5B, middle).
Although typical ferritins are 24-mer proteins and contain their FOCs within the four-helix
bundle of each monomer, the architectures of the di-iron ferroxidase centers of Flps and
ferritins are superimposable [20,48]. The dimerization of some Flp is dependent on the
presence of Fe? ions. Contrarily, Fe* does not affect the oligomer state of the protein.
Additionally, the oligomerization may be induced through the protonation of a conserved
histidine involved in FOC formation. The substitution of the histidine residue prevented the
decameric assembly, leading to the accumulation of monomers and dimers in the Rhs. rubrum
Flp or only dimers in the case of the Hal. ochraceum protein. Other results further suggest that
Flp oligomerization is achieved by self-assembly of non-FOC dimers followed by the
association of five of these dimers through the formation of FOC-containing interfaces upon
iron binding [20,48,49].
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Figure 1.5: Comparison between sequence and structural organization of different Flp cargo proteins. (A)
Primary sequence alignment (Clustal Omega and ESPriot) [50,51] of the EncB from Muyx. xanthus (Mx B),
Hal. ochraceum (Ho), Nit. europaea (Ne) and Rhs. rubrum (Rr) as well as the EncC from Myx. xanthus (Mx C) and
Pyr. furiosus (Pf). (B) The toroidal decameric structure of the Flp from different organisms are superimposed as
cartoons. EncB from Myx. xanthus in light gray (PDB: 7S5K), Hal. ochraceum in green (PDB: 5N5F), Nit. europaea in
blue (PDB: 3K6C), Rhs. rubrum in salmon (PDB: 5DAS5), EncC from Myx. xanthus in red (PDB: 7S8T), Pyr. furiosus in
dark gray (PDB: 5N5E). (C) Structure of the monomer, non-FOC dimer and FOC dimer of Flp cargo proteins: Left:
a monomer; Middle: a non-FOC dimer interface; Right: A FOC dimer interface of Pyr. furiosus Flp. Iron atoms are
shown as orange spheres (PDB: 5N5E).
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1.2.6.2 Iron Ferroxidation

To accomplish their iron oxidation and mineralization function, the encapsulin-Flp
cargo system has to rapidly attract Fe?* ions in solution, translocate them to the active sites in
the encapsulated Flp cargo proteins, catalyze their ferroxidation, and direct the ferric species
to nucleation/growth sites at the inner surface of the encapsulin shell (Figure 1.6D). While a
wealth of structural information on the encapsulin-cargo system, unloaded encapsulin shell
and free Flp cargo proteins have been reported in the last years, the aforementioned process
is far from being elucidated. Recently, the Flp-encapsulin system has been described as a
member from the Ferritin Family.

The presence of dense granules (~24nm in diameter) inside the Myx. xanthus
encapsulin shell, in close proximity to the Flp cargo proteins was detected using Cryo-EM,
scanning transmission electron microscopy (STEM), energy-dispersive X-ray (EDX)
spectroscopy and inductively coupled plasma mass spectrometry (ICP-MS). On average, each
shell displayed 14 granules composed of iron and phosphate in an approximate molar ratio of
4:1, with 5 — 6 nm of diameter, accounting to a total of ~ 30,000 Fe atoms. The encapsulin-Flp
complex from Rhs. rubrum was obtained by recombinant co-expression in Esc. coli [20]. TEM
data revealed the presence of the Flp cargo protein within the encapsulin shell. The complex
displayed ferroxidase activity, solubilizing all ferric iron. As before, TEM micrographs
revealed highly regular dense particles of ~5nm in diameter proving the formation of the
ferric mineral within the encapsulin shell.

The atomic structure of the Flp cargo proteins revealed a di-nuclear FOC in the dimer
interface with differential occupancy of the iron binding site that is most probably dependent
on the experimental conditions or can be explained by the occurrence of a transient catalytic
site [15,20,48,49,52]. Besides the FOCs, additional metal binding sites on the outer surface and
near the center of the open ring were detected, consistent with translocation of hydrated Fe?*
ions from the outside to the FOC and exit of Fe** species from the FOC to the putative
nucleation sites at the encapsulin inner surface, respectively.

The FOC formed by the Flp dimer interface is occupied by two iron atoms coordinated
by three glutamates and one histidine residue from each monomer as a 5-coordinate Fe?**
complex (state 1) (Figure 1.6A) similar to the di-nuclear coordination geometry of the FOC
found in ferritins [20,30,48]. Additionally, a conserved tyrosine residue is present in the
vicinity of this center. In bacterial ferritins this same tyrosine is suggested to form an
intermediate tyrosyl radical associated with the conversion of O, to H,O, [53-55].

A new type of iron coordination was revealed by the crystal structure of Myx. xanthus
EncB (state 2). Here, residue E28 suffered a 180° rotation from the iron atom increasing the
distance from 2.7 A to 4.1-4.4 A (Figure 1.6B). This rotation leads to a distinct iron
coordination center from the previous high-affinity 5-coordinated state resulting in a lower
affinity 4-coordinated state [30]. Additionally, Eren et al. detected a glutamate-histidine (three
glutamate and two histidine residues from each dimer) ladder along the a-helix near the FOC
(Figure 1.6C) functioning as a secondary iron binding center. At the center of this ladder an
iron atom is coordinated by four glutamate and two histidine residues similar to the “site C”
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of bacterial ferritins placed ~ 7.0 A away from the FOC. The overall ferroxidation mechanism
is still unclear, yet two mechanisms are currently proposed. In the first hypothesis “site C” is
not occupied by an additional Fe?* and both Fe?* bound to the FOC are oxidized forming a
peroxodiferric intermediate resulting in the formation of Fe*and H,0O,. In the second
hypothesis “site C” is occupied by Fe*" and the conserved tyrosine acts as an electron and H*
donor to the peroxodiferric intermediate resulting in Fe** and Fe** ions [30]. Additional studies
are still needed to understand the ferroxidation mechanism of Flp cargo proteins.

State 2

Figure 1.6: The ferroxidation center and predicted location of Ferritin-like proteins within the shell protein.
(A) “State 1” di-iron binding FOC of Myx. xanthus EncC as previously detected for other Flp. (B) “State 2” di-iron
binding FOC of Myx. xanthus EncB. (C) Additional iron binding sites formed by the glutamate-histidine ladder in
EncB. The residues from each a-helix that form the FOC are displayed in gray and in green for EncC and gray and
blue for EncB. Iron ions are shown as orange spheres. Interactions between the residues and iron are shown as
dashed lines. The iron atom is shown as a blue sphere in site C, in green in site D and in yellow in site E (adapted
from [30]). (D) Left: Truncated encapsulated Flp domain from Pyr. furiosus (PDB: 5N5E, in blue) docked to the
The. maritima encapsulin shell, in light gray. The position of the Flp C-terminus agrees with the location of the CLP
domains (in dark red) found in the structure of the The. maritima encapsulin shell. The Flp toroidal decameric
structure (in blue) faces the 5-fold pore of the shell, suggesting a possible iron entry route. Right: Schematic
illustration of the iron oxidation process in encapsulin-Flp systems. Fe?* ions are channeled through the encapsulin
pores reaching the di-iron FOCs at the Flp dimer interface. At the FOC the iron is coordinated by 2 glutamate and
1 histidine residues from each subunit and is oxidized using O, as co-substrate. The resulting ferric species are
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subsequently translocated from the FOCs to nucleation/growth sites at the inner surface of the encapsulin cavity
to form the ferric mineral. Adapted from [48].

Additionally, two extra iron binding sites were detected above and below the ladder
(Figure 1.6C, sites D and E). All residues from site C and four out of five of the ladder residues
are conserved in Myx. xanthus EncC, Rhs. rubrum, and Hal. ochraceum, while three out of five
are conserved in Pyr. furiosus. Similar to some bacterial ferritins, this electronegative ladder is
suggested to be the “gateway” for Fe* entry. A distinct additional iron binding site was
detected in Rhs. rubrum [56] suggested by the authors as the iron entry site (E31 and E34).
However, these residues are not conserved between Flp homologues (Myx. xanthus EncB and
EncC and Pyr. furiosus) (Figure 1.5A). Therefore, different Flp may have distinct iron entry and
translocation routes.

The ferroxidase activity of the Rhs. rubrum Flp cargo protein was measured using UV-
Visible spectroscopy, following the absorbance at 315 nm in 50 mM Tris-HCl, pH 8.0 with
150 mM NaCl at room temperature. Fe?* jons (in either a 2- or 10-fold molar excess relative to
the FOC) were added to a truncated His-tagged recombinant form of Flp in the presence of
atmospheric O, [20]. The iron oxidation rate was dependent of the amount of Fe** added, being
faster for higher concentrations. Precipitation of ferric oxide aggregates was detected above
10 — 15 Fe /Flp decamer, demonstrating the inability of this protein to mineralize and store the
ferric mineral. Site-directed mutagenesis of the iron ligands at the FOC (E32A, E62A, and
H65A) reduced or abolished (in the case of E62A mutant) the rate of iron oxidation. A similar
protocol was used to assess the ferroxidase activity of the Hal. ochraceum, and Pyr. furiosus Flp.
An excess of 10 Fe** /FOC was added in the presence of O, in 10 mM HEPES, pH 8.0 containing
150 mM NaCl, at room temperature [48]. Although not identical, the progress curves obtained
showed that all proteins were active and able to oxidize Fe?* ions. Notably, the iron content of
these proteins after purification (when produced fused to a Strepll-tag) was consistent with
40-80 % occupancy of the FOCs, which could explain their different kinetic behavior.
Inhibition by Zn?* was assayed since the protein also contained considerable amounts of this
metal. Akin to classical maxi-ferritins, Zn?* inhibited the ferroxidation reaction.

1.2.6.3 Arrangement of the Flp within the Encapsulin Shell

As previously mentioned, the toroidal structure of the encapsulated Flp is not
compatible with its predicted iron management function, and thus the ferric mineral core has
to be formed inside the encapsulin shell [15,48,49]. The inability of Flp to store the ferric
mineral adds another level of complexity and requires a high level of functional coordination
with the encapsulin shell. For mineralization, Fe?* ions must be translocated from the solvent
through the encapsulin shell, redirected to the FOCs in the Flp and finally released into the
shell cavity for nucleation and mineral growth (Figure 1.6D).

The Flp density detected inside the The. maritima encapsulin was recently solved
confirming that the position of the Flp decamer with 5-fold symmetry is practically aligned
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with the 5-fold axis interface of the shell protein with a cargo protein loading capacity varying
between 3 to 5 Flp per encapsulin [36]. However, in Hal. ochraceum, 4 Flp decamers were
incorporated inside the encapsulin shell with a symmetry mismatch. They were spaced inside
the encapsulin as the vertices of a tetrahedron, with two Flp decamers in line with the 5-fold
pore and the remaining two decamers located between the 3- and 5-fold pores [38]. In
Pyr. furiosus, the Flp is fused to the N- terminal of the encapsulin shell, in a stoichiometry of
1:1 cargo to encapsulin protomer [16]. Despite the conservation of the structural and
biochemical properties of the decameric Flp proteins, one can question if the loading capacity
predicted for the 60-mer encapsulin (solely composed of pentamers) would be the same as the
180-mer ones (formed by both pentamers and hexamers). How the Flp rearrangement into
decamers occurs inside the encapsulin is not yet understood, because it would require enough
linker flexibility to allow the interaction of Flp domains between hexamers and adjacent
pentamers. The employment of icosahedral symmetry in the density reconstruction of EncB
and EncC loaded into the encapsulin shell resulted in the loss of internal density indicating
that the position of the cargo proteins did not follow the same symmetry as the shell.
Notwithstanding, the EncC density was recovered near the 5-fold-axis, similar to the Flp of
the The. maritima 60-mer encapsulin [30].

Overall, the Encapsulin-Flp complexes accommodate up to ~ 4,100 iron atoms in the
60-mer encapsulin of Rhs. rubrum, similar to the capacity of ~2,000-4,000 iron atoms in
classical ferritins, while Myx. xanthus encapsulin is able to store ~ 30,000 iron ions in its 180-
mer shell, an order of magnitude higher than ferritins [20,21,57,58].

1.2.7 Biotechnological Applications

Over the years, encapsulins have been extensively characterized providing highly
engineerable and modular protein templates. These studies created new opportunities to
assign natural or artificial nanocage proteins with novel biotechnological applications [59].

Protein nanocages have a great potential as catalytic nanoreactors allowing the
production of valuable pharmaceutical compounds by promoting the activity of non-native
cargo proteins [60] or the controlled production of antimicrobial peptides [61,62]. Also, the
confinement of larger products such as the melanin polymer within the encapsulin shell
demonstrates the attractiveness of this system as a nanocontainer for a reporter in
multispectral optoacoustic tomography [63]. Similarly, the natural capacity to form large
mineral core in the presence of Flp cargo proteins reveals its potential use as a negative
contrast agent for magnetic resonance imaging [64].

The encapsulin system has also been used for medical applications. The encapsulation
of a fluorescent flavoprotein mini-Singlet Oxygen Generator led to the controlled production
of ROS resulting in a phototoxic effect on lung cancer cells cultured in vitro [65]. Additionally,
the external surface of the encapsulin shell can be functionalized and targeted to specific
tissues [66] while its cavity is loaded with anticancer prodrugs, increasing both their solubility
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and target specificity [67]. Moreover, encapsulin shells are highly resistant to protease activity
enhancing its applicability for oral administration as a drug-delivery system. This property
was further enhanced upon functionalization with an mEETI-II knottin mini-protein [68].

The use of encapsulins as a template for the design and development of new materials
has also been explored. Gold nanoparticles with CLP-tags were successfully loaded inside
encapsulins. This new material has shown high potential to be used in photothermal tumor
therapy [69]. In another approach, silver precipitating AG4 peptides were fused to the N-
terminus of an encapsulin shell orientating this peptide towards the cavity. This protein
engineering worked as a template for the formation of homogeneous and size-controlled silver
nanoparticles [70].

These examples illustrate the versatility and potential of the encapsulin system in

different biotechnology fields as a novel type of nanomaterial.

1.2.8 Current Challenges and Perspectives

Encapsulin research is still relatively recent and Encapsulin Family 1 is the most
extensively described so far. However, Family 2 is predicted to be the most widely distributed
and to represent the largest share of Encapsulin proteins [18]. Yet only one member of Family 2
was characterized so far [23]. Moreover, besides bioinformatics studies there is no formal
knowledge regarding Families 3 and 4. Even if one would focus solely on Family 1, there are
many types of predicted cargo proteins that are still uncharacterized, such as the encapsulated
Dps or double Flp fused proteins [18].

The cargo proteins better described so far are the Flp. Many structural studies have
clarified the role of the residues conserved in the FOC, which revealed some structural
resemblance to the FOCs found in ferritins [20,30,48]. However, the Flp ferroxidation
mechanism remains unclear. The iron entry pathway towards the FOC, the ferroxidation
intermediates, the ferric iron release and particularly the iron accumulation and
mineralization processes still need clarification.

Furthermore, some encapsulins systems can simultaneously harbor different types of
cargo proteins, such as the Myc. tuberculosis system, which encapsulates three distinct cargo
proteins: DyP-BfrB-FolB [22]. Is there any evolutionary advantage for this multi-cargo
composition? Likewise, in Firmicutes the encapsulation of IMEF-Fd is suggested to expand
the iron storage capacity similarly to bacterioferritin-associated Fd [18]. Furthermore, the
Myx. xanthus encapsulin encapsulates two types of Flp (EncB and EncC) [21]. What are the
advantages? Is this system similar to the predicted double Flp fused cargo proteins?

Moreover, the intrinsic function of shell proteins is still unclear since some of their
cargo proteins also naturally exist in their free form in solution, such as ferritins or DyP. Is
there any advantage for the encapsulation of free functional proteins? Is there any additional

function of the shell protein not currently known?
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Although encapsulin systems were firstly described in 1994 their vigorous research is
much more recent. In addition to fundamental research, many biotechnological applications
have been described for this system. A better basic understanding of encapsulins might further
promote new and outstanding applications.

1.2.9 Myxococcus xanthus organism

Although Bacteria and Archaea are unicellular organisms in some cases, they show
incipient multicellularity with the formation of simple clusters or filaments. A more restrict
types of microorganisms (such as can Caulobacter, Pseudomonas and myxobacteria) are capable
to self-organize into a multicellular structure [71]. Myxobacteria have made the transition from
a single cell to multicellular life with cooperative behaviors and multicellular development.
Under depleted condition, they form fruiting bodies that are multicellular biofilms varying
from simple mounds to three dimensional structures [72] showing the path to multicellularity.
However, the multicellularity in Myxobacteria is transitory and not obligatory since in
favorable environments the organism do not initiate the multicellular state [73] and can even
be evolutionarily lost if not required [74].

Myx. xanthus life cycle is composed by two phases: the cooperative predation and
multicellular development. In both cases the organism used two motility systems: individual
and group motility. In the presence of nutrients, the cells move in coordination forming
multicellular biofilms [75,76]. And upon starvation, the cells start to exchange extracellular
chemical signals and physical contacts to form a millimeter-long fruiting body.

Myx. xanthus produces an encapsulin system composed of an encapsulin shell, EncA,
an 180-mer 32 nm wide shell (GenBank ABF87797.1) and 3 cargo proteins, EncB and EncC
(Figure 1.7) (both containing ferritin-like domains with a highly conserved iron binding motif)
and a third cargo protein, EncD, with unknown function [21].

Kim et al. have shown that the deletion of the AencA (and AencF) gene in Myx. xanthus
impaired the formation of the fruiting body as the cells became unable to produce DKxanthene
and myxoviresin, which are essential for this cell adaptation. The ability of the cells to
agglutinate was also impaired [77]. The authors correlated this AencA phenotype with the
cellular inability to sense iron availability. However, the AencC and AencD mutants (deletion
of the putative ferritin-like cargo proteins) maintained the proper transition to fruiting body
formation. Additionally, McHugh et al. revealed that under starvation conditions the
encapsulin nanocompartments were overexpressed and their assembly augmented. The
exposure of a Myx. xanthus encapsulin deletion mutant to H,O, resulted in higher levels of cell
death, suggesting a detoxifying role against oxidative stress by the encapsulin system, likely
through the removal of free Fe** ions from the intracellular medium [21]. As such, the
Myx. xanthus encapsulin system is suggested to function as a major iron storage container with
a capacity to accommodate up to ~ 30,000 irons.

Although EncB (GenBank ABF88760.1) and EncC (GenBank ABF92698.1) proteins
share only 30 % sequence identity, their C-terminal CLP is highly conserved with the
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consensus sequence LTVGSLRR [30]. The most significant sequence disparity between EncB
and EncC is due to a longer C-terminal tail in EncB, containing 36 additional residues. Even
though the C-terminal regions of Flp proteins such as EncB and EncC are predicted to be
unordered, this region is abnormally lengthy in EncB when compared with its homologues
from other organisms (Figure 1.7).

A

Model Confidence:

m Very high (pLDDT > 90)

= Confident (90 > pLDDT > 70)
Low (70 > pLDDT > 50)
Very low (pLDDT < 50)

Figure 1.7: Structure prediction of EncB and EncC by AlphaFold. (A) Cartoon representation of the atomic
structure of residues 15 to 76 EncB decamer (PDB: 755K, in gray) and structure prediction of the complete monomer
sequence (residues 1—164) in a color gradient cartoon. (B) Cartoon representation of the atomic structure of
residues 12 to 93 of the EncC decamer (PDB: 7S8T, in gray) and structure prediction of the complete monomer
sequence (residues 1 —130) in a color gradient cartoon. The gradient represents the per-residue confidence metrics
(pLDDT) in the prediction from blue (very high) to orange (very low) [78,79].
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1.3 Dps

The Ferritin family of proteins belongs to the Ferritin-like superfamily, which
comprises different proteins that share a four-helix bundle structural ancestor [80].

The members of the Ferritin family are generally subdivided according to their size:
The maxi-ferritins (from the assembly of 24 subunits, ~ 500 kDa in total) and the mini-ferritins
(with 12 monomers, ~ 250 kDa in total). This family of proteins is widespread along the three
kingdoms of life and are the main cellular mechanism responsible for maintaining iron
homeostasis within the cell [81,82].

Maxi-ferritins are further subdivided into canonical maxiferritins (Ft), bacterial
ferritins (Ftn) and bacterioferritins (Bfr). In eukaryotes only Ft are present and are composed
of the assembly of different ratios of the H-chain (heavy) and L-chain (light) depending on the
organism and tissue [83]. The H-chain has a conserved FOC within the four-helical bundle
responsible for iron catalysis while in the L-chain a structure stabilized by salt bridges replaces
the FOC. The L-subunits are associated with iron nucleation in the Ft cavity [84,85]. In bacteria,
the Ftn are composed of homopolymers identical to the eukaryotic H-chain [86]. Bfr are similar
to Ftn but have 12 additional heme groups, non-covalently bound to methionine residues in-
between the dimers. These heme cofactors are suggested to be involved in ferric iron reduction
and ferrous iron release from the cavity [87,88].

Mini-ferritins are currently solely composed of one subdivision: the DNA-binding
protein from starved cells (Dps). This nomenclature is related with the discovery of the
protein. In 1992, Dps was found overexpressed and tightly bound to the chromosomic DNA
of Esc. coli cells in the starvation-induced late stationary phase, without an apparent sequence
specificity. Dps proteins were found to be essential for the organisms ability to control
oxidative stress [89]. In the absence of the dps gene the cells were highly susceptible to DNA
damage upon acute hydrogen peroxide stress, revealing its importance for DNA protection.
Different nomenclatures have been used for the term “mini-ferritins” depending on
background of their discovery. Therefore, in addition to Dps, these proteins can also be termed
Dpr (peroxide resistance), NAP (neutrophil-activating protein), or MrgA (metalloregulated
genes) [90-92].

1.3.1 Structural Characterization

The first atomic structure of a Dps was published in 1998 and revealed a protein with
a cubic structure with rounded corners, approximately 9 nm wide [93]. As the other members
from the Ferritin family, the Dps monomer has a four-helix bundle motif where two pairs of
helices connected by a small loop (A and B, C and D) that interact with a smaller helix in
between (BC helix) through a longer loop (BC loop) (Figure 1.8A). The difference in the
quaternary structure of the maxi- and mini-ferritins is due to the absence of a C-terminal helix
(in mini-ferritins) responsible for the 24-mer oligomerization (Figure 1.8). The Dps FOC (with
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two monomeric centers) lies in the interface between opposing subunits that form an anti-
symmetric dimer. This interface is stabilized by hydrophobic interactions. The FOC is formed
by residues (usually aspartate, glutamate and histidine) from both sides of the interface,
resulting in a total of 12 FOCs per protein. The Dps FOC spatial organization is also distinct
from their maxi-ferritin counterparts since the latter are located in the center of each monomer
as a di-nuclear center (Figure 1.8) [58,86,94-96].

Figure 1.8: Structure of a mini- and maxi-ferritin. (A) Esc. coli Mini-ferritin (PDB: 1DPS). Left: Cartoon
representation of the monomer (helix A in salmon, B in yellow, C in green, D in blue and BC in pink). Middle: The
structural and functional unit (dimer) of the protein, with the ferroxidation centers (FOCs) identified with iron
atoms shown as orange spheres. Right: Fully assembled Dps dodecamer. (B) Esc. coli Maxi-ferritin (PDB: 4XGS).
Left: Cartoon representation of the monomer (helix A in salmon, B in yellow, C in green, D in blue and E in purple).
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The ferroxidation center is identified with iron atoms shown as orange spheres. Right: Fully assembled 24-mer
maxi-ferritin.

The dodecameric structure of Dps results from the self-assembly of six dimers into a
23-symmetry shell protein with a neutral-to-negatively charged surface and more accentuated
negative pores formed by the interface between adjacent N-terminal tails (Figure 1.9A). Dps
assembles into a hollow cage with an internal diameter of approximately 4.0 — 4.5 nm. Its
internal surface is mainly negatively charged due to the presence of carboxylate groups of the
amino acid side chains, ensuring a suitable environment for ferric iron nucleation and
mineralization [97]. The negatively charged hydrophilic cavity can accommodate up to 500
iron atoms as a ferric mineral core.

2-fold 3-fold 3-fold
"Ferritin-like" pores "Dps-like" pores

-

Figure 1.9: Representation of the external and internal electrostatic surface potentials of a mini- and a maxi-
ferritin. (A) Esc. coli mini-ferritin (PDB: 1DPS), highlighting the 2-fold (dimer), 3-fold (Ferritin-like pores) and 3-
fold (Dps-like) interfaces and the cavity. (B) Esc. coli maxi-ferritin (PDB: 4XGS), depicting the 2-fold, 3-fold and 4-
fold interfaces and the cavity.

The translocation of ferric iron species towards the cavity occurs through pores and
channels [98]. The interaction between the N-terminal regions of three monomers forms the 3-
fold named “ferritin-like” pores (due to their similarity with the Ftn and Bfr 3-fold pores
(Figure 1.9B) that are proposed to be responsible for the entry and exit of iron ions [99]. The
C-terminal region of the monomers forms a unique type of 3-fold pores named “Dps-like”
pores, whose function is still unclear [100]. The difference between this type of pore and the 4-
fold pores found in the Ftn and Bfr is due to the absence of a fifth helix (helix E, Figure 1.8B).
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The chemical environment of the two types of pores found in Dps are distinct, since the
“ferritin-like” pores are highly hydrophilic (with acidic residues) and funnel-shaped,
generating a charge gradient that facilitates the entry of Fe*" ions [54]. The “Dps-like” pores
are generally less hydrophilic and less conserved between Dps homologues.

Contrary to what was observed in the atomic structures solved using X-ray
crystallography, in solution the N-terminal tails are not compressed against the protein. Using
Small Angle X-ray Scattering these were found extended towards the solvent and responsive
to changes in the ionic strength of the buffer [101,102].

1.3.2 Protein Activity

Dps has two major functions: one is directly correlated with its discovery, since the
proteins were found interacting with DNA. The second is related with the general function of
the proteins from the Ferritin Family, its capacity to perform ferroxidation, nucleation and
mineralization of iron inside its cavity. Additionally, given the importance of iron in biological
systems, labile iron must return to the cytosol, depending on the cellular needs. As such, an
additional function of the protein is believed to be to guarantee the controlled release of labile
iron and balance its bioavailability with its toxicity.

1.3.2.1 DNA binding

The external surface of the Dps is predominantly negatively charged, which would
theoretically hinder its ability to bind to the negatively charged DNA backbone (Figure 1.9A).
However, this interaction is established through electrostatic interactions between specific
positively charged residues in the N-terminal extensions of the protein (mainly lysines and
histidines) with phosphate groups in DNA. The electrostatic nature of this interaction makes
the concentration of ions (Na*, CI~ and Mg?*) an important variable capable of disturbing the
binding [103,104]. In some Dps the extended C-terminal region is also accountable for the
interaction with DNA.

The in vitro characterization of the DNA-binding properties using Electrophoretic
Mobility Assays (EMSA) and Atomic Force Microscopy (AFM) showed that Dps preferentially
binds to the ends of linear DNA. With genomic DNA, Dps interacted with sites that are known
to be specific for nucleoid proteins. These results suggest that the interaction is not completely
unspecific [105,106].

The interaction between Dps and plasmid DNA formed large complexes of protein-
DNA condensates in physiologic conditions (Figure 1.10). The condensation activity seems to
be related with the number of lysine residues in the N-terminal regions and higher number of
lysines and their protonation increases the affinity to DNA [107]. Contrary to what was
initially believed, a recent work revealed that in the Dps—DNA complex, DNA is not wrapped
around the Dps molecule, contradicting the “histone-like” DNA binding model [108].
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The length flexibility of the N-terminal tails are important for the interaction. The
deletion of the first (8 or 18) residues of the N-terminal (eliminating 2 or 3 lysine residues,
respectively) negatively affected the formation of DNA condensates [107]. Also, the N-
terminal region of Lactococcus lactis DpsA and DpsB have a a-helix instead of the typical
extended conformation which affects their DNA-binding properties [109]. In Marinobacter
(Mar.) hydrocarbonoclasticus the replacement of a neutral residue by a negative one (lowering
the pI of the tail from 8.2 to 5.9) impaired the interaction with DNA, revealing that a correct
protonation of the tail is essential for the interaction [110].

Figure 1.10: Representation of Dps—DNA interactions. (A) Individual mini-ferritin molecules bind to a single
plasmid DNA molecule converting it from its supercoiled state to a more relaxed conformation. (B) Due to protein
self-aggregation the DNA is further condensed into high-order Dps-DNA structures. Adapted from [80,111].

In the Helicobacter (Hel.) pylori NAP no extended N- or C-terminal exist and the DNA
interaction occurs through its unique positively charged surface [91]. Additionally, two types
of morphology were detected upon interaction with DNA. In physiologic conditions, the NAP
surface is positively charged favoring DNA condensation. However, at higher pH (pH 8.0),
the interaction still occurs but no longer forms a condensate. Instead, each protein binds to
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DNA separately, converting it from its supercoiled conformation to a more relaxed “beads-
on-a-string” morphology (Figure 1.10A) [112].

Not all Dps have the ability to interact with DNA, such as the Dps from Listeria
(Lis.) innocua, Bacillus anthracis, Agrobacterium tumefaciens or Streptococci. However, their
capacity to indirectly protect DNA is still granted by their ferroxidase activity, limiting the
formation of ROS [113-116].

