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List of abbreviations

- Ft: Ferritin

- HFt: Ferritin H-chain (“human” implied, otherwise the species is specified)
- LFt: Ferritin L-chain

- TfR1: Transferrin Receptor 1

- hTfR1, CD71: human Transferrin Receptor 1

- mTfR1: murine Transferrin Receptor 1

- Tf: Transferrin

- HFE: Hemochromatosis protein

- AfFt: Archaeglobus Fulgidus Ferritin

- HumAfFt: Humanized Archaeglobus Fulgidus Ferritin

- HFt-LBT Tb(III): Lanthanide (Th(III)) Binding H-chain Ferritin
- LBT: Lanthanide binding tags

- TIM-2: T cell immunoglobulin and mucin domain protein-2
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- cryo-EM: cryo-electron microscopy
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- FSC: Fourier Shell Correlation
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- SPR: Surface plasmon resonance
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1. Introduction

1.1 Ferritin

Biochemical properties

Ferritin (Ft) is a globular protein characterized by a typical tetraeicosameric
assembly. Each subunit is 20 kDa, while the assembled 24-mer has a total
weight of ~500 kDa; its hollow cage-like spherical structure has an outer

diameter of roughly 12 nm and an inner diameter of 8 nm ! (Figure 1).

Figure 1: Left: Ferritin three-dimensional structure with 24 subunits highlighted by different colors.
Right: Ferritin shell internal view, sliced at the protein center, shows the diameters of the internal and

external surfaces 2.



1. Introduction 1.1 Ferritin

Ft physiological function is centered around intracellular iron storage and
transport®. A tightly controlled iron metabolism is in fact crucial for
physiological processes, since this element possesses both toxic and beneficial
properties for cellular health. Iron is in fact a cofactor for a vast array of
biochemical reactions, like oxygen transport, energy metabolism and DNA
synthesis, but unbound Fe(II) is toxic*?: upon interaction with free oxygen, at
neutral pH it produces reactive oxygen species (ROS) by the Haber-Weiss
process via a Fenton reaction/®":

Fe?t + Oy —» Fedt + O,

2045+ 2H* —H,0, + O,

Fe?*+ + H,0, — Fe’* + OH™ + -OH
Free ROS are deeply destructive for cells: because of their extreme reactivity,
they may damage enzymes, membrane lipids, proteins and nucleic acids. In
addition, under physiological conditions Fe(II) is highly insoluble (solubility
10 M at neutral pH™) and precipitates as Fe(III) oxide species. To avoid these
lethal side effects, Fe(II) is always bound to a protein ligand, such as Transferrin
(Tf) or Ferritin®.
Ferritin binds and oxidizes Fe(II) in Fe(III) through the ferroxidase reaction, a
mechanism that involves several steps and leads to the production of different

intermediate species, whose general overview is this [7:

9Fe2t + O, + 4H,0 — [Fe,0,]2¢ — [Fe,0(OH),J2t — 2FeO0H,,,. + H,0, + 4H"

core

The resultant, inert, Fe(Ill) product is stored inside Ft internal cavity in the
form of the crystalline mineral ferrihydrite: the shell encapsulates up to 4500
Fe** atoms!!.

There is a universal need for removing and storing iron in an inert form:

accordingly, Fts are ubiquitously distributed in vertebrates, invertebrates,

2



1. Introduction 1.1 Ferritin

plants and fungi; even bacterial species have their own type of Ferritin, although
it has evolved separately!. In mammalians, it is prevalently found inside the
cytosol of the cells and modestly in the serum. The mammalian Ferritin is the
product of self-assembly of 24 subunits of two different types®¥: LFt (“light”
Ferritin type, 20 kDa) and HFt (“heavy” Ferritin type, 22 kDa). The
proportions of H and L subunits in a whole Ferritin molecule vary across
different tissues: H subunits is mainly expressed in the heart, at early stages of
development and in cancer tissues, while the L subunit is most represented in
the liver and spleen®.. Importantly, only the H subunits are able to catalytically

oxidize Fe(II)®.

The conformation of each subunit consists of a 4-helix bundle of alpha helices:
A (in humans, residues 10-39), B (45-72), C (92-120) and D (124-155); a fifth
helix, E (res 160-169), lies at an acute angle to the bundle, pointing towards the
internal cavity of the three-dimensional protein. A long loop L (res 73-91)

connects B and C helices!.

Figure 2: Ferritin tertiary structure of one subunit: a monomer, composed by a 4 helix-boundle (A, B, C,
D helices), a loop L and a fifth E helix '°.

The quaternary structure is arranged in octahedral 432 symmetry (point group

‘O’, Figure 3). Pairs of helix bundles lie antiparallel, related by 2-fold symmetry;

3
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the loops of these pairs form a region of anti-parallel sheet lying on the outside

surface of the shell.

The symmetrical junction of three or four monomers in the protein shell results
in the formation of several channels (6 hydrophobic channels at the 4-fold
symmetry axis and 8 hydrophilic canals at the 3-fold axis intersections)
connecting Ft inner cavity to the outside (Figure 4). These channels bind Fe**
and other cations (e.g., Th*", Cd**, Zn>" in the 3-fold channels") with a broad
selectivity. HFt has specific active sites for catalyzing the Fe(II) oxidation in
Fe(III), known as the ferroxidase centers, located in every monomer between A
and B helices. Very high sequence homology of their residues is found
throughout the three kingdoms of naturel?. Despite the available information
regarding the amino acids involved in iron binding, it is not clear how the
ferroxidase center operates, nor is still understood the pathway for Fe(II)

translocation from the 3-fold channels to the ferroxidase sitel.

Figure 3 Ferritin quaternary structure, arranged with 24 subunits in an octahedral 4-3-2 symmetry:
surfaces and crystallography overview. (Image modified %)

4



1. Introduction 1.1 Ferritin

4-fold channel

Ferroxidase center

Figure 4 Ferritin inner cavity is connected with the outside through several channels, known as 4-fold and
3-fold channels found in the respective symmetry axes. Ferroxidase centers oxidize Fe(Il) in Fe(III) and are
located at the center of the helix bundle. (Image modified > 1*)

Hence, Ft is made by flexible structures that allow the entry and exit of different
ions and molecules through the protein shell. Despite this flexibility, its
quaternary structure is incredibly stable, thanks to the numerous intersubunit
interactions (salt bridges, H-bonds, apolar interactions) between the
monomers!!: the cage is resistant to denaturants and to high temperatures (even
higher than 80 °C)!'"¥. For this reason, subunits can be dissociated from the
tetraicosameric structure only by reaching drastic pH values (i.e. pH <3 or pH
>10): when the pH returns to neutrality, monomers spontaneously assemble in

a shape memory fashion.

In the self-assembly of the 24-meric shell, the first stable intermediate appears
to be a dimer™ through the interaction of the respective BC loops (deletion of
two residues in the loop has been proved to abolish the formation of the whole
24-mer!™). The kinetics pathway from dimers to a complete 24-mer shell remains
elusive, even though this pH-dependent assembly is currently widely studied!'.

The disassembly in dimers is partially reversible and, as mentioned before,
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occurs spontaneously at very acidic or basic pHs.

In summary, the mechanism of functioning of mammalians Ft is divided into
six steps®*!’ (Figure 5):

(1) Self-assembly of dimers to form the 24-mer shell at neutral pH, with
unknown kinetics!"¥;

(2) entry of Fe(Il) in Ft through the 3-fold channels;

(3) Fe(Il) translocation to the catalytic sites in the ferroxidase center;

(4) ferroxidase reaction: oxidation of Fe(II) to Fe(Ill) in the catalytic center,
according to the Haber-Weiss process®™. Only HFts are catalytically active;
(5) storage of Fe(IIl) product inside the cavity in form of ferrihydrite;

(6) when needed, release in a controlled fashion of Fe(III) from the mineral core

to the external through the 3-fold channels.

Ferritin subunit

(1)
l? Assembly

=1
24-meric
/r ferritin \
(6) Q N @ /? )

[Fe3 Binding

to the catalytic site
Release &
Oxidation

? ® .

LF. :?,\ St(o?a)ge @ “
Fe3+

\e// “—

Figure 5 Mechanism of assembly and iron homeostasis of mammalian HFt. (Image modified!'")

A peculiar, non-pH-dependent association is noted in an archaeal protein, the
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Archaeglobus fulgidus ferritin (AfFt), that self-assembles from dimers to a
complete 24-mer structure only at high salt concentrations (>0.3 M NaCl)l7.
Its oligomerization mechanism is thus easily controlled just by altering cations
concentration in the buffer and does not require the harsh conditions of a pH
jump needed for mammalian Fts.

The secondary and tertiary structures of AfF't and human HFt closely resemble,
even in the metal ion binding mode, despite their low sequence similarity.
Nevertheless, they deeply differ in the quaternary structure: AfFt has
tetrahedral (2-3) symmetry, while HFt displays the canonical octahedral (4-3-
2); instead of HFt 4-fold symmetry channels, four large (45 A) pores open in the

shell of AfFt as a result of the packing between two hexamers!'™!¥.

Figure 6 Left: Surface representation of AfFt tetraeicosameric assembly. The molecule is viewed from one

of the 4 large pores at a 3-fold symmetry axis. Right: ribbon model of the AfFt asymmetric unit!'.

Its salt-dependent reversible association might be used for nanotechnological

purposes; we will deal with AfFt nanoparticle in section 4.2.

Apart from the cytosol, HFt is also modestly found in the serum, where it acts

as an iron carrier, transporting Fe(IIl) to areas where it is required: HFt is in

fact able to bind to a great variety of cells in a saturable fashion". It was not

until 2010 that HFt cellular receptor has been identified as the human
7
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transferrin receptor 1 (hTfR1 or CD71)?! a transmembrane protein able to bind
other iron-regulating ligands as Transferrin (Tf)**) or hemochromatosis-
associated protein (HFE)®" It is worth noting that CD71 recognizes only HF#t,
while it does not recognize LFt?"; HFt binding epitopes with CD71 are to date
unidentified.

After binding of HFt to CD71 on the surface, HFt enters in the cell through a
hTfR1-mediated endocytosis, a complex process mediated by a clathrin-
dependent pathway. Once the iron-loaded Ft is transported to endosomes and
lysosomes, the receptor is recycled to the cell surfacel.

Curiously, this interaction seems to be specie-related: for example, in mice TIM-
2 (T cell immunoglobulin and mucin domain protein-2) serves as an
endocytosing receptor for mouse HFt (that shares 92% identity with human
HFt2Y), while the murine LFt recognizes Scara’ receptor; however, TIM-2 is not

expressed in humans2),

We will deal with Tf, HFE, clathrin-dependent pathways and CD71 biochemical

properties in session 1.2.

H-Ferritin as nanovector for biomedicine

Among thousands of nanovectors currently under study, Ferritin H-chain
homopolymer is one of the most versatile for biomedical purposes. In fact, thanks
to the above-mentioned biochemical properties, this nanoparticle is endowed

with special features for targeted delivery of molecules [26:27:22)
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i) biocompatibility: biological-derived mnanoparticles are exploited in
biomedicine for their low toxicity and ability to elude the immune system. HFt

is indeed a physiological non-toxic protein, already present in human organism;

ii) size: this parameter is critical for directing vectors distribution in vivo®.
Nanoparticles should be not too small (<5 nm) nor too large (>150 nm) for
avoiding kidneys filtering in the former casel®! or liver/spleen entrapment in the
latter®. Thus, 10-100 nm diameter generally proves long-lasting times in the
circulation®: indeed, Ferritin is 12 nm large. Its purification protocols give high
levels of homogeneity and monodispersity®®, important factors that increase the
efficiency of a nanovector *;

iii) stability: upon in vivo administration, particles should remain stable while
in circulation in order to arrive intact at the intended site. HFt intersubunit
interactions give to it an exceptional stability: as discussed before, the cage is

resistant both to denaturants and to high temperatures®;

iv) specificity towards a target: one of the major challenges in drug-delivery
is to release the drug in the right organ: unspecific uptake by healthy cells leads
to severe cytotoxic side effects and to low therapeutic levels at disease sites*+%.
The delivery properties of nanoparticle-associated molecules are also much more
effective if compared to conventional free drug formulations, that tend to
distribute randomly throughout the body"#+3637 " Consequently, nanoparticles
need to be selective for specific tumor environments or, possibly, tumor cell
types: in the case of HFt, it binds hTfR1 with nanomolar affinity®3. As

explained in section 1.2, this receptor is highly expressed in iron avid cancer

cells and represents the ideal target which a nanoparticle should bind to;
9



1. Introduction 1.1 Ferritin

v) internalization in cells: after reaching the right organ, nanoparticles
should be internalized in cells to release the cargoP”. hTfR1-mediated

endocytosis® assures HFt entry in cells;

vi) surface properties: HFt internal and external surfaces can be genetically
and chemically modifiable. Thus, a plethora of molecules can be attached to the

outside (Figure 7) or encapsulated in the internal cavity (Figure 8): metals’,

drugs*!, antibodies*?, fluorescent molecules*’, contrast agents*!...

Primary amine/
Dye
X

Cysteine/Dye

S
\S

2 A -
A~ =
¢ \ N-temt\;r)al h_";:‘ion
' (o] torgzin’gr‘ pv;pﬁde

Primary amine/
Targeting peptide

Streptavidin/

AN
» p
“\. Biohr!ilated/
Protein G/ x\\» Y Antibody

Anfibody

Cysteine/
Targefing pepfide

Figure 7 Ferritin external surface can be functionalized by attaching different molecules 2.

Commonly employed cargo encapsulation techniques involve the HF¢t
quaternary structure disassembly at drastic pH values followed by re-assembly
at neutral pH*!. The drawbacks of this rough procedure lie in the possibility of
a partial and incomplete re-assembly of the cage and in an inevitable damage

to the loaded compound .

10
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Figure 8 Loading of molecules in Ferritin internal cavity through pH jump.

Consequently, HFts are implemented in nanotechnology as biological nano-cages

38,41,47,48) [4"J

for applications in targeted drug delivery , in nanoelectronic devices
bioimaging*’, vaccine development” and cancer theranostics***4; in the latter
case, HFt-CD71 interaction is particularly exploited. In a recent study, over 400
clinical specimens from patients with nine types of cancer were examined:
because of hTfR1 overexpression, HFts nano particles could distinguish
cancerous cells from normal cells with a sensitivity of 98% and specificity of
95%0. Ft-based nanoparticles might even be used to treat hypoxic solid tumor
sites, where nanoparticles usually undergo impaired diffusion and are not able
to penetrate. In fact, these areas, located far away from blood vessels, attract
macrophages (able to internalize HFtP): recent findings show that macrophages
are also able to transfer drug-loaded Fts to these hypoxic areas. Thus,
macrophages might be used to deliver ferritin-encapsulated compounds directly
to the solid tumor zones*!.

HF't presents also several advantages even over targeted antibodies and CD71
main ligand, i.e. transferrin (Tf): its 250 nm® hollow cage can host up to
hundreds small molecules, while Tf or antibodies can be engineered to bind
only a few molecules in positions far from the receptor recognition epitopes®.
Thus, HFt has more a convenient “drug/protein ratio” than the classical

“drug/antibody ratio”. Furthermore, HFt has 24 symmetrical recognition

epitopes for CD71, instead of just 2 of antibodies or Tf: this results in high

11
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affinity towards the target receptor (a property often referred to as
“multivalence effect”, that, in the case of CD71, rivals with typical antibodies
affinities®). Currently, Doxorubicin encapsulation in Ft nanocages represents

the most extensively investigated system for delivery of anticancer drugs®™.

Despite the large use in literature of HFt-CD71 interaction so far discussed, the
structural atomic details are to date unknown. Therefore, finding the residues
involved in this contact is of major importance for providing the structural basis

that govern HFt-CD71 interaction, beyond nanotechnological applications.

1.2 Transferrin Receptor 1

Transferrin receptor 1 (TfR1; in humans hTfR1 or CD71) is a universally
expressed cell entry carrier whose primary function is to import Transferrin-
bound iron in response to variations in intracellular concentration of this
essential element”’.

It’s a homodimeric type II transmembrane protein composed of a small
cytoplasmic domain (in humans, residues 1-60), a single-pass transmembrane
region (residues 61-88), and a dimeric extracellular domain (residues 89-760).
Each monomer of the ectodomain, whose total molecular weight is 150 kDa, is
in turn subdivided in a protease-like domain (P) in contact with the cell
membrane, a helical domain (H) comprising the dimer contact regions, and an
apical (A) domain™ (Figure 9).

12
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Figure 9 Human Transferrin Receptor 1 (hWTfR1 or CD71). Left: cartoon structure of the whole protein,
divided in intracellular, transmembrane and extracellular domains *°. Right: crystallographic structure
(pdb 3KAS, visualized with Chimera®) of the sole ectodomain, subdivided in protease-like, helical and

apical domains.

The ectodomain displays binding sites for diverse ligands (Figure 10).

Its basal portion (formed by P and H domains) binds transferrin (Tf), while the
H domain forms a complex with the Hereditary Hemochromatosis factor (HFE):
these proteins are both involved in iron homeostasis. HFE negatively regulates
iron uptake by competing with Tf for CD71: its association lowers the affinity
of hTfR1 for Tf up to 50-fold® %I,

Transferrin is a 80 kDa bilobed glycoprotein that transports one or two ferric
ions in the serum. Two Fe(IIl)-bearing Tf molecules can bind the dimeric CD71

in the basal portion with nM affinity (iron-free transferrin is not recognized by

13
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>

Apical
Helical

L TiHFE
b VirusiParasite

CD71-Tf CD71-HFE CD71-GP1 (MACV) CD71-PvRBP2b (F. vivax)

Figure 10 CD71 ligand recognition epitopes and binding modes that are to date known. A. CD71 residues
identified as recognition epitopes for iron-regulating proteins Tf/HFE and viruses/parasite are represented
as orange/wheat and red/pink surfaces, respectively. B. CD71 receptor is shown bound to Tf (orange
surface, pdb 1SUV#)), HFE (cyan surface, pdb 1DE4?) GP1 protein of MACV (pink surface, pdb
3KAS), Tf and PuRBP2b from P. vivax (orange and blue surfaces, pdb 6D04%).

(Figure obtained with Chimera™')

TfR at the extracellular pH of 7.4)2? Tron uptake is mediated by the
internalization of the transferrins-iron complex through receptor-mediated
endocytosis via a clathrin-dependent pathway?®” (Figure 11). Embedded by
clathrin-coated pits, the complex is fused with endosomes, whose acidic pH
induces a conformational change in Tf: iron is released from this protein while
apoTf remains bound to CD71. Once the iron cargo is delivered in the cell, the
apoTf-hTfR1 complex is recycled back to the membrane external surface; the
extracellular pH leads to their dissociation and apo-transferrin is released into

the bloodstream/©

14
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Figure 11 CD71 mediated endocytosis (clathrin-dependent pathway) of diferric-Tf !

The apical domain, instead, interacts with ligands having completely different
structures and functions respect to Tf or HFE. Its upper part binds New World
hemorrhagic fever arenaviruses (namely Machupo, MACV, Junin, JUNV,
Guanarito, GTOV, and Sabia, SABV viruses)(16667.65670 " feline and canine
specific parvoviruses™, hepatitis C virus™ and the most common malaria
parasite Plasmodium wvivar invasion protein (PvRBP2b)%7™. Viral systems
recognize epitopes on the host-encoded CD71 receptor through their surface
spike glycoproteins, triggering the internalization of the complex. Apart from
specific ligand-dependent residues, all these pathogens recognize a specific
portion of CD71 apical domain (Figure 12): residues 208-212 and 215 located on
the BII-2 strand and residues 343, 344, 348 on the oll-2 helix; in particular,

Tyr211 is a critical determinant for viruses cell entry™.

As a result, it is clear that CD71 acts as a cellular entry carrier not only for
iron-regulator proteins through its basal part, but also for several pathogens
through the apical domain.