1.3.2.2 Ferroxidation

The main catalytic function of Dps proteins is their ferroxidase activity. For the iron to
reach the ferroxidation center it first passes through the negatively charged 3-fold “ferritin-
like” pores [80]. The funnel-shape environment is created by the presence of three conserved
aspartate and/or glutamate residues that favors the entry of ferrous irons. The pore then
constricts from ~ 10 to ~ 3 A wide reaching the FOC, starting with hexa-aquo coordination
that gradually turns into an interaction with carboxylates from the protein (Type I channel)
[99]. In Microbacterium arborescens two iron atoms were identified in the channel in a hexa-aquo
coordination sphere coordinated by aspartate residues.

As mentioned, the location of the FOCs in Dps is one of the most distinct features from
this protein sub-family, located in the dimer interface. At the FOCs, Fe?** ions are oxidized to
Fe* using either hydrogen peroxide or molecular oxygen as co-substrate, the former being the
preferential oxidant (named fast ferroxidation reaction, in the millisecond range), 100-fold
faster than the ferroxidation with oxygen (slow ferroxidation reaction, in the seconds-to-
minutes range) [117,118]. In addition to removing (and storing) iron atoms from the solution,
the consumption of hydrogen peroxide as co-substate prevents the formation of hydroxyl
radicals, limiting ROS production and protecting the integrity of the cell (see section 1.2.5).

The ferroxidation center is highly conserved between mini-ferritins. The FOCs are
usually mono-nuclear and coordinated by one aspartate and one glutamate residues from one
subunit and one histidine from the opposing monomer, with indirect binding by one histidine
and one aspartate residues through water contacts (Figure 1.11A, left) [97,119]. A di-nuclear
site was also detected in some Dps, with an additional iron ion coordinated by one glutamate
and one aspartate residues of the same subunit. The function of this site is still unclear, and its
occupancy is much lower than the mono-nuclear FOC (Figure 1.11A, middle) [98].
Furthermore, a distinct FOC was identified in cyanobacteria composed of three histidine and
one glutamate residues (“His-type” FOC) (Figure 1.11A, right) [120-122].

28



Nucleation Site

Figure 1.11: Structural representation of the types of ferroxidase and nucleation centers in mini-ferritins.
(A) Types of FOC. Left: mono-nuclear FOC (with two Asp, one Glu and two His residues, PDB: 1QGH), middle:
di-nuclear FOC (with one Asp, one Glu and one His residues, PDB: IN1Q). Right: “His-type” FOC (with one Glu
and three His residues, PDB: 1HJH). (B) The mineralization mechanism starts with two types of Nucleation center.
Top: nucleation center I with Glu residues. Bottom: Nucleation center II closely stabilized by Glu and His residues
(PDB: 1TKP).

After the ferroxidation reaction occurs, ferric ions leave the FOC and move towards
the internal lining of the protein, rich in carboxylate residues, where the nucleation process
occurs. Distinct nucleation sites have been detected using X-ray crystallography. The structure
of the Hal. salinarum Dps revealed two nucleation sites, one in the 2-fold interface and another
in the 3-fold interface placed ~ 13 and ~ 12 A apart from the FOC, respectively) (Figure 1.11B).

29



In Lis. innocua Dps, two internal residues (glutamate and aspartate residues) near the 3-fold
channel (“Dps-like” pore) adjacent to the FOCs were found to act as a nucleation center [97]
(Figure 1.11B). The accumulation of ferric species in the nucleation sites leads to the formation
of the ferrihydrite mineral core [123]. Cryo-EM data of an iron-loaded Dps showed a 10 — 15 A
wide mineral core near the “Dps-like” pore [124]. Upon formation of a small mineral core,
alternative mineralization reactions occur even in the absence of oxygen or hydrogen peroxide
as oxidants.

In anaerobic conditions and without hydrogen peroxide a previously existent small
mineral core revealed the autocatalytic ability of further oxidizing and mineralizing ferrous
ions [125].

1.3.2.3 Iron Release

The iron release mechanism from the proteins of Ferritin family is still poorly
understood but it is believed to occur through distinct processes: 1) by degradation of the
protein by lysosomal (eukaryotes) or 2) proteasomal degradation leading to an iron burst in
solution and/or 3) by release promoted by reducing agents, the latter being the process most
studied so far [126].

Strong reducing agents such as dithionite, thiols, dihydroflavin, or large molecules
such as flavoproteins have been used for the reduction of the Classical Ft mineral core.
Afterwards, ferrous iron is released and its presence in solution is usually monitored by
complexation with chromophores (such as 2,2"-bipyridyl) which allows its spectroscopic
detection [99,115,127-131]. However, is still unclear if the iron is released from the “Dps-like”
or by the “Ferritin-like” pores [99,132-134]. Nevertheless, by monitoring the release
mechanism from Ftn and Dps, a biphasic behavior was noticed. First, iron release is described
with a faster kinetics behavior justified by the surface dissolution of the mineral core
(following a first-order kinetics) followed by a slower process due to bulk mineral dissolution
[115,123,135]. The complete iron release was achieved after 35 — 50 min in the presence of a
750- to 1250-fold molar excess of reducing agent and 1250- to 5800-fold molar excess of 2,2’-
bipyridyl relative to a mini-ferritin sample harboring 240 — 280 iron ions.

1.3.2.3.1 WrbA

Flavodoxins are small acidic proteins (14 — 23 kDa) noncovalently bound to a flavin
mononucleotide (FMN) co-factor functioning as an electron-shuttling protein (Figure 1.12A,
left) [136]. The flavin reduction/oxidation in solution (pH 7.0) has a midpoint potential of
~ 200 mV. While incorporated in the protein the redox potential spans from ~ 400 to ~ 60 mV,
spanning the range of the redox of the system [137].

These proteins are widely distributed in bacteria, functioning as an electron donor to
several redox enzymes: ribonucleotide reductase systems, nitric oxide synthase, biotin
synthase, pyruvate formate-lyase, and cobalamin-dependent methionine synthase, among
others [138-142].
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WrbA was first reported after being co-purified with a tryptophan repressor (TrpR)
and therefore termed tryptophan repressor binding protein (WrbA) [143]. Further studies
identified the presence of an FMN co-factor, grouping this protein as an novel member from
the flavodoxin proteins (Figure 1.12A, right) [144]. However, its binding affinity to FMN is

much lower compared with flavodoxin.

Figure 1.12: Structural comparison between flavodoxin and WrbA. (A) Left: Cartoon representation of monomeric
flavodoxin with an FMN co-factor. Right: Tetrameric WrbA with FMN and NADH co-factors. a-helices are shown
in blue, B-sheet in yellow and loops in gray. FMN and NADH are represented as sticks in red and green,
respectively. (B) Left: Superposition of the flavodoxin monomer (in gray) and a WrbA monomer (in blue); Right:
Close-up of the FMN and NADH binding sites. (Flavodoxin PDB: 1AKU and WrbA PDB: 3B6)).
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Through structural homology and sequence analysis tools this protein was predicted
to have the typical B-a-p flavodoxin with an FMN present at the end of a B-sheet, similar to
flavodoxins (Figure 1.12B). However, this analysis predicted the existence of an additional
conserved af-unit [145] uncharacteristic of classical flavodoxins and thus being further
classified as a long chain flavodoxin [146]. Additionally, WrbA is found as a tetramer [147-
150] while typical flavodoxins are monomers/dimers [144,151-153] (Figure 1.12A). As a
tetrameric protein, WrbA has four active sites, each one with a flavin cofactor. While the exact
function of WrbA is still not clear, sequence analysis predicted that WrbA proteins are also
homologous to a NAD(P)H:quinone oxidoreductase (NQO) (Figure 1.12A, right). This
prediction was than confirmed in Esc. coli and Archaeoglobus fulgidus and therefore WrbA was
also classified as a new class of type IV NQO [147]. Unlike flavoproteins, WrbA transfers a
pair of electrons with no detectable formation of a stable semiquinone, analogous to NQO
[154].

1.3.2.3.1 Rubredoxin

Iron-sulfur center containing proteins are found in all Domains of life and play key
roles in fundamental metabolic processes such as cellular respiration (either aerobic or
anaerobic), nitrogen fixation, photosynthesis, nucleic acid modification, DNA replication and
repair or gene expression, among others [155-157]. The role of iron-sulfur centers may vary,
being part of inter/intra-molecular electron transfer chains or enzyme active sites.
Additionally, iron-sulfur centers can alter the protein structure through redox state or center
interconversion, and by doing so, regulate protein activity. From a structural point of view,
iron-sulfur centers can be quite complex multinuclear centers including mixed-coordination
environments, of which nitrogenase P-clusters and FeMoCo cofactors, novel tetranuclear
centers, hydrogenases or carbon monoxide dehydrogenase are good examples [158-162].
However, iron-sulfur centers can also be very simple as is the case of Rubredoxin (Rd) type
centers. Rd are small, monomeric proteins made of a single polypeptide chain of ca. 50 amino
acid residues and a single iron atom that can vary between +2 and +3 oxidation states
(Figure 1.13A). Contrary to all other iron-sulfur centers, the Rd-type center does not contain
inorganic sulfide and can be more accurately described as an iron atom tetrahedrally
coordinated by four cysteinyl sulfurs. Other metals can substitute iron, either in vivo or in vitro.
For example, using heterologous expression in Esc. coli, it was shown that zinc can replace
iron in Desulfovibrio (Des.) vulgaris desulfoferrodoxin and Clostridium (Clo.) pasteurianum Rd
[163-165]. It was also possible to replace iron with zinc, indium, gallium, mercury, cobalt,
cadmium, nickel, and copper using in vitro procedures [108,166-175].

Initially found in sulfate and / or nitrate reducing bacteria, Rd and Rd-type centers have
also been found in other organisms [157,176]. In some cases, Rd-type centers are part of a larger
protein, such in the case of rubrerythrin and desulfoferrodoxin (a classI superoxide
reductase). Notably, to the best of our knowledge, Rd-type centers have only been implicated
in electron transfer functions, either in electron transfer chains or in intramolecular electron

transfer to the active site. The deposited structures are quite similar and show a structure
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dominated by the tetrahedrally bound metal, containing a-helix, turns and triple-stranded
anti-parallel p-sheet structural segments. Figure 1.13A shows the superposition of 3D-
structures obtained for the different organisms.

The structure similarity is quite striking, even considering that the protein amino acid
sequences only have six totally conserved amino acid residues. From the sequence alignment
(Figure 1.13B) a motif C(X),C(X);Y(X)152sCPXC is recognizable and seems essential for metal
binding and folding. The metal-bound, holo-Rd structure has been quite well described.
However, no structural features have been attributed to the apo, metal-free, form. This is in
part due to the lack of stability, with the possibility of cysteinyl residue oxidation and protein
aggregation.
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Figure 1.13: Structure and sequence comparison between rubredoxin proteins from different organisms.
(A) Structural comparison between Clo. pasteurianum (4RXN), Des. desulfuricans (6RXN), Des. gigas (2DSX),
Des. vulgaris (8RXN), Pseudomonas (Pse.) oleovorans (1524), Pyr. furiosus (ICAA), Pyr. abyssi (2PYA), Myc. tuberculosis
(2KN9), Myc. ulcerans Agy99 (2M4Y), and Guillardia (Gui.) theta (1IDX8). a-helices are displayed in blue, B-sheets in
yellow and coiled coils in dark gray, (B) Sequence alignment, prepared using Clustal Omega and ESPript [50,51],
of Mar. hydrocarbonoclasticus (Mh) Rd with other known rubredoxins from Myc. ulcerans Agy99 (Mu), Gui. theta (Gt),
Pse. oleovorans (Po), Des. desulfuricans (Dd), Myc. tuberculosis (Mt), Pyr. abyssi (Pa), Pyr. furiosus (Pf), Clo. pasteurianum
(Cp), Des. gigas (Dg), and Des. vulgaris (Dv). Secondary structure elements are displayed on top, according to PDB
secondary structure assignments (a-helices are displayed as squiggles, B-strands as arrows, strict B-turns as TT
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letters and strict a-turns as TTT). Strict identity is displayed as a red box with white characters, and a red character
is used to display sequence identity.

1.3.3 Marinobacter hydrocarbonoclasticus

Marinobacter genus is a heterotrophic, and in some specific cases mixotrophic,
[177,178] and it is are present in a wide variety of marine and saline terrestrial settings. Only
a limited number of these organisms are strict aerobes while its majority are facultative
anaerobes [179].

Mar.  hydrocarbonoclasticus was isolated from hydrocarbon-polluted sediment,
specifically from an oil refinery along the French Mediterranean cost [180]. It is most noticeably
known for degrading different types of hydrocarbons (aliphatic and aromatic) as its carbon
and energy source under aerobic conditions, showing this bacteria potential for
bioremediation in environments contaminated with crude oil. Furthermore, under anaerobic
conditions Mar. hydrocarbonoclasticus can consume citrate, acetate or succinate as carbon and
energy source acting as a denitrifier under anaerobic environment [180].
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2

OBJECTIVES AND OVERVIEW

2.1 Objectives

The research projects reported in this Thesis focused on two distinct but thematically
connected themes: the structural and functional properties of the newly discovered Encapsulin
family of proteins as well as the iron release mechanism from Dps.

Due to their relatively recent discovery, there are several questions still to be answered
concerning Encapsulins. Specifically, one of the aims of this work was to clarify the quaternary
structure of Myxococcus xanthus encapsulin cargo proteins both free in solution and upon
encapsulation and to understand if the encapsulation mechanism grants any protection to the
cargo proteins.

Additionally, up to this moment the function of the encapsulin system has been solely
related with the type of cargo protein encapsulated. With this work we intended to evaluate
potential intrinsic functions of the shell protein in the absence of any cargo protein, such as its
hypothetical ability to interact and protect DNA molecules. Moreover, the previously
characterized ferroxidase function of the Flp-Encapsulin system was further characterized
through kinetic studies and spectroscopic analysis of iron mineral cores formed within EncA
in the presence of molecular oxygen or hydrogen peroxide as co-substrates.

Although there is currently a relatively extensive knowledge regarding Dps proteins,
especially regarding its iron mineralization and DNA-binding properties, the iron release
mechanism from within Dps is still poorly understood. Therefore, Dps of Marinobacter
hydrocarbonoclasticus was selected to study the iron release mechanism due to the facultative
anaerobic nature of this organism. Is the iron release disturbed by the presence or absence of
molecular oxygen? How is the release mechanism affected by the presence of an iron acceptor
in solution? Does the chemical nature of the iron binding molecule change the behavior and
kinetics of the release mechanism?

To answer all these questions different biochemical, structural and spectroscopic
techniques such as Size Exclusion Chromatography, Electrophoresis Mobility Shift Assay,
Small Angle X-ray Scattering, Dynamic Light Scattering, Atomic Force Microscopy,
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Synchrotron-Radiation Circular Dichroism, UV-Visible, Electron Paramagnetic Resonance

and Mossbauer spectroscopy were applied in a multidisciplinary, integrative manner.

2.2 Thesis Overview

Chapter 1 described the most recent scientific developments in the study of the
bacterial mechanisms that mediate cellular compartmentalization, focusing on the Encapsulin
Family of proteins harboring Ferritin-like cargo proteins and on Dps proteins, as a ubiquitous
biological defense mechanism against oxidative stress by mediating the controlled storage of
iron from solution, among other biochemical functions.

Briefly, Chapters 3, 4, 5 and 6 describe the efforts made to clarify the structural
organization and function of the Myxococcus xanthus Encapsulin system, while Chapter 7
delves into the iron release mechanism from Marinobacter hydrocarbonoclasticus Dps.

Chapter 3 describes the development of production and purification protocols for
recombinant expression of the Encapsulin system (EncA, EncAB, EncAC, EncB and EncC) as
iron-free and soluble proteins. The characterization of the cargo encapsulation process and its
loading efficiency is also shown.

Chapter 4 clarifies the structural changes in the shell protein envelope upon cargo
protein encapsulation, the oligomeric state of the cargo proteins and the impact of iron
addition on their quaternary structure. The protective role of the shell protein after
encapsulation of the cargo proteins was also investigated upon temperature stress.

Chapter 5 unveils the iron oxidation and mineralization function of the shell protein
and the effect of the encapsulated cargo proteins. The mineral core formed within EncA in the
presence of either molecular oxygen or hydrogen peroxide was analyzed by Mdssbauer
spectroscopy, as well as the ferric species formed by free EncC during ferroxidation.

Chapter 6 focuses on a newly proposed function for the encapsulin as a DNA binding
protein and its ability to protect DNA against enzymatic digestion using EMSAs and AFM.

Chapter 7 explores the iron release from a Dps in the presence of an electron transfer
protein partner (WrbA protein) and two types of iron acceptor: an inorganic iron chelator
(1,10-phenanthroline) and an iron-sulfur center containing protein partner with high affinity
for ferrous iron (Rubredoxin).

The final concluding chapter integrates the results presented in this Thesis and
discusses the main conclusions and the impact of this research work while also presenting
future perspectives and potential follow-up experiments.

38









3

PRODUCTION AND PURIFICATION OF
THE ENCAPSULIN SYSTEM

This chapter details the vector construction, protein expression tests and large-scale
production and purification of the proteins from the Myxococcus xanthus encapsulin system.
The protocols and results obtained using standard expression and purification techniques for
the production of the free forms of EncA and its cargo proteins EncB and EncC, as well as the
encapsulated EncAB and EncAC complexes are described in this section. Moreover, the
encapsulation of EncB and EncC by EncA was confirmed using biochemical characterization
techniques (size exclusion chromatography (SEC) and gel electrophoresis under denaturation
conditions (SDS-PAGE)) and the encapsulation efficiency determined using densitometric
analysis of SDS-PAGE gels.

41



3.1 Experimental Procedure

3.1.1 Production of the Proteins from the Encapsulin System

The genes encoding the encapsulin shell protein (EncA) (GenBank ABF87797.1) and its
cargo proteins EncB (GenBank ABF88760.1) and EncC (GenBank ABF92698.1) from
Myx. xanthus were optimized for recombinant expression in Esc. coli. The plasmids harboring
the genes encoding each protein sequence were obtained by chemical synthesis (Invitrogen
GeneArt Gene Synthesis, ThermoFischer Scientific). The encA gene was subcloned into a
pET21-c expression vector (Novagen) using EcoRI and Ndel enzymes (Figure A.1A,
appendix), while the encC and encB genes were inserted into pET28-c (Novagen) using Ncol,
Ndel, through recombinant DNA technology (Figure A.1B and C, appendix). NZY5a
competent cells (NZYTech) were transformed with the ligation reactions. Positive clones were
isolated from a Luria-Bertani (LB)-agar plate containing 100 mg/L ampicillin for cells pET-
21c-EncA transformants and with 50 mg/L kanamycin plate for EncB pET-28c-EncB and EncC
PET-28c-EncC and grown in liquid LB medium supplemented with the appropriate antibiotic
for plasmid DNA isolation.

The pET-21c-EncA, pET-28c-EncB and pET-28c-EncC expression vectors were used to
transform Esc. coli BL21(DE3) competent cells (NZYTech) for expression of each protein and
for co-expression of the EncAB and EncAC complexes.

Small-scale expression tests were performed by inoculating 50 mL of liquid media
(supplemented its appropriate antibiotic) with a 500 uL inoculum grown overnight at 37 °C,
in LB medium. The overexpression was optimized by testing parameters such as the
concentration of Isopropyl B-D-1-thiogalactopyranoside (IPTG at 0.1, 0.5 or 1 mM) and the
duration and temperature of induction (3 h at 37 °C or overnight at 22 °C). The expression
levels were normalized based on the cellular density (ODgynm) and evaluated through
polyacrylamide SDS-PAGE gels.

For large-scale expression all proteins and complexed were obtained under the same
conditions: the competent cells containing the plasmid of interest were grown in 0.5 L of LB
medium (25 g/L, NZYTech) (on a 2 L flask) supplemented with the appropriate antibiotics at
37 °C, 220 rpm, up to an ODgy nm Of ~ 0.8 and induced with 0.5 mM IPTG overnight at 22 °C,
with orbital shaking at 220 rpm. The cells were harvested by centrifugation at 11,000x g during
15min at room temperature (Z 36 HK, HERLME LaborTechnik) and the pellet was
resuspended in 10 mM Tris-HCI buffer pH 7.6 and lysed using an ultrasonic homogenizer
(LabsonicM, Sartorius) in the presence of protease inhibitors (1 mM phenylmethylsulfonyl
fluoride (PMSF) and 10 mM Benzamidine) and DNase I (Merck).

EncA, EncAB and EncAC were obtained as soluble proteins and purified following the
same protocol. Protein fractionation and purity assessment was carried out using 12.5 %
polyacrylamide SDS-PAGE gels.
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3.1.2 Purification of the Proteins from the Encapsulin System

3.1.2.1 Purification of EncB

Since EncB was expressed in the form of inclusion bodies, the pellet obtained after
centrifugation of the cell extract was incubated in 80 mL of 10 mM Tris-HCl pH 7.6 buffer,
250 mM NaCl, 1 % Triton-X100 and 1 M urea during 1 h at room temperature, with a gentle
rocking. This was followed by a centrifugation at 11,000x g for 30 min (Z 36 HK, HERLME
LaborTechnik). The pellet was resuspended in 80 mL of 10 mM Tris-HCl pH 7.6 buffer,
250 mM NacCl, 1 % Triton-X100 and 8 M urea during 1 h at room temperature to solubilize the
inclusion bodies.

The protein solubilized with 1 M urea was dialyzed overnight against 4 L of 10 mM
Tris-HCl buffer, pH 7.6, 1 M urea at 4 °C and purified to homogeneity through ion exchange
chromatography (IEX) and gel filtration for polishing. All purification steps were performed
at4 °C using an AKTA prime Plus system (Cytiva). Solubilized EncB was loaded into a DEAE-
Sepharose fast flow (FF) chromatography (XK 26 /40 c¢m, Cytiva) column pre-equilibrated with
10 mM Tris-HCl buffer, pH 7.6 at a flow rate of 5 mL/min. After a washing step, a linear NaCl
(0 =500 mM) in the same buffer was applied to elute adsorbed proteins. Fractions containing
recombinant EncB were pooled, concentrated in a Vivaspin 20 (MWCO 10 kDa, Sartorius) and
applied into a Superdex 200 prep grade Size Exclusion Chromatography (SEC) (XK 16/60 cm,
Cytiva) equilibrated with 200 mM MOPS buffer, pH 7.0 and 200 mM NaCl. The fractions
containing EncB were pooled, concentrated and stored at —80 °C until further use.

3.1.2.2 Purification of EncC

The EncC soluble cell extract was further ultracentrifuged at 180,000 g for 1 h, at 4 °C
(Beckman Coulter 70 Ti type rotor) to remove additional cellular components. The resulting
supernatant was dialyzed overnight against 4 L of 10 mM Tris-HCl buffer, pH 7.6 and then
purified to homogeneity through IEX and SEC polishing steps, similar to soluble EncB (Section
3.1.2.1).

3.1.2.3 Purification of EncA Shell, EncAB and EncAC Complexes

Cellular extracts of either EncA or EncAB and EncAC complexes were dialyzed
overnight at 4 °C against 4 L of 10 mM Tris-HCl buffer, pH 7.6 and loaded into a cation
exchange CM Sepharose FF (XK 26/10, Cytiva) column pre-equilibrated with 10 mM Tris-HCl
buffer, pH 7.6 at a flow rate of 5 mL /min. All three proteins were collected in the flow-through
fractions. After a second dialysis against 10 mM Tris-HCl buffer, pH 7.6, the flow-through
fraction was then loaded (flow rate of 5 mL/min) into a DEAE-Sepharose FF column (XK
26/40, Cytiva) pre-equilibrated with 10 mM Tris-HCl buffer, pH 7.6 and once again eluted as
the flow-through. The fractions containing the proteins of interest were then pooled,
concentrated using a Vivacell (MWCO 100 kDa, Sartorius) and loaded into a HiPrep Sephacryl
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S-500 HR (XK 16/60 cm, Cytiva) SEC column equilibrated with 200 mM MOPS buffer, pH 7.0
and 200 mM NaCl. The fractions containing either EncA, EncAB and EncAC were pooled,

concentrated and stored at —80 °C until further use.

3.1.3 General procedures

3.1.3.1 Protein Purity Assessment

Protein purity was evaluated throughout the purification process using

polyacrylamide gel electrophoresis and catalase contamination test.

3.1.3.1.1 Polyacrylamide Gel Electrophoresis

Protein electrophoresis in denaturating conditions, SDS-PAGE, were performed by
preparing a stacking gel with 5% acrylamide and a separating gel with 12.5-17 %
acrylamide. Accordingly, a solution of 30:0.8 of acrylamide/bisacrylamide was mixed with
the separating buffer solution (375 mM Tris-HCIl, pH 8.8, 0.1 % SDS) or with stacking buffer
solution (125 mM Tris-HCl, pH 6.8, 0.1 % SDS). Gel polymerization was achieved with
0.1 - 0.2 % of ammonium persulfate and TEMED.

The protein samples were mixed with sample buffer (62.5 mM Tris-HC, pH 6.8, 2.5 %
SDS, 10 % glycerol, 5 % B-mercaptoethanol and 0.1 % bromophenol blue) and boiled for 2 min.
The samples were then loaded into a gel set in an electrophoresis system (MiniGel Tank,
Invitrogen) that was filled with electrophoresis running buffer (25 mM Tris, 192 mM glycine,
0.1 % SDS pH 8.3). A commercial protein marker was used in every gel for estimation of the
molecular weight (Low Molecular Weight (LMW)II or NZYColour I Protein Marker,
NZYTech). The electrophoresis system was set at 35 mA (per gel) for 60 — 80 min (depending
on the acrylamide content). The protein bands were stained with BlueSafe (NZYTech) and the
background was distained with water. The gels were imaged using a white light

transilluminator and a Gel Logic 100™ Imaging System (Kodak).

3.1.3.1.1 Catalase Contamination Test
The presence of catalase, a possible contaminant, was tested by diluting 10 uL of the
protein fractions under evaluation with 100 uL of milli-Q H,O and adding 10 uL of 30 % H,O,
(w/v). After 5 min, the fractions were pooled based on a comparative qualitative assessment

of the formation of O, bubbles, a product of catalase contamination.

3.1.3.2 Protein concentration determination

Protein concentration was estimated by measuring the absorbance at 280 nm and using
the molar extinction coefficient determined by analysis of the primary sequence of each
protein (ExPASy ProtParam online tool) (Table 3.1) [181]. Additionally, the concentration of
EncAB and EncAC was determined based on the loading efficiency of each complex. All
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measurements were performed on a Thermo Scientific Evolution 210 or 300 UV-Visible
spectrophotometer. Standard quartz cells with 1.0 cm pathlength were used. Due to its
relatively low absorptivity the quantification of EncB was performed using a 0.5 cm quartz
cuvette.

Table 3.1: Theoretical molar extinction coefficients and molecular weight predicted from the protein sequence
from the Myx. xanthus encapsulin system.

Molar Extinction Coefficients (M cm™)

Molecular weight
280 nm 205 nm (kDa)
EncA 31,400 1120,640 32.5
EncB 4,470 586,900 17.5
EncC 8,480 406,100 12.8

Molar extinction coefficient and molecular weight of the monomer of each protein using Protparam and
Anthis method [181,182].

3.1.3.3 Encapsulation Loading Efficiency

Serial dilutions of calibrated EncA, EncB and EncC samples were prepared between
3.5 and 1.5ug. In parallel, a serial dilution of each EncAB and EncAC of unknown
concentration was prepared. The samples were loaded into a 12.5 % polyacrylamide SDS-
PAGE gel and stained with Blue Safe. The densitometric analysis of the bands was performed
using Image J [183] and used to determine the loading efficiency.

3.1.3.4 Size-Exclusion Chromatography

Samples containing 3 mg of either EncA, EncAB, EncAC, EncB and EncC were injected
into a SEC Sephacryl 5-500 HR (XK 16/60 cm, Cytiva) column at a flow rate of 1.5 mL/min
and the elution profile was monitoring by measuring the absorbance at 280 nm.
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3.2 Results and Discussion

3.2.1 Production and Purification of Encapsulin System Proteins

Different overexpression conditions (IPTG concentration, temperature and time of
induction) were tested using Esc. coli BL21(DE3) competent cells and the different expression
vectors. Expression of pET21-EncA, pET28-EncB and pET28-EncC (Figure A.1, appendix)
resulted in the production of EncA (32.5 kDa monomer), EncB (17.5 kDa) and EncC (12.8 kDa),
respectively (Figure 3.1A, B and D). Their complexes (EncAB and EncAC) were produced by
co-expressing each vector pair (Figure 3.1C and E). The production of the EncABC complex
was attempted without success. With the exception of EncB, all proteins were expressed in the

soluble form. As such, EncB was solubilized using a urea renaturation protocol.

3.2.1.1 EncB

EncB was successfully expressed in all conditions tested using the pET28-EncB vector
and Esc. coli BL21(DE3) competent cells (Figure 3.1B). For large-scale production the overnight
at 22 °C expression with 0.5 mM IPTG induction was the selected conditions. As previously
mentioned, EncB was obtained in the insoluble fraction and as such a solubilization protocol
was used (in 10 mM Tris-HCI pH 7.6 buffer, 250 mM NaCl, 1 % Triton-X100 and 1 M urea).
Protein recovery at 1 M urea was deemed complete since a very low amount of protein was
detected in the 8 M urea solubilization step performed afterwards (Figure 3.2B).

After overnight dialysis against 10 mM Tris-HCI pH 7.6 buffer, EncB was loaded into
a DEAE FF anion exchange chromatography column and eluted between 340 and 415 mM
NaCl (Figure 3.2A). The presence of two bands in the EncB fraction is noticeable in the
corresponding SDS-PAGE electrophoresis gel (Figure 3.2B). One band exhibits a faster
migration pattern than the 20 kDa marker, and the second band a slower migration than the
15 kDa marker. However, when loaded into a SEC Sephacryl S500 column the protein is eluted
as a single peak (Figure 3.3). These migration abnormalities suggest protein hydrolysis even
in the presence of protease inhibitors. The hydrolysis pattern observed may correspond to up
to 40 residues. EncB has a predicted unordered flexible C-terminus region (Figure A.2A,
appendix) when compared with its Flp homologues, with at least 60 additional residues,
vulnerable to protease activity. Although no EncB proteolysis was reported in previous works
it was also impossible to solve the atomic structure of this region [30]. This solubilization and
purification protocol typically yielded 40 mg of pure protein per liter of culture.
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Figure 3.1: SDS-PAGE analysis of the Myx. xanthus encapsulin system protein expression tests. Expression tests
of (A) EncA, (B) EncB, (C) EncAB, (D) EncC and (E) EncAC in Esc. coli BL21(DE3) competent cells in LB medium.
Protein expression was induced at ODgnm ~ 0.8 with different IPTG concentrations (0, 0.1, 0.5, 1.0 mM) for 3 h at
37 °C or overnight at 22 °C. M — LMW II, M2 —- NZYColour I protein marker. Sample loading was normalized based
on the ODgonm (12.5 % gels).

3.2.1.2 EncC

EncC was successfully expressed in all conditions tested as evidenced by an
overexpressed protein with a faster migration than the 18.5 kDa marker (the protein sequence
predicts a monomer with a molecular weight of approximately 12.8 kDa) (Figure 3.1D).
Expression of EncC in its soluble form was achieved in Esc. coli BL21(DE3) competent cells
containing the pET28-EncC vector following an overnight induction with 0.5 mM IPTG at
22 °C. The protein was loaded into a DEAE FF column and eluted between 340 and 390 mM
NaCl (Figure 3.2C). After elution from the DEAE column the fractions were pooled according
to the purity assessment by SDS-PAGE (Figure 3.2D). The protein was loaded into a
Superdex 200 Prep grade SEC column resulting in a pure and homogeneous protein. This
procedure yields a total of 60 mg of pure protein per liter of culture.
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3.2.1.3 EncA, EncAB and EncAC

EncA was successfully expressed under all conditions tested resulting in an intense
band with a migration similar to the 32 kDa protein marker (Figure 3.1A). Similarly, EncAB
and EncAC were expressed in all conditions and exhibited two bands after co-expression with
each vector pair (Figure 3.1C and E).
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purification on a DEAE Sepharose FF column using a continuous NaCl gradient. The fractions selected are
represented in gray. (B) SDS-PAGE analysis of the solubilization of EncB’ inclusion bodies (with 1 M and 8 M urea)
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and analysis of fractions from the IEX column. (C) Elution profile of EncC from the DEAE Sepharose FF column
using a continuous NaCl gradient. The fractions selected are represented in gray. (D) SDS-PAGE analysis of EncC
purification step. (E) SDS-PAGE analysis of the purification process of EncA, (F) EncAB and (G) EncAC. # indicates
the number of the fractions that were later pooled, Pellet — insoluble fractions from the centrifugation step, Sup. —
Supernatant from the centrifugation step, Inj. — Fraction injected into the column, 0 — 0 M of NaCl to remove the
non-interacting protein from the column, 0.5 - 0.5 M NaCl to remove the absorbed proteins, M — LMW Il and M2 -
NZYColour I protein markers (12.5 % gels).

The EncAB expression test gel shows a band with a similar migration to the EncA band
and a second band similar to free EncB (Figure 3.1C). An analogous result is observed for the
EncAC co-expression with the presence of two bands with similar migration to free EncA and
EncC (Figure 3.1E). For large-scale production all proteins were expressed using 0.5 mM IPTG
overnight at 22 °C. Although the pI of the EncA is relatively low (pI of 5.43), the outer surface
of the shell seems to have a mixed charge, with positive, negative and neutral regions at pH 7.0
(Figure A.3, appendix). Therefore, the proteins were incapable of binding to either CM
(cationic) or DEAE (anionic) resins (Figure 3.2E, F and G). However, both CM and DEAE
chromatographic steps were successful by removing the positively and negatively charged
contaminants, allowing the purification of EncA, EncAB and EncAC complexes as the flow-
through. When encapsulated, EncB was expressed in a soluble form and protected from the
enzymatic hydrolysis previously described for its free form. Still, a small proteolytic fraction
is noticeable at the lane with the highest load in the SDS-PAGE electrophoresis, suggesting
some level of hydrolysis occurring before encapsulation (Figure 3.3A, lane 4). This purification
protocol yields pure homogenous recombinant EncA shell and EncAB or EncAC complexes
with a typical yield of ~ 100 mg of pure protein per liter of culture.

3.2.2 Loading Efficiency

After purification using anion exchange chromatography, the resulting free EncB and
EncC fractions exhibit a single peak when eluted from a SEC Sephacryl S5-500 column
(Figure 3.3C). Contrary to results previous published [21,30,64], EncA recombinantly
expressed in Esc. coli cells appear as a single peak corresponding to a homogeneous T = 3 cage
protein with no detectable T = 1 conformation. Both the EncAB and EncAC complexes eluted
with an elution volume similar to EncA. Furthermore, SDS-PAGE gels of the EncAB and

EncAC complexes confirm the correct encapsulation of the cargo proteins (Figure 3.3A and B).
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Figure 3.3: Assessment of cargo protein encapsulation by EncA and quantification of loading efficiency.
(A) EncA and EncB samples were loaded alongside a serial dilution of EncAB samples of unknown concentration
on an SDS-PAGE gel (12.5 %). 1 —3: 3.5, 1.5 and 0.5 ug of EncA, 4 — 6: Serial dilution of EncAB, 7 —9: 3.5, 1.5 and
0.5 ug of EncB. (B) EncA and EncC samples were loaded alongside a serial dilution of EncAC samples of unknown
concentration on an SDS-PAGE gel (12.5 %). 1 —2: 1.5 and 3.5 ug of EncA, 3 —4: 1.5 and 3.5 pug of EncC, 5 - 7: Serial
dilution of EncAC. (C) EncA, EncAB, EncB, EncAC and EncC elution profiles from a Sephacryl 5-500 SEC column
in 200 mM MOPS buffer, pH 7.0 and 200 mM NaCl. M — LMW II and M2 — NZYColour I Protein Marker (12.5 %

gels).

The loading capacity of the Myx. xanthus encapsulin was estimated by SDS-PAGE
densitometry, in similarity with other works (Figure 3.3A and B). In this case, densitometric
analysis of the protein samples resulted in a loading capacity of 52 + 4 copies of EncB and
150 + 7 copies of EncC inside each EncA 180-mer cage in the EncAB or EncAC complexes,
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respectively. McHugh et al. determined that the cargo protein accounted for 40 % of the total
mass of the complex with ~ 36 copies of EncB, ~ 92 copies of EncC and ~ 47 copies of EncD
[21]. A more recent work with the co-expression of EncAB and EncAC only yielded a 30 — 40 %
cargo protein content, suggesting a lower loading efficiency [30]. These data suggest that the
loading efficiency depends on the experimental conditions tested.

EncA, EncAB and EncAC are eluted with similar volumes indicating a similar particle
hydrodynamic radius (the column exclusion limits of the Sephacryl S500 GL column are
40 kDa to 20 MDa) and their elution profiles exhibit no detectable elution bands characteristic
of EncB or EncC, indicating total encapsulation of each cargo protein. Additionally, free EncB
has a larger apparent hydrodynamic radius when compared with EncC. These differences will
be further analyzed in the following section.

In conclusion, high yields of pure and homogeneous EncA, EncB and EncC were
obtained using the expression and purification protocols described in this section. The co-
expression of the shell and each cargo encoding genes ensure the expression of the EncAB and
EncAC complexes. Free EncB protein was obtained in the insoluble fraction and solubilization
with 1 M urea and renaturation protocol led to the recovery of a homogeneous soluble protein
fraction. Upon its co-expression with EncA the resulting complex was soluble. The loading
efficiency of cargo encapsulation by EncA was determined using SDS-PAGE densitometry
showing higher loading of cargo protein inside of EncA when comparing with previous
studies.

The proteins herein described will be used in studies described in sections 4, 5 and 6.
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4

STRUCTURAL CHARACTERIZATION OF
THE MYXOCOCCUS XANTHUS
ENCAPSULIN SYSTEM

This chapter presents the structural characterization of the encapsulin shell (EncA)
from Myxococcus xanthus with and without its cargo proteins (EncB or EncC) by Small Angle
X-ray Scattering (SAXS), Size Exclusion Chromatography (SEC), Dynamic Light scattering
(DLS) and Synchrotron Radiation Circular Dichroism (SRCD).

The envelope of the encapsulin shell was compared while empty and harboring the
cargo proteins. EncB and EncC oligomerization and the effect of metal binding were analyzed.

The thermostability of the proteins were also evaluated to verify if cargo protein
encapsulation leads to changes in complex stability.
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4.1 Experimental procedure

4.1.1 Small-angle X-ray Scattering

Small-angle X-ray Scattering (SAXS) data were measured at the EMBL beamline P12 at
the PETRA III storage ring (DESY, Hamburg) [184,185] in collaboration with Dr. Clément
Blanchet.

Scattered X-ray photos wavelength of 1.24 A (10 keV) and a sample detector distance
of 3.1 m and I (s) was recorded for 0.02 < s < 4.5 nm™" with s = (47tsin20)/ A.

Independently, 50 — 100 uL of each protein at 10 mg/mL (8.0 mg/mL for EncB) were
centrifuged at 11,000x ¢ and loaded into a SEC column at a flow rate of 0.5 mL/min for SEC-
SAXS analysis [185]. EncC and EncB were loaded into a Superdex 200 increase 5/150 GL
(Cytiva), while EncA, EncAC and EncAB were loaded into a Superose 6 increase 10/300 GL
(Cytiva), both pre-equilibrated with 200 mM MOPS buffer, pH 7.0 and 200 mM NaCl. Between
each injection the column was equilibrated with 1.5 columns volumes of buffer.
Approximately 900 frames (1 frame/s) were collected for each sample. Data were reduced
using the SASflow pipeline [186]. The 2D images were radially averaged, frames with protein
signal and no trace of radiation damage were averaged and used for further processing. The
buffer signal was subtracted from the protein signal.

The one-dimensional data were analyzed using ATSAS program suite (PRIMUS,
CHROMIX, GNOM) for analysis of the scattering profiles, Guinier plots, Kratky plots and pair
distance distribution (P(r)) calculation [187]. Each protein envelope was obtained by ab initio
shape reconstructions with DAMMIN [188] for EncA, EncAB and EncAC first applying P1 and
icosahedral symmetry and with GASBOR [189] for EncB and EncC first with P1 and then
applying a P2 restriction for EncC and P52 for EncB based on the oligomer state data. The
flexible regions of EncB and EncC were predicted with CORAL [190] using the P1 symmetry
and the atomic structure of each Flp. The decameric structure was used for EncB while the
dimeric FOC and non-FOC monomers were used for the EncC modeling. At least 10
interactions of each protein were obtained (in DAMMIN, GASBOR and CRYSOL) to validate
the models. The final model for each protein was obtained using DAMAVER [191] to align
and average the models obtained by DAMMIN. The envelope was visualized using ChimeraX
[192].

4.1.2 Size Exclusion Chromatography

The quaternary structures of EncB and EncC and their iron-loaded forms were
evaluated using a calibrated Superdex GL 200 10/300 (Cytiva) with exclusion limits between
10 and 600 kDa pre-equilibrated in 200 mM MOPS buffer, pH 7.0 and 200 mM NaCl. The
column was calibrated with commercial protein markers: Catalase (232 kDa), Bovine Serum
Albumin (66 kDa), Ovalbumin (44.3 kDa), Carbonic Anhydrase (29.4 kDa), and Cytochrome ¢
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(13.2kDa). The void volume was determined with individual injections of blue dextran
< 1.0 mg (NZYTech). The apparent molecular weight and the Stokes radii were estimated
using the calibration curve (Figure A.4, appendix), according with Equation 4 and Equation 5:

Logio(MW) = —1.5462 +7.677 Equation 4

Logio(HD) = —1.028 2=+ 0.99 Equation 5
t— Vo

where MW is the apparent molecular weight in kDa, HD is the hydrodynamic diameter in nm,
V. is the elution volume of the protein, V, is the void volume and V., is the total volume of the
column.

Approximately 1mg of EncB and EncC incubated with different ferrous iron
concentrations (0, 1, 2, 4 and 8 Fe*"/dimer) in aerobiosis were injected into a calibrated
Superdex 200 10/300 GL (Cytiva) at a flow rate of 0.5 mL/min. FeSO,-7H,O was dissolved in
acidic milli-Q water at pH 2.0, under an inert atmosphere and quantified by the 1,10-
phenanthroline method (calibration curve in Figure A.5, appendix) [193].

4.1.3 Synchrotron Radiation Circular Dichroism

Synchrotron Radiation Circular Dichroism (SRCD) spectra of EncA, EncAB, EncAC,
EncB and EncC were acquired at the AU-CD beam line at the ASTRID2 synchrotron radiation
source (ISA, Aarhus University, Denmark), using the periscope chamber setup. Samples
containing ~ 1.0 mg/mL of protein freshly dialyzed against 10 mM MOPS buffer, pH 7.0, and
240 mM NaF were recorded with 1 nm steps and a dwell time of 2.0 s per step, in triplicates,
using a 0.01008 cm pathlength quartz cell in the wavelength range of 170 — 280 nm, at 25 °C.
The correct pathlength of the cell was determined by an interference technique [194].

A mixture of previously dialyzed proteins was prepared mimicking the cargo loading
capacity ratio previously determined (see section 3.2.2). Therefore 0.86 mg/mL of EncA was
incubated with 0.14 mg/mL of EncB and 0.75 mg/mL of EncA was added to 0.25 mg/mL of
EncC and measured as previously described.

Freshly dialyzed EncC (1.0 mg/mL) was incubated with 4 Fe?*/EncC dimer for 10 min
at room temperature and in aerobic conditions and measured at 25 °C.

Measurement at 25 °C and with temperature scans between ~ 5 and ~ 83 °C, with either
5 or 10 °C increment steps, were collected for all proteins. When the protein scan reached
~ 83 °C the temperature was decreased to 25 °C following the same increment steps. The molar
circular dichroism (A¢) for each spectrum was calculated using the absorbance and the protein
molar extinction coefficient at 205 nm [182]. The secondary structure content for each protein
was determined using DichroWeb, with CDSSTR as analysis program and SP175 dataset [195].
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The melting temperature was obtained by monitoring the CD signal intensity at 192, 209 and
220 nm. The data was fitted with a two-state thermal denaturation equation:

AHm (1 - m)

_ Tm
(an + By X Tmp) + (ap + Bp X Tmp)e RT .
SI = p— Equation 6
MM (1= )
1+e RXxTmp

Where AH,, is the enthalpy change at the unfolding transition midpoint (kcal/mol), Tm the
melting temperature, Tmp is the temperature in Kelvin, R is the universal gas constant
(1.987 cal/mol/K) and an, Pn, ap and PBp are normalization factors, as well as the slope and
intercept of the baselines before and after the transition.

4.1.4 Dynamic Light Scattering

Dynamic Light Scattering (DLS) measurements were acquired with a scattering angle
of 90°, at 25 °C, during 30 sec, in triplicates using a HORIBA SZ100 equipped with a 10 mW
532 nm laser. Temperature scans were acquired in a 5 °C steps with an equilibration time of
1min at each temperature and obtained triplicates or until stabilization between
measurements. DLS data were analyzed using the equipment built-in software assuming a
polydisperse sample, a particle refractive index of 1.6 (organic sample) and water settings as
dispersion medium (index of 1.333). Samples with 0.5 mg/mL of EncA, EncAB and EncAC
and samples with 1.0 mg/mL of EncB and EncC were centrifuged at 11,000x g for 15 min in
200 mM MOPS buffer pH 7.0, 200 mM NacCl before each measurement.
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4.2 Results

4.2.1 Structural Characterization and Conformational Dynamics

All datasets show good signal-to-noise ratio up to s = 2 nm™ (Figure 4.1A) and good
linearity with a small deviation at low s? value (bellow 0.015 nm™) in the Guinier analysis from
the scattering data, suggesting low radiation damage and/or aggregation (Figure 4.1B).

Free EncA and EncAB or EncAC complexes exhibit similar SAXS scattering curves,
typical of large spherical particles with a hollow core and correctly folded as shown in the
Kratky plot (Figure 4.1D) [196]. The values of radius of gyration (R,) for these protein samples
are similar, varying between 14.4 and 14.9 nm, and D, values of 35.2 — 35.5 nm (Figure 4.1C).
The values obtained using the Guinier or the P (r) methods are similar (Table 4.1) [197]. The
dimensions are consistent with the atomic structure of EncA, both with and without cargo
proteins [21,30], corresponding to a sphere with a diameter of ~ 32 nm. The P(r) curve of EncA
has a shoulder at ~ 15.2 nm corresponding to the internal cavity diameter (according to the
atomic structure its hollow cavity is 13 nm wide) (Figure 4.1C). The EncAC P(r) curve has a
shoulder at ~9.0 nm, while the EncAB P(r) curve shows no detectable shoulder. This
difference in the internal cavity size might be related with the presence of the cargo protein,
their loading efficiency and cargo dimensions/organization.

The molecular envelopes of EncA, EncAC and EncAB were obtained by ab initio
modeling using DAMMIN [188]. P1 and icosahedral symmetries generated similar models.
However, P1 symmetry resulted in a better scattering curve fitting. A total of 10 models were
averaged and filtered to obtain the final model for each sample using DAMAVER [191]
(Figure 4.1E). The atomic structure of EncA (PDB: 4PT2) docks well into the envelopes of
EncA, EncAB and EncAC and the theoretical scattering curve of the atomic structure (by
CRYSOL [198]) is shown as a blue line in Figure 4.1A.

Regarding EncB, the R, is 4.66 + 0.01 nm and a Dy« of 16.9 nm (Table 4.1). The atomic
structure of EncB shows a toroidal structure with D5 symmetry, 7.0 nm of diameter and a
thickness of 5.0 nm [30]. The thickness of the EncB envelope calculated from SAXS data is
similar (~ 5.6 nm), while the diameter considerably differs. This difference may be explained
by the presence of the additional 84 residues in the C-terminal extensions of each EncB
monomer that are absent in the atomic structure. Contrary to the core of the protein, these 84
residues are predicted to be unordered (Figure A.2, appendix). This may be the reason why
the Kratky plot of EncB exhibits a partially flexible behavior (Figure 4.1D). The EncB envelope
was generated by ab initio modeling using GASBOR [189] and applying a P52 (D5) symmetry.
The crystal structure docks well into the generated SAXS model except for the extra
protrusions that extend from the center, supporting the conclusion that the protruding N-
terminal extensions may represent the residues absent in the atomic structure. The position of
the flexible terminal region of EncB was predicted using CORAL confirming its position
towards the solution (Figure A.6A, appendix) [190].
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Figure 4.1: SAXS profiles and envelope models of the proteins from the Myx. xanthus Encapsulin system.
(A) Experimental scattering curves for EncA (in gray), EncAB (in red), EncAC (in green), EncB (in yellow) and EncC
(in blue). DAMMIN fits for EncA, EncAB and EncAC and GASBOR fits for EncB and EncC (as black lines). CRYSOL
calculated scattering curves from the atomic structures of EncA (PDB: 4PT2), EncB (PDB: 7S5C) and EncC (PDB:
7S8T) (in blue lines). For EncC, full blue line is the FOC dimer and dotted blue line is the non-FOC dimer.
(B) Guinier plot (dots) and linear fit (lines) of the scattering profiles. (C) Pair distance distribution P(r) curves.
(D) Kratky plots. (E) Ab initio models obtained from each dataset: EncA, EncAB, EncAC were generated by
DAMMIN while EncB and EncC were generated by GASBOR. The ribbon structures of each protein are
superimposed to the envelopes. The EncC envelope is superimposed to a non-FOC dimer (Top) and a FOC dimer
(Bottom). (F) Size comparison between the EncA, EncAB, EncB, EncAC and EncC envelopes (in scale).
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Table 4.1: SEC-SAXS data collection and analysis parameters for the Myx. xanthus Encapsulin system.

EncA EncAB EncAC EncB EncC
Data Collection
Superose 6 increase 10/300 GL Superdex 200 increase 10/300 GL
SEC column
Concentration (mg/mL) 10.0 10.0 10.0 8.0 10.0

Buffer composition 200 mM MOPS buffer, pH 7.0 and 200 mM NaCl

Structural Parameters

1(0) from Guinier 663,783 £974 102,728 +114 1,060,810 + 1412 2,265+1.7 4,230 +5.1
R, from Guinier (nm) 14.83 +0.05 14.41 +0.04 14.94 + 0.04 4.66 +0.01 243 +0.01
1(0) from P(r) 673,700.00 92,350.00 1,045,000.00 2,259.00 4,230.00
R, from P(r) 14.9 14.4 14.5 47 2.5
Dinax from P() 35.3 35.2 35.5 16.9 7.7
Porod Volume estimate (nm?) 16,683.5 22,945.6 18,523.0 394.7 40.1
Molecular Weight (kDa)
Estimation from data nd nd nd 208.0 259
Theoretical molecular weight 17.5 12.7
Ab initio DAMMIN GASBOR
Symmetry P1 P1 P1 P52 P2
x2 144 209 231 1.86 —2.71 1.11-1.44
Rigid body modelling - - - CORAL
Symmetry P1 P1
x2 4.88-7.46 1.96 — 3.20
Structured residues 14-79 [PDB: 7S5C]  1-80 [PDB: 7S8T]
Flexible residues 1-13 and 80-164 81-116
nd — not determined
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EncC has a scattering profile typical of an elongated protein (Figure 4.1). The protein
has a R; of 2.43 + 0.01 nm and a Di.x of 7.7 nm. The data is consistent with a dimer assembly
(Table 4.1). According to the atomic structure of other Flp proteins, the structural building
block can be either the non-FOC dimer (6.2 nm wide) or the FOC dimer (6.5 nm wide). The
differences between the scattering curves predicted from the atomic structure of the non-FOC
and FOC dimers (by CRYSOL) and the experimental dataset may be due to the presence of
additional 37 residues found in the C-terminal region of the EncC protein sequence (similar to
EncB), responsible for tethering to the EncA shell (Figure A.2, appendix). The EncC envelope
was obtained with both P1 and P2 symmetry using GASBOR. The P2 model is shown to reflect
the putative protein quaternary structure. The model consists of an elongated envelope to
which both the FOC and the non-FOC dimers can be superimposed (with a better
superposition with the non-FOC dimer). Similarly, the C-terminal of the protein was predicted
with CORAL and this region is shown to be solvent exposed (Figure A.6B, appendix).
Therefore, while EncB was found in a decameric form, EncC seems to assemble into a dimer.
However, with the resolution limit of the SAXS data it is impossible to ascertain whether the
dimer is formed by the FOC or by the non-FOC building block.

Didi et al. showed that the presence of Fe* ions induced the oligomerization of
Rhs. rubrum Flp [20]. To test if the addition of ferrous iron promoted a higher oligomerization
state of the Myx. xanthus EncC, the protein was titrated with Fe?* and each iron-loaded sample
was loaded into a calibrated Superdex 200 10/300 GL (Cytiva) column (Figure 4.2B).

The elution volume of EncC while incubated with different amounts of iron was
compared with the elution volume of decameric EncB (Figure 4.2A, V.= 11.0 mL). In the
absence of Fe?* ions, EncC eluted as a single peak with an elution volume of 15.7 mL
(Figure 4.2B) corresponding to an apparent hydrodynamic diameter of 8.1 nm, similar to the
Dy of 7.7 nm determined by SAXS. The addition of Fe* (1, 2, 4, and 8 Fe?*/EncC dimer)
gradually shifted the peak to smaller elution volumes, from 15.7 mL to 12.1 mL, consistent
with a hydrodynamic diameter of 12 nm (Table 4.2). Additions of iron above 10 Fe** atoms per
EncC dimer led to protein precipitation. Similarly, the addition of Fe*" ions to EncB also
induced protein precipitation. According to the SAXS data, the peak of the apo-form at
15.7 mL corresponds to the dimeric EncC, whereas the EncB peak at 11.0 mL (hydrodynamic
diameter of 13.7 nm) is consistent with the decameric EncB.

The results from the SEC experiment suggest that the addition of Fe*" ions to EncC
converts the dimer state into a decamer structure similar to EncB. The difference between the
decameric EncB (13.7 nm) and EncC (12.0 nm) elution volumes may be explained by the
difference in the length of their flexible protruding C-terminal extensions. The EncC and EncB
extensions comprise around 20 residues and 80 residues, respectively. Noteworthy, recently
obtained decameric toroidal atomic structure of EncC was determined in the presence of FeCl,,
revealing irons atoms in the FOC [30].
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Figure 4.2: Effect of iron loading on the quaternary structure of EncB and EncC. (A) SEC elution profile of the
apo-form of EncB (dotted line). (B) EncC in its apo-form (in yellow) and upon incubation with 1 to 8 Fe** per EncC

dimer (from orange to black curves). Superdex 200 10/300 GL (Cytiva) in 200 mM MOPS buffer pH 7.0, 200 mM
NaClL

Table 4.2: Effect of incubation with Fe?* ions on the quaternary structure of EncC, analyzed by SEC.

Fe/EncC dimer Ve (mL) HD (nm)
0 15.7 8.1
1 15.7 8.1
2 14.3 9.3
4 12.0 12.0
8 12.1 12.0

V. — Elution volume; HD — Hydrodynamic diameter

4.2.2 Secondary Structure Assessment and Thermal Protection

Besides probing the quaternary structure and conformational dynamics of the
Muyx. xanthus Encapsulin system, the secondary structure of these proteins was also evaluated.

All SRCD spectra exhibit negative peaks at 209 and 220 nm and a positive peak at
192 nm, coherent with folded proteins with high helical content (Figure 4.3A). A quantitative
assessment of the percentage of each secondary structure element for each protein was
obtained by deconvoluting the SRCD spectra using DichroWeb [195] and comparing with the
secondary structure content determined from their respective atomic structures (PDB
structures: 4PT2 and 7520 for EncA, 7S5C and 7S5K for EncB and 7S8T for EncC) using 2Struc
[199] (Table 4.3). The atomic structures of EncB and EncC are incomplete and lack the final 84
or 37 residues, respectively, while the percentages obtained in the SRCD experiment reflect

the entire protein sequence. In solution, EncA displays a secondary structure content similar
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to its atomic structures with 26.5 % a-helix, 26.5 % p-strand and 47.0 % of others (turns and
unordered) (Table 4.3). Regarding the cargo proteins, EncB has 52.5 % a-helix, 8.0 % p-strand
and 39.5 % of others while EncC exhibits 76.4 % a-helix, 0.0 % p-strand and 23.6 % of other
structures. The global secondary structure percentages for the encapsulated forms EncAB and
EncAC are similar, reflecting 31.3 -34.2 % a-helix, 22.1-22.2 % B-sheet and 43.7 —46.5 %
others.

Comparing the secondary structure content of each cargo protein, as determined by
SCRD, with their atomic structure, for EncB the 32.4 — 33.5 % decrease in helical structures is
compensated by a 8.0 % increase in P-sheet and 24.4-25.5% of others. For EncC the
differences are less significant (Table 4.3). As mentioned, these differences are most likely due
to the incomplete nature of their atomic structures since the unsolved region amounts to 51 %
of the total sequence of EncB C-terminal region and 32 % in EncC. Taking this into account,
together with the SRCD data, one can conclude that the C-terminal extensions of EncB and
EncC are mostly unordered as predicted by bioinformatic studies (Figure A.2, appendix).

Additionally, considering the effect of iron on the Flp protein structures, Didi et al. also
described that in the absence of iron the protein displays a low amount of secondary (and
tertiary) ordered structures [20]. Yet, despite the EncC dependence of iron to assemble as a
decamer, its secondary structure is not affected upon iron addition, as determined from the
SRCD data (Figure 4.3A, last row), suggesting that the overall secondary structure of the dimer
state is similar to the fully assembled decamer.

Moreover, the thermal stability of the proteins was investigated and compared to
assess the impact of protein cargo encapsulation (spectra presented on Figure A.7, appendix).
The denaturation curves were plotted at three wavelengths (192, 209 and 220 nm, Figure 4.3B).
To understand the relevance of cargo protein encapsulation, artificial mixtures of EncA and
either EncB or EncC (mimicking the loading stoichiometry of each complex) were also
analyzed (Figure 4.3C). By following the denaturation of empty EncA and fitting the
experimental curve with a two-state thermal denaturation equation (Equation 6) it is
noticeable that the shell protein is a highly thermostable protein with a melting temperature
(Tw) of 76+ 0.7°C), albeit lower than the T,, value of 86.6°C reported for the
Qua. thermotolerans encapsulin [25].