CDT1 has been also shown to mediate the uptake of heavy chain Ferritin (HFt)
from serum as an alternative or additional source of bioavailable iron®’, despite

15
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Figure 12 Left: Portion of CD71 apical domain recognized by several arenaviruses and P. vivaz parasite
for cellular invasion. Right: close-up view of the specific residues: 208-212, 215 on the BII-2 strand and 343-
344, 348 on odl-2 helix ©Y,

Tf, HFE and HFt have completely different molecular structures and
dimensions. The mechanism of how hTfR1 mediates the internalization of such
different ligands remains unknown, nor are known the epitopes of interaction on
both HFt or hTfR1 proteins sides. Surface plasmon resonance (SPR) data show

that the two proteins interact with a nanomolar affinity®Y.

This transmembrane protein constitutes also an attractive target in biomedicine:
in a plethora of different types of cancer cells™ (e.g. rectum, cardia, liver,
stomach, breast, pancreas, ovary, prostate: Figure 13), its levels of expression
are up to 100-fold higher than the average expression in normal cellsl*»>>7.76.77
It has been proposed that this overexpression may be attributed to the necessity

of iron for cancer cell proliferation!™.

CDT71 extracellular accessibility, its ability to internalize different proteins and

its central role in the cellular pathology of human cancer further highlight its
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IHC staining at Secondary Sites

% Strong/Moderate Staining

Figure 13 CD71 immunohistochemistry (IHC) staining in different tissues show that it is highly

overexpressed in many metastatic cancers [,

potential use as a privileged target for the selective delivery of cytotoxic drugs
coupled to its ligands (Tfs or HFts) or monoclonal antibody drug conjugates.

In particular, it is currently used as a portal for the delivery of drug-loaded-
HF'ts into malignant cellsP#041:42434447455152]  Ag mentioned at the end of section
1.1, the advantage of using HFt instead of Tf or antibodies for hTfR1-targeted
nanoparticles delivery lies in the number of molecules that these proteins may

load: up to hundreds in HFt cavity, only a few for Tf or antibodies.

However, a key missing piece of information concerns the structural basis of the
interaction between CD71 and HFt. We managed to discover the structural
determinants that govern HFt-hTfR1 interaction thanks to cryo-electron
microscopy, an imaging technique that is increasing its importance in structural

biology year over year.
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1.3 Single-particle cryo-EM

X-ray crystallography vs Cryo-EM
Before 2013, most atomic structures of macromolecules deposited in the protein

79]

data bank (PDB) were determined by X-ray crystallography™. The physics
beyond this technique lies on the diffraction of a coherent X-ray beam incident
on a crystal: because of its ordered structure, diffracted X-rays are scattered
only in specific directions (Bragg diffraction, Figure 14). By measuring the
diffracted pattern in Fourier space, the three-dimensional structure of the crystal
can be reconstructed in real space with atomic resolution®: this is the reason
why X-ray crystallography is one of the most employed experimental techniques
to solve protein structures [*!.

The determination of a protein structure with this technique completely depends
on the quality of the sample, that is a protein transformed into a well-ordered
3D crystal. However, it might be arduous to obtain the favorable experimental
conditions in which the good crystal grows, in particular for insoluble proteins;
besides, the sample should be extremely homogeneous in both composition and

conformation in order for the X-ray beam scattering to occur correctly™.

= e

Crystallized
molecule

‘' Film

Figure 14 Diffraction of an incident X-ray beam on a crystallized molecule for solving its structure at
atomic resolution *.
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Cryo-electron microscopy (cryo-EM) was used for solving the morphology of
large protein complexes that resisted crystallization; the electron density maps
were reconstructed at much lower resolutions than the crystallographic ones*.
However, thanks to technological advances in instrumentation (in particular the
introduction of direct detectors, as will be explained later) and to more efficient
algorithms for data analysis calculations, cryo-EM from 2013 on begun to be

“l_ In particular, single-particle

more and more used in structural biology™"
analysis emerged as the most common approach for inspecting the huge quantity

of data produced by an electron microscope.

10,000 1 —— X-ray crystallography ——NMR —— Electron microscopy
250
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Figure 15 Number of proteins structures deposited in the Protein Data Bank solved with X-ray
crystallography (blue), NMR (red) and EM (green) *'. In 2013, the introduction of Direct Detectors

determined a huge increase in the resolutions achievable with cryo-EM ™.

Nowadays (2018), cryo-EM is reaching X-ray crystallography resolution and can
be used as a standard method to determine atomic structures of macromolecules,
protein complexes or molecules that are difficult to crystallize in specific
functional states™ (as membrane proteins). A compulsory limit of this technique

lies in the size of the biological sample to image, that should not be smaller than
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~100 kDa (currently, the smallest protein ever resolved with cryo-EM is
haemoglobin, 64 kDa, at a resolution of 3.2 A).

These new technological progresses have made single-particle cryo-EM the
“Method of the Year 2015” for Nature®*”; moreover, three electron microscopists
were awarded with the 2017 Nobel Prize in Chemistry.

While crystallization locks a protein in its most stable orientation, proteins in
cryo-EM are free to move until the moment of freezing. As such, this technique
images biological samples in their native state in solution and might visualize

119 Moreover, as will

multiple states coexisting in a non-homogeneous specimen!
be explained below, the sample preparation for cryo-EM is much handier than

the crystallization process.

In summary, cryo-EM is now developing into a fast and practical alternative for
high-resolution protein structure determination. In this context, solving
Ferritins structures with cryo-EM is particularly straightforward: indeed, horse
spleen apoferritin has been one of the first proteins structures ever reconstructed

at a resolution of 4.7 ABY,

Sample loading

Few microliters of the protein in solution are deposited on a special grid,
consisting of 60 pm squares made by 1-2 pm holes in a carbon film supported
by a metal (gold®™ or carbon) frame. When applied, the protein particles

distribute within the grid holes in random orientations.
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Figure 16 3-mm grid is perforated with holes 1-2 pm in diameter. The particles of interest are thus
embedded in a thin layer of ice and are distributed in random orientations .

The grid is then rapidly plunged into a cryogen such as liquid ethane
(maintained below -160° C to prevent the formation of ice crystals) that freezes
and traps the particles in a thin film of vitreous icel®" 2.

The grid containing the nanoparticles of interest is then loaded on a special

specimen holder and is inserted in the microscope.

The cryo-electron microscope

The imagining of a sample in transmission mode is governed by the same
physical principles using an optical or an electron microscope®“!. Briefly, in
both instruments (Figure 17) a coherent and monochromatic radiation (photons
of the visible light or electrons) is generated by a source (a laser/lamp or an
electron gun) and is collimated through a first pair of lenses (optical lenses made
by quartz or electromagnetic lenses made by electromagnets), called condenser
lenses, on the specimen plane. After the interaction with the specimen, a second
and third pairs of lenses, called objective and eyepiece/projector lenses, focus
the transmitted radiation on the image recording system (a photomultiplier tube

for light microscopy or a CCD camera for both light and electron microscopy).
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The electron microscope column is maintained at high vacuum to avoid
scattering between electrons and air molecules.
A

The diffraction limit of a generic imaging system is in fact equal to d = VA

(where NA is the numerical aperture of the objective lens): as such, the two
microscopes differ deeply in the length scales that they can explore. Even with
the most recent super-resolution light microscopy techniques (e.g. STED,
PALM, STORM ..), it is not possible to have resolutions better than 50 nm®.
Electrons instead, behaving like waves, have a wavelength of the order of
Angstroms: as such, with cryo-EM specimens can be imaged with A resolution

(Figure 18).

Thus, cryo-EM data of proteins are constituted by frames resulting from
electrons interaction with the sample. More specifically, these images are
bidimensional projections of the ice-embedded vitrified specimen seen from

random points of views™ (Figure 19).
In order to avoid the radiation damage on biological matter, it is mandatory to

use a low-dose of electrons (4.e. a maximum of 20 e /A?!*)): the acquired cryo-

EM images are thus characterized by very low contrast and high noise.
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Figure 17 Comparison between an electron (left **) and a light (right *Y) microscope.
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Figure 18 Resolutions that can be reached with different microscopes 1.
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Electron Beam

Vitrfied
Specimen | =

Figure 19 cryo-EM data of proteins are images of repeated, randomly oriented 2D projections of the ice-

embedded specimen, whose 3D structure is unknown .

Image recording system
Until 2013, it was common to have charge-coupled device (CCD) cameras as
image recording devices of an electron microscope, but their resolution was quite

83 While CCD cameras convert electrons

poor and their frame rates were slow!
in photons to record images, the more recently developed direct detectors
devices (DDD) spot the electrons straightforwardly, thus allowing much higher
signal to noise ratios in images. Their high frame-rates, moreover, allow to
record many frames per second: DDD data are “movies” (called micrographs)
constituted by subframes, during which the particles move because of electron-
beam induced motion™ (Figure 20). This new mode of data collection is the

breakthrough that allowed the so-called “resolution-revolution” in cryo-EM, i.e.

near-atomic information for protein structure determination.
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Frame 1—_
Frame 2

Frame n

1 micrograph  2"¢ micrograph Nt micrograph

Figure 20 Cryo-EM raw data consist in a collection of N micrographs, each made by n subframes during
which the particles move because of electron beam-induced motion. (Image modified “7)

Single-particle data analysis

Single-particle is an analysis technique for cryo-EM data based on the principle
that the raw images are constituted by “isolated, unordered particles with
identical structure”®.

As discussed above, the micrographs are constituted by noisy multiple point of
views of the same protein: the 3D structure is obtained thanks to single-particle
image-processing methods based on deep learning algorithms, that require GPUs
and large computer clusters for calculations.