No significant differences were detected between the melting curves of EncA, EncB,
EncAB and the EncA+EncB mixture, suggesting that EncB is equally thermostable, exhibiting
similar T,, and enthalpy energy change (AH,,) upon thermal denaturation (Table 4.4). EncC has
a considerably lower T, (41 + 2.6 °C). In this case, the encapsulation of EncC (EncAC complex)
increased the T, of the complex to 81 + 0.3 °C, 3.9 °C higher than EncA and 40 °C higher than
free EncC. The artificial mixture of EncA and EncC showed no protective effect, with each
protein being independently denaturated. These results confirm that encapsulation shields the
cargo protein from thermal denaturation and additionally suggests that cargo binding to the
shell tends to increase the overall thermostability of the complex.
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Figure 4.3: Secondary structure and thermostability assessment of the encapsulin system. (A) SRCD spectra in
Molar circular dichroism (Ag) of EncA (full circles), EncAB (full squares), EncB (empty squares), EncAC (full
triangles), EncC (empty triangles) and EncC incubated with 4 Fe** per EncC dimer during 10 min at atmospheric
conditions (empty red triangles with an offset of —2.5 M~'cm™) at 25 °C. Fit from the deconvolution of each
spectrum using Dichroweb in blue lines. (C) Molar circular dichroism (A¢) denaturation curves of EncA, EncAB,
EncB, EncAC and EncC. (D) Molar circular dichroism (Ae) denaturation curves of mixture of EncA with EncB (Top)
and mixture of EncA with EncC (Bottom). The melting curves were plotted by monitoring the signal at 192 (in blue),
209 (in yellow) and 220 nm (in gray) as a function of temperature and fitted with a two-state denaturation curve

(Equation 6) with a solid line.
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Table 4.3: Secondary structure composition of the free proteins and complexes of the Encapsulin system by
deconvolution of the SRCD spectra obtained at 25 °C or analysis of atomic structures of each protein.

Secondary structure content (%)

Protein Residues Analysis a-Helix B-Sheet Others
1-294  DichroWeb  265+05 26.5+0.2 47.0+0.1
EncA 9285 PDB:4PT2  27.8+03 27.6+2.4 446427
9285 PDB: 7520 29.0+14 284436 £26+21
EncAB DichroWeb ~ 31.3+0.1 22.2+0.0 46.5+0.1
DichroWeb ~ 52.5+02 8.0+0.1 39.5+0.4
et AlphaFold 39.0 0.0 61.0
EncB
PDB:755C  86.0+2.3 0.0£0.0 14.0+2.3
180 PDB: 755K 849427 0.0+ 0.0 151+2.7
EncAC DichroWeb  342+02 221+0.1 437402
DichroWeb ~ 76.4+0.1 0.0£0.0 23.6+0.1
EncC e AlphaFold 61.6 0.0 38.5
1-79 PDB: 758T 70.7 +3.1 0.0£0.0 293+3.1

The secondary structure content determined from the atomic structures was achieved using 2Struc

Nevertheless, thermal denaturation not only impacted in the secondary structure of
the proteins but also their monodispersity and aggregation. DLS temperature scans were used
to evaluate the propensity of these proteins to self-aggregate due to thermal denaturation
(Figure 4.4).

At 25 °C, EncA, EncAB and EncAC show hydrodynamic diameter (Z-average) values
similar to those obtained by SAXS with a hydrodynamic diameter of 35 + 0.7 nm for EncA,
37 + 0.6 nm for EncAB and 40 £ 2.7 nm for EncAC (Figure 4.4A). Samples of each free cargo
protein also exhibit results consistent with the SAXS datasets, since EncB has a hydrodynamic
diameter of 14+0.7nm and EncC of 6.2+0.5nm (Figure4.4A). All proteins showed
polydispersity indexes below 0.3 at 25 °C.

During the temperature scan, the particle size of EncA is stable until an abrupt increase
around 70 °C, with similar results obtained for EncAB and EncAC at ~ 65 °C and ~ 70 °C
(Figure 4.4B). As such, the T,, obtained by SRCD and the aggregation temperature (T.g,)
determined by DLS were identical despite monitoring different phenomena. However, EncB
started to form large particles around 45 °C. This T, is quite different from the T, determined
by SRCD (Table 4.4). Thus, this suggests that as the temperature increases EncB starts to self-
aggregate at lower temperatures while maintaining its secondary structure until it eventually
further denatures. The encapsulation of EncB by EncA protects it from this aggregation event
probably due to its tethering to the shell, minimizing self-association contacts. EncC shows a

64



similar T,, and T, values (Table 4.4). Therefore, in this case the encapsulation not only

protects the cargo protein from secondary structure changes upon temperature increase but

also from self-aggregation.
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Figure 4.4: Particle size distribution of the Myx. xanthus Encapsulin system during thermal denaturation.
(A) Hydrodynamic diameter (Z-average) of EncA, EncAB, EncB, EncAC and EncC at 25 °C. (B) Temperature scans
of EncA (full circles), EncAB (full squares), EncB (empty squares), EncAC (full triangles) and EncC (empty
triangles). The data was obtained in triplicates or until stabilization between measurements.
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Table 4.4: Melting temperature and enthalpy at thermal denaturation midpoint of encapsulin proteins,
complexes and artificial mixtures from the SRCD temperature scans and aggregation trigger temperature by
DLS.

Protein Tm CC) AH,, (kcal/mol)’ Tage (O
EncA 769 +2.8 423+21 =70
EncAB 78.9 £ 0.6 67.3+3.0 =~ 65
EncB 78.1+2.6 45.1+3.2 =45
EncA+EncB 774 +0.7 428+75
EncAC 80.8+0.3 389+5.2 =70
EncC 41.0+26 23.0+4.3 = 50
BncA+EncC 91408 92426

* Parameters determined from SRCD experimental data fitted using a two-state melting model (Equation 6)
** Trigger temperature for aggregate formation as measured by DLS
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4.3 Conclusions and Discussion

This chapter described the structural characterization of the proteins of the
Myx. xanthus Encapsulin system. EncA can harbor three types of cargo proteins. Two of them,
EncB and EncC, share high similarity with each other and with Flp proteins found in other
encapsulin systems.

Here, SAXS data confirmed that the encapsulation of cargo proteins does not affect the
overall dimensions of the shell protein in solution, showing similar D,.x (35.2 - 35.5 nm) and
R, (14.41 - 14.94 nm) values, as well as superimposable envelope models. The presence of the
cargo proteins in EncAB and EncAC seems to decrease the internal diameter from ~ 15.2 to
~9.0 nm for EncAC and to a non-detectable cavity for EncAB. These differences should be
related the organization of the cargo proteins placed inside the cavity.

The SAXS model obtained for EncB in its apo-form reveals that it assembles as a
decamer with toroidal morphology, similar to its atomic structure. Additionally, the ab initio
envelope unveiled the presence of extensions corresponding to the 84 residues long C-terminal
ends, which are absent from the atomic structure currently available. Although the EncAB has
a lower cargo load, due to the presence of these long extensions the EncB cargo protein can be
further away from the encapsulin shell resulting in an absent detection of the internal cavity
in EncAB complex as suggested by the P(r) profile.

Interestingly, the apo form of EncC was found in the dimeric form. However, it is not
possible to identify the type of dimers present in solution in the experimental conditions
tested, since both non-FOC and FOC dimers are similar to the ab initio model and have an
analogous reconstituted scattering profile when calculated using CRYSOL. Moreover, the
addition of iron to EncC induces the assembly into a decamer, with the decrease of the elution
volume in SEC analysis upon the addition of 8 Fe per dimer. There appears to be an
intermediate state consistent with a tetrameric structure in the sample loaded with 4 Fe per
dimer. The differences in the elution volume of EncB (13.7 nm) and EncC (12.0 nm) may be
related with the presence of 84 residues in the C-terminal extension of EncB while EncC only
presents 21 residues. Ross et al, showed that the Flp dimer is formed by the non-FOC interface
and the addition of Fe?" allows the self-association of five of these dimers into the final toroidal
structure by contacts between the FOC interfaces [49]. This observation is attuned with the
results presented in this work.

Although EncC requires ferrous iron to assemble as decamers, its secondary structure
is already fully folded in its dimeric apo-form, with similar SRCD results obtained in the
absence and presence of ferrous iron, contrary to other Flp that were previously suggested to
be unstructured in the absence of Fe?" ions [20].

The secondary structure analysis of EncA by SRCD renders compositions of each
element similar to its atomic structure [21,30]. Both EncAB and EncAC exhibit a higher a-helix
content than EncA due to the presence of either cargo proteins (both a-helix rich proteins)
inside the cavity. EncB showed 7.9 % of p-sheet content which is not present in its atomic
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structure. This suggests that the additional residues in the C-terminal extension may be
composed of unordered regions and some B-sheet structures.

EncA exhibited high thermostability in both SRCD and DLS temperature scans, with a
melting temperature (T,,) of 75.5+ 0.74°C obtained from SRCD and an aggregation
temperature (T.g) around 70 °C from DLS. The presence of EncB or EncC slightly increases the
thermostability of the complex in 2 °C for EncAB and 3.9 °C for EncAC, which may be
explained by stabilization of the shell protein through the tethering of the CLP sequences of
the cargo protein. Regarding the cargo proteins, EncB secondary structure seems to be highly
thermostable (T,, of 78.1 + 2.62 °C) but starts to self-aggregate at ~ 45 °C (DLS data). Upon
encapsulation EncB decamers are probably spaced apart, which hinders the self-aggregation,
preventing EncB denaturation at lower temperatures. Similarly, EncC is a less thermostable
protein with a T,, of 41.0 £ 2.6 °C and a T, of ~ 50 °C. Upon encapsulation this protein is
significantly stabilized, with a T, of 80.8 £ 0.3 °C and a T, of ~ 70 °C for the EncAC complex.

With this work we confirmed that cargo proteins EncB and EncC assemble into a
decameric quaternary structure although EncC only achieves this oligomer state in the
presence of iron. The position and organization of the C-terminal regions were characterized
revealing a predominant unstructured tail as predicted by bioinformatics (Figure A.2,
appendix). Additionally, this region likely extends towards the solvent as protrusions,
possibly increasing the availability to interact with the cage protein. The encapsulation of these
proteins is essential to increase their thermostability, either by preventing the loss of secondary

structure or by avoiding self-aggregation.

68









5

UNVEILING THE IRON OXIDATION
MECHANISM OF THE ENCAPSULIN
SYSTEM

This chapter explores the iron oxidation activity of the encapsulin shell (EncA) from
Myx. xanthus, both with and without its cargo proteins (EncB or EncC) using UV-Visible and
Mossbauer spectroscopies.

The physiological relevance for the encapsulation of cargo proteins inside the cavity of
EncA was evaluated by monitoring the iron mineralization kinetics of the protein complex
under oxygen saturated conditions. Moreover, detection and quantification of iron species in
each sample were achieved by Mossbauer spectroscopy. The iron oxidation and storage
capacities of EncA and EncAC were compared, either in the presence of molecular oxygen or
hydrogen peroxide.

The iron oxidation properties of free EncC were also evaluated and compared with
EncAC, its encapsulated counterpart.
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5.1 Experimental Procedure

5.1.1 Iron Uptake

The formation of ferric species was analyzed using UV-Visible spectroscopy as
previously described (section 3.1.3.2). Spectra of either EncA, EncAB, EncAC, EncB and EncC
were collected between 230 and 800 nm. Two oxidants were used as co-substrates for iron
oxidation (hydrogen peroxide and molecular oxygen).

5.1.1.1 Iron Loading Capacity with Hydrogen Peroxide

EncA, EncAB, EncAC, EncB and EncC were incubated with consecutive additions of
FeSO; in the presence of a 2-fold molar excess of H,O, in 200 mM MOPS buffer pH 7.0 and
200 mM NaCl. 16 nM of EncA, EncAB and EncAC were incubated with 29 uM of 5¢Fe?" ions
(1,800 Fe/protein per addition) and 58 uM of hydrogen peroxide per addition. Otherwise,
successive additions of 29 uM of *Fe*" and 58 uM of hydrogen peroxide were added to 29 uM
of dimeric EncC and EncB. Spectra were acquired 5 min after incubation of each addition until
no spectral changes could be detected or when evident protein precipitation occurred. The
maximum iron storage capacity was determined by plotting the absorbance at 350 nm
corrected for the baseline (A 35 nm — A soonm) and considering the dilution factor upon each
addition.

The H,O, stock solution was quantified by UV spectroscopy at 230 and 240 nm using
the corresponding molar extinction coefficients (€ yonm= 724M7Tcm™ and &€ pmm =
43.6 Mcm™).

5.1.1.2 Iron Loading and Kinetics with Oxygen

The sample buffer (200 mM MOPS buffer, pH 7.0 and 200 mM NaCl) was saturated
with oxygen for 15 min. The protein was transferred to a cuvette coupled to a magnetic stirring
setup for sample homogenization. Spectra were acquired 4 h after each iron addition until
protein precipitation or when no changes in the absorbance were detected.

Moreover, to study the kinetics of the iron oxidation reaction, the absorbance at
350 nm was measured after iron addition in oxygen saturated conditions. For the “high load”
samples 16 nM of EncA, EncAB and EncAC were incubated with either 1,800, 3,600, 7,200,
10,800, 18,000 and 21,600 Fe?*/protein. To study the iron oxidation reaction at “low load”,
160nM of EncA, EncAB and EncAC were incubated with 90, 180, 360, 720 and
1,800 Fe*" / protein. 28 uM of dimeric EncC were incubated with 1, 2, 4, 7 and 10 Fe?*/dimer.
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5.1.2 Mossbauer Spectroscopy

Mossbauer spectra were acquired at 4 and 80 K in transmission mode using a 25-mCi
Co source in a Rh matrix and a conventional constant acceleration spectrometer. The velocity
scale was calibrated with a-Fe foil at room temperature and the isomer shift values (6) are
correlated to this standard. The ¥FeSO, solution was prepared by acidic dissolution of a “Fe
metal foil (> 95 % enrichment) with H,SO, in an anaerobic chamber as described by Ravi et al.
[199] followed by iron quantification using the 1,10-phenanthroline method [193]. The analysis
was carried out using the WMOSS software [200]. The spectra were acquired at C*TN, Instituto
Superior Técnico, Universidade de Lisboa, in collaboration with Dr. Jodo Carlos Waerenborgh
and Dr. Bruno Vieira.

EncA, EncAC and EncC were incubated with *Fe?" ions and reacted with either
molecular oxygen or hydrogen peroxide as co-substrate. In the “high iron loads” samples
0.56 uM of EncA and EncAC in oxygen saturated buffer (200 mM MOPS buffer pH 7.0 and
200 mM NaCl) were incubated with FeSO, at a molar ratio of 1,800 (1 mM Fe) and 10,800 Fe
per protein (6 mM Fe) for either 10 min or 24 h before being transferred to a Mossbauer cup
and frozen in liquid nitrogen. The spectra were measured at either 55 K or 4 K without an
external magnetic field.

For “low iron loads”, 11 uM of EncA and EncAC in oxygen saturated buffer (200 mM
MOPS buffer pH 7.0 and 200 mM NaCl) were incubated with different Fe / protein ratios (90,
180 and 360, corresponding to 1, 2 and 4 mM ferrous ions) for 15 min under molecular oxygen
saturation conditions. The spectra were measured at 80 K without an external magnetic field.

EncC samples were prepared under anaerobic conditions inside an anaerobic glovebox
and in oxygen saturation. In the anaerobic samples the protein stocks and other reagents were
degassed by performing three cycles of atmosphere substitution with argon using a Schlenk
line as follows: frozen at —80 °C for at least 10 min followed by 3 min vacuum (while still
frozen), 15 min of degassing and flushing with argon and a final 5 min argon saturation. The
reagents were then transferred into an anaerobic chamber (<4 ppm O, MBLab, MBraun)
where the additions were prepared. 1 mM of dimeric EncC was incubated with 2 and 7 mM
of “Fe?* for 5 min and transferred to a Mossbauer cup and frozen in liquid nitrogen. Under
oxygen saturation 1 mM of dimeric EncC in oxygen saturated buffer was incubated with 1, 2,
7 and 10 mM of ¥Fe** during 5 min. The spectra were measured at either 80 K or 4 K without

an external magnetic field.
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5.2 Results

5.2.1 Iron Loading Capacity

The iron oxidation activity of the proteins and complexes from the Myx. xanthus
encapsulin system was assessed in the presence of molecular oxygen and hydrogen peroxide
as co-substrates of the reaction (Figure 5.1). The proteins were successfully expressed in their
apo-form since no absorbance was detected at 350 nm. The addition of ferrous iron led to a
broad absorption band between 300 and 500 nm, characteristic of the formation of ferric
species (Figure A.8, appendix).

Strikingly, EncA seems to be able to mineralize iron inside in its cavity with either
molecular oxygen or hydrogen peroxide (Figure 5.1A and B, first row). A sigmoidal curve is
observed in the presence of O,, probably associated with two events. In an initial phase, and
up to 7,200 irons per EncA, the amount of ferric species produced may be considered very
small. At higher iron loads, above 7,200 irons per protein, the concentration of ferric species
increases linearly (Figure 5.1A, first row). Above 24,000 irons per protein precipitation of ferric
species start to occur, suggesting protein saturation. In the presence of H,O,, the amount of
iron species detected per amount of iron added is linear until saturation at around 19,500 irons
per protein (Figure 5.1B, first row).

The ferroxidation behavior of EncAC in the presence of O, is similar to EncA (with a
slightly sharper slope after 7,200 irons per protein, Figure 5.1A, third row) but its loading
capacity with H,O, is slightly diminished to 18,000 irons per protein when comparing with the
empty shell protein (Figure 5.1B, third row). This decrease is likely due to the spatial hindrance
caused by the presence of EncC within the cage’s cavity. For EncAB, the reaction in the
presence of O,, and contrary to the EncA or EncAC, is monophasic, with a steeper slope of
product formation per substrate amount compared to EncA alone, which suggests a higher
product formation in the presence of this cargo protein (Figure 5.1A, second row). The EncAB
reaction with hydrogen peroxide leads to an iron loading similar to EncAC (Figure 5.1B,
second row).

Although encapsulin shell may not be an enzyme in the conventional sense, the data
presented shows that the iron is oxidized inside leading to a storage of large quantities of iron,
with or without the ferritin-like cargo proteins encapsulated.

Regarding the free cargo proteins in solution, the addition of iron to EncB
unfortunately leads to protein precipitation (as such, no data is shown). Notwithstanding, its
rate-enhancing activity can be inferred by comparing the activity of EncAB with EncA.
Moreover, and as previously mentioned, the addition of ferrous iron to EncC favors its self-
association. Thus, for better readability, all EncC data are shown considering the dimeric state
of the protein as the functional unit (one FOC per dimer). The addition of ferrous iron to EncC
leads to the formation of ferric species and saturation is reached at approximately 10 irons per
FOC in the presence of H,O, and 7 iron with O,, with ferric iron and protein precipitation
occurring above this ratio (Figure 5.1). This suggests that EncC is unable to store a mineral
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core and might provide the catalytic active sites for faster iron oxidation within the EncA cage.
Therefore, all proteins and complexes studied here have shown to be functionally active, and
the encapsulation of cargo proteins within EncA enhances the efficiency and iron loading

capacity of the complex.
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Figure 5.1: Spectroscopic evidence of the iron oxidation activity of the Myx. xanthus encapsulin system. Iron
loading in the presence of (A) O, and (B) H;O.. EncA, EncAB and EncAC samples (16 nM) were incubated with
different concentrations of Fe?* ions. EncC (29 uM dimer) was incubated with 1 to 7 Fe?*/EncC per FOC, in O,
saturation conditions. The spectra were acquired 4 h after each addition and the absorbance at 350 nm was used to
follow product formation. For the H,O; experiments, successive additions of 29 uM Fe?* with a 2-fold molar excess
of H;O; to EncA, EncAB and EncAC samples (16 nM) were performed. EncC (29 yM FOC) was incubated with a
molar ratio of 1 to 14 Fe** per FOC) and a 2-fold molar excess of H,O.. The spectra were acquired 5 min after
absorbance stabilization. The addition of iron substrate to EncB resulted in instant sample precipitation. The solid
lines overlaying the experimental data were included to facilitate the comparison between the different proteins.
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5.2.2 Iron Oxidation Kinetics

To further explore the iron oxidation capacity of these proteins, kinetic assays of EncA,
EncAB, EncAC were performed in oxygen saturation conditions by addition of “high” (over
1,800 Fe/protein) and “low” (under 1,800 Fe/protein) loads of ferrous iron substrate and 1, 2,
4,7 and 10 Fe?* per EncC FOC.

The time courses of the reactions of EncA with 1,800 or 3,600 Fe**/protein are
characterized by a nearly linear oxidation behavior (Figure 5.2A, first row). For higher iron
loads, the reaction rate is enhanced, and a second phase appears with magnitude increasing
with the substrate concentration. This sigmoidal kinetic profile is typical of an autocatalytic
mineral surface reaction, previously observed in L-chain ferritins that, contrary to the H-type
counterpart, lack the FOC centers [201]. Most likely, in the initial stages of each reaction (first
phase), the metal is translocated to the encapsulin cavity through its negative pores and small
ferric iron clusters are formed by spontaneous oxidation at specific nucleation sites on the
surface of the inner cavity [202,203]. Once a mineral core with a reasonable size is attained, it
becomes autocatalytic. When 1,800 and 3,600 (Figure 5.2A, first row, yellow and orange data
points) ferrous irons are added per protein, the size of the initial mineral core is probably not
large enough to promote mineral growth at its surface, as opposed to the samples reacted with
7,200, 10,800, 18,800 and 21,600 irons per protein (Figure 5.2A, first row, red to black data
points).

A similar kinetic behavior is observed for the EncAB and EncAC complexes that show
a sigmoidal progressive curve, with some subtle differences (Figure 5.2A, second and third
row). Those differences are more noticeable for the highest iron load assay, in which the
proteins were incubated with 21,600 Fe?*/protein (Figure 5.2A, second and third row, black
data points). A shorter lag-phase is observed for the EncAB and EncAC complexes compared
to EncA where the plateau is reached later.

To further understand the difference between the EncA, EncAB and EncAC iron
oxidation and mineralization kinetics, the proteins were also reacted with lower iron loads
(Figure 5.2B). As previously observed, EncA exhibits a longer lag-phase when incubated with
1,800 irons per protein (Figure 5.2B, first row). However, the presence of EncB or EncC within
EncA changes the progress curve from a sigmoidal to an exponential curve (Figure 5.2B,
second and third row). This type of kinetics clarifies the catalytic activity of the complex and
is associated with the presence of FOCs in the cargo proteins, responsible for the fast oxidation
of ferrous iron (ferroxidation reaction), as reported for the Rhs. rubrum Encapsulin-Flp systems
[56]. Although EncAC is more efficient than EncA, presenting shorter time range to complete
the iron oxidation, the EncAB complex is even faster than EncAC, reaching a plateau after
~ 15 min, whereas EncAC achieves the same level of product formation after more than 90 min
(Figure 5.2B, second and third row, the black data points (1,800 Fe per protein)). The difference
between the apparent ferroxidation and mineralization kinetics of EncAC and EncAB might
be related with the ferroxidation capacity of the cargo protein due to its superficial charge
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and/or its position relatively to the shell pores. Additional experiments are needed to

elucidate these differences.

The kinetic profiles of free EncC protein in solution (Figure 5.2B, fourth row) display a
considerably higher ferroxidation rate while comparing with its encapsulated form. This
might suggest that the rate-limiting step in the EncAC ferroxidase reaction is iron translocation

from solution into the EncA cavity and the EncC active site.
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Figure 5.2: Progress curves of the iron oxidation by the Myx. xanthus encapsulin system with high and low iron
loads in the presence of O, saturation conditions, using UV-Visible spectroscopy. (A) Kinetic profiles of iron
oxidation with high iron loads (1,800 (in yellow), 3,600 (in orange), 7,200 (in coral), 10,800 (in red), 18,000 (in dark
red) and 21,600 Fe**/ protein (in black)) of EncA (circles), EncAB (squares) and EncAC (triangles). (B) Kinetic traces
of the iron oxidation reaction with low loads of iron by EncA (circles), EncAB (squares), EncAC (triangles) (90 (in
yellow), 180 (in orange), 360 (in red), 720 (in dark red) and 1,800 Fe**/protein (in black, is displayed as secondary
axis)) and EncC (empty triangles) (1 (in yellow), 2 (in orange), 4 (in red), 7 (in deep red) and 10 Fe**/FOC (in black)).
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5.2.3 Monitoring of Mineral Core Formation

The product of the iron oxidation in the presence of EncA and EncAC with either
oxygen or hydrogen peroxide were characterized using Mdssbauer spectroscopy at either 55 K
(Figure 5.3) or 4 K (Figure 5.4) in the absence of an external magnetic field.

The Mossbauer spectra of EncA and EncAC reacted with *Fe** ions in the presence of
either O, or H,O, as co-substrate show no detectable ferrous species, suggesting total oxidation
even after only 10 min (Figure 5.3). Considering the apparent iron kinetics using UV-Visible
spectroscopy (Figure 5.2A), the presence of unreacted ferrous substrate was expected in these
conditions. However, the complete iron oxidation observed may be explained due to an
increased concentration of both protein and iron substrate (35-times higher), as required for
Mossbauer spectroscopy.

The reactions of both EncA and EncAC with either oxidants resulted in a the sharp
spectra observed in Figure 5.3 that can be explained by the contribution of two quadrupole
doublets with 6 = 0.48 £ 0.01 mm /s, and AEq = 0.58 + 0.02 mm/s (Species A.la, red line) and
AEo=1.00 + 0.02 mm/s (Species A.Ib, orange line) for EncA and 6 = 0.48 £ 0.01 mm/s, and
AEq =0.57 £0.02 mm/s (Species AC.Ia, red line) and AE; =1.00 + 0.02 mm/s (Species AC.Ib,
orange line) for EncAC (Table 5.1). These parameters are characteristic of high-spin Fe®*
species coordinated with oxygen/nitrogen ligands, as previously described in other protein
nanocages [204].

The relative contribution of these iron species seems to indicate that in each data set
(for EncA and EncAC), species A/AC.Ib decays into species A/AC.Ia along the reaction
(Table 5.1). As such, the mineral core formed at the initial stages of the reaction with H,O,
(10 min) eventually evolves into another type of mineral core obtained after a longer period of
incubation (24 h) (Figure 5.3B, D).

Moreover, the incubation of EncA with 10,800 iron atoms in the presence of O, for 24 h
revealed a paramagnetic ferric species, with a sextet appearing in the spectrum at 55 K. This
sextet signal suggests the presence of a larger mineral core as the mineralization reaction
progresses due to the mineral reorganization along the reaction time (Figure 5.3A). The
decreased contribution of the Species A.Ib with the concomitant appearance of the
paramagnetic species indicates that this species correspond to the typical ferric mineral core.

Interestingly, the ferroxidation of 1,800 Fe by EncAC in the presence of O, (Figure 5.3C)
resulted in a species distribution similar to the product of the reaction with H,O, in both EncA
and EncAC (Table 5.1). This suggest that a similar mineral core is being formed in these

conditions possibly due to the characteristic ferroxidase activity of EncC.
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Figure 5.3: Mssbauer spectra of the EncA and EncAC reacted with ferrous iron in the presence of molecular
oxygen and hydrogen peroxide. 1,800 and 10,800 ’Fe** / protein and incubated with either molecular oxygen in the



presence of (A) EncA or (C) EncAC or hydrogen peroxide with (B) EncA and (D) EncAC for 10 min and 24 h, as
displayed in the labels on the top and right side. The solid black lines represent the theoretical spectra reconstucted
by fitting using the parameters from Table 5.1. In each data set, species A.la is represented as a red line (6 =
0.48 +0.01 mm/s and AEg = 0.58 + 0.02 mm/s for EncA and species AC.Ia AEg = 0.57 + 0.02 mm /s for EncAC) and
represented as a orange line for species A.Ib and AC.Ib (6 =0.48 + 0.01 mm/s and AEg =1.00 + 0.02 mm /s for EncA
and EncAC.

Table 5.1: Mdssbauer parameters resulting from the deconvolution of the spectra from the EncA and EncAC
iron oxidation experiments with “high iron loads” using either molecular oxygen and hydrogen peroxide as co-
substrates.

Mbossbauer parameters of iron species

EncA EncAC
A.la A.Ib AC.la AC.Ib
0 (mm/s) 0.48(1) 0.48(1)
AEq (mm/s) 0.58(2) 1.0(2) 0.57(2) 1.0(2)
Linewidth (mm/s) 0.34(2) 0.39(3) 0.33(2) 0.39(2)

Quantification of iron species (%)

Time (min) A.la A.Ib AC.Ia AC.Ib
1,800 Fe, O,, 24 h 77.3 22.7 58.4 51.6
10,800 Fe, O,, 10 min 73.7 27.3 72.5 27.5
10,800 Fe, O, 24 h 38.9* 15.3% 71.6 28.4
1,800 Fe, H,O,, 10 min 51.7 48.3 50.6 494
10,800 Fe, H,0O,, 10 min 57.6 424 53.4 46.6
10,800 Fe, H,O,, 24 h 74.7 25.3 71.1 28.9

The values in parentheses are the uncertainties of each parameter
* The sextet signal corresponds to 45.7 % of the overall area

To further study the effect of both oxidants and/or if the presence of EncC
encapsulated by EncA has an impact in the chemical nature of the mineral core formed, spectra
were acquired at 4 K (Figure 5.4). At temperatures higher than the blocking temperature, an
intrinsic characteristic of superparamagnetic ferric species (normally higher than 30 K [205]),
the sextet signal collapses into quadrupole doublets due to the spin relaxation rate being faster
than the resonance frequency of the ¥Fe nucleus, behaving as a paramagnet above its blocking
temperature [204].

The spectra at 4 K (Figure 5.4) primarily show 6-line magnetic hyperfine patterns
resulting from hyperfine splitting, typical of superparamagnetic ferric species. Holo-Ferritins
have been characterized as ideal superparamagnets due to their organic shell, which keeps the
ferrihydrite mineral cores apart from each other, guaranteeing that dipole-dipole interactions
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can be ignored, at least above 1 K. As such, the mineral cores behave as isolated magnetic

particles either to thermal excitation or application of an external magnetic field [206].

According to Figure 5.4, a similar property is observable in encapsulins, although the

predicted size of its mineral core should be significantly larger than the Ferritin core.