Briefly, the single-particle cryo-EM workflow from raw micrographs to a possible

3D high-resolution structure can be summed-up as follows:

i) motion correction: correction of the frames constituting a single micrograph
for the electron beam-induced motion through particles tracking algorithms; a
single, much more contrasted micrograph is obtained .
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Figure 21 Single-particle workflow for analyzing cryo-EM data. (Image modified ")

ii) CTF correction: calculation of the Contrast Transfer Function for every

10 This function modulates the image contrast in Fourier space and

micrograph!
must be calculated to restore the actual contrast of the data. More formally, the
CTF is the Fourier Transform of the Point Spread Function (PSF) of an optical
system; they both are needed to reconstruct the information (in terms of real
distances for PSF, of spatial frequencies for CTF) about an object that is imaged

through an instrument®. Through CTF fit, the mean defocus of micrographs

can be calculated.

iii) Autopicking of the particles and extraction: the algorithm
automatically detects the particles of interest in the micrographs. This

procedure is generally based on a reference (as, for example, a set of ~1000
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manually-picked particles). In the end, a set of randomly oriented, very noisy

and contrast-less particles is extracted from every micrograph!™®!.

iv) Particles alignment: particles are aligned to a reference by rotations and
translations through cross-correlation maximizations!'’?. Thus, the set of

particles obtained at the previous point is now in the same orientation.

v) Particles classification: once aligned, particles can be compared to each
other and then classified. This is one of the most computationally expensive
parts of single-particle analysis: sorting algorithms are used to identify clusters
of particles having similar characteristics, based on a reference (for example, a
structure of a similar protein) or not. These classifications might be obtained in

2D or 3D,

vi) Three-dimensional model reconstruction: the algorithm calculates the
Euler angles between the classes and arranges all of them in a final 3D

12 This computationally-expensive procedure is based on the central

structurel
projection theorem (for which the 2D Fourier Transforms of two projected
images share a line in the 3D Fourier space®). The map is then sharpened
through B factors calculations; its resolution is estimated by the Fourier Shell

Correlation between volumes reconstructed from two independent random

halves of the dataset”.

At the end, the obtained map may be validated through standard parameters
calculated by specific programs!'™. It might also be fitted with crystallographic

structures, or vice versa, the crystallographic structures might be modeled on
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experimental, more native-like cryo-EM data to check for conformational

changes or flexible parts in the biological assembly.

The workflow here shown will be followed throughout all chapter 4 to analyze

the cryo-EM data obtained from three different samples.
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2. Aim of the work

The principal aim of this thesis is the structural determination of the residues
involved in the complex between the human Ferritin H-chain (HFt) and the
human Transferrin Receptor 1 (hTfR1 or CD71) at near to atomic resolution.

HFt nanoparticles represent one of the most appropriate vectors for cellular
delivery of molecules thanks to their internalization by CD71 a
transmembrane receptor overexpressed in most cancer cell typesl*6>75.76.77.7
(Figure 13). The two proteins have been shown to interact very tightly: SPR

% As such, literature is continuously

data proved their nanomolar affinity!
enriched by successful biomedical applications of this interaction, in particular

for cancer treatment/3$40:4142434447485152).

nevertheless, the epitopes of their
recognition are to date unknown.

Near atomic structural information is fundamental to pinpoint the role of single
amino acids directly involved in the HFt-hTfR1 interaction. To this end, we
exploited single-particle cryo-electron microscopy (cryo-EM): this technique is
currently reaching X-ray crystallography resolutions™*! and can be used as a
more convenient method to determine atomic structures of protein complexes.
We took advantage of modern cryo-electron microscopes (a Titan Halo and a

Titan Krios, both equipped with direct detectors) and GPU-equipped computer
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clusters for single particle analysis calculations (for which we have followed the
workflow described in Figure 21). This investigation is described in chapter 4.1.
The structural information here shown will likely represent a fundamental

advance for all HFt-related applications in the field of nanotechnology.

Through the CDT71-targeted distribution of specific payloads, the cellular
internalization property of HFt might be used for a plethora of purposes, ranging
from anticancer therapy to image-enhancement for diagnostics. The side aims
of this thesis deal with cryo-EM structural analysis of two different Ferritins
chimeras, whose constructs have been designed and optimized by our group.
The first (chapter 4.2) is the Humanized Archaeoglobus fulgidus Ferritin
(HumAfFt), engineered to retain both the reversible, cations-induced association
of the archaeal ferritin and the internalization in human cells typical of HFt
through CD71 recognition.

The second (chapter 4.3) is the Lanthanide binding Ferritin (HFt-LBT Th(III)),
in which a high Th*" affinity sequence has been genetically fused to the mouse
H-chain Ferritin structure to provide a construct acting both as carrier targeted

to CD71 and as a FRET sensitizer by an appropriate antenna effect.
Throughout all chapter 4, the use of cryo-EM has been demonstrated to be

crucial to obtain significant structural information that could not be achieved

with other experimental techniques.
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3. Materials and methods

3.1 Cloning, expression and purification of
the proteins

Human HFt and Mutants A, B, C

The genes encoding the human apo-H-chain ferritin (HFt) and mutants A
(Q14A/D15A/R22A) and B (F81A/Q83A) were designed, synthesized,
optimized for Fscherichia coli codon usage and cloned in pET11b vector by
Geneart (Geneart AG). Mutant C (Q14A/D15A/R22A/F81A/Q83A) was
produced by using the Quick Change Lightning Kit (Agilent Technologies,
Santa Clara, California) according to the manufacturer’s instructions and using
mutant A as a template. All apo-HFt variants were expressed in E. Coli and
purified as previously reported“.

Briefly, samples dialyzed overnight against phosphate-buffered saline (PBS) pH
7.5 were loaded on a strong anion-exchange column, HiTrap Q Sepharose High
Performance (GE Healthcare, Boston, MA, USA) previously equilibrated with

the same buffer. In these conditions, HFt samples eluted from the column,
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whereas other E. coli proteins and DNA contaminants did not. The recovered
HFt samples were ultracentrifugated at 35 000 rpm for 55 min at 6 °C using a
BeckmanL.8-70M  ultracentrifuge (Beckman Coultier). The recovered
supernatant was then precipitated using ammonium sulfate at 65% saturation
(w/v). The pellet was resuspended and dialyzed overnight against PBS pH 7.5,
pooled, and concentrated by means of 30 kDa Amicon Ultra-15 centrifugal filter
devices (Millipore, Billerica, MA, USA). Finally, the nanocages were sterile
filtered and stored at 4 °C. Typical yields were 100 mg of pure proteins per 1 L
of bacteria culture. The purity of all the preparations was assessed by SDS-
PAGE, running the nanocages on 15% gels and staining the protein with
Coomassie  brilliant  blue. Protein concentrations were determined
spectrophotometrically at 280 nm, using a molar extinction coefficient (on a 24-

mer basis) of 4.56 x 10° M~'em ™" (ProtParam sofware, http//www.expasy.org).

CD71

The gene encoding the ectodomain of human CD71 (residues 121-760) was
extracted by PCR from the plasmid pAcGP67A-TfR (Addgene, Cambridge,
MA) and BamHI/EcoRI inserted using the Gibson cloning method and fused at
the 3' of the Kozak sequence of the pa—H mammalian expression vector
modified by the addition of the hydrophobic leader peptide from the baculovirus
protein gp67 (pa—H BiP). An octa-histidine tag was also placed at the C-
terminus of the CD71 gene. The expression plasmid po—H BiP/TfR1 was
transiently transfected in HEK293 using polyethylenimine (PEI) as transfection
agent. Cells were grown in FreeStyle 293 expression media (ThermoFisher
Scientific, Hampton, USA) supplemented with 1% of fetal bovine serum (FBS)
at 37°C in a humidified atmosphere of 5% CO.. After 96 hours, cells were
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harvested and CD71 was purified from supernatants using Ni- or Co-affinity
chromatography. Supernatant was filtered and incubated with the resin after
addition of 50 mM sodium phosphate buffer, pH 8.0, together with 200 mM
NaCl and 20 mM imidazole; 250 mM imidazole was used to elute CD71. The
protein sample was stored at -80°C in 50 mM sodium phosphate, 200 mM NaCl,
pH 8. Quality and quantity of purified protein was evaluated by SDS-PAGE
and UV /visible spectra using the theoretical €250 nm 96260 M 'em.

“Humanized” A.Fulgidus ferritin (HumAfFt)

The gene encoding for a mutated ferritin from Archaeoglobus fulgidus was
synthesised by GeneArt (ThermoFisher) and subcloned into a pET22b vector
(Novagen) between the restriction sites Ndel and HindIIl at 5' and 3’
respectively. The recombinant plasmid was transformed into BL21(DE3) E. coli
strain for protein expression.

E. coli cells, containing the HumAfFt plasmid, were grown and induced with 1
mM IPTG (isopropyl-g-D-1-thiogalactopyranoside) at ODgy = 0.6. Cells were
harvested by centrifugation 3 hours post induction at 37 °C. Cells harvested
from 1 L culture were resuspended in 20 mM HEPES buffer, pH 7.5, containing
200 mM NaCl, 1 mM TCEP (tris(2-carboxiethyl)phosphine), and a cOmplete
Mini Protease Inhibitor Cocktail Tablet (Roche). Cells were disrupted by
sonication and the soluble fraction was purified by heat treatment at 78 °C for
10 minutes. Denatured E. coli proteins were removed by centrifugation at 15
000 rpm at 4 °C for 1 hour. The soluble protein was further purified by
ammonium sulfate precipitation. The precipitated fraction at 70% ammonium
sulfate was resuspended in 20 mM HEPES, 50 mM MgCl,, pH 7.5 and dialyzed

versus the same buffer. As a final purification step, the protein was loaded onto
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a HiLoad 26/600 Superdex 200 pg column previously equilibrated in the same
buffer using an AKTA-Prime system (GE Healthcare). The purified protein was
concentrated to obtain the final protein preparation of 1 mg mL™" and protein
concentration was calculated by measuring the UV spectrum using an extinction

coefficient of 32 400 M~! em™'. Protein yield was ~40 mg L' culture.

Lanthanide binding Ferritin (HFt-LBT Tb(III))

A synthetic gene encoding for mouse H chain ferritin (HFt) fused with a
lanthanide binding peptide (LBT) was designed, synthesized, and optimized for
Fscherichia coli codon usage by Geneart (Geneart AG). The last five C-terminal
aminoacids of H chain ferritin were replaced by the GSG spacer sequence,
followed by the LBT sequence YIDTNNDGWIEGDELLA!, As such, the LBT
sequence is designed to be located within the inner cavity, as a prolongation of
the inward directed C-terminal region (or E helix in ferritin secondary structure
nomenclature). The resulting HFt-LBT construct, was subcloned into a pET22-
b vector (Novagene) between Ndel/Xhol restriction sites. A stop codon was
inserted before the His-tag region to avoid transcription of the unwanted tag.
HFt-LBT was overexpressed in Fscherichia coli BL21 cells upon induction with
ImM IPTG (Isopropyl-B-D-1-thiogalactopyranoside) at OD600 = 0.6. Cells
were harvested by centrifugation 16 hours post induction at 37°C. Cells
harvested from 1 L culture were resuspended in 20 mM HEPES buffer, pH 7.5,
containing 300 mM NaCl, 1 mM TCEP, and a c¢cOmplete™ Mini Protease
Inhibitor Cocktail Tablet (Roche). Cells were disrupted by sonication and the
soluble fraction was purified by heat treatment at 78°C for 10 minutes.
Denatured E. coli proteins were removed by centrifugation at 12000 rpm at 4°C

for 1 hour. The soluble protein was further purified by ammonium sulfate
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precipitation. The precipitated fraction at 70% ammonium sulfate was
resuspended in 20 mM HEPES, 150 mM NaCl, pH 7.5 and dialyzed versus the
same buffer. As final purification step, the protein was loaded onto a HiLoad
26/600 Superdex 200 pg column previously equilibrated in the same buffer using
an AKTA-Prime system (GE Healthcare). Purified protein was concentrated to
obtain the final protein preparation of 1 mg/mL and protein concentration was
calculated by measuring the UV spectrum using an extinction coefficient of
26000M'cm™. A small amount of higher molecular weight aggregates was
observed in all ferritins preparations (less than 5%), and attributed to the
presence of intermolecular disulphide bridges, possibly involving the surface
exposed Cys103. As indicated Protein yield was ~50 mg/L culture. The expected
molecular weight of 22662 Da was confirmed by MALDI-TOF Mass

Spectrometry (Figure 24).

3.2 Samples preparation for cryo-EM
acquisition

CD71/HFt complex

In witro, incubation of HFt and CD71 at different stoichiometric ratios
(HFt:CD71 = 1:1, 1:12, 1:24), temperatures (37 °C, 20 °C, 4 °C) and incubation
times (607, 30°, overnight) results in protein aggregation due to the presence of
multiple binding sites on both HFt and CD71, forming insoluble precipitates.
Several attempts in the stabilization of the sample with cryo-compatible

Polyethylene Glycol (PEG) at different molecular weights (PEG6000 and

35



3. Materials and methods 5.2 Samples preparation for cryo-EM acquisition

PEG8000) and concentrations (ranging from 1% to 5%) resulted in the same
outcome. We managed to isolate a soluble sample of CD71/HFt complex by
means of a pull-down experiment, as already established®. 250 pg 8xHis-tag
fused CD71 was incubated with 100 uL. of TALON resin (TALON Superflow
Metal Affinity Resin, Ge Healthcare, UK) in 25 mM Tris-HCI, 150 mM NaCl,
1% PEG8000 and 10 mM Imidazole, pH 7.2 (buffer A), for 60 minutes at 4°C,
under rotation. After several washes with buffer A, CD71-conjugated beads were
incubated with 950 pg of HFt for 90 minutes at 4°C under rotation. The beads
were washed increasing imidazole concentration in buffer A up to 30 mM, and
the complex was eluted in 350 pL using 290 mM imidazole in buffer A. As
control, CD71-unconjugated beads were also incubated with 950 ng of HEt for
90 minutes, following the same procedure adopted to isolate the complex. The

pull-down assay final samples were analyzed by SDS/PAGE:

CD71

H-Ft

2 Mw
(kDa)

Figure 22 HFt-CD71 pull-down assay analyzed by SDS/PAGE. Lane I: Beads+HFt. Lane 2: Beads-
8HisCD71 + HFt. Lane 3: Molecular weights.

Purified CD71/HFt complex eluted from Talon resin at 0.2 mg/mL was directly
used for grid preparation. Two datasets were collected using the same batch of

grids to obtain the final map.

36



3. Materials and methods 3.9 Grids preparation for cryo-EM

HumAfFt
3 pL of 1.2 mg/ml HumAfFt in 20 mM HEPES (pH 7.4) and 50 mM MgCl, was
directly applied to the holey-gold grids. In this buffer the protein is an assembled

24-mer.

HFt-LBT Tb(III)
3 ul of a solution of 20 mM HEPES and 150 mM NaCl, pH 7.5, containing 1

pM (24-mer concentration) HFt-LBT Tb(III) complex was applied to holey-gold

grids.

3.3 Grids preparation for cryo-EM

The procedure here described follows the discussion in session 1.3 (Figure 16).
Holey-gold R0.9/1 (dataset 1 of CD71/HFt complex, HumAfFt and HFt-LBT
Th(III)) and holey-carbon R1.2/1.3 covered by 2 nm film of carbon (dataset 2
of CD71/HFt complex) grids from Quantifoil Micro Tools, GmbH, were

®l Grid surfaces were treated with plasma cleaning

prepared as described!
(Fischione Instruments Plasma Cleaner) using a mixture of 75% Ar and 25% O,
for 60 s before applying 3 ul of sample.

We applied the samples on the grids using a Vitrobot Mark IV (FEI,
Hillsboro)® kept at 100% humidity and 4°C.

The screening of several blotting conditions revealed that the time between
sample application to the grid and plunge into ethane affects enormously the

number of particles per field and their distribution: this time is indicated as

“waiting time”. The waiting times for the different samples were: 135 s for

37



3. Materials and methods 5.4 Cryo-EM data collections and analysis

dataset 1 of CD71/HFt complex, 90 s for dataset 2 of CD71/HFt complex, 30 s
for HumAfFt and HFt-LBT Tb(III).

Grids were then blotted on filter paper at force 4 for different times; this time
is referred to as “blotting time”. The blotting times used were: 1s for CD71/HFt
complex (datasets 1 and 2), 4s for HumAfFt, 3s for HFt-LBT Tb(III). After

blotting, grids were vitrified by rapidly plunging into liquid ethane at —180 °C.

3.4 Cryo-EM data collections and analysis

Data collections

The parts of cryo-EM microscopes follow the description given in 1.3 (Figure
17, Figure 19, Figure 20).

Micrographs of CD71/HFt complex datasetl (690 micrographs), HumAfFt (50
micrographs) and HFt-LBT Tb(III) (350 micrographs) were imaged at CUNY
Advanced Science Research Center (New York), using a FEI Titan Halo
(ThermoFisher Scientific, Eindhoven) operating at 300 kV, while the specimen
was maintained at liquid nitrogen temperatures using a Gatan 626 side entry
cryo-holder (Gatan, Pleasanton). Datasets were collected with Leginon'", an
automated data collection system.

HumAfFt datasets were imaged with a Volta phase-plate (FEI, Eindhoven )"
on a FEI Ceta camera (FEI, Eindhoven) with a camera pixel size of 14 pm,
corresponding to a calibrated pixel size of 1.49 A on the specimen scale and with
a dose of 18 e A2

CD71/HFt complex (dataset 1) and HFt-LBT Th(III) data were collected on a
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K2 Summit direct detector camera (Gatan, Pleasanton) operating in super-
resolution mode, with a calibrated pixel size of 1.15 A on the object scale, a
camera pixel size of 14 pm and a magnification of 94000 x. Images were typically
recorded with a defocus range between —0.7 and —3.0 um and using a dose of
electrons on the specimen plane ranging between 10 and 20 electrons/A2. Movies
were acquired with a total exposure time of 12 sec (60 frames/micrograph), with
exposure rate of 7.8 electrons/pix/sec.

A second dataset for CD71/HFt complex (573 micrographs) was imaged at
European Synchrotron Radiation Facility (ESRF, Grenoble) using a 300 kV
Titan Krios (ThermoFisher Scientific, Eindhoven). The dataset was collected
automatically using EPU (ThermoFisher Scientific, Eindhoven). Images were
recorded on a Gatan K2 Summit direct-detector camera (Gatan, Pleasanton)
equipped with a Gatan Bioquantum LS/967 energy filter and operating in super-
resolution mode, using a calibrated pixel size of 1.33 A on the object scale. The
defocus was between —1.0 and —3.0 um. Movies were acquired in electron
counting mode, the total exposure time was set to 12 sec (40

frames /micrograph), with exposure rate of 6.2 e /pix/sec.

Data analysis

Analysis of the datasets follow the single-particle workflow described in Figure
21. For CD71/HFt complex and HFt-LBT Th(III) datasets, motion correction
for CD71/HFt complex and was performed using MotionCor2”; CTF was

100 All subsequent data analysis was carried out using

calculated using Getf!
RELION 2.0 occasionally, for CD71/HFt complex, we also used cisTEM!,
For HumAfFt dataset, nor motion nor CTF correction were applied: the first

could not be due since the detector was a CCD camera, the second was not

39
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necessary because the data were collected within 200 nm of focus and the first
CTF zero crossing was well beyond the achievable resolution of the dataset.

Data analysis was carried out using RELION 1.4.

Cryo-EM maps resolution estimations and sharpening
The overall resolution of the maps was estimated with the Fourier shell
correlation (FSC) = 0.143 criterion, based on the ‘gold-standard’

L1211 The input map was corrected for the modulation transfer

protocol
function (MTF) of K2 detector and sharpened using negative temperature B
factors as calculated by RELION. When needed, local resolution was estimated
using ResMap'¥,

The electron density maps for HFt-CD71 complex were sharpened using the
autosharpen tool in Phenix''?.

UCSF Chimera® Coot"9 and PyMOL (http://pymol.sourceforge.net) were

used for graphical visualizations of the electron density maps and

crystallographic structures.

3.5 X-ray Crystallography for structure
determination

CD71/HFt complex structures refined in cryoEM maps
The program Chimeral® was initially employed to rigid body fit the crystal
structures of HFt (PDB code 3AJO) and CD71 (PDB code 3KAS) into the

sharpened electron density map obtained at 5.5 A resolution, which was further
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refined as rigid body with Phenix real space_refinement™”. In this map, both
CD71 and HFt were visible at the level of their secondary structures. The
resulting CD71/HFt model was then rigid body fitted into the sharpened 3.9 A
density map using Chimera. Model building of HFt and of the CD71 contact
region was performed manually using Coot!"'®. The crystallographic model of
the CD71/HFt complex was refined once again wusing the same
real space_refinement routine against the overall map at 3.9 A, imposing
secondary structure and Ramachandran restraints. Final visual inspection was
performed in COOT to manually correct Ramachandran outliers. The final
104

model was validated using MolProbity!''" and EMRinger *: their parameters

can be found in Appendix 6.1 (Figure S3).