Notwithstanding, the formation of a large iron mineral core inside EncA still results in a

superparamagnetic species.
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Figure 5.4: Evaluation of the superparamagnetic properties of the iron mineral core formed inside EncA and
EncAC using molecular oxygen and hydrogen peroxide. (A) EncA was incubated with either 1,800 or 10,800
YFe?* [ protein and (B) EncAC was incubated with 10,800 ¥Fe*"/ protein in the presence of molecular oxygen (24 h)
and hydrogen peroxide (10 min), as displayed in the labels on the top and right side. The vertical dashed lines
highlight the hyperfine splitting of the major superparamagnetic species from the oxidation of 10,800 Fe by EncA.

Spectra were acquired at 4 K with no external magnetic field.

The spectra in Figure 5.4A with low loads (1,800 Fe/protein, top spectra) in the
presence of oxygen show the heterogeneity of the ferrihydrite core with the contribution of

sextets from two major species, resulting from different hyperfine splitting phenomena. The



addition of higher amounts of iron (10,800 Fe/protein, Figure 5.4A, middle row spectra)
results in a spectrum with a splitting to lower energies consistent with the presence of a larger
mineral core (in agreement with the spectra obtained in 55 K (Figure 5.3A).

Additionally, there are some noticeable differences between the mineral cores formed
with molecular oxygen and hydrogen peroxide. In the presence of hydrogen peroxide the
mineral core is more monodisperse, with a more well-defined sextet (Figure 5.4A, bottom
spectra).

Altogether, these results suggest that the addition of higher amounts of ferrous iron
substrate to EncA or EncAC leads to the formation of a larger mineral core. Based on these
results, the iron oxidation reaction with molecular oxygen should favor the formation of larger
heterogeneous mineral cores while the hydrogen peroxide seems to form smaller mineral
cores centers distributed along the internal lining of the encapsulin shell with a more
homogeneous environment.

The presence of EncC inside EncA does not seem to change the nature of the ferric
mineral (Figure 5.4B), nor the superparamagnetic characteristic of the ferrihydrite mineral. In
this case, the Fe? ions are rapidly oxidized at the FOCs and then transferred to a nucleation
site at the EncA inner surface where the mineral is formed independently of the presence of
the cargo protein.

5.2.4 Iron oxidation species

The iron oxidation kinetics assay monitored using UV-Visible spectroscopy revealed
noticeably distinct oxidation rates between EncA and EncAC upon addition of lower amounts
of iron substrate (lower than 1,800 Fe/protein). In these conditions, the encapsulation of EncC
led to a significant enhancement of the rate of ferroxidation (Figure 5.2B). MGssbauer spectra
were acquired at 80 K in the absence of an external magnetic field to detect and characterize
all iron species involved in the reactions catalyzed by EncA and EncAC in the presence of
molecular oxygen (Figure 5.5 and Table 5.2).

Contrary to the samples reacted with higher iron loads (over 1,800 Fe/protein), the
spectra of the samples incubated with 90, 180 and 360 Fe*"/protein (with either EncA or
EncAC) and O, for 15 min show the presence of unreacted ferrous iron in solution (Figure 5.5).
The high spin ferrous iron species appears as a quadrupole doublet that is better fitted with
three subspectra with the same 6 and different AE,. These parameters are quite similar
between EncA and EncAC (see Table 5.2). The resemblance between the EncA and EncAC
parameters may indicate that the ferrous iron is mainly on the surface of the shell protein or
that Fe?* binding to EncC occurs in a very similar chemical environment.

The conversion of ferrous into ferric iron in the presence of molecular oxygen by both
proteins is confirmed with the appearance of a quadrupole doublet with parameters typical of
high-spin Fe®*" species with oxygen/nitrogen ligands, as previously mentioned. Upon the
addition of 90 or 180 Fe*"/EncA only one ferric species was observed (Figure 5.5A, first and
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second row). The spectra of EncA with 360 Fe>*/EncA present a new set of ferric iron
parameters (species A.Id) was included due to the broadening of the signal (Figure 5.5A, third
row). The EncAC with the lower ratio of 90 Fe*" / EncAC both species were needed for a correct
fitting. This is justified due to the formation of more product during the same time comparing
with the EncA.

The two sets of ferric iron parameters (A.Ic vs AC.Ic and A.Id vs AC.Id) were also
similar between EncA and the EncAC complex (see Table 5.2). Although species A.la and A.Ic
seems to be quite similar (as well as AC.Ia and AC.Ic) (see Table 5.1 and Table 5.2), species
Alb and Ald (as well as AC.Id and AC.Ib) are reasonably dissimilar. This difference may
indicate the presence of an intermediate species (A.Id and AC.Id) only detected during the
low loading experiments.

The iron oxidation reaction kinetics of empty EncA is remarkably different to the
EncAC complex, as shown by UV-Visible spectroscopy (Figure 5.2B). Once again, it is possible
to detect an increase in reaction rate when the cargo protein is present (Table 5.2), showing a
higher ferric iron fraction for the same reaction time of when compared with EncA revealing

the functional impact of this cargo protein in the overall encapsulin system.
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Figure 5.5: Mossbauer spectra of low iron loads of EncA and EncAC in the presence of molecular oxygen for
15 min. (A) EncA, (B) EncAC were incubated with either 90, 180 or 360 Fe?*/ protein for 15 min in the presence of

83

90 Fe

180 Fe

360 Fe



molecular oxygen as displayed in the labels on the top and right side. The solid black lines represent the theoretical
spectra reconstucted using the parameters from Table 5.2: Species A.Ila and AC.IIa in purple line, Species A.Ilb and
AC.IIb in green line, Species A.Ilc and AC.IIc in blue line, Species A.Ic and AC.Ic in red line and Species A.Id and
AC.Id in orange line. The spectra were recorded at 80 K with no external magnetic field.

Table 5.2: Mossbauer parameters resulting from the deconvolution of the spectra of EncA and EncAC iron
oxidation samples with low iron loads (90, 180 and 360 Fe*"/ protein) and molecular oxygen, for 15 min.

EncA Maéssbauer parameters of iron species

Ferrous species Ferric species
A.lla A.IIb A.llc Alc Ald
0 (mm/s) 1.26(3) 0.54(3)
AE, (mm/s) 2.58(3) 1.46(3) 3.35(2) 0.67(1) 1.20
Linewidth (mm/s) 0.45(2) 0.45(3) 0.37(2) 0.39(2) 0.40

EncA Quantification of iron species (%)

Sample
90 Fe, O,, 15 min 19.6 21.9 51.4 7.1
180 Fe, O,, 15 min 19.2 12.3 52.6 15.9
360 Fe, O, 15 min 15.9 6.8 51.0 194 6.9
EncAC Mossbauer parameters of iron species
Ferrous species Ferric species
AC.Ila AC.IIb AC.IIc AC.Ic AC.Ic
6 (mm/s) 1.25(2) 0.51(1)
AE (mm/s) 2.58(3) 1.43(2) 3.3(2) 0.65(2) 1.2(3)
Linewidth (mm/s) 0.45(2) 0.45(2) 0.38(1) 0.38(3) 0.40(2)
EncAC Quantification of iron species (%)
Sample
90 Fe, O,, 15 min 7.5 12.3 36.9 26.9 l6.4
180 Fe, O,, 15 min 9.8 74 38.6 28.0 16.2
360 Fe, O, 15 min 9.4 4.6 29.0 38.7 18.3

The values in parentheses are the uncertainties of each parameter
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5.2.5 EncC Iron Oxidation Species

Mossbauer spectra of EncC were measured to further characterize the ferroxidation
mechanism (Figure 5.6). The protein was incubated with different equivalents of ¥FeSO,
under anaerobic conditions and in oxygen saturation conditions for 5 min.

EncC was incubated with the iron substrate inside an anaerobic chamber to
characterize the binding sites of ferrous iron species. As expected, the spectra (Figure 5.6A)
show a relatively symmetric quadrupole doublet that can be fitted with three sets of
parameters characteristic of high-spin ferrous species as listed in Table 5.3. Two doublets have
a similar 6 parameters and distinct AEq (Species C.Ia, blue line and species C.Ib: green line, see
Table 5.3) showing a similar environment to ferrous iron in 200 mM MOPS pH 7.0 buffer
containing 200 mM NaCl (Figure A.9, appendix). The third species (C.Ic, purple line) with an
0=1.23+0.01 mm/s and a AEq = 3.19 + 0.03 mm /s probably represents a specific binding site
in the protein (absent in EncA and EncAC spectra), and are similar to Fe*" atoms coordinated
by oxygen/nitrogen ligands from glutamate and histidine residues found in the FOC of
Ferritin protein [207]. In the sample incubated with 2 Fe*/FOC under anaerobic condition,
this species accounts for 50 % of the total iron absorption, representing 1 Fe* per FOC.
Reaction of the protein with an excess of Fe** ions, 7 Fe* /FOC, saturates the FOC (26.3 % of
the total absorption, equivalent to 1.9 Fe?* per FOC) (Table 5.3).

Under saturation of molecular oxygen (Figure 5.6B), the signal characteristic of the
ferrous protein-bound species is converted into a subspectrum typical of ferric species, fitted
with two quadrupole doublets sharing the same isomer shift value (Species C.IIa, dark red line
and species C.IIb: light red line, see Table 5.3).

In the spectra of EncC samples reacted with 2 or more Fe?*"/FOC, the appearance of a
broader spectrum (at 80 K) can only be fitted with an additional parameter set, with
0=0.49+0.02mm/s and AEq =1.61+0.02 mm/s (species C.IIc, orange line). This species is
similar to the a p-1,2-peroxo di-ferric intermediate species identified in H-type ferritins [208].

No superparamagnetic species were detected at 4 K upon ferroxidation of 2 Fe*" per
FOC (Figure 5.6C). However, a sextet is detected with 7 Fe*" per FOC confirming the presence
of a ferric iron species with superparamagnetic properties that is no longer in fast relaxation
(quadrupole doublet with 6 = 0.49 + 0.02 mm/s and AEq = 0.66 + 0.01 mm/s, species C.IIa,
dark red line in Figure 5.6), and is due to the formation of a small mineral core (Figure 5.6C).

At the stoichiometry of 10 Fe** per dimer the u-1,2-peroxo di-ferric intermediate is no
longer detected, most probably due to its low contribution to the overall spectra. Additionally,

this species was absent in the spectra of the EncAC samples (Figure 5.5B).
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Figure 5.6: Mossbauer spectra of EncC reacted with Fe** ions in anaerobic conditions and in the presence of
molecular oxygen, for 5 min. (A) Spectra of the EncC anaerobic iron loading (2 and 7 Fe**/FOC) in anaerobic
conditions. (B and C) EncC incubated with 1, 2, 7 and 10 Fe** /FOC in the presence of molecular oxygen during
5 min and acquired at (B) 80 K and (C) 4 K, as indicated in the labels on the top and right side. The solid black lines
represent the theoretical spectra reconstructed using the parameters from Table 5.3: Species C.la in blue line,
Species C.Ib in green line, Species C.Ic in purple line, Species C.IIa in dark red line, Species C.IIb in red line and
Species C.IIc in orange line. The spectra were recorded at 80 K and 4 K, with no external magnetic field.
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Table 5.3: MGssbauer parameters of the iron species detected in EncC samples reacted with Fe?* ions in anaerobic
conditions (2 and 7 Fe**/dimer) and with oxygen saturation (1, 2, 7 and 10 Fe**/dimer), at 80 K.

EncC Mdssbauer parameters of iron species

Ferrous species

Ferric species

Cla C.Ib C.Ic C.IlIa C.IIb C.lIlc
6 (mm/s) 1.23(1) 0.49(2)
AE, (mm/s) 3.28(2) 2.44(4) 3.19(3) 0.66(1) 1.10(2) 1.61(2)
Linewidth (mm/s) 0.34(3) 0.45(3) 0.30(2) 0.40(1) 0.36(2) 0.42(3)
EncC Quantification of iron species (%)
Sample
o Llelfoc 27.3 222 505 [1.0]
o helFOC 59.1 146 26.3[1.9]
1 Fe/FOC oxygen saturation 6.9 6.8 [0.07] 71.3 15.0
2 Fe/FOC oxygen saturation 8.1 44.8 223 24.8 [0.5]
7 Fe/FOC oxygen saturation 12.6 11.0[0.77] 429 18.7 14.8 [1.0]
10 Fe/FOC oxygen saturation 28.8 14.6 [1.46] 38.1 18.5

The values in parentheses are the uncertainties of each parameter.
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5.3 Discussion and Conclusion

The proteins used in this study were purified in their apo forms and thus considered
ideal to investigate the iron oxidation mechanism of the encapsulin system.

To the best of our knowledge, we demonstrate for the first time the ability of an empty
encapsulin nanocage (without any cargo protein) to incorporate Fe*" ions. The ferrous ions are
oxidized to form a ferric iron mineral, both in the presence of molecular oxygen or hydrogen
peroxide. Using hydrogen peroxide the recombinant Myx. xanthus EncA can uptake a total of
19,500 irons per protein. In the presence of molecular oxygen, the maximum capacity of EncA
increases up to 24,000 iron atoms per shell. These loading capacities are relatively close to those
reported in the literature for the encapsulin-cargo protein complexes (EncABCD), ranging on
average from 22,500 iron atoms to 30,000 iron atoms for the highest load possible per protein
shell [21].

The progress curves of the iron oxidation reaction by EncA follows a sigmoidal curve
similar to L-chain Ferritins (in which the FOC site is absent, and the auto-catalytic properties
of the mineral core mediate the process). At lower iron ratios (1,800 and 3,600 Fe/EncA) the
lag-phase is more extensive and is justified by the size of the mineral core being below the
threshold for initiating the auto-catalytic reaction.

The iron loading assays using the EncAC and EncAB complexes with O, displayed
loading capacities similar to EncA, but lower capacities when H,O, was used as co-substrate,
being able to uptake 18,000 iron atoms per complex versus 19,500 for EncA.

The kinetics of the reactions catalyzed by EncAB and EncAC with larger amounts of
Fe?*ions (higher than 1,800 Fe/ protein) presented similar profiles, with shorter lag-phases and
the consumption of the substrate is achieved sooner relatively to the free EncA.

For lower loads (below 1,800 Fe/protein), the progress curves were no longer
sigmoidal and exponential curves were observed for the EncAB or EncAC complexes. This
behavior is similar to the H-type ferritins and encapsulated Flp from Rhs. rubrum [56]. The
EncAB complex exhibited a faster iron oxidation rate, reaching a plateau after ~ 15 min, while
EncAC absorbance stabilization was observed after ~ 90 min. Although it was not possible to
study the iron oxidation reaction of free EncB due to protein precipitation, it is reasonable to
infer its catalytic properties by evaluating the activity of the EncAB complex in comparison
with EncA and/or EncAC. A possible explanation for the faster oxidation activity of the
EncAB complex (when compared to EncAC) may be the electrostatic charge of the surface of
both cargo proteins. Looking at the atomic structure of EncB and EncC (PDB: 7S5K and 758T),
the surface of EncC appears to be mostly negatively charged (Figure A.10A, appendix) while
EncB appears to be more neutral. However, a considerable number of residues in both the N-
and C- terminal regions of the EncB are absent in the structure. The residues in the N-terminal
region are responsible for the formation of the Flp central pore and thus may affect its
functional properties. The structure prediction of the missing residues using AlphaFold
(Figure A.10B, appendix) suggests that the EncB internal pore is noticeably more negative, and
thus may be more efficient in attracting ferrous irons towards to the FOC sites.
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Free EncC was able to uptake up to 10 iron atoms per FOC (using hydrogen peroxide
as co-substrate) until subsequent protein precipitation and accumulation of ferric iron in
solution. This lower iron oxidation capacity is in agreement with other Flp from other
organisms for which the formation of iron oxide aggregates were described after the addition
of 10 — 15 Fe?** per FOC [20,48]. The ferroxidation kinetics of EncC showed that the free protein
in solution is more efficient (faster oxidation activity) when compared to its encapsulated
form, indicating that the rate limiting step of reaction is the diffusion of iron towards the
negative pores of EncA and translocation to the EncC FOCs.

The Mossbauer spectra of EncA and EncAC loaded with higher amounts of “Fe (over
1,800 Fe/protein) showed only ferric species, indicating an increased rate of iron oxidation
and mineralization with higher protein and ferrous iron substrate concentrations, when
compared with the UV-Visible assays. The ferric species formed inside EncA and EncAC have
similar parameters characteristic of a high spin Fe** species coordinated by oxygen/nitrogen
ligands. The spectra at 4 K showed a sextet confirming the superparamagnetic properties of
the mineral core formed within the shell. Iron oxidation with molecular oxygen favors the
formation of larger heterogeneous mineral cores while the reaction with hydrogen peroxide
forms smaller, more homogenous mineral cores, most likely distributed over the internal
lining of the protein nanocage, with similar chemical environments. However, no differences
were detected between the mineral core formed by EncA and EncAC, suggesting that the
mineralization step is mainly performed by the shell protein.

On the contrary, the EncA and EncAC samples with lower iron loads reacted for 10 min
in the presence of O, contained unreacted ferrous iron species with similar Mossbauer
parameters between EncA and EncAC, suggesting that these ferrous ions are coordinated with
residues from the shell protein. The oxidation reaction generates high-spin Fe®*" species with
similar parameters in both proteins. Despite the similarities in the parameters of the ferric iron
species, the relative percentages of ferric species formed during the same reaction time and
the same iron substrate concentration are distinct. It is clear that the presence of EncC inside
the protein shell increases the ferroxidation rate and therefore the formation of ferric mineral
core in agreement with the kinetic data obtained by UV-Visible spectroscopy.

In anerobic conditions, the ferrous species bound to the free EncC present a distinct
Mossbauer parameters from the ones detected for the ferrous iron substrate in buffer or the
ones detected in the surface of the shell protein. In fact, the parameters are similar to other
ferrous species described in Ferritin proteins. However, these species were not detected when
EncC is encapsulated within EncA, suggesting that in this case the ferrous ions are
preferentially bound to the shell protein.

Moreover, an intermediate was detected in EncC in the presence of molecular oxygen,
with parameters similar to the u-1,2-peroxo di-ferric species also described in Ferritins [208].
The atomic structure of EncC shows that the iron binding centers are close enough to allow a
bridge between two irons through oxygen atoms. Eren et al. hypothesized that the formation
of a peroxo di-ferric intermediate would be followed by the formation of two Fe*'
intermediates due to the presence of two tyrosine residues in the vicinity which would act as
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electron and H* donors [30]. However, all spectra were fitted without the need to include any
subspectrum with parameters typical of Fe*" species, either due to its absence or due to a
putative low lifetime of the intermediate, preventing its accumulation and detection.

The u-1,2-peroxo di-ferric intermediate was also not detected in the EncAC complex.
Either this intermediate was not detectable in the spectra due to the presence the other species
in the sample or the encapsulation of EncC inside EncA decreases the lifetime of this

intermediate species, hindering its detection.
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6

CONDENSATION AND PROTECTION OF
DNA BY MYXOCOCCUS XANTHUS
ENCAPSULIN: A NOVEL FUNCTION

The function of encapsulin systems is solely related to their cargo proteins. In this
section we describe the binding and protection of circular double stranded DNA (pUC19) by
Myxococcus xanthus EncA using Electrophoretic Mobility Shift Essays (EMSA), Atomic Force
Microscopy (AFM) and DNase protection assays.

The interaction between EncA, EncC and EncAC with pUC19 was evaluated and the
binding parameters determined by EMSA. The morphology of the complex formed between
EncA and pUC19 was unveiled using AFM. Additionally, the protective effect of EncA binding
to plasmid DNA was tested in the presence of DNase I. Moreover, the secondary structure and
thermal stability of EncA was monitored using SRCD and the changes upon DNA interaction
were also evaluated.

This chapter was adapted from the following manuscript, published during this thesis:
Ana V. Almeida, Ana ]J. Carvalho, Tomds Calmeiro, Nykola C. Jones, Seren V. Hoffmann,

Elvira Fortunato, Alice S. Pereira, Pedro Tavares. “Condensation and protection of DNA by
the Myxococcus xanthus encapsulin: a novel function” Int. J. Mol. Sci. 2022, 23,7829. DOIL
10.3390/ijms23147829
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6.1 Experimental Procedure

6.1.1 pUC19 Production and Purification

The pUC19 plasmid (Figure A.11, appendix) was produced using Esc. coli NZY5a
(NZYTech) cells and purified with the NZYMidiprep kit (NZYTech). Plasmid isolation was
performed according to the manufacturer’s instructions [209]. After purification the
concentration of pUC19 was determined using a NanoDrop 1000 Spectrophotometer
(ThermoFisher Scientific) and the absorbance at 260 nm. The average molar extinction
coefficient for double-stranded DNA was considered to be 0.020 ng/uL'cm™.

6.1.2 Electrophoretic Mobility Shift Assays

Electrophoretic mobility shift assays (EMSAs) were performed using supercoiled
pUC19 plasmid in 50 mM MOPS buffer, pH 7.0, 50 mM NacCl (designated as low ionic strength
buffer) and in 200 mM MOPS buffer, pH 7.0, 200 mM NaCl (termed as high ionic strength
buffer). Proteins and pUC19 were dialyzed against each binding buffer for 30 min using a
Slide-A-Lyzer mini-device (ThermoFisher Scientific) immediately before each binding
reaction.

A serial dilution set of EncA and EncAC samples, between 1.86 and 0.02 uM, and
monomeric EncC between 336 and 3.88 uM were incubated with 5 nM of pUC19 in a total
volume of 20 uL, using both high and low ionic strength buffers, for 30 min at room
temperature. 1 uL of GreenSafe stain (NZYTech) was added to each sample and 10 uL were
loaded into a 1 % agarose gel in TAE buffer (40 mM Tris-acetate buffer, pH 8.0,0.1 mM EDTA),
run at 80 V for about 1 h at room temperature. The data was obtained at least in triplicates.
The gel was imaged using a Safe Imager™ transilluminator (Invitrogen) and a Gel Logic 100™
Imaging System (Kodak). The relative amounts of free and protein—-DNA complexes were
quantified by measuring the disappearance of the supercoiled conformation using Fiji / Image]
[183]. The formation of the protein-DNA complexes was plotted against protein concentration
and fitted with a Hill equation:

__ fmax [Protein]™ .
f - Kp+ [Protein]? Equatlon7

where fis the fraction of saturation, fi.. corresponds to 100 % complex formation, [Protein] is
the concentration of protein available to bind, n is the Hill coefficient and Kp is the macroscopic
apparent dissociation constant and corresponds to a measure of the affinity of the protein to
the DNA.
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6.1.3 DNase I Protection Assay

Controlled digestion assays were performed using EncA (1.24 yM) pre-incubated with
supercoiled pUC19 (5 nM) in both low and high ionic strength buffers. After the 30 min pre-
incubation with DNA, 1.2 ug/uL of DNase I (Sigma) and 1 mM MgCl, were added to the
samples. The reaction was stopped at different reaction times (0.5, 1, 15, and 30 min) by adding
5 mM EDTA. The same procedure was performed for free pUC19 samples. The samples were
stained with GreenSafe and analyzed by electrophoresis using 1 % agarose gels in TAE buffer.

6.1.4 Atomic Force Microscopy Imaging

EncA and EncAC (both free and incubated with pUCI19 at a stoichiometry of 1:1
(1.5 nM) at room temperature during 30 min in 50 mM MOPS buffer, pH 7.0 and 50 mM NacCl
containing 5 mM NiCl,) were imaged using Atomic Force Microscopy (AFM) imaging. The
samples were deposited onto a fresh cleaved grade V1 muscovite mica (Ted Pella, Inc),
incubated for 10 min, washed with deionized water, and dried with a weak stream of nitrogen
gas. AFM images were collected in air, at room temperature and atmospheric pressure, using
an Asylum Research MFP-3D Standalone (Oxford Instruments) operated in alternate contact
mode with commercial silicon cantilevers (Olympus AC160TS, Olympus Corporation,
f0 = 300 kHz; k = 26 N/m). Images were processed using the Gwyddion modular program.

6.1.5 Synchrotron Radiation Circular Dichroism

Synchrotron Radiation Circular Dichroism (SRCD) spectra were recorded on the AU-
CD beam line at the ASTRID2 synchrotron radiation source (ISA, Aarhus University,
Denmark) as described in section 4.1.3. Samples contained EncA at 1.0 mg/mL both with and
without pUC19 in a 1:1 molar equivalent stoichiometry, prepared as described before in
10 mM MOPS buffer, pH 7.0 and 240 mM NaF.
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6.2 Results

6.2.1 Characterization of the DNA Binding Properties of Encapsulins

The ability of encapsulins to bind circular double stranded plasmid DNA was
evaluated using Electrophoretic Mobility Shift Assays (EMSA) (Figure 6.1).
The EMSAs were performed using the supercoiled form of the pUC19 plasmid (the
electrophoretic pattern of the pUC19 in different conformations is presented in Figure A.11,
appendix in low (50 mM MOPS buffer, pH 7.0 with 50 mM NaCl) ionic strength conditions.
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Figure 6.1: Binding of encapsulin to supercoiled pUC19 (5 nM) in high and low ionic strength conditions.
(A) EMSA of EncA in 50 mM MOPS buffer, pH 7.0, 50 mM NaCl and (B) 200 mM MOPS buffer pH 7.0, 200 mM
NaCl. (C) EMSA of EncAC complex in 50 mM MOPS buffer, pH 7.0, 50 mM NaCl and (D) 200 mM MOPS buffer
pH 7.0, 200 mM NaCl. 1 to 13 - Binding of EncA and EncAC to the plasmid DNA (5 nM) with increasing protein
concentrations: 0, 0.02, 0.03, 0.05, 0.07, 0.11, 0.16, 0.24, 0.37, 0.55, 0.83, 1.24 and 1.86 uM. The free form of the
supercoiled plasmid pUC19 (SC) and the protein-pUC19 complexes bands (Complex) are labelled. M -
NZYLadder II (Figure A.11C, appendix). (E) Hill plots of DNA binding to EncA and (F) EncAC from densitometric
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analysis of three sets of experiments in either 50 mM MOPS buffer pH 7.0, 50 mM NaCl (circles) and 200 mM MOPS
buffer, pH 7.0, 200 mM NaCl (triangles). Free pUC19 SC is plotted as full (and the complex as empty) circles or
triangles. The lines on top of the experimental data are theoretical fits using Equation 7. For the binding of EncA to
pUC19 a single set of parameters, Kp and n, were used for the theoretical fit, whereas for the EncAC complex two
sets of parameters were employed for the binding reaction in low (dashed lines) and high (full lines) ionic strength
conditions.

The results indicate that EncA is capable of binding to the supercoiled form of pUC19.
Binding of EncA to plasmid DNA leads to the formation of EncA—pUC19 complexes that
migrate slower when comparing with the free supercoiled form (Figure 6.1A and B).
Increasing the protein concentration upshift the supercoiled pUC19 band to the relaxed form
of the plasmid, with an apparent saturation at around 2 uM of EncA. Furthermore, at protein
concentrations higher than 0.83 yM, a smear with smaller electrophoretic mobility is noticed.
Additionally, the formation of EncA—pUC19 complexes was not affected by increasing the
ionic strength in the binding reaction (Figure 6.1B).

At both ionic strengths, the formation of the complex was plotted and fitted with the
Hill equation (Figure 6.1E). Under these conditions, the apparent dissociation constant (Kp)
was 0.3 £ 0.1 uM for the low and high ionic strength conditions with a Hill coefficient (1) of 1.4
10.1, indicating a moderate positive cooperativity on DNA binding, similar to the ones
reported for proteins from the Ferritin family, such as Des. vulgaris Dps-like bacterioferritin
(n=1.3+0.2), Dps proteins from Mar. hydrocarbonoclasticus (n=1.2 +0.1), or Deinococcus
radiodurans (n = 1.3 + 0.2) binding to supercoiled plasmid DNA [110,207,210].

Contrary to EncA, the cargo protein alone (EncC) was not able to bind to supercoiled
pUC19 (Figure A.12, appendix). Yet, the DNA binding capacity of the EncAC complex was
comparable to EncA, leading to the formation of EncAC—pUC19 complexes with similar
electrophoretic migration profiles (Figure 6.1C and D). As for EncA, the interaction between
the EncAC complex and supercoiled pUC19 was not affected by the increase of the ionic
strength (Figure 6.1D), resulting in a Kp of 0.4 £ 0.1 yM and 0.3 + 0.1 uM in both low and high
ionic strength buffers and a n value of 1.1 £0.1 for both buffer conditions (Figure 6.1F). As
such, the interaction with DNA seems specific to EncA and not affected by the presence of
EncC cargo protein inside its cavity. The pUC19 band shift observed in the EMSA assays from
the supercoiled conformation to a form that migrates slower in the gel when incubated with
the encapsulin proteins can either be explained by the relaxation of the plasmid DNA topology
and/or to a mechanism of DNA condensation associated with protein self-aggregation. Both
processes have been previously described for Dps protein nanocages binding to DNA (see
section 1.3.2.1) [107].

The topology of the protein-DNA complexes was characterized by AFM and
compared with the free forms of the proteins and plasmid DNA (Figure 6.2). The micrographs
in Figure 6.2A show that pUC19 is predominantly in the supercoiled form, with strands
crossing (bright spots on the DNA molecule). Free EncA (Figure 6.2B) displays a uniform
spherical shape, with a diameter around 35 nm, in agreement with the diameter determined
using SAXS (section 4.2.1) and with its atomic structure (PDB: 4PT2 and 7520) [11,21]. The
images of the EncAC complex show larger particles, probably owing to a broadening effect
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due to AFM tip-sample convolution effects (Figure 6.2C). Binding of both EncA and EncAC
proteins to the plasmid DNA caused the formation of larger protein-DNA condensates
(Figure 6.2D and E). In the presence of DNA most protein molecules appear as very large
aggregates surrounded by DNA loops. In some images, mostly for the EncAC-pUC19
complexes, the spherical protein particles are randomly bound to the DNA molecules
(Figure 6.2E, left image) with a “beads-on-a string” morphology.
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Figure 6.2: AFM imaging of encapsulin binding to supercoiled DNA. (A) pUC19; (B) EncA; (C) EncAC; (D)
EncA—pUC19 complexes; (E) EncAC—pUC19 complexes. All samples were buffered in 50 mM MOPS, pH 7.0
containing 50 mM NaCl and 5 mM NiCl..




6.2.2 DNA protection assays

The controlled digestion of pUC19 with DNase I was tested in different conditions to
probe the protective effect of encapsulins (Figure 6.3). The incubation of free pUC19 with
DNase I leads to its complete hydrolysis within less than 1 min, regardless of the ionic strength
of the buffer used in the reaction. When pUC19 was pre-incubated with 1.24 uM of EncA, and
subsequently digested with DNasel, approximately 15 % of the supercoiled DNA was
hydrolyzed after 1 min in low ionic strength (Figure 6.3A) and 35 — 40 % at high ionic strength
(Figure 6.3B). For longer reaction times (30 min) the intensity of pUC19 band decreased by
around 55 % at low ionic strength, indicating a considerable degree of digestion, whereas no
further hydrolysis was observed at high ionic strength. These results demonstrate that the
binding of encapsulin to the pUC19 molecules physically shields the DNA from DNase I
enzymatic digestion. The different results obtained for both buffer conditions may be
explained the level of looping and compaction of the protein-DNA condensates. The present
data suggests that in the experimental conditions tested, higher concentrations of salts favor
more compact aggregates, which might be physiologically relevant as part of a response

mechanism in salt stressful conditions.
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Figure 6.3: Protective effect of the EncA—pUC19 complex against DNase I digestion. Controlled digestion (A) in
50 mM MOPS, pH 7.0, 50 mM NaCl and (B) in 200 mM MOPS, pH 7.0, 200 mM NaCl. pUC19 (5 nM), either free or
pre-incubated with EncA (1.24 M), in the presence of 5 mM MgCl, was reacted with 1.2 ug/uL of DNase I at room
temperature. The digestion was monitored after 0.5, 1.0, 15 and 30 min of hydrolysis reaction. The composition of
each reaction is described above the gel. Marker: NZYLadder II (Figure A.11C, appendix).

6.2.3 Secondary structure assessment and thermal stability

The AFM dataset presented above demonstrate the changes in the morphology of
pUC19 in the presence of encapsulin proteins (both empty or with its native cargo protein). In
parallel, the secondary structure and thermal stability of encapsulin shell, both free and bound
to plasmid DNA, were assessed by Synchrotron Radiation Circular Dichroism (SRCD). The
previous SRCD data of EncA (section 4.2.2) are now directly compared with the EncA—pUC19
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complex. Both SRCD spectra are nearly identical (Figure 6.4A and C), with negative peaks at
209 and 220 and a positive peak at 192 nm, consistent with a folded protein. The small spectral
differences between EncA and EncA-pUCI19 are justified by the spectral contribution of
pUC19 (Figure A.13A, appendix). A more detailed analysis of the secondary structure of EncA
was accomplished by spectral deconvolution using DichroWeb online tools [195] already

described in section 4.1.3.

EncA-pUC19 (1:1)
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Figure 6.4: Secondary structure and thermostability assessment of free EncA and EncA-pUC19 complex by
SRCD. (A) Spectra of EncA (top panel, open circles) at 25 °C with spectral reconstructed data from DichroWeb
analysis (solid line) and temperature scans (bottom panel). (B) EncA thermal denaturation melting curves. (C)
Spectra of EncA—pUC19 (top panel, open circles) and temperature scans (bottom panel). (D) EncA—pUC19 thermal
denaturation melting curves. EncA and EncA—pUC19 thermal denaturation was monitored at 192 (in blue), 220 (in
yellow), 202 nm (in gray) and the solid lines overlaying the experimental data result from a non-linear least-squares
fit to the data based on a two-state denaturation model (Equation 6).

Temperature scans from ~ 5 to 83 °C were performed to compare protein folding and
the thermal stability of EncA and the EncA—pUC19 complex (Figure 6.4A and C). In both cases,
increasing the temperature does not affect the spectral shape but leads to a decrease in CD
signal intensity, more extensive in the EncA—pUC19 sample, evidencing the loss of secondary
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structure. Following the denaturation process at three distinct wavelengths (192, 220 and
202 nm) and fitting the experimental melting curves with a two-state thermal denaturation
equation (Equation 6) show that EncA presents high thermal stability with a melting
temperature (T,,) of 76 + 1 °C (Figure 6.4B). In the presence of pUC19 the T,, increases to 79 +
1 °C showing a slight increase in the thermostability of the protein when complexed to DNA
(Figure 6.4D). Furthermore, a 4-fold increase in the enthalpy at the unfolding transition (AH,,)
was determined for the EncA—pUC19 complex when comparing with free encapsulin (184 +5
vs 45 + 2 kcal/mol). This difference may be explained by a higher number of non-covalent
molecular interactions between EncA and the pUCI9 molecule and between aggregated
protein molecules in the condensates, requiring more energy to disrupt the complexes.
Furthermore, the final denatured form of the EncA—pUC19 complex may have a less favorable
hydration than the EncA one. The latter hypothesis is supported by the differences in the
spectra of the final denatured states obtained for EncA and EncA—pUC19. Contrary to what is
observed for the denatured form of EncA, there is a drastic loss of ellipticity from 180 to 280 nm
pointing to the complete loss of secondary structure elements for the EncA—pUC19 complex.

It is thus probable that the denatured state will be less prone to hydration.
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6.3 Discussion and Conclusion

To our knowledge, we are reporting for the first time the capacity of an encapsulin cage
protein to bind and protect circular double stranded DNA. The EMSA assays revealed that
EncA protein was able to bind supercoiled plasmid DNA pUC19 with an apparent dissociation
constant of 0.3 £ 0.1 uM and a Hill coefficient of 1.4 + 0.1, similar to other protein nanocages
[110,207,210]. The native cargo protein of this encapsulin system, EncC, did not bind to pUC19
under the conditions tested. However, when encapsulated within EncA shell, the EncAC
complex displayed a DNA-binding capacity similar to the empty EncA (Kp = 0.4 + 0.1 yuM and
0.3+ 0.1 uM for low and high ionic strength, respectively, and n =1.1 + 0.1), suggesting that
the overall electrostatic charge and binding properties of the outer surface were not affected
by the encapsulation process. Increasing the NaCl concentration of the binding buffer did not
significantly affect the electrostatic interaction between the protein and DNA.

The EMSA data presented here show that in a first stage binding of EncA converts the
plasmid DNA to a more relaxed form, with the protein appearing along the pUC19 molecules
as “beads-on-a-string” as revealed by the AFM images. At higher protein concentrations the
protein molecules bound to the DNA self-aggregate, looping and compacting the DNA. This
mechanism has been described for the Esc. coli Dps, a nucleoid-associated protein, that binds
DNA non-specifically, promoting its condensation through a protein self-aggregation process
[107]. Furthermore, encapsulin binding protects the DNA from enzymatic digestion by
DNase I, which suggests a protective effect caused by physical shielding.

The interaction between DNA and the outer surface of protein cages is relatively well
characterized in Dps proteins and, in most cases, is mediated by positively charged amino acid
residues, lysine and arginine, present in the protruding N- or C- terminal flexible extensions
[80,110,211,212]. However, in encapsulin proteins the N-terminal regions of each monomer are
positioned towards the cavity, interacting with the cargo protein, while the C- termini are part
of the pore architecture and thus inaccessible for interaction. The encapsulin outer surface, like
in the Dps proteins, is predominantly neutral to negatively charged, yet two distinct positively
charged clusters are present. The first one, located within the monomer, is composed of
3 lysines and 3 arginines, and the second comprises 4 lysine and 4 arginine residues at each
dimer interface (Figure A.14, appendix). Although these regions are located at the external
surface of the encapsulin shell they are less solvent-accessible than the N- and C- terminal tails
of Dps proteins.

Additionally, the overall secondary structure content of EncA is not greatly affected by
DNA-binding. The EncA protein is highly thermostable with a T,, of 76 + 1 °C, similar to the
encapsulin from Qua. thermotolerans [25]. The interaction with pUC19 slightly increased the
melting temperature by up to 3 °C. A significant difference was found for the value of the
enthalpy at the unfolding transition, AH,, which increased approximately 4-fold in the
presence of the DNA (from 45 to 184 kcal/mol). Two phenomena can contribute to raise the
AH,,. Tt is expected that the number of non-covalent bonds increases due to the formation of
new protein—protein and protein-DNA molecular interactions, as illustrated by AFM results.
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Moreover, in the presence of DNA, the SRCD spectrum of the fully denatured state is typical
of unordered polypeptide chains which will lead to a less favorable hydration of this state.
Taken together, during unfolding the DNA-protein system goes from a state with a higher
number of non-covalent bonds to very few when compared to the EncA by itself, which can
explain the 4-fold increased obtained for AH,,,.

Myx. xanthus is used as a model organism to study the cooperative mobility and cell-
to-cell signaling during multicellular development [213]. Under stress conditions,
Myx. xanthus triggers a multicellular development cycle in which the individual rod-shape cell
aggregate to form the fruiting bodies followed by spore development. Kim et al. have shown
that AencA (and AencF) gene deletion in Myx. xanthus impaired the formation of the fruiting
body as the cells became unable to produce DKxanthene and myxoviresin, which are essential
for this cellular adaptation. The cells also became agglutination-impaired [77]. The authors
correlated this AencA phenotype with a cellular inability to sense the availability of iron.
However, the AencC and AencD mutants, with deleted genes encoding putative ferritin-like
cargo proteins, maintained the proper transition to fruiting body formation. Following the
observations by Kim ef al., an additional layer of understanding of this phenotype might be
the hitherto uncharacterized ability of EncA to bind and protect DNA against external stresses.
Besides being a particularly large iron storage protein that prevents the formation of reactive
oxygen species through Fenton chemistry, EncA may also be part of the cellular defense
response by DNA protection upon unfavorable conditions, possibly enabling the progress of
the mycobacterial life cycle. Thus, EncA represents a new member of the nucleoid-associated
protein family, inducing changes in the DNA topology that allow its protection under stress
[211].

Further work is needed to understand if this DNA-binding and protection capacity is
limited to the Myx. xanthus encapsulin and confirm the physiological relevance of these
findings through in vivo studies.
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7

IRON RELEASE FROM A MINI-FERRITIN

This chapter details the production and purification of the proteins used in the study
of the iron release from the Marinobacter (Mar.) hydrocarbonoclasticus mini-ferritin. The
production and purification of Dps and flavoprotein WrbA was optimized by Guilherme, M.
[214] and Almeida, N. R. [131], while the Rubredoxin (Rd) expression vector had previously
been prepared by Folgosa, F.

These proteins were used to characterize the reduction and release of the iron of the
mineral core stored in Dps using a Flavodoxin NADH /NAD(P)H oxireductase system (WrbA)
as a redox partner and NADH as an electron source. The reduction and release reactions were
performed with and without a chemical chelator (1,10-phenanthroline) or a non-heme protein
receptor (Rubredoxin (Rd)) as final iron receptors.

After the reduction of the mineral core it is important to determine whether the ferrous
ions are inside or outside Dps. Initially, a chemical chelator (1,10-phenanthroline) was used to
chelate the iron released to the extracellular medium and thus quantify the final product. Due
to the anaerobic facultative nature of Mar. hydrocarbonoclasticus the iron release mechanism
was explored both under anaerobic and aerobic conditions. The release mechanism was
additionally investigated using a protein as iron receptor (apo-rubredoxin) to sequester the
iron released from Dps. In this work, Rd was also identified as a suitable protein partner.
Mossbauer spectroscopy allowed the identification, characterization, and quantification of the
different iron species formed throughout the reaction. As such, the reduction of the ferric
mineral core, the release of reduced ferrous ions and their chelation by Rd were monitored.

Section 7.2.3 was adapted from the following publication, published during this thesis:
Ana V. Almeida, Jodo P. Jacinto, Jodo P. L. Guerra, Bruno J. C. Vieira, Jodo C. Waerenborgh,

Nykola C. Jones, Seren V. Hoffmann, Alice S. Pereira, Pedro Tavares., “Structural features and
stability of apo- and holo-forms of a simple iron-sulfur protein” European Biophysics Journal,
vol. 50(3-4):561-570 (2021) DOI: 10.1007 / s00249-021-01546-0.
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7.1 Experimental Procedure

7.1.1 Production of the Proteins from the Iron Release System

Dps (FQ312129.1), WrbA (WP_014422496.1) and Rubredoxin (Rd) (ABM20661.1) genes
have been inserted in pET21 expression vectors prior to this work, using conventional
recombinant DNA technology. The expression vectors (pET-21c-Dps, pET-21c-WrbA and
pET-21c-Rd) were used to transform Esc. coli BL21(DE3) competent cells (NZYTech) following
the manufacturer instructions and plated on LB-agar containing 100 mg/L of ampicillin.

For Rd small-scale expression tests the cells harboring the vector were inoculated in
50 mL of LB (25 g/L, NZYTech) containing 100 mg/L of ampicillin with a 500 uL inoculum
grown overnight at 37°C. The expression tests were performed by optimizing the
concentration of IPTG (0.1, 0.5 or 1 mM) and the duration and temperature of induction (3 h
at37 °C or overnight at 22 °C). The cellular density between condition was compared (ODsg nm)
and normalized to evaluate the protein expression through polyacrylamide SDS-PAGE gels.

For Dps, WrbA and Rd large-scale, cells harboring each of the expression vector were
grown in LB medium with 100 mg/L of ampicillin at 37 °C, 220 rpm until an ODgg nm around
0.6 — 0.8. The expression was induced with 0.5 mM IPTG at 37 °C during 3 h at 220 rpm. For
Rd, additionally to the IPTG induction, the culture was supplemented with 0.2 mM of FeSO,
(freshly prepared in milli-Q H,O, pH 2.0) and grown overnight at 20 °C with orbital shaking
at 200 rpm.

The cells were harvested by centrifugation at 11,000x ¢ for 15 min at 8 °C (Z 36 HK,
HERLME LaborTechnik) and resuspended in 10 mM Tris-HCI buffer, pH 7.6. Cell lysis was
performed as previously described in section 3.1.1 followed by centrifugation at 10,000x g for
30 min at 8 °C and ultracentrifugation at 180,000x g for 90 min at 4 °C (Beckman Coulter type
40 Ti rotor). The cellular extracts were dialyzed overnight at 4 °C against 10 mM Tris-HCl
buffer, pH 7.6. The production and purification of each protein was monitored using 12.5 %
(15 % for Rd) SDS-PAGE gels.

7.1.2 Purification of the Proteins from the Iron Release System

All proteins purification procedures followed a two-step protocol. In the first step a
DEAE-Sepharose FF preparative ionic exchange (IEX) chromatography in a XK 26/40 cm
column (Cytiva) pre-equilibrated with 10 mM Tris-HCl buffer, pH 7.6 at a flow rate of
5 mL/min was used. After loading the cellular extract and elution of non-adsorbed proteins,
the adsorbed ones were eluted with a linear gradient of 0 —0.5M NaCl in 10 mM Tris-HCl
buffer, pH 7.6. The fractions containing the protein of interest were pooled and concentrated
using a Vivaspin 20 (Sartorius) with a MWCO 100 kDa for Dps, 10 kDa for WrbA and 5 kDa
for Rd.
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7.1.2.1 Purification of Dps

After the preparative IEX chromatography step, Dps fractions were dialyzed against
10 mM Tris-HCl buffer, pH 7.6 and loaded into a Resource Q column (6 mL, Cytiva) pre-
equilibrated with 10 mM Tris-HCl buffer, pH 7.6 at a flow rate of 1 mL/min. Elution was
performed by applying a linear gradient of NaCl as described in the previous section. Protein
purity was evaluated by SDS-PAGE electrophoresis and the catalase test was performed to
assess potential catalase contamination as described in section 3.1.3.1.1.

7.1.2.2 Purification of WrbA and Rd

After the first chromatographic step, WrbA and Rd fractions were loaded into a
Superdex 200 Prep Grade SEC column (XK 26 /100 cm, Cytiva) pre-equilibrated with 200 mM
MOPS buffer, pH 7.0 and 200 mM NaCl at a flow rate of 1.5 mL /min. The fractions containing

pure protein were pooled together based on SDS-PAGE purity assessment and catalase test.

7.1.2.2.1 Preparation of apo-Rd

As the Rd-producing Esc. coli cultures have been supplemented with FeSO, to improve
the overexpression yield Rd was purified in its iron-loaded holo-form. In order to use Rd as
an iron acceptor partner in the Dps iron release assay, apo-Rd was prepared as described in
[215] with the following modifications: 10 mg of pure holo-Rd was precipitated using 5 % of
trichloroacetic acid (TCA) in the presence of 0.5 M dithiothreitol (DTT) and incubated at 45 °C
during 30 min. The resulting white precipitate was then collected by centrifugation at 7,700x g
for 30 min and resuspended in 500 mM Tris-HCI buffer, pH 7.6 with 60 mM DTT. The
precipitation process was repeated to ensure full iron demetallation. The buffer was then
exchanged to 200 mM MOPS buffer, pH 7.0 and 200 mM NaCl using a desalting column (PD
SpinTrap G25, GE Healthcare Life Sciences) first in anaerobic conditions (as described in

section 5.1.2) and then under atmospheric conditions.

7.1.3 Biochemical Characterization

7.1.3.1 Size-Exclusion Chromatography
The homogeneity of pure Dps, WrbA, Rd proteins was evaluated using the pre-packed
Superdex 200 10/300 GL SEC column, previously calibrated as described in section 4.1.2.
Samples containing ~ 1 mg of each protein were loaded into the column at 0.5 mL / min.
Additionally, 4 equivalents of FMN were added to the apo-form of WrbA to evaluate the
oligomeric state of the holo-form. Similarly, 1.2 equivalents of Fe?* were added to apo-Rd and

loaded into the column.
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7.1.3.2 UV-Visible Spectroscopy

The activity of each protein was confirmed using UV-Visible spectroscopy as
previously described (section 3.1.3.2). The spectra of Dps, WrbA and Rd were acquired in
200 mM MOPS buffer pH 7.0, 200 mM NaCl.

Dps (250 uM apo-form) was incubated with 144 Fe*" / protein under oxygen saturation
conditions to promote mineral core formation. The spectrum was obtained 48 h after ferrous
iron incubation. 8 yM of FMN-WrbA and apo-WrbA (tetrameric form) was incubated with a
4-fold excess of NADH to verify the reduction of the FMN co-factor. 250 uM of apo-Rd was
incubated with 1.2 equivalent of FeSO, to confirm the iron-sulfur center reconstitution
capacity. Furthermore, Apo-Rd was saturated with oxygen for 10 min and then loaded with
iron by sequential additions of 25 yM (0.1 egs.) of acidic ferrous iron sulphate. Each addition
was only performed after stabilization of the absorbance spectrum, as well as in kinetic mode
following the absorbance at 494 nm.

7.1.3.3 CD/SRCD

SRCD were acquired as mentioned in section 4.1.3. Temperature scans were obtained
from 25 °C to ca. 90 °C, in 5 or 10 °C increments steps. Conventional Circular Dichroism (CD)
spectra were acquired at the BioLab, Biological and Chemical Analysis Facility, UCIBIO-
LAQV/Requimte, FCT NOVA, Portugal, using an Applied Photophysics Chirascan™ qCD
spectrometer. Spectra were recorded with 1 nm steps and a dwell time of 2 sec per step in
triplicates, using the same calibrated 0.01008 cm pathlength quartz cell (SUPRASIL, Hellma
GmbH, Germany), for the wavelength range of 190 — 260 nm.

For SRCD samples, recombinant Rd and apo-Rd protein samples were exchanged to
10 mM MOPS buffer, pH 7.0 with 240 mM NaF using a desalting column (PD SpinTrap G25,
GE Healthcare Life Sciences) inside an anaerobic chamber (MBraun). Holo-form of the protein
form were prepared by incubating 1 mg/mL of apo-Rd with different equivalents (0.25, 0.5,
0.75, 1.0) of FeSO,. For conventional CD analysis, apo-Rd samples at 1 mg/mL in the same
buffer was incubated with different metal solutions such as MnSQO,, FeSO,, CoSO,, NiCl,,
ZnS0O,, Cd(NOs3), or Ce(SO,), in a molar excess of 1.3. Excess of chloride ions were removed
through dialysis.

The melting temperature (T,,) was calculated by fitting the SRCD signal intensity data
at appropriate wavelengths as a function of temperature (K). A system with two consecutive
transitions and three species was used. For this, a reversible equilibrium between an initial
native form (N) and an intermediary form (I), followed by a second reversible equilibrium
between the later and a denatured form (D) was postulated. In such cases the population
percentages of each species are given by the following equations:
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where AH,, is the enthalpy change of the unfolding transition, T}, is the melting temperature,
Tmp is temperature in Kelvin, R is the universal gas constant [216,217].

7.1.3.4 EPR

Electron Paramagnetic Resonance (EPR) spectra were acquired on a MiniScope MS 400
spectrometer (Magnettech GmbH) setup operating at X-band (9.448 GHz), at 77K by
immersion in liquid nitrogen. Two sets of acquisition parameters were used: either a 200 mT
field sweep with 10 mW microwave power, 0.4 mT modulation amplitude, 50x gain or a20 mT
field sweep with 19.9 mW microwave power, 0.5 mT modulation amplitude, 900x gain.

The g-values observed can be interpreted using a spin Hamiltonian as described before
for a high-spin ferric ions, S =5/2 [218].

1
35(5+1)

A=Dpls;- +E/D(SE-5P)|+pS-5-H Equation 11

Samples with 1.25 mM of apo-Rd (in 200 mM MOPS buffer, pH 7.0, 200 mM NaCl)
were incubated with 1.5 mM ferrous iron (1.2 egs.) for 15 min at room temperature before
being flash-frozen in liquid nitrogen. A sample containing 1.5 mM recombinant Rd (in 200 mM
MOPS buffer, pH 7.0, 200 mM NaCl) was prepared in parallel as a control.

7.1.3.5 Mbossbauer Spectroscopy

Mossbauer data were recorded as described in section 5.1.2. Rd samples were prepared
inside an anaerobic chamber (MBraun). 1.2 mM of apo-Rd (in 200 mM MOPS buffer, pH 7.0,
200 mM NacCl) was incubated with 1.0 mM ferrous iron for 15 min at room temperature,
transferred to a Mossbauer cup and flash-frozen in liquid nitrogen.
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7.1.3.6 DLS

DLS measurements were performed as described in section 4.1.4. Apo-Rd under
anaerobic conditions, apo-Rd saturated with O, for 10 min, and zinc reconstituted apo-Rd
samples were prepared. Final protein concentration was 2 mg/mL in 200 mM MOPS buffer,
pH7.0, 200mM NaCl. Samples were centrifuged for 15min at 14000x ¢ before each

measurement.

7.1.4 Iron Release from a Mini-ferritin

The holo-Dps (harboring a mineral core with 144 Fe atoms), FMN-WrbA and apo-Rd
proteins forms were used in the iron release assays.

7.1.4.1 DpsIron Loading

To study the iron release mechanism in Mar. hydrocarbonoclasticus Dps, the first step
was to load the protein with ferric iron to form a mineral core in its inner cavity, by the
ferroxidation and mineralization reactions. A mineral core comprising 144 iron atoms per
protein was prepared by addition of either *FeSO, or “FeSO, (for Mdssbauer spectroscopy) in
200 mM MOPS buffer, pH 7.0 with 200 mM NaCl under oxygen saturation, and incubated for
3 days. The *FeSO,.7H,O solution was prepared in milli-Q H,O at pH 2.0 under an inert
atmosphere. The *FeSO, was prepared as described at section 5.1.2.

7.1.4.2 Preparation of the Release Reaction

All reagents were quantified using their molar extinction coefficients (with the
exception of 1,10-phenanthroline) (Table 7.1). When working under anaerobic conditions, the
samples were prepared as described in section 5.1.2. When working in aerobic conditions, all
reagents were kept in atmospheric conditions.

Table 7.1: Molar extinction coefficients of the reagents involved in the iron reduction and release reactions.

Reagent A (nm) Molar Extinction Coefficients (M'em™)
Dps 280 29 x10°
WrbA 280 7.6 x 10*
Rd 280 2.3 x 10*
NADH 340 6.2 x 10°

The values refer to dodecameric Dps, tetrameric WrbA and monomeric Rd. Dps and Rd molar extinction
coefficient were obtained using Protparam method [181,182] while WrbA was determined in previous
work through BCA method [131].
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7.1.4.3 Iron Release using 1,10-phenanthroline as Iron Chelator

The iron release assays performed using 1,10-phenanthroline as iron acceptor were
prepared in 200 mM MOPS buffer, pH 7.0 and 200 mM NaCl. 1 uM of Dps:144Fe was
incubated with 12 uM of FMN-WrbA, 720 uM of NADH and 720 uM of 1,10-phenanthroline
in anaerobic and atmospheric conditions. UV-Visible spectra of each component of the
reaction were acquired using an Evolution 201 or Evolution 300 spectrophotometer (Thermo
Scientific). To monitor the kinetics of the iron release reaction, spectra were recorded with a
bandwidth of 1 cm, between 380 to 600 nm, with a 600 nm /min scan speed in 15 min intervals.

The product was quantified using the Lambert-Beer Law at 510 nm and the molar
extinction coefficients of the ferroin complex (11.40 mM™'cm™) (Figure A.5, appendix). The
iron release progress curves were analyzed by non-linear least-square fits with a zero-order
kinetics (Equation 12).

% Iron Released (t) = kXt Equation 12

where, t is the time in seconds, and k is the rate constant.

7.1.4.4 Iron Release using Rubredoxin as Iron Acceptor

7.1.4.4.1 Mossbauer Spectroscopy

Mossbauer data was acquired as described in section 5.1.2. As previously mentioned,
the Dps:144Fe mineral core was prepared using “FeSO, under oxygen saturation for 3 days.
The samples were then degassed and transferred to the anaerobic chamber as previously
described in section 5.1.2. 10.4 uM of Dps with 1.5 mM of “Fe mineral core (Dps:144Fe) was
mixed with 125 yM of FMN-WrbA, 2.5 mM of apo-Rd and 7.5 mM of NADH in 200 mM MOPS
buffer, pH 7.0, 200 mM NaCl (here termed master mix), inside the anaerobic chamber. 400 uL
samples from the master mix were removed at different reaction times (5, 30, 70, 100, 135 and
400 min) and immediately flash-frozen in liquid nitrogen. The progression curves of the
release of iron were represented by plotting the percentage of each iron species along the
reaction. The curves were then analyzed by least-squares fitting using a zero-order equation
(Equation 12).
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7.2 Results

7.2.1 Production and Purification of Iron Release Proteins

7211 Dps

Dps was successfully expressed using Esc. coli BL21(DE3) cells culture in LB medium
(with 100 mg/L ampicillin) after induction at ODggy ~ 0.6 — 0.8 with 0.5 mM IPTG, during 3 h
at 37 °C, 220 rpm. The protein was expressed in the soluble fraction as evidenced by the
presence of a single band with an apparent molecular weight consistent with the monomer
size (18.5kDa). After fractionation of the cellular extract, Dps was purified using IEX
chromatography. Based on the SDS-PAGE gels, Dps eluted from the anion column at a NaCl
concentration between 220 to 260 mM. The fractions containing Dps were then loaded into a
Resource Q column and eluted from this column between 240 to 335 mM NaCl. Protein purity
was evaluated by SDS-PAGE and through a catalase test and only contaminant free Dps was
used in the following experiments (Figure 7.1A). This expression and purification protocol

typically yield ~ 100 mg of pure protein per liter of cell culture.

7.21.2 WrbA

WrbA was expressed using Esc. coli BL21(DE3) cells as described for Dps, exhibiting
an SDS-PAGE band consistent with the apparent molecular weight of WrbA monomer
(20.9 kDa) in the soluble fraction. WrbA was loaded into a preparative anion exchange column
and eluted between 240 and 300 mM NaCl. This step allowed not only the purification, as well
as the separation of both apo- (without the FMN co-factor) and holo-WrbA forms, the latter
presenting a yellow coloration. From this point forward, apo-WrbA and FMN-WrbA were
independently applied into a SEC column for final polishing. The selected pure fractions
showed no catalase contamination (Figure 7.1B). Typically, 40 mg of FMN-WrbA and 25 mg
of apo-WrbA per liter of cell culture were obtained.