HumAfFt

The purified protein was concentrated to 20 mg mL ™" and initial crystallization
screening was performed using a Phenix Robot. Crystals were obtained by
mixing in a 2 pL hanging drop 1 mM of the purified protein with a solution
containing 22% (vol/vol) polyacrylic acid PAA, 0.1 M Tris, 0.02 M MgCl,, pH
7.4, at 25 °C within a week, cryo-protected by increasing the precipitant
concentration and flash-frozen in liquid nitrogen. Diffraction data have been
collected at 1D23-2 beamline at the European Synchrotron Radiation Facility
(ESRF), Grenoble, France. Data were processed with XDS!M¥ and scaled with

119 at a final resolution of 2.87 A. The structure was solved by Molecular

Aimless!
Replacement with MolRep (ccp4 suite) using the open pore structure AfFt (pdb
code 1S3Q) as the search model. Model Building and refinement were done using
CootM® and Refmach 1% respectively. The final model was analyzed with

PROCHECK!" and Molprobity”. The Ramachandran plot showed that
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97.8% of residues are in preferred regions, 2.2% in allowed regions and no outlier
is observed. The final atomic coordinates and structure factors were deposited
with the PDB Data Bank with accession code: 5L.S9. Complete data collection
and refinement statistics are reported in Appendix 6.2 (Figure S6).

The overall folding corresponded to the wild type structure (pdb code 1S3Q)
with a rmsd value of 0.4 A and displayed four wide triangular pores on the
surface. B factors analysis shows a mean B factor of 66 A2 except for the loop
region between the D and E helices, which displays higher B factors and a poor
electron density on the side chains from 146 to 151 residues. Two magnesium
ions have been positioned and successfully refined in the ASU, and they are
located in the ferroxidasic site of two different subunits. In both, one magnesium
ion is coordinated with both OE1 and OE2 of Glul9 (at 2.5 A and 2.8 A
distance, respectively), with Glu52 (OE1) at 2.5 A, with GIn129 (OE1) at 2.6
A and with a water molecule at 2.6 A distance. In the other chains, a water
molecule has been modelled in the Fo-Fc¢ map and successfully refined in the
same position. The loop region, including the conserved terminal turns, spans
from aminoacid 68 to aminoacid 86. At the dimeric interface between the two
antiparallel BC loops, the main interactions are a hydrogen bond between
Arg69(NH2) and Ser80 (O) at 2.8A distance and two salt bridges, namely Lys71
(NZ) - Glu77 (OE1) at 3.0A distance and Glu81l (OE2)-Arg69 (NH1) at 2.7A
distance. A weak salt bridge is established by Glu81 (OE2) and Arg69 (NH2),
at a distance of 3.0A. The salt bridge between Lys71 and Glu77 observed in
HuHF, is absent in HumAfFt since these positions were mutated into a
phenylalanine (Phe71) and a lysine (Lys77). Other interactions are conserved
between HFt and HumAfFt and displayed the same distances.
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apoHFt-LBT and HFt-LBT Tb(III)

Crystals of wild type apoHFt-LBT and HFt-LBT in complex with Th(III) were
obtained by mixing in a 2 ul hanging drop the purified protein at 15 mg/ml
with a solution containing 1.8/2.0 M ammonium sulphate and 0.1 M Tris, pH
8.5, at 25° C within a week, cryo-protected by extensively washing the crystals
in sodium malonate and flash-frozen in liquid nitrogen. Diffraction data were
collected at A = 1.0 A and 1.4 A respectively at XRD1 beamline at the Elettra

118 and scaled with

Synchrotron, Trieste, Italy. Data were processed with XDS!
Aimless!" at a final resolution of 2.85 and 2.65 A. They both crystallized in
1222 space group with 24 identical subunits in the asymmetric unit (ASU) with
a solvent content of 64.7%.

The structures were solved by Molecular Replacement with Phaser!"®? using the
structure of mouse H-chain ferritin (PDB code 3WNW) without waters and
ligands as a starting model. Model building and refinement were done using
Coot!" and Refmacb . Anomalous difference electron density map was
calculated from the HFt-LBT Tb(III) crystal diffraction data, collected at the
Tb emission peak (A = 1.4 A). The map has been generated using the Fast
Fourier Transform Program belonging to the CCP4 suite. The final model was
analyzed with PROCHECK!"! and Molprobity''. Ramachandran Plot showed
more than 98% residues are in preferred regions and no outlier is observed in
both structures. The validation of metal binding sites was performed using
CheckMyMetal web server. Final atomic coordinates, structure factors of
apoHFt-LBT and HFt-LBT with Th(III) were deposited in the PDB Data Bank
with accession code 50BA and 50BB, respectively.

The model building process allowed to position residues just from 3 to 176 since
the LBT loop was not visible, probably because of the intrinsic high flexibility
of the C-terminus region. When looking at the H-chain mouse ferritin structure,
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each ferroxidase center and 3-fold axes displayed one and two Mg(II) ions,
respectively, due to the crystallization buffer solution. In a similar way, in each
ferroxidase center and 3-fold axes of wild type apoHFt-LBT structure, a
significant electron density peak was indeed observed and ascribed to iron ions
(refined with occupancy <100%), since, although no salt was in the
crystallization solution, the X-ray fluorescence scan displayed the presence of
residual iron atoms. As a matter of fact, residual iron (5 atoms per ferritin 24-
mer) is consistently present in recombinant ferritin H-homopolymers, most likely
due to iron uptake within bacterial environment. In addition, in 3WNW
structure, one iron ion was modelled in each 4-fold axis while in HFt-LBT
structure, one water molecule was positioned and successfully refined. When
comparing the wild type apoHFt-LBT and HFt-LBT Th(III), the LBT loop was
still not visible while a very large electron density peak appeared in each
ferroxidase center and in the eight 3-fold axes. In the X-ray emission scan,
ranging from 4.0 to 21.0 KeV, the typical Xray emission lines of Terbium were
clearly identified in the HFt-LBT Tbh(III) crystals (Figure 23). Accordingly, the

crystals of wild type apoHFt-LBT lacked these emission energies.

° -
3000 4000 5000 6000 7000 8000 9000 10000

——HFHLBTTH Emission energy, KeV/

Figure 23 X-ray emission spectrum of HFt-LBT-Th: L emission lines of Tb at 7.5, 8.2 and 8.5 keV are
displayed. Additional lines at 6.3 and 7.0 keV are ascribed to iron ions.
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The position of Th(III) ions was clearly assigned by comparison of the 2Fo-Fc
electron density maps of the HFt-LBT Tb(III) and the wild type apoHFt-LBT
was used as a control. An additional demonstration of the Terbium assignments
was obtained by anomalous difference electron density map, which clearly
displayed the positions attributed to Terbium (Figure 62). In the ferroxidase
center, each Terbium ion was successfully refined with 70-75% occupancy and
was located in a trigonal planar coordination to OE1-GIn141 and to OE1 and
OE2-Glu62, and to OE2-Glu27, in a range of 2.6-3.2 A of distance. In the 3-fold
center, the Terbium ion was successfully refined with 100% occupancy and it
was tetrahedrally coordinated to OE1-Glul34 of the three subunits (at 2.2-2.4
A distance). In each 4-fold channel, one water molecule was positioned and
successfully refined as well as in the native protein. Complete data collection

and refinement statistics are reported in Appendix 6.3 (Figure S9).

3.6 Samples composition assays

CD71/HFt SPR assay

The interactions between the immobilized N-terminal His-tagged CD71 (ligand)
and HFt-based constructs (analytes) were measured by surface plasmon
resonance (SPR) technique on a Biacore X100 instrument (Biacore, Uppsala,
Sweden) according to the procedure previously reported’. Briefly, CD71 was
immobilized on a Sensor Chip nitrilotriacetic acid (NTA) (GE Healthcare
Europe GmbH) according to the manufacturer's instructions. The optimal

experimental setup was determined and CD71 was injected at 22 pg/ml for 60s.

45



3. Materials and methods 5.6 Samples composition assays

Analyte concentration was in the range of 1000-62.5 pg/ml. The sensor chip
surface was regenerated using fresh histidine tagged protein after every cycle of
the assay. The SPR assay was performed at 25 °C, at flow rate 30 pul/min; the
association and dissociation phases were monitored for 180 and 600 s,
respectively. Analytes were dissolved in degassed 10 mM Phosphate-buffered
saline (PBS) at pH 7.4. To regenerate the chip, complete dissociation of the
complexes was achieved by the addition of 10 mM HEPES, 150 mM NaCl, 350
mM EDTA and 0.005% (vol/vol) surfactant P20 (pH 8.3) for 30 sec before
starting a new cycle. The k,, and k5 rates as well as the dissociation constant
(Kp) were estimated using the Biacore X100 evaluation software according to a
1:1 binding model or alternatively a heterogeneous analyte binding model (Table
2). All experimental data shown in Figure 45 are reported at analyte
concentration of 1 mg/ml. Fits are reported as black lines corresponding to a
heterogeneous analyte binding model for wild type, Mutant A and Mutant B

respectively, and to a simple 1:1 kinetic model for Mutant C.

HumAfFt self-assembly assessment in solution

Size exclusion chromatography MgClrmediated self-assembly (Figure 50) was
studied by size exclusion chromatography (SEC) using a Superdex 200 26,/600
GL column (GE Healthcare). The molecular size of HumAfFt was determined
under different conditions by comparing the elution volume with that of
standard proteins. Composition of the mobile phase was 25 mM HEPES (pH
7.5) with different MgCl, concentrations accordingly to the composition of the

protein buffer.
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TfR1 silencing in HeLa cells
HeLa cells were transfected with Lipofectamine® RNAiMAX (Life Technologies)

following standard procedure. The siRNA against TfR1 was purchased from
Sigma (product #NM003234, siRNA ID: SASI Hs01 00059217). Cells were
then incubated with 30pg/ml of HumAfFt-FITC, treated and analyzed as
described in session 3.7. The FITC intensity was normalized for the FITC

intensity of the scr samples (Figure 56 right).