A B WrbA
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Figure 7.1: Purity assessment of Dps and WrbA. Pure stocks of (A) Dps and (B) WrbA in apo and holo (with FMN)
form purity evaluation through SDS-PAGE electrophoresis (12.5 %). M— LMW IL
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7.2.1.3 Rubredoxin

Rd overexpression in Esc. coli BL21(DE3) cells transformed with the pET21-Rd
expression vector was tested in different conditions (IPTG concentration, induction
temperature and duration) (Figure 7.2A). A protein with an apparent molecular weight below
the 18.5 kDa protein marker band was expressed in all conditions tested (Figure 7.2A). Rd has
amolecular weight of 6.26 kDa, suggesting that the band corresponds to the protein of interest.
Therefore, the overnight expression at 22 °C, 200 rpm with 0.5 mM IPTG and 0.2 mM FeSO,
conditions were selected as a standard overexpression protocol.
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Figure 7.2: Expression tests and large-scale production and purification of rubredoxin. (A) Assessment of Rd
expression levels by SDS-PAGE (15 %) after induction with IPTG (at a concentration of 0, 0.1, 0.5 or 1.0 mM) for 3 h
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at 37 °C or at 22 °C overnight. P — pellet, S — soluble (both fractions obtained after centrifugation of lysed cells). (B)
Rd elution profile (absorbance at 280 nm) from the DEAE Sepharose FF column using a discontinuous NaCl
gradient. (C) SDS-PAGE (15 %) analysis of the chromatographic step presented in (B). (D) Rd elution profile from
the Superdex 200 Prep grade column in 200 mM MOPS buffer, pH 7.0 and 200 mM NaCl. (E) SDS-PAGE (15 %) of
the Rd fractions from C. In each chromatographic step, the fractions selected are identified in gray. M — LMW IL

Large-scale production of the protein resulted in a soluble protein fraction. The
purification process was started using a preparative DEAE anionic exchange column, with the
protein eluting between 220 and 260 mM NaCl after applying a discontinuous gradient
(Figure 7.2B). The presence of Rd in the eluted fractions was confirmed by SDS-PAGE and by
a red coloration due to the presence of the iron-sulfur center (Figure 7.2C). Rd fractions were
injected into a Superdex 200 Prep Grade size exclusion chromatography for a final protein
polishing, assessed through SDS-PAGE (Figure 7.2D and E). The typical yield of a Rd
production protocol was 215 mg per liter of cell culture.

7.2.2 Biochemical Characterization of the Iron Release Protein

The homogeneity, quaternary structure and activity of the proteins involved in this
work were confirmed by UV-Visible spectroscopy and SEC (Figure 7.3).

The Dps was expressed and purified as the apo-protein form (Figure 7.3A, black line).
The addition of ferrous iron substrate under oxygen saturation conditions led to the
appearance of an absorption band between 310 and 390 nm, characteristic of the ferric species
formed after ferroxidation and mineralization, confirming its catalytic activity (red line).
Additionally, the apo-Dps is homogeneous, displaying a single peak in SEC chromatogram,
with an elution volume of 12.8 mL (Superdex 200 10/300 GL column (Cytiva)) corresponding
to a 200 kDa globular protein in its dodecameric state (Figure 7.3B).

The UV-Visible spectrum of pure FMN-WrbA exhibits three absorption bands
(centered at 378, 446 and 470 nm) characteristic FMN (Figure 7.3C, black line). Accordingly,
these bands are absent in the apo-WrbA spectrum (blue line). Upon NADH addition, the FMN
co-factor is converted to the FMNH, reduced form, which lacks the spectral features, thus
confirming the oxidoreductase activity of the protein (green line). Apo-WrbA and FMN-WrbA
display a distinct elution profile in a SEC (Figure?7.3D). Homologues of
Mar. hydrocarbonoclasticus WrbA were described as homotetramers in the presence of FMN.
Similarly, the FMN-WrbA (black line) was eluted at 15.0 mL, which corresponds to a tetramer,
while the apo-form (blue line) was eluted in two peaks at 15.0 and 16.8 mL, the first
corresponding to a tetramer and the second to a dimer. The addition of FMN to the apo-WrbA
completely converted it to the tetrameric state (red line).

The UV-Visible spectrum of Rd (Figure 7.3E) clearly resembles an oxidized rubredoxin
visible spectrum with features at 760, 578, 494, 386 and 356 nm due to ligand-to-metal charge-
transfer transitions (black line). An additional 279 nm absorbance peak is observed primarily
due to the four tryptophans, one tyrosine and one phenylalanine sidechain absorption.
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Precipitation with TCA and DTT resulted in the loss of the iron center (apo-Rd form, blue line)
with a colorless apo-Rd showed only UV absorption peaks with a maximum at 279 nm with
€79nm = 23.5 mMcm ™ as per the absence of any spectral features. The addition of ferrous ions
(under atmospheric conditions) to apo-Rd led to the reconstitution of its iron-sulfur center (red
line). The reconstituted sample presented a more intense absorption spectrum, with a molar
absorption coefficient is ca. 20 % higher than the observed for the as-purified recombinant
protein, which can be explained by the possible presence of a small fraction of Rd containing
zinc as the metal cofactor. Regarding the SEC (Figure 7.3F), recombinant Rd was eluted at
18.4 mL both with and without iron, in a single peak with an elution volume characteristic of
monomeric protein species, and the SDS-PAGE gel migration pattern revealed that no

significant protein degradation occurred during the precipitation step (Figure 7.3G).
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Figure 7.3: Biochemical characterization of the proteins used in the iron-release assays. (A) UV-Visible spectra of
Dps as-purified (in black) and Dps loaded with 144 Fe/ protein (in red). (B) SEC elution profile of Dps as-purified.
(C) UV-Visible spectra of FMN-WTrbA (in black), apo-WrbA (in blue), free FMN co-factor (in red) and FMN-WrbA
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with NADH incubation (in green). (D) SEC elution profile of FMN-WrbA (in black), apo-WrbA (in blue) and apo-
WrbA incubated with 4 equivalents of FMN (in red). (E) UV-Visible spectra of Rd as-purified (in black), apo-Rd
form (in blue) and iron reconstituted holo-Rd (1.2:1 Fe/protein) (in red). (F) Elution profile of Rd expressed with
iron (in black) and apo-Rd (in blue), iron reconstituted Rd (in red). (G) SDS-PAGE (17.5 %) gel of Rd expressed
with iron and apo-Rd after precipitation with TCA and DTT. M — LMW II. SEC analysis was performed using a
Superdex 200 10/300 GL column with 200 mM MOPS buffer, pH 7.0 and 200 mM NaCl. All UV-Visible spectra
were obtained in milli-Q H,O.
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7.2.3.1 Purified recombinant Rd

The solid line in Figure 7.4A shows the EPR spectrum of the overexpressed protein at
77 K. This spectrum is characteristic of Rd-type centers in the ferric state, with principal
features around g-values of 4.3, 4.7, 9.3, and 9.8 [219]. These data can be explained assuming a
high-spin ferric S =5/2 center with a unique rhombicity parameter E/D - 1/3. For such a
system, resonances around ¢ =4.3 and 4.7 arises from the S;=13/2 excited doublet. The
resonances at ¢ values equal to 9.3 and 9.8 originate from the S;=+1/2 and S;=+5/2
doublets. To gain information on the recombinant Rd secondary structure and thermal
stability, Synchrotron Radiation Circular Dichroism (SRCD) spectroscopy was used (AU-CD
beam line, ASTRID2, Aarhus University). SRCD data is particularly valuable since, by using
the synchrotron beam, the spectrum can be recorded for higher flux of photons and energies
(e.g. in the range of 175 to 195 nm). This extra spectral range provides better insight of
structural information on the proteins, making it possible to detect subtle changes in protein
secondary structure, thus monitoring their dynamic conformational behavior.

The solid line in Figure 7.4B shows the obtained Rd SRCD spectrum for the
recombinant protein ferric state. This is highly similar to the only other Rd SRCD spectrum
known [220], with two negative bands at 223 and 203 nm and a positive band at 189 nm. A
detailed analysis was carried out with the DichroWeb server [221,222] using the CDSSTR
method and the SP175 reference data set, optimized to 175 — 240 nm [220,223]. By applying a
three state data model, this analysis results in a modelled 24 % of a-helices, 17 % of p-sheet
and 59 % of other structures, which compares well to the average data of PDB structures values
of 17 % of a-helices, 15 % of B-sheet and 68 % of other structures, as predicted by the DSSP
method using the 2struc server [224]. From the above data, one can infer that the recombinant
Rd protein, product of GenBank sequence ABM20661.1 [225], is a functional Rd protein.
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7.2.3.2 Apo-Rd characterization

The apo-Rd protein was obtained as described before [170] with appropriate
modifications and in aerobic conditions (see section 7.1.2.2.1). To further ascertain the solution
structure of apo-Rd, the hydrodynamic diameter was assessed by dynamic light scattering
(DLS) and a value of 4.7 + 0.5 nm was obtained. While such a value is higher than expected, it
is in agreement with the value obtained for the zinc substituted protein (4.1 £ 0.7 nm) under
the same experimental conditions and can possibly be explained by effects due to the buffer’s
high ionic strength. Both SEC and DLS results show that apo-Rd protein is in a homogeneous
monomeric state in solution. Figure 7.4B (dashed line) shows the SRCD spectrum obtained for
the apo-Rd. Notably, the spectrum displays Ae maximum at 191 nm and minima at 204 and
231 nm, being consistent with a structure that can be modelled to 8 % of a-helices, 32 % of p-
sheet and 60 % of other structures.

If compared to the data obtained for the overexpressed, recombinant Rd protein, one
can see that only two fifths of the a-helix structures are retained with a concomitant conversion
to B-sheet structure. It should be pointed out that this analysis relies heavily on the reference
datasets used. Usually, a wide-ranging reference dataset covering the spectral range at which
data was acquired should be expected to give best results and it is common to use the NRMSD
parameter as a guide to find the most suitable reference dataset for the spectral analysis of the
protein. In the case of apo-Rd a caveat concerning its spectral characteristics is worthwhile
noting. The pronounced negative peak centered at 231 nm has little to no parallel in the
reference datasets and could cause a bias in the secondary structure percentage analysis.
Finally, the solution structure is maintained under aerobic conditions in the absence of any
chemical reductant, and even in the presence of saturating molecular oxygen conditions. This
fact, taken together with the SEC (Figure 7.3F) and DLS data, clearly shows that apo-Rd can
maintain the same defined, monomeric, solution structure either in anaerobic or aerobic

environments.

7.2.3.3 Apo-Rd metal-binding capacity

Metal binding capacity was tested with ferrous ions, and to a lesser extent with zinc,
cobalt, cadmium, and nickel ions, since iron is the native metal center constituent. Ferrous ion
binding assays were performed by simply incubating an appropriate amount of ferrous sulfate
solution with apo-Rd protein. Samples were incubated either in the presence or absence of
molecular oxygen. The result was monitored by UV-Visible, EPR, Mossbauer and SRCD
spectroscopies. While the anaerobic addition of ferrous iron to apo-Rd results in no changes
to the UV-Visible spectrum, ferrous binding and iron center reconstitution occurs as shown by
Mossbauer spectroscopy results (Figure 7.4C).
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Figure 7.4: Spectroscopic characterization of the Rd, apo-Rd and reconstituted Rd. (A) EPR spectra of
recombinant Rd (solid line), and iron-reconstituted Rd (dotted line) proteins recorded at 77 K. Other experimental
conditions are: microwave frequency, 9.45 GHz; microwave power, 10 mW; modulation amplitude, 0.4 mT;
receiver gain, 50. The inset shows an expansion of the recorded signal in the range of 65 to 80 mT. (B) SRCD spectra
of recombinant Rd (solid line) and apo-Rd (dashed line) proteins acquired at 25 °C. (C) Méssbauer spectrum of the
%Fe-reconstituted holo-Rd recorded at 80 K in the absence of an external magnetic field. The solid line is the result
of a least squares fit to the observed quadrupole doublet. Sample prepared under anaerobic conditions.

Also, if ferrous ion addition is done in the presence of molecular oxygen a typical Rd-
type visible spectrum develops (Figure 7.5A, top panel) at 494 nm rates of between 1.5 to
3.8 Mlem's™ (depending on the ratio of the number ferrous ions to protein) and reaching a
plateau at the point that all iron is chelated by the protein. Figure 7.5A, shows the results of
twelve consecutive additions of ferrous iron between 0.1 and 1.2 ferrous ions per apo-Rd
protein. Spectral changes are observed at 494 nm until a ratio of 0.96 + 0.1 is attained, which is
in agreement with the expected one iron per protein ratio. The EPR spectra obtained in aerobic
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conditions for a ferrous ions per apo-Rd ratio of 1.2 (Figure 7.4A, dotted lines) shows the same
spectral features observed in the as-purified recombinant protein, further confirming the
reconstitution of the Rd-type center in the ferric state. It should be noted that no visible or EPR
spectra are detectable for the ferrous state, prompting for the use of Mdssbauer spectroscopy

for the characterization of the iron species in this redox state.
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Figure 7.5: Spectral characterization of sequential addition of iron to apo-Rd. (A) Reconstitution of apo-Rd with
iron ions. (Top panel) Kinetics of metal center reconstitution and oxidation. Ferrous ions were added sequentially
under aerobic conditions with molar ratios between 0.1 and 1.2 Fe** / protein. Absorbance was recorded at 494 nm
and converted into the protein molar absorption coefficient. (Bottom panel) UV-Visible spectra taken at the plateau
after each iron addition. The inset shows plateau normalized absorbance as a function of Fe*" / protein molar ratios.
(B) SRCD spectra obtained for the reconstitution of apo-Rd with iron ions recorded at 25 °C. Five samples with
molar ratios between 0.25 and 1.0 Fe**/ protein were used: 0 (black line), 0.25 (green line), 0.5 (purple line), 0.75
(orange line) and 1 (red line). In the top panel the result of the DichroWeb based data analysis for each individual
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spectrum is shown. Secondary structure elements are depicted in light blue (Regular helix), dark blue (Distorted
helix), light green (Regular strand), dark green (Distorted strand), and gray (Others).

Indeed, "Fe Mdossbauer spectroscopy is the technique of choice to study iron-
containing proteins/enzymes since it is possible to obtain relevant information about the iron
atoms in our sample [204]. Usually oxidation state, spin state and coordination environment
can be inferred from spectral analysis. Figure 7.4C shows the Mdssbauer spectrum of a sample
resulting from the anaerobic incubation of apo-Rd with a FeSO4 solution. The spectrum is
constituted by a single sharp quadrupole doublet with parameters of 0 equal to 0.69 +
0.02 mm/s and AEq equal to 3.25 + 0.02 mm/s. These are typical for high-spin ferrous ions
with tetrahedral sulfur coordination and are identical to that observed in reduced Rd protein
isolated from Clo. pasteurianum [226,227]. The fact that no other iron species is detected is
evidence that all added iron was chelated by the protein in a homogeneous environment.

To probe secondary structure changes, SRCD spectra were acquired for various iron
ratios Figure 7.5B. SRCD data shows that addition of ferrous ions leads to the change of the
CD peaks around 191 and 231 nm with the concomitant appearance of peaks at 189 and
223 nm. Taking into account the characterizations described above for the recombinant Rd and
apo-Rd, it is clear that ferrous addition promotes the conversion between the apo- and holo-
forms of the protein. Notably, it is possible to find two true isosbestic points at 189 and 228 nm,
which clearly indicates that only two interconvertible species are present in solution, since it
would be extremely unlikely that a third species would contribute at two different energies
with the same molar ellipticity. Also, the spectra obtained for under-stoichiometric iron ratio
additions can be well described by a linear combination of the apo- and holo-forms spectra.
Table 7.2 shows the good agreement between added ferrous ions to protein ratios and holo to
apo calculated ratios. SRCD spectroscopic data quality allows the detailed data analysis with
the DichroWeb server, using an optimized to 175 — 240 nm reference dataset. Figure 7.5B top
panel shows the results of this analysis, with a noticeable increase in both helix components
(from 2 % and 6 % to 10 % and 14 % for regular helix and distorted helix type structures) and
corresponding decrease in strand components (from 20 % and 12 % to 9 % and 8 % for regular
strand and distorted strand type structures), slight decrease in unordered regions and a
conservation of turn regions. Preliminary experiments were performed with zinc, cobalt,
cadmium, nickel for which it was possible to observe changes in the CD spectra consistent
with metal binding (Figure A.15, appendix).
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Table 7.2: Secondary structure element percentages obtained for the DichroWeb server analysis, using an
optimized to 175 — 240 nm reference dataset.

Secondary structure (%)

Regular Distorted Regular  Distorted

helix helix strand strand Turns Unordered
Apo-Rd 2 6 20 12 15 45
Holo-Rd 10 14 9 8 18 41
+0.25 Fe/protein 4.0 7.1 16.2 13.1 16.2 434
APO-Rd 50 Fe/protein 6.1 8.1 13.1 12.1 17.2 434
+0.75 Fe/ protein 7.1 10.2 12.3 11.2 184 40.8

7.2.3.4 Rd thermal stability

SRCD thermal denaturation studies showed profiles that cannot be explained by a
single step process. Figure 7.6A and B bottom panel, show the SRCD spectra collected from 24
to 87 °C for both apo- and holo-Rd forms.

Although more perceptible in the former than in the latter form, it is noticeable that the
initial spectrum does not convert to a different one, nor that it simply decreases in SRCD signal
intensity. Figure 7.6A, top panel, shows the change in apo-SRCD signal intensity at four
different wavelengths and the result of a simultaneous non-linear least-squares fit based on

equations describing a two-step process with an intermediary species:

Tm1 . Tmz2
N «—] «— D

Where N, I and D, are native, intermediate and thermally denatured states of either apo- or
holo-Rd (Figure A.16, appendix).

By applying this model to the apo-Rd data, we were able to obtain two melting
temperature values of 49 + 2 °C and 75 + 3 °C, for the first and second transitions. The top
panel in Figure 7.6A shows the fitted temperature dependence at specific wavelengths
(Figure A.16, appendix, for correspondent species distributions). It is possible to observe that
the large difference in melting temperatures allows for the intermediate species to accumulate,
accounting for approximately 88 % of the total population around 61 °C. Thus, the spectrum
acquired at this temperature is representative of the intermediate state structure. The
prominent peak at 231 nm is lost, with the two other peaks being shifted to higher energies at
201 and 186 nm. Upon increasing the temperature this structure is lost and the protein
becomes mainly structurally unordered. In the case of the holo-Rd, (Figure 7.6B) one observes
a decrease in the absolute value of Ae over the monitored range of temperatures. If a three
species model is used to rationalize spectral changes data 63 + 2 °C and 79 + 2 °C for the first
and second transitions are obtained. The smaller difference in melting temperatures makes for
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a less abrupt change CD signal as well as a lower percentage buildup of the intermediate
species. It must be noted that, while the data prompts us to discard a single step process, more
data will be needed to fully characterize thermal denaturation in both apo and holo proteins.
For example, it will be important to probe different temperature ranges and possible

reversibility of the denaturation process.
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Figure 7.6: Secondary structure analysis upon thermal denaturation of apo-Rd and reconstituted Rd. (A) SRCD
spectra of recombinant apo-Rd (Bottom panel) protein collected from 24 to 87 °C (spectra colors in accordance with
temperature top scale). SRCD temperature profiles (Top panel). Ae at 184 (a), 233 (b), 191 (c), and 200 nm (d) as
function of temperature. The solid lines are the results from a simultaneous non-linear least-squares fit to the data
based on a two-step process. (B) SRCD spectra of recombinant Rd (Bottom panel) protein collected from 24 to 87 °C
(spectra colors in accordance with temperature top scale). SRCD temperature profiles (Top panel). A¢ at 189 (a), 196
(b), 226 (c), and 206 nm (d) as function of temperature. The solid lines are the result from a simultaneous non-linear
least-squares fit to the data based on a two-step process.
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7.2.3.5 Conclusion

The results presented here establish that the gene product of sequence ABM20661.1
from Mar. hydrocarbonoclasticus belongs to the Rd protein class of iron-sulfur proteins. The
recombinant Rd protein is expressed in a holo metal-containing form. The apo form can be
obtained without need of a reducing agent and/or anaerobic environment, with the apo-Rd
being stable even in the presence of molecular oxygen partial pressures above the atmospheric
one. SRCD data clearly shows that apo-Rd has a defined solution structure that can be
stoichiometrically converted to the holo-Rd structure upon metal incubation. This
reconstitution reaction can be accomplished under a molecular oxygen atmosphere. This
differentiates Rd from other characterized Rd proteins for which thiol-reducing agent (usually
dithiothreitol or 2-mercaptoetanol) is used in order to avoid cystine formation, with metal
reconstitution performed under inert atmosphere incubation (usually argon). Apo- and holo-
Rd structure temperature stability was tested, and it was found that the process is best
described as a non-two-state denaturation. In this case, an intermediate species is formed
during the denaturation process. From comparison of the results obtained for apo- and holo-
Rd it is possible to conclude that the holo form is more stable than the apo form, with a
calculated melting temperature for the first transition being ca. 14 °C higher. This is not
surprising since the cysteinyl coordinated iron should further stabilize the protein native
structure. However, the melting temperature for the second transition is the same within
experimental error, meaning that temperature stability of both intermediate species is similar.
A possible interpretation for this fact is that, above 70 °C, both intermediate structures will
promote aggregation of polypeptide chains leading to a similar denaturation process. While
the loss in absorbance at 205nm (Figure A.17, appendix) seems to agree with this
interpretation, further data is needed to support such conclusion. It is noteworthy that it is
possible in the apo form for the intermediate species to accumulate to almost 90 % due to the
thermal denaturation characteristics described above. The existence of an intermediate form
has been observed for holo-Rubredoxins in a Single-Molecule Force Spectroscopy study [228].
In this work the authors used atomic force microscopy to probe the unfolding-refolding
process of a cys-Rubredoxin-GB1-cys protein chimera and were able to show that such a
process was reversible and proceeded via a Fe-(SCys), intermediate species. In the case of this
mechanical-induced unfolding, the iron ion was strictly required for the refolding process. A
study conducted under anaerobic conditions on the holo-Rd from the mesophile
Clo. pasteurianum also pointed to the existence of an intermediate species [229], showing that
thermal stability was dependent on the metal binding (iron, zinc or cadmium) and that major
structural changes would occur between 50 and 70°C. In the case of Rd of the
hyperthermophile Pyr. furiosus, different studies found that neither its folding nor the
presence of iron justified by itself the high thermal stability of the protein. The tight packing
of aromatic residues forming a hydrophobic core seems to contribute significantly to thermal
stability and to induce similar solution structures for apo and holo forms [230]. Also, a complex
unfolding process was described with the possible formation of at least three kinetic
intermediates [231]. Contrary to this finding, for the Rd of the thermophile Methanococcus
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jannaschii, it was reported a two-state denaturation process [232]. The aforementioned studies
showed that structural stability was dependent in several factors, one being the non-covalent
molecular interactions between key amino acid residues. Taken together with our results, it is
possible that Trp4, Trp30 and Trp37 are key residues that support apo-Rd folding, not
allowing for cystine formation, thus upholding the observed stable solution structure. The apo
form can, from a physiological point of view, point to Rd functions not yet described.
Mar. hydrocarbonoclasticus is considered to be potentially important for biotechnology and/or
environmental applications since it is a hydrocarbon-degrading bacterial species. This species
of eubacteria can be found in a wide variety of marine environments [233,234] and has the
ability to grow under either anaerobic or aerobic conditions. However, aerobic conditions are
required for hydrocarbon degradation. Under anaerobic growth it is able to reduce nitrate to
dinitrogen, thus behaving as a denitrifier organism. In aerobic conditions molecular oxygen is
used as the terminal electron acceptor. Mar. hydrocarbonoclasticus Rd can thus play an
important role in both anaerobic and aerobic metabolisms. Besides the well-known electron
transfer function, the possibility of having a stable apo form capable of metal binding even in
the presence of molecular oxygen makes apo-Rd a suitable transition metal
acceptor/scavenger. One could certainly foresee Rd as a cytoplasmatic protein capable of
being an iron acceptor, keeping it in a soluble form even in aerobic conditions. We are
currently pursuing experimental work to further understand the structural reasons for apo
form stability and its possible physiological role.
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7.2.4 Iron Release from a Mini-ferritin

The organism Mar. hydrocarbonoclasticus is a facultative anaerobe. Since molecular
oxygen is a major enhancer of iron toxicity due to Fenton chemistry, the iron release
mechanism was carried out both in the presence and absence of oxygen. Additionally, two
different iron acceptors were used, an organic compound (1,10-phenanthroline) and a putative
protein partner (apo-Rd).

7.24.1 Iron Release using 1,10-phenanthroline as Iron Chelator

1,10-phenanthroline was selected as iron chelator due to its high affinity to Fe?* ions
forming ferroin and its spectral properties that allow the monitorization of the release of Fe**
ions from the ferric mineral in the Dps nanocage by UV-Visible spectroscopy. Although the
size of 1,10-phenanthroline is similar to the width of the ferritin-like pores in Dps (7 - 10 A),
the latter are negatively charged, which limits its entrance of the neutral 1,10-phenanthroline
into the Dps cavity.

7.24.1.1 Components of the Iron Release Assay

The individual spectral contribution of each component was evaluated by UV-Visible
spectroscopy. At 510 nm, the maximum absorption peak of ferroin complex (the reaction
product), no significant contribution of the other reagents was detected (Figure 7.7A). The
spectrum characteristic of oxidized FMN-WTrbA is lost upon addition of NADH due to FMN
reduction. The only other component with absorption at 510 nm is Dps:144Fe for which the
absorbance intensity corresponds to 2 % of the final ferroin signal. Therefore, this contribution
was considered negligible.

The iron release assay is displayed in Figure 7.7B. As previously mentioned, due to the
release of Fe?* ions from Dps the ferroin complex gradually accumulates with time.
Additionally, NADH was consumed during the reaction while reducing the ferric mineral
core, as observed by the decay of the absorbance below 375 nm. The concentration and relative
percentage of the iron released along the reaction were determined using the absorbance at
510 nm and the molar extinction coefficient of the ferroin complex.
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Figure 7.7: Reference UV-Visible spectra of the components of the iron release reaction and a typical example
of an iron release assay. (A) Spectra of the reaction mixture at the starting point, ¢ =0 h (dashed line) and end point,
t =24 h (black solid line) of the iron release assay. Reference spectra of the component at the final concentration in
the reaction mixture: 1 yM Dps:144 uM Fe (red line); 12 uM FMN-WrbA (yellow line); 720 uM NADH (blue line);
12 uM FMN-WrbA mixed with 720 yM NADH (green line); and 720 yM 1,10-phenanthroline (purple line). (B) A
typical iron release assay was performed in anaerobic conditions. Reaction started after the addition of NADH.
Measurements were performed every 15 min, for 24 h under anaerobic condition.

7.24.1.1 Iron Release under Aerobic Conditions
Two sequential assays were performed to study the impact of atmospheric oxygen in
iron reduction and release from Dps. First, 1,10-phenanthroline was added at the reaction
starting point and in the second assay the metal chelator was added 120 min after starting the

reaction (Figure 7.8).
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Figure 7.8: Iron release kinetics using 1,10-phenanthroline under atmospheric oxygen conditions. A reaction
mixture containing 1 yM Dps:144 uM Fe, 12 uM WrbA, 720 yM NADH was prepared and then 720 uM 1,10-
phenanthroline was added either at the starting of the reaction (left arrow) or after 120 min (right arrow) and the
formation of the ferroin complex was monitored at 510 nm. The assays were performed in 200 mM MOPS buffer,
pH 7.0 and 200 mM NaCl. The spectra were acquired in 15 min intervals under atmospheric conditions.
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It is noticeable that the iron release follows a zero-order kinetics behavior. In biological
systems zero-order kinetics are observed in enzyme saturation conditions or found in
diffusional exchanges controlled by pores [235,236]. In the experimental conditions tested, the
iron release rate from Dps was determined to be 0.152 min™'. Additionally, as previously
reported using Mdssbauer spectroscopy, the reduction of the mineral core follows a first-order
kinetics with a rate of 0.011 + 0.0003 min™ [131]. No accumulation of iron outside the protein
was detected when 1,10-phenanthroline was added ~ 120 min after the reduction starting
point. If reduced ferrous ions had been released and accumulated outside the protein, a
significant ferroin absorption signal increase should have been detected immediately after
addition of 1,10-phenanthroline chelating agent. However, the rate of iron release occurred
similarly to the assay when 1,10-phenanthroline was added at the initial of the reaction,
following zero-order kinetics, at a rate of 0.162 min™'. Therefore, under atmospheric conditions
and in the absence of a metal chelator, ferric iron is either reduced but not released or it is
instantly re-incorporated and re-oxidized at the FOCs. However, in the presence of a chelator
such as 1,10-phenanthroline, the iron is immediately chelated upon release, preventing it re-

oxidation by the protein, thus favoring the further iron release process into solution.

7.2.4.1.1 Iron Release under Anaerobic Conditions
The presence of a metal chelator was shown above to be essential to guarantee the
removal of Fe?* ions from the mini-ferritin in aerobic conditions. However, the effect of 1,10-
phenanthroline (or another iron acceptor) in the iron release reaction in anaerobic conditions
is unknown. Therefore, 1,10-phenanthroline was added to the kinetic mixture at different
incubation times after starting the reaction. The results of the addition of 1,10-phenanthroline
after 0, 155, 274, 414 and 610 min of reaction are shown in Figure 7.9.

Iron Release (%)

0
0 100 200 300 400 500 600 700
Time (min)

Figure 7.9: Iron release kinetics in anaerobic conditions upon addition of 1,10-phenanthroline at different times.
A reaction mixture containing 1 M Dps:144 uM Fe, 12 uM WrbA, 720 uM NADH and 720 yM 1,10-phenanthroline
was prepared under anaerobic conditions. 1,10-phenanthroline was added 0, 155, 274, 414 and 610 min after
addition of NADH to start the reaction. The assays were performed in 200 mM MOPS buffer, pH 7.0 and 200 mM
NaCl. The spectra were acquired every 15 min under anaerobic conditions. The absorbance was immediately
measured after 1,10-phenanthroline addition (full circle) and every 15 min afterwards (empty circles). The three
initial time-points (black stars) were not used in data fitting. The dotted line represents the linear fit of the release
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reaction without iron acceptor and each solid line represents the linear fit of the reaction after addition of 1,10-
phenanthroline at each time-point.

Contrary to the release reaction in the presence of oxygen, the addition of 1,10-
phenanthroline at different stages of the reaction under anaerobic conditions led to the
instantaneous formation of a considerable amount of ferroin product due to the release of Fe*
ions from the Dps protein into the buffer. As before, the release reaction follows a zero-order
kinetics both with and without 1,10-phenanthroline (full lines vs dotted lines). However, the
release rate in the absence of acceptor is 3.4-fold slower (0.056 min') when compared with the
release rate in the presence of the metal chelator. After the addition of the metal chelator, the
release occurs at a rate similar to the one previously determined when 1,10-phenanthroline
was added at the initial of the reaction (0.187 + 0.003 min™).

7.2.4.2 Iron Release in the Presence of Rubredoxin as a Protein Partner

Rapid-SRCD was used to evaluate the binding kinetics of apo-Rd to ferrous iron in
solution. The purpose of this study was to assess if apo-Rd was a good iron acceptor protein.
Although preliminary, the results in Figure A.18, appendix section showed that the apo-Rd
undergoes conformational changes after iron addition, adopting the secondary structure of
the holo-form within 1.0 s. These kinetic data indicate that apo-Rd is perfectly suitable to be
used as an iron acceptor protein partner in Dps iron release reaction since the iron release is

still the rate limiting step from the kinetics perspective.

7.2.4.2.1 Iron release under anaerobic conditions

Iron release from Dps:144Fe in the presence of apo-Rd and under anaerobic conditions
was analyzed using Mdssbauer spectroscopy (Figure 7.10). At the first reaction time-point
(5 min), the spectrum at 80 K shows a quadrupole doublet with parameters typical of a high-
spin ferric species coordinated with oxygen/nitrogen ligands from the mini-ferritin, as
previously described for Mar. hydrocarbonoclasticus Dps [125], isomer shift (6) of 0.47 +
0.02mm/s and AEq of 0.58 + 0.02 and 0.99 + 0.02 mm/s (species Ia and Ib, see Table 7.3).
Therefore, in the starting point of the reaction mixture all Fe atoms are found in the form of
the ferric mineral core. Along the reduction and release reactions (from 30 to 400 min) a
distinct quadrupole doublet signal appears with parameters 6 = 0.69 mm/s and AEq=
3.25 mm/s (Table 7.3). These parameters are characteristic of high-spin ferrous ions with
tetrahedral sulfur coordination as previously reported for Fe-reconstituted
Mar. hydrocarbonoclasticus Rd under anaerobic conditions [237]. Thus, the ferric iron from the
mineral core was reduced, released and bound to the Rd sulfur-center in its ferrous form.
Although the iron was reduced before binding to Rd, no free ferrous iron was detected along
the assay. The parameters of ferrous iron would be distinctive enough to allow its detection
(0=135mm/s and AEq = 3.19 mm/s [125]) indicating the rapid translocation of Fe*" ions
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through the channels, their release and binding to Rd, preventing its accumulation as labile

iron.
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Figure 7.10: Mossbauer spectra of the iron release reaction from Dps in the presence of apo-Rd under anaerobic
conditions. Dps harboring a mineral core (144 *Fe atoms per protein) was incubated with WrbA, NADH and apo-
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Rd under anaerobic conditions. The iron release reaction was monitored at different reaction times after addition
of NADH (5, 30, 70, 100, 135 and 400 min, top to bottom) using Méssbauer spectroscopy. The spectra were recorded
at 80 K without an external magnetic field. The black solid lines are the result of a least squares fits using the
parameters listed in Table 7.3. The blue and green lines represent the deconvolution of the Dps ferric mineral core
species la and Ib, respectively. The red line represents the Rd ferrous iron-sulfur center spectral contributions.

Table 7.3: Mdossbauer parameters of the iron species detected on the iron release reaction from
Mar. hydrocarbonoclasticus Dps in the presence of apo-Rd, under anaerobic conditions.

Maoéssbauer parameters of iron species

Ferric species Ferrous Iron-

I b Sulfur Center
5 (mm/s) 0.47(2) 0.69(1)
AEq (mm/s) 0.57(2) 0.97(2) 3.29(3)
Linewidth (mm/s) 0.35(2) 0.36(3) 0.27(2)

Quantification of iron species (%)

Time (min)

5 58.5 40.9 0.60
30 58.7 324 8.90
70 45.0 31.3 23.7

100 429 21.8 35.3
135 34.2 20.8 45.0
400 13.7 8.30 78.0

The values in parentheses are the uncertainties of the species parameters.

The deconvolution of each spectrum into two ferric species (green and blue line) and
one ferrous sulfur-center species (red line) (Table 7.3) allowed the determination of the relative
contribution of each species throughout the reaction (Figure 7.11). As previously reported, the
release reaction in the presence of apo-Rd follows zero-order kinetics (up to 135 min, see
Figure 7.11) with a kinetic rate of 0.347 + 0.009 min™". This is a ~ 2-fold increase in overall rate
comparing to the release in the presence of iron chelator 1,10-phenanthroline, suggesting that
apo-Rd facilitates ferrous iron release. Comparing the reduction kinetics [131] in the absence
of a metal chelator and the release kinetics in the presence of Rd, an accumulation of ferrous
iron was expected (Figure A.19, appendix). These results suggest that in the presence of an
iron acceptor protein, the reduction of ferric iron and dissolution of the mineral is slowed
down, representing the rate-limiting step. The presence of a large excess of apo-Rd (2.5 mM)
compared to Dps (10.4 puM) and WrbA (125 uM) could physically impair electron transport
between WrbA and Dps affecting electron transfer and the mineral core reduction rate.
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Figure 7.11: Deconvolution of the Mdssbauer spectra monitoring iron release from Dps in the presence of apo-
Rd under anaerobic conditions. The deconvolution of each spectrum into ferric (blue circles) and ferrous-sulfur

center (red circles) species allows the determination of the percentage of iron released along the reaction. The initial
data points were fitted using a zero-order reaction model (Equation 12) (solid lines).
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7.3 Discussion and Conclusions

In this work we successfully produced Dps and WrbA following the protocols
previously established and Rd expression was successfully achieved as a soluble protein.
Protein activity was confirmed by UV-Visible spectroscopy: The iron oxidation activity of Dps
was confirmed under oxygen saturation conditions; WrbA was expressed bound to FMN in
its oxidized form, and the addition of NADH led to the reduction to FMNH, and subsequent
loss of spectral features; monomeric apo-Rd was prepared by precipitation and iron chelation
and the iron sulfur-center was reconstituted through iron addition in atmospheric conditions,
recovering the spectral properties characteristic of the holo-form.

These proteins were used to characterize the iron reduction and release mechanism of
Mar. hydrocarbonoclasticus Dps in the absence of any iron chelator and in the presence of either
an organic compound (1,10-phenanthroline) or a protein partner (rubredoxin) as iron acceptor.
The effect of the presence of oxygen was also explored due to the facultative anaerobe nature
of this bacterium.

While the previously described iron reduction mechanism demonstrated an
exponential behavior, the results monitoring iron release from the protein reveal a zero-order
reaction [131]. As such, it is proposed that the Dps protein pores play a major role in
controlling the bioavailability of iron, as well as the presence and absence of molecular oxygen
and the type of iron acceptor present in solution. Under atmospheric conditions and in the
absence of a metal chelator, the iron is not accumulated outside the mini-ferritin even after
core reduction and dissolution, preventing the formation of ROS by labile iron. Upon addition
of 1,10-phenanthroline, the release mechanism exhibited a similar rate (0.152 and 0.161 min™)
regardless of when the iron chelator was added to the reaction mixture. However, under
anaerobic conditions the release of reduced iron ions occurred even in the absence of a metal
chelator. This suggests that the in the presence of oxygen the iron is probably also released but
is immediately re-incorporated by the mini-ferritin and re-oxidized at the FOCs. In anaerobic
conditions, the release rate is enhanced 3.4-fold upon 1,10-phenanthroline addition
(0.056 min™ and 0.187 +0.003 min!, in the absence and presence of the iron chelator).
Moreover, the release reaction kinetics in the presence of 1,10-phenanthroline is not affected
by the presence of oxygen. The use of 1,10-phenanthroline as iron acceptor can mimic the
biologic behavior of other organic/inorganic compounds that bind iron in bacteria such as
citrate or glutathione [238].

Rubredoxin was suggested as a putative physiologic iron-accepting protein partner
due to its electron transfer function in different metabolic pathways. Although preliminary
the apo-Rd seems able to bind all iron in solution within 1 sec of incubation.

Iron release from Dps the presence of Rd was studied using Mossbauer spectroscopy.
At the initial phase of the reaction all iron atoms exhibited a quadrupole doublet characteristic
of the mineral core with typical parameters of ferric iron bound to of nitrogen/oxygen ligands
(AEq = 0.57 £ 0.02 and 0.97 + 0.02 mm/s and d = 0.47 + 0.02 mm/s). After 30 min of reaction

~20% the iron was reduced and transferred from the ferric mineral core to the Rd iron
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binding site (0 = 0.69 + 0.01 mm/s and AEq = 3.29 + 0.03 mm/s, typical of ferrous iron with
tetrahedral sulfur coordination). Based on the reduction rate previously described [131], an
accumulation of ferric species would have been expected, yet no free ferrous species was
detected. This suggests that the presence of apo-Rd may interfere with the interaction between
Dps and its redox partner WrbA, decreasing the reduction rate. In agreement, the release
reaction using 1,10-phenanthroline follows a zero-order kinetics (up to 135 min) with a rate
constant of 0.347 + 0.009 min™". The ~ 2-fold increase in the rate of release in the presence of
apo-Rd comparing with 1,10-phenanthroline may indicate a more effective protein-protein
interaction between the mini-ferritin and Rd, allowing a faster iron transfer.

This work clarified the effect of molecular oxygen in the iron release mechanism from
Dps, as well as the interaction of the mini-ferritin with iron chelators. However, it is still
necessary to understand why Rd apparently slows down the reduction of the mineral core.
Does Rd block the interaction between Dps and WrbA? Does this less efficient reduction affect
the overall release mechanism?

Additionally, the oxygen effect was tested only in atmospheric conditions. However,
facultative anaerobes may live in environments with different oxygen levels. Therefore, it
would be interesting to understand if and how the iron release mechanism in the absence of a
metal chelator would be affected by different concentrations of oxygen. As such, additional
studies are needed to answer these questions and have a deeper understanding of this complex

system.
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CONCLUSIONS AND FUTURE WORK

The research work developed during this thesis focused on the characterization of two
types of protein nanocompartments: The functional and structural characterization of a
member of the Encapsulin Family 1 and the iron release mechanism by Dps, a mini-ferritin.

The main goal for the first part of this work was to contribute to the biochemical and
biophysical characterization of the Myxococcus xanthus Encapsulin system. The encapsulin
shell (EncA) and its known cargo proteins (EncB and EncC), as well as their encapsulated
forms (EncAB and EncAC) were successfully produced and purified. Even though EncB was
obtained in the insoluble fraction, the protein was eventually obtained in a soluble one through
the application of a renaturation protocol. Therefore, all proteins and complexes were obtained
at high yields of pure and homogeneous fractions in the apo form. The encapsulation of the
cargo proteins, the EncAB and EncAC complexes, obtained by co-expression in Esc. coli was
determined to be 52 + 4 copies of EncB monomers and 150 + 7 copies of EncC monomers inside
each EncA shell.

The results presented in chapter 4 confirmed that the encapsulation of the cargo
proteins did not induce any major structural effect in the EncA envelope. The quaternary
structure of EncB was determined as a decamer organized into a toroidal structure akin to
other known Flp proteins. The presence of a large C-terminal region extending towards the
solvent was also detected, matching the predicted unstructured tail that mediates the
interaction with the shell protein, currently absent from the atomic structures available.
Additionally, EncC was found in solution as an elongated dimer and the addition of ferrous
iron (at least 4 Fe**/FOC) induced the conversion into higher oligomer states, ultimately
forming a decamer. This result indicates the need for iron to be present to complete the
stabilization of the FOC dimer interface in EncC.

Furthermore, the encapsulation of the cargo proteins by EncA had a protective effect
against the thermal denaturation of EncB and EncC, either by preventing the loss of their
secondary structure or by avoiding self-aggregation. The EncB aggregation event, which starts
at ~ 45 °C in solution was stabilized at least up to ~ 65 °C in the EncAB complex, while the
onset for EncC denaturation shifted from ~ 40 °C to ~ 70 °C upon encapsulation.
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The iron oxidation kinetics and chemical nature of the iron species formed by the
encapsulin proteins were evaluated in chapter 5. The intrinsic ability of EncA to mineralize
iron was confirmed in the presence of either molecular oxygen and hydrogen peroxide, being
able to uptake up to 24,000 and 19,500 iron atoms with each co-substrate. The iron
mineralization activity of EncA was shown to be similar to the one observed in L-type ferritins,
with the iron translocation and spontaneous oxidation steps occurring inside the cavity
following a sigmoidal kinetic behavior due to the auto-catalytic property of the ferrihydrite
mineral. The encapsulation of either EncB or EncC decreases the iron loading capacity to
18,000 ferrous iron atoms when hydrogen peroxide is used as a co-substrate. With molecular
oxygen as substrate the iron oxidation kinetic curve shifts to a hyperbolic curve, revealing the
rate enhancing activity of the encapsulin system when harboring these Flp cargo proteins.
Also, the type of mineral core formed inside EncA and EncAC seems to be similar, described
in both cases as the characteristic superparamagnetic ferric mineral in the presence of either
co-substrate, indicating that the shell protein likely mediates the nucleation and mineralization
process in both cases. A smaller, more homogeneous mineral core was detected in the
reactions with hydrogen peroxide, suggesting different nucleation centers when compared
with the product formed in the presence of molecular oxygen, in which the mineral core is
organized into a larger granulate, as previously detected [21].

Free EncC in solution exhibited faster oxidation rates when compared to the
encapsulated form. A ferroxidation intermediate species was identified as a u-1,2-peroxo di-
ferric species (with Mossbauer parameters d = 0.49 + 0.02 mm/s and AEg = 1.61 £ 0.02 mm/s),
which might be justified by the proximity of di-nuclear iron binding sites (FOCs) at the
interface of each EncC dimer [30]. However, this intermediate was not detected in the EncAC
complex, probably due to its low half-life, which prevents its accumulation.

Chapter 6 described the interaction between the encapsulin shell and the encapsulated
complexes with plasmid DNA. Electrophoresis Mobility Shift Assays revealed that the
incubation of pUC19 with EncA changes the conformation of the plasmid from its supercoiled
conformation to a new conformation with decreased electrophoretic mobility, evidencing a
binding event. The apparent dissociation constant was determined to be Kp = 0.3 £ 0.1 uM with
a Hill coefficient of 1.4+0.1, similar to other known protein nanocages [106,197,200].
Interestingly, EncC showed no ability to interact with DNA. However, upon encapsulation,
the DNA-binding properties of the EncAC complex revealed to have similar parameters to
EncA (Kp=0.4+0.1 yuM and 0.3 +0.1 uM at lower and higher ionic strengths, respectively,
with n=1.1£0.1). Additionally, the increase in ionic strength did not have a major effect in
protein-DNA interaction. The DNA conformation in the novel DNA-encapsulin complex
detected in the EMSAs was confirmed by Atomic Force Microscopy to be in a more relaxed
conformation with EncA molecules bound to pUC19 in a beads-on-a-string morphology. The
increase in protein concentration promoted DNA condensation through protein-protein self-
aggregation. Moreover, this interaction was shown to protect the DNA against DNase I
degradation, with EncA functioning as a physical shield. Regarding the protein, the interaction
with pUC19 did not induce a major effect in its secondary structure nor in its thermostability
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since the Tm only increased by 3 °C. Conversely, the EncA secondary structure denaturation
profile revealed some notable differences after incubation with DNA, with a ~ 4-fold increase
in the enthalpy change of denaturation. This increase can be due to a higher number of non-
covalent bonds formed between the protein and the DNA molecules and/or the further
denaturation of the protein secondary structure when the EncA-DNA complex had previously
been formed.

Regarding the overall results obtained in the encapsulin system work, this system was
shown to control the oxidative stress within the cell by harvesting ferrous irons in solution
through iron oxidation and mineralization inside the cavity. Additionally, the Encapsulin shell
is capable to bind and condensate circular DNA protecting this macromolecule as a physical
shield. Therefore, this protein system has showed to act with a dual function by preventing
the formation of reactive oxygen species capable of DNA degradation and by directly
protecting the DNA similarly to Dps proteins. Therefore, these similarities between the
encapsulin system and Dps proteins would be worth of research. Such as testing this dual
function of encapsulin to interact with DNA while harboring a mineral core or the ability to
perform iron oxidation while interacting with DNA.

In the future it would be of utmost interest to further characterize the changes in
quaternary structure of EncC upon incubation of ferrous iron by Small-Angle X-ray Scattering.
It would also be interesting to evaluate how EncB and EncC spatially organize within EncA
cavity upon co-expression.

The next step regarding the iron oxidation properties of the encapsulin system would
be to characterize the intermediate species formed by EncC (and EncB) and their encapsulated
forms EncAB and EncAC using Rapid Freeze Quench coupled to Mossbauer spectroscopy, as
well as to understand if the simultaneous presence of both cargo proteins would result in a
different functional properties.

The DNA-binding ability of EncA must be further evaluated using different types of
DNA such as genomic bacterial DNA and to evaluate if the interaction the DNA occurs in a
site-specific manner, both in terms of protein interface and DNA sequence. These clarifications
would increase this protein attractiveness for different DNA-related biotechnological

applications.

In the second part of this thesis, Chapter 7, the iron release mechanism from
Mar. hydrocarbonoclasticus Dps was probed using NADH as an electron donor, WrbA as an
oxidoreductase protein partner and two types of iron chelators: 1,10-phenanthroline and a
rubredoxin protein, in the presence and absence of molecular oxygen. In the absence of an iron
chelator and under aerobic conditions, no iron ferrous is accumulated outside the protein. If
any iron is released from the protein, the metal is most likely re-oxidized by the Dps protein.
However, after addition of a 1,10-phenanthroline, the iron release follows a zero-order kinetic
profile with an apparent rate of 0.157 + 0.006 min™". In the absence of 1,10-phehanthroline and
under anaerobic conditions, the iron release mechanism also follows a zero-order kinetics with
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an apparent rate of 0.056 min!. Strikingly, the addition of 1,10-phenanthroline further
enhances the kinetic rate of release (0.187 + 0.003 min™).

Rubredoxin was also used to evaluate the iron release from the mini-ferritin. The holo
form of rubredoxin has distinct Mossbauer parameters due to the presence of an iron-sulfur
center (0 =0.69 mm/s and AEg = 3.29 mm/s) and was confirmed using stopped-flow coupled
to Synchrotron Radiation Circular Dichroism to bind iron in a time scale, significantly faster
than the iron release. Under anaerobic conditions and in the presence of rubredoxin, iron
release from Dps follows a zero-order kinetics (up to 135min) with a rate of
0.347 £ 0.009 min™!, approximately 2-fold faster compared to the reaction in the presence of
1,10-phenanthroline. Based on previous studies [129], an accumulation of reduced ferrous iron
inside the protein was expected. Yet no free ferrous ions were detected, suggesting that the
rubredoxin affected the electron transfer between WrbA and the Dps mineral core.

In the future it is important to further clarify how the presence of the iron acceptor
protein affects the electron transfer reaction. Does the protein block the interaction between
Dps and WrbA? Does rubredoxin somehow intersects the electron shuttle? Additionally, iron
release from Dps and its rerouting to other iron harboring proteins such as Ferritins or
Encapsulin-Flps (with a higher ferroxidation rate) would be interesting to study.
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APPENDIX

A.1 Production and Purification of the Encapsulin System
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Figure A.1: Expression vector maps used to produce the proteins of the encapsulin system. (A) pET-21c-EncA,
(B) pET-28c-EncB and (C) pET-28c-EncC.
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Figure A.2: Secondary structure prediction of the Myx. xanthus cargo proteins based on their primary sequences.
The triangles represent the initial and final residues with atomic structure currently solved for EncB (PDB: 7S5C)
and EncC (PDB:7S8T) [30].

Figure A.3: Electrostatic surface potential of the Myx. xanthus encapsulin external and internal surfaces. (A)
External surface and (B) internal surface. The electrostatic surface potentials are colored with a range from red
(negative) to white (neutral) to blue (positive) corresponding to a +10 kTe™ to 0 to —10 kTe™
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A.2 Structural
Myxococcus xanthus Encapsulin system
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Figure A.4: Calibration of the Superdex 200 10/300 GL SEC column using protein standards. Several protein
standards (Catalase, Bovine Serum Albumin, Ovalbumin, Carbonic Anhydrase, and Cytochrome c) were used to
calibrate the column for the (A) apparent molecular weight and the (B) hydrodynamic diameter estimations using
Equation 4 and Equation 5. The following equations were obtained: Log (MW) = —1.594 x Ve/Vo + 7.758 (R?=
0.966) and Log (Stokes) = —1.0279 x (Ve — Vo)/(Vi) + 1.00 (R? = 0.978). 1.0 mg/mL of each protein was injected in
the column at a flow rate of 0.5 mL/min in 200 mM MOPS buffer, pH 7.0 with 200 mM NaCl.
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Figure A.5: Iron calibration curve for iron quantification by the 1,10-phenanthroline method. The equation
obtained using linear regression at absorbance 510 nm = 11.40 x [Fe?*] (R? = 1.00). Each experimental point reflects

the mean of triplicates samples.
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FOC dimer

Figure A.6: Cartoon representation of EncB and EncC with atomic model determined by CORAL. Cartoon of (A)
decameric EncB and (B) EncC FOC dimer (left) and EncC non-FOC dimer (right) from its atomic structure (PDB:
755K for EncB and 7S8T for EncC) and atomic model determined by CORAL. Views are rotated by 90° according
to the axis for each model. The structure of EncB and EncC are colored as gray and the determined flexible region
in blue for EncB and in green for EncC.
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Figure A.7: Assessment of the thermostability of the encapsulin system by SRCD. (A) Molar circular dichroism
(Ae) denaturation curves of EncA, EncAB, EncB, EncA+EncAB and (B) EncA, EncAC, EncC and EncA+EncC. Full
lines represent the spectral evolution as the temperature increases from 4.8 (blue) to 82.5 °C (red) and the dashed
lines represents the subsequent temperature decrease.
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A.3 Unveiling the Iron Oxidation Mechanism of the

Encapsulin System
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Figure A.8: UV-Visible spectra of the proteins from the Myx. xanthus encapsulin system as apo-proteins and
after incubation with iron and molecular oxygen. The UV-Visible spectra of EncA, EncAB, EncAC and EncC are
shown as black lines and after the addition of ferric iron in the presence of molecular oxygen as red lines.
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Figure A.9: Mdssbauer spectra of 2 mM ¥Fe?* in anerobic condition. Ferrous iron sulphate was added to 200 mM

MOPS buffer pH 7.0 and 200 mM NaCl in an anaerobic chamber, transferred to a Mgssbauer cup and frozen at
—80 °C. The spectrum was adquired at 80 K with no external magnetic field.
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Atomic Structure

Figure A.10: Comparison of the EncB and EncC electrostatic surface potential from predicted structure. (A)
Electrostatic surface potential of EncB (left) and EncC (right) in the atomic structures obtained by X-ray
crystallography (7S5K and 7S8T); (B) Electrostatic surface potential of EncB (left) and EncC (right) from the
structure predicted by the AlphaFold software. The electrostatic surface potentials are colored with a range from
red (negative) to white (neutral) to blue (positive) corresponding to a +10 kTe™ to 0 to =10 kTe™!
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A.4 Condensation and protection of DNA by Myx. xanthus

encapsulin: a novel function
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Figure A.11: pUC19 plasmid. (A) vector map of the pUC19 plasmid. (B) pUC19 migration profile in 50 mM MOPS
pH 7.0 buffer containing 50 mM NaCl: 1 - As isolated pUC19 and 2 — Linear pUC19 after digestion with 10 U of
EcoRI (NZYTech) for 1 h, at 37 °C; M — NZYDNA Ladder II. The supercoiled, linear and relaxed forms of the
plasmid are identified on the right. (C) Band separation of the NZYDNA Ladder II in 1 % agarose gel obtained
from the manufacturer’s protocol.
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Figure A.12: Binding assay of EncC to supercoiled pUC19 (5 nM) at high and low ionic strength conditions. (A)
EMSA in 50 mM MOPS buffer, pH 7.0, 50 mM NaCl and (B) 200 mM MOPS buffer pH 7.0, 200 mM NaCl. M -
NZYLadder IT ; 1 to 13 - Binding of EncC to plasmid DNA with increasing protein concentrations: 0, 3.88, 5.8, 8.7,
13.1, 19.7, 29.5, 44.2, 66.4, 99.6, 149, 224, 336 uM. The free form of the supercoiled plasmid pUC19 band (SC) is
labelled. (C) Plots from the densitometric analysis of three sets of experiments in either 50 mM MOPS buffer pH 7.0,
50 mM NaCl (circles) and 200 mM MOPS buffer, pH 7.0, 200 mM NaCl (triangles). Free DNA is plotted as full
markers, and the protein-DNA complex as empty circles or triangles.
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Figure A.13: Circular dichroism spectra of free EncA, pUC19 and the EncA—pUC19 complex. SRCD spectra of
EncA (top panel), pUC19 (middle panel) and the EncA-pUC19 complex (top panel) in mDeg at 25 °C.
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Figure A.14: Electrostatic surface potential representation of Myx. xanthus encapsulin EncA. The positively
charged pockets (arginine and lysine residues) are magnified and displayed as sticks on the right side. The
electrostatic surface potentials are colored with a range from red (negative) to white (neutral) to blue (positive)
corresponding to a +10 kTe™ to 0 to =10 kTe™.
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A.5 Iron Release from a Mini-ferritin

A.5.1 Structural features and stability of apo and holo forms of a simple
iron sulfur protein

2
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Figure A.15: Circular Dichroism spectra of Rd reconstituted with different transition metals at 25 °C. Bulffer:
10 mM MOPS buffer, pH 7.0 with 240 mM NaF.

Ae (mM'1cm‘1)
4 o
(o}
2

Ae (mM~'em™)

=2

3k

S 1.0 5 1.0
S g
w 05r W 0.5F
3 3
@] (e}
= o0 1 L L = 0 A L .

30 40 50 60 70 80 30 40 50 60 70 80

Temperature (°C) Temperature (°C)

Figure A.16: SRCD temperature profiles for apo- and iron reconstituted holo-Rd. (A) SRCD temperature profiles
for apo-Rd. (Top panel) A¢ at (a) 184, (b) 233, (c) 191 and (d) 200 nm as a function of temperature. The solid lines
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are the result from a global non-linear least-squares fit to the data based on a two-step process. (Bottom panel)
Species distribution based on the used model. (B) SRCD temperature profiles for reconstituted Rd. (Top panel) Ae
at (a) 189, (b) 196, (c) 226 and (d) 206 nm as function of temperature. The solid lines are the result from a global non-
linear least-squares fit to the data based on a two-step process. (Bottom panel) Species distribution based on the
used model. Blue, green and red lines represent molar fractions of native, intermediate and thermally denatured
states, respectively.
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Figure A.17: Absorbance measured at 205 nm for apo-Rd (white circles) and iron reconstituted Rd (black circles)
proteins, along a temperature scan from 24 to 87 °C.

A.5.2 Stopped-flow coupled to SRCD

Stopped-flow coupled to SRCD, also termed rapid-SRCD (rSRCD), measurements were
obtained in the AMO beam line at ASTRID2 synchrotron radiation source (ISA, Aarhus
University, Denmark). The stopped-flow instrument (SX20 Applied Photophysics Limited,
Surry, UK) was used as a full automated single mixing mode. The wavelength for the
experiment was set via the ASTRID2 control system by controlling the monochromator and
the undulator. Both the apo-Rd and holo-Rd (apo-form reconstituted with iron) were mixed
with a ferrous sulfate solution (prepared in acidic milli-Q water, pH 2.0, fixed with H,SO,) or
buffer (10 mM potassium phosphate buffer, pH 7.0, 230 mM NaF) using two independent
asymmetric syringes. 0.11 mg/mL of apo-Rd (or holo-Rd) were loaded into a 2.5 mL syringe
while the Fe?* solution or buffer was loaded into a 0.25 mL syringe providing a 1:10 ratio
mixing. The protein and the Fe** were mixed in a T-mixer and measured in a 10-mm
pathlength quartz cell at room temperature. Measurements at each wavelength (280, 232, 229,
221, and 202 nm) were done at least 10 times during 10 sec with 4000 points (400 points/sec)
at high intensity (15 nm slit setting). The total mixing time (or dead time) was considered to
be 0.04 sec. 10 separate measurements at each wavelength were averaged and data smoothing

was applied by a 4 points moving average.
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Figure A.18: Ferrous iron binding kinetics of apo-Rd by rSRCD. The reaction was monitored by measuring the
secondary structure changes associated with the conversion of the apo-Rd into its iron loaded form at 280, 232, 229,
221, 202 nm (top to bottom). Reaction of apo-Rd with 1.8 Fe?*/protein (empty circles) and 2.7 Fe**/ protein (full

circles). The reaction was monitored for (A) 8 s (B) and 2 s.
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A.5.3 Iron Release from a Mini-ferritin
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Figure A.19: Theoretical curves of the iron reduction and release from Mar. hydrocarbonoclasticus Dps. In a
previously characterized reduction mechanism, the mineral core (blue dashed line) is reduced to ferrous iron
(yellow line) either inside or outside the mini-ferritin. Under anaerobic conditions the iron is released (black line)
following a zero-order equation and its rate of release is increased upon addition of 1,10-phenantroline (green line).
In the presence of apo-Rd (red line) the rate of release still follows a zero-order equation with an increased rate.
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