HFt-LBT Tb(III) MALDI-TOF mass spectrometry
40 ul of protein sample were desalted on a C8 Empore Disk (3M, Minneapolis,

MN) homemade stage tip and resuspended in 3 ul formic acid 1%. 1 ul was
spotted on a MALDI sample plate and allowed to air dry. Recrystallized
sinapinic acid (SA matrix from Thermo Fisher Scientific) was prepared at a
concentration of 5 mg/ml in 50:50 acetonitrile/water (0.1% Formic Acid) and
spotted directly prior to insertion into the mass spectrometer. Matrix-assisted
laser desorption ionization (MALDI) mass spectra were acquired on 4800
MALDI-TOF/ TOF mass spectrometer (Applied Biosystems, Foster City, CA)
equipped with a nitrogen laser operated at 336 nm laser. Acquisitions were
performed in linear mode averaging 2500 laser shots in a random, uniform
pattern. Ions were accelerated with a 20 kV pulse, with a delayed extraction
period of 860 ns. Spectra were generated by averaging between 500 and 2000
laser pulses in a mass range from 4 kDa to 50 kDa. Laser intensity was set to
optimize the signal-to-noise ratio and the resolution of mass peaks of the analyte.
All spectra were externally calibrated and processed via Data Explorer software

(version 4.7).
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4700 Linear Spec #1=>MC[BP = 22536.5, 1102]
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Figure 24 MALDI-TOF mass spectrum of HFt LBT. The molecular mass of 22531 Da corresponds to
theoretical protein mass (22662 Da) subtracted of the contribution of a methionine (131 Da)

HFt-LBT Tb(III) Fluorescence spectroscopy

Fluorescence spectra and titrations were performed using FluoroMax 4 (Horiba)
spectrofluorimeter with a Haake D8 refrigerated bath at 20 °C. Emission spectra
were recorded between 450 and 560 nm, in order to include the luminescent
maxima of Th(III) (490 and 545 nm). The excitation wavelength was chosen at
295 nm to minimize the overlap of second order diffraction (570 nm) with the
Tb(III) emission at 545 nm. Emission spectra were taken with excitation and
emission band passes of 4 and 8 nm and corrected for the blank contribution
and the instrument response at 295 nm in a quartz cell of 1 ¢m pathlength.
Emission spectra were normalized to 1 at 545 nm. Fluorescence static spectra
were performed using 1 pM (monomer) apoHFt-LBT and wild type apoHFt as
a control in 100 mM MES buffer pH 6.4. A 50 mM TbCls anhydrous powder
(Sigma Aldrich) stock solution was also prepared in MES buffer at pH 6.4.
Under these conditions, precipitation of Terbium hydroxides, easily formed
around neutrality, is avoided. Fluorescence spectra of the protein Th(III)
complexes were recorded after 30 min incubation and after addition of 150 uM

TbCl; in buffer solution in order to saturate all possible Th(III) binding sites
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both in HFt-LBT and HFt. Before recording spectra, protein solutions were
exchanged with buffer (Terbium free) by centrifugal ultrafiltration on vivaspin
MWCO 100 kDa concentrators (Sartorius) in order to remove unbound and
weakly bound metal ions (5 exchange steps, 1x10 concentration each). Protein
concentration was measured again and adjusted to the final concentration with
buffer (1 puM monomer). Samples used for crystallographic and cryo-EM
measurements were also prepared according to this procedure. Fluorescence
titrations of HFt-LBT were carried out by adding incremental amounts (1.8 pL
or multiples) of a 0.5 mM TbhCls stock solution in 0.1MMES buffer pH 6.4 to 3
mL of 1pM (monomer) protein in the same buffer under stirring. Emission
spectra were recorded in 1 cm pathlength cuvette upon excitation at 295 nm at
25 °C, 30 minutes after addition of TbCI3 solution aliquots. Fluorescence
intensity of HFt-LBT Tb(III) complex as a function of the Th(III)/HFt-LBT
ratio has been reported in Figure 59 and Figure 60. Fluorescent intensity was
recorded at 545 nm corrected for the dilution factor and normalized to the

emission maximum.

3.7 Internalization assays of FITC-labelled
proteins in cells

Proteins FITC labeling

When needed, proteins were labeled with fluorescein-isothiocyanide (FITC,
ThermoFisher) according to the manufacturer’s standard protocol. Briefly, 2

mg/mL of the purified protein was equilibrated in sodium carbonate buffer, pH
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9.0. 50 pl of 1 mg/ml (2.6 mM) FITC in DMSO were added to 1 ml of protein
solution and the reaction mix was incubated under stirring for 2 hours at room
temperature. The non-reacted dye was removed by gel filtration
chromatography and the fluorescent dye to protein ratio was determined by
UV-spectroscopy. LC-MS spectrometry measurements all FITC-conjugated
proteins confirmed that >40% of monomers (HFt mutants), >60% (HumAfFt)
and >90% (HFt-LBT) are FITC labeled.

LC-MS measurements of FITC-labelled proteins

LC-MS was performed on protein samples reacted with 10 molar excess of FITC
per ferritin monomer in comparison with unreacted protein. Protein samples
were diluted with distilled water in the presence of 1 mM EDTA and loaded on
a Waters Acquity UPLC connected to Waters Acquity Single Quad Detector.
A BEH300 C4 column was used: 1.7 um, 2.1 x 150 mm at 220 nm observation
wavelength; mobile phase: 0.1% TFA in water: MeCN (0.1% TFA); gradient
20:65% over 60 min; flow rate: 0.25 ml min—*; MS mode was set at a scan range:
m/z=200 — 2,000 (ES+); scan time: 0.5 s, electrospray source with a capillary
voltage of 3.0 kV and a cone voltage of 45 V. N2 gas was used as nebulizer and
desolvation gas at a total flow of 200 1/hours. Ion series were generated by
integration of the ultraviolet-absorbance (at 220 nm) chromatogram over 2.4—
2.8 min range. Mass spectra were reconstructed from the ion series by using

MassLynx software program.

Cell cultures maintenance
HeLa cells were grown at 37 °C in Dulbecco’s Modified Eagle’s Medium with
Glutamax (DMEM, Gibco) supplemented with 10% FBS (Gibco) and 1%
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Penstrep (100 U/ml penicillin and 100 pg/ml streptomycin solution; Gibco).
DMEM without phenol red (Sigma) supplemented with Glutamax (Invitrogen),
10% FBS and 1% Penstrep (incubation medium) was used for apo-ferritins
internalization assays by FACS and confocal microscopy.

The HelLa cell line stably expressing an inducible TagRFP-FUS protein
(HeLaTagRFP) was generated by transfection with epB-Puro-TT-RFP-FUS wt

12 When needed, the cells were

plasmid and the piggyBac transposase vector !
induced with doxycycline 0.2 pg mL™%.

Human prostate cancer cell line DU-145 (ATCC HTB81), human colorectal
cancer cell line HCT-116 (ATCC CCL-247), human breast cancer cell line MDA-
MB-231 (ATCC HTB-26) and human ovarian cancer cell line SKOV-3 (ATCC
HTB-77) were cultured in DMEM medium containing 10% FBS, 100 pg/ml

streptomycin and 100 U/ml penicillin G in a humidified 37 °C incubator.

Internalization assays of Ferritins
Cells were seeded one day prior performing internalizations assays. Upon
growing medium removal and rinse with PBS, confluent cells were incubated in
non-supplemented DMEM medium containing FITC-ferritin nanoparticles (as
specified in each experiment) in a humidified 37 °C incubator for the time
indicated below. Control cells were treated in the same conditions without
ferritins. Cells were then subjected to confocal microscopy and flow cytometry
analysis.
These are the final proteins concentrations and incubation times used for the
various experiments:

i) Mutant A, Mutant B, Mutant C, AfFt, HFt: 0.03 mg/ml for 2.5h

(FACS acquisition) or for 20h (confocal microscopy) (Figure 46);
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ii) HumAfFt, Tf, AfFt: 0.03 mg/ml for 1h, 3h or 20h (FACS acquisition)
or for 20h (confocal microscopy) (Figure 57);
iii) HFt-LBT: 0.5 mg/ml incubated for 1h (FACS acquisition) or for 20h

(confocal microscopy) (Figure 66).

Flow Activated Cytometry Analysis (FACS)

After internalization of FITC-ferritin nanoparticles, cells were washed twice
with PBS, detached from the substrate using trypsin-EDTA (Euroclone), then
rinsed twice with PBS and resuspended in BD-FACS flow buffer.

For HumAfFt experiment internalization assays, half of each sample was treated
with Trypan Blue (TB; Sigma) to quench the FITC signal from membrane-
bound nanoparticles that were not internalized; the quenching was performed
with 0.04% TB for 10 min on ice.

Internalization of ferritins was evaluated with sample acquisition at the BD
FACS Aria III (HFt-LBT data acquisitions) or BD LSRFortessa (BD
Biosciences, San Jose, CA, USA) (all the other data acquisitions) equipped with
a 488 nm laser and FACSDiva software (BD Biosciences version 6.1.3). Live
cells were first gated by forward and side scatter area (FSC-A and SSC-A) plots,
then detected in the green channel for FITC expression (530/30 nm filter) and
side scatter parameter. As a baseline for FITC fluorescence, control cells not
incubated with FITC-ferritins were used. The gate for the specific signal was set
based on the control sample. Data were analyzed using FlowJo 9.3.4 software

(Tree Star, Ashland, OR, USA).

Live imaging confocal microscopy of live cells

Before imaging, cells were washed twice with PBS to eliminate the unbound
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FITC-ferritins and then replaced in an imaging medium (DMEM without phenol
red, 10% FBS, 10 mM Hepes, Glutamax and penicillin-streptomycin solution)
suitable for confocal imaging purposes.

For HFt, HumAfFt and Tf internalization, the confocal laser-scanning
microscope used was an Olympus FV10i platform equipped with a built-in
incubator. Images were acquired with a 60x /1.2NA water-immersion objective,
LD lasers 473 nm and 559 nm, and filter sets for FITC and TRITC. Phase-
contrast channels were acquired simultaneously.

HFt-LBT internalization images were acquired using an inverted confocal
microscope 1X70 FV 500 (Olympus), with 488 nm laser, 20x objective lens and
emission filter 505-560 nm.

Image visualization and processing was performed using ImageJ softwarel!?,
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4 Results and discussion

4.1 Human HFt/CD71 complex

Literature is continuously supplemented with successful applications of the
human HFt/CD71 complex as a bio-vehicle for targeted delivery of cargos or
drugs; nevertheless, the epitopes involved for this recognition are unknown. As
shown in section 4.2, in 2017 we identified that the BC loop in the HFt subunit
appears to be fundamental for this interaction: when transplanted in AfFt,
unable to recognize the human CD71, it is sufficient to induce binding of this
chimeric protein to the receptor®l. Moreover, the possibility of the existence of
different epitopes for HFt and Transferrin (Tf), that binds CD71 on the helical
and protease-like domains (Figure 10), has been largely proved by a scarce

competition between the two ligands for CD71212,

In witro, the combination of HFt with CD71 at different stoichiometric ratios,

temperatures and incubation times results in aggregation. This is probably due
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to the presence of multiple binding sites on both HFt (24 identical subunits)
and CD71 (2 subunits) that, when combined, form insoluble precipitates. An
effort of loading this solution on holey-gold grids resulted in very crowded

micrographs that were impossible to analyze with single-particle techniques.

Figure 25 A first effort of loading HFt/CD71 sample resulted in crowded micrographs.

In order to have monodisperse particles on a micrograph, we isolated a soluble
sample of CD71/HFt complex by means of a pull-down experiment®: issues of
aggregation are thus overcome, resulting in successful micrographs in which the

complex could be clearly seen even by naked eye (Figure 26).

Two datasets were collected from the same batch of sample, using two 300 kV
microscopes, both equipped with a Direct Detector Camera (Gatan K2):
i) “dataset 1”7 was imaged with FEI Titan Halo at the Imaging Facility of
CUNY Advanced Science Research Center (New York) (Figure 26, left);
i1) “dataset 2” was acquired at a FEI Titan Krios in the CM01 beamline of
European Sinchrotron Radiation Facility (ESRF, Grenoble) (Figure 26, right).
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Figure 26 Representative micrographs of CD71/HFt complex with a DDD. In the lower part, zoomed

views of particles in which the complex can be clearly seen by eye. Left: dataset 1 (FEI Titan Halo).
Right: dataset 2 (FEI Titan Krios).

Cryo-EM data analysis

The complete data analysis workflow is shown in appendix 6.1 (Figure S1).

Particles collection and extraction.

Micrograph frames collected in both datasets (described in Materials and
Methods, sections 3.3 and 3.4), were aligned for beam-induced motion correction
and drift with MotionCor2; contrast transfer function was calculated using
Getf™, We kept only micrographs with CTF resolution limits better than 6 A
(dataset 1: 690 micrographs) or 5 A (dataset 2: 573 micrographs).

All subsequent data analysis was carried out using RELION 2.00%) using the
procedures described in Section 1.3 (see Figure 21). More than 1100 particles

for both datasets were manually picked to produce a reference for the automated
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particle picking procedure implemented in RELION!U. A total of 140,567 and
194,501 particles were automatically picked from dataset 1 and dataset 2,

respectively, and extracted from the original micrographs.

2D Classifications.

After the extraction, particles of each datasets were subjected to 2D
classification in two rounds; the first using K=100 classes, the second with 25
classes. The second round of dataset 1 resulted in a set of 27,690 particles, whose

classes are shown here:

Figure 27 2D classification of dataset 1.

The second round of dataset 2 gave 73,700 good particles:

Figure 28 2D classification of dataset 2.

These class averages clearly show CD71/HFt complex in different orientations,
revealing some extent of sample heterogeneity due to the presence of alternative

populations endowed with different stoichiometry. Provided sufficiently
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populated classes, Cryo-EM is anyway able to process heterogeneous data,

126

differently from X-ray crystallography!

3D Classifications, Refinement and PostProcessing.

Particles belonging to the classes previously shown were subjected to 3D
classification, using K=8 classes and no symmetry.

For dataset 1, the cryo-EM apo-ferritin map (EMDB code: EMD-2788) filtered
at 60 A was firstly used as reference model. This procedure gave only one class
(corresponding to 32% of the dataset, i.e. 8,860 particles) where a

1:1=HFt:CD71 complex was clearly displayed:

-2 i
‘\,' £ p
Class 1 Class 2 Class 3 Class 4 Class 5 Class 6 Class 7 Class 8
13% 8% 2.3% 32% 5.4% 3.5% 22% 14.6%

Figure 29 First-round 3D classification of dataset 1.

The resulting map of class 4 was used as reference (filtered at 60 A) to run a
second round of 3D classification on the same dataset, which resulted in two
better resolved classes (24.5% + 38.2% = 62.7%, i.e. a total of 17,370 particles).
Such a deep difference in classification efficiency reflects the dependence upon a

starting model of the reference-based 3D classification procedure:

g ./ n

= w @ P
# \

Class 1 Class2  Class 3 Class 4 Class 5 Class 6 Class 7 Class 8

5.8% 12.4% 2.2% 3.7% 24.5% 9.5% 38.2% 3.6%

Figure 30 Second-round 3D classification of dataset 1.

These classes were selected for further refinement using the 3DAutorefine,
applying a spherical mask of 290 A diameter: this resulted in a map at 10.1 A
resolution. The post-processing yielded a 8.2 A map.
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Figure 31 3D Refinement resulting map of dataset 1 (10.1 A resolution).

This reconstruction of the complex was used as reference model, filtered at 40

A, for the 3D classification of particles selected from 2D classification of dataset

Class 6 Class 7
10.9% 4.8%

Class 2 Class 3 Class 4
8.2% 12.7% 21%

Figure 32 3D classification of dataset 2.

Good particles 0(35.1% of the total) were selected for further refinement using
the 3D Autorefine procedure (25,870 particles, spherical mask of 290 A
diameter) and yielded a 7.4 A map (after PostProcessing, 5.5 A).

Figure 33 Post-processing map of dataset 2 (5.5 A resolution).
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The complete data analysis workflow of datasets 1 and 2 is outlined in appendix

6.1 (Figure S1).

Merging of the datasets.

With the aim to further increase the resolution of the contacting region between
the two molecules, particles used for 3D Refinement of both datasets were joined
(total 43,240 particles); however, resolution was not improved with respect to

dataset 2:

Figure 34 3D Refinement map of joined datasets (43.240 particles, 7.5 /:\)

Those particles were subjected to one round of 3D Refinement, imposing O
symmetry (i.e. Ft point-group symmetry) and applying a smaller mask diameter
of 180 A, to only include the ferritin molecule. This yielded a 4.8 A map of

ferritin re-centered to its center of symmetry:

Figure 35 The complex map resulting from the joined particles (Figure 34, orange) was re-centered to its
center of symmetry through comparison with the 4.8 A map of Ft alone (top, purple).
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We used the corresponding particle alignment parameters to perform symmetry
expansion of this dataset using RELION (command:
relion__particle__symmetry__expand). This procedure allowed to deal with the
pseudo-symmetry of the complex by dividing particles in individual subunits
bound to CD71 that could be further classified"®'?", The dataset was thus
artificially expanded according to the pseudo-symmetric O point group and
enlarged 24-fold, resulting in 1,037,760 particles.

The particles obtained with this method were 3D Classified in 4 classes using
C1 symmetry, no image alignment and a mask generated from the complex with
a single receptor bound (displayed above in Figure 35): all the classes were
subjected to a second round of 3D Classification, this time with 8 classes and
local image alignment. This resulted that only two out of four classes (class 1,
39%, and class 3, 11%) allowed the identification of 3 subclasses of ferritin
bearing a receptor (class 1, 8.4% of the former; class 5, 10% and class 6, 13%,
of the latter):

Symmetry expansion (O symmetry):
1037760 particles (i.e. 43240 * 24)

13D Classification

SN
Class 1 (39% ) Class 2 (15% ) Class 3 (11% ) Class 4 (35%)
411301 selected particles 106231selected particles
3D Classification 3D Classification
e ' a i..i
4 - ﬁ r‘
Class 1 (8,4%): Class 2-8 (91,6%): Class 5 (10%): Class 6 (13%):  Class 1-4, 7-8 (77%)
TfR1-bound class Unbound ferritins TfR1-bound class TAR1- bf’und class Unbound ferritins
L ]

35204 selected particles 18674 selected particles
— 1 ]

Joined classes with TfR bound: 53878 particles

Figure 36 Overview of the data analysis workflow after symmetry expansion.
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Therefore, three HFt bound subclasses were combined (total 53,878 particles)
and refined, resulting in a map with a global resolution of 4.4 A; the post-
processing procedure, calculated with a mask only including ferritin and the

receptor contact sites, was finally estimated to be 4.2 A resolution.

Figure 37 Post-Processing map of joined datasets (53.878 particles, 4.2 }\)A Only Ferritin and CD71
binding region can be seen.

W] to calculate the defocus of

The refined particles were exported in cisTEM!
each particle. This method is more accurate than the average defocus values
determined for whole micrographs by Gctf: it has been proved to be effective

(110

when particles are about 400 kDa or larger, as our casel'”. Indeed, the resulting
final map resolution of HFt and CD71 contact region was improved from 4.2 up
Ato39A (Figure 39), clearly showing secondary structures and bulky side
chains of interacting residues (Figure 38), which allowed more precise model
building.

Statistical information of 5.5 A and 3.9 A density maps, FSC curves and

resolution maps are in Appendix 6.1 (Figure S3, Figure S4).

Model building and refinement.

A rigid-body fit of the crystal structures was done using Chimera at first inside
the 5.5 A map (where the whole density of the receptor can be easily
reconstructed, Figure 33), then into the 3.9 A map (where the contact region

was better refined and was modeled manually but CD71 electron density lacked

62



4 Results and discussion 4.1 Human HFt/CD71 complex

almost entirely, Figure 39). Given the high quality of the latter map, the side
chains of residues exposed at the contacting interface could be modeled into the

electron density without ambiguity.

H-Ft residues 5-95 H-Ft residues 96-176 CD71 interfacing region H-Ft interfacing region

Figure 38 Side chains of crystallographic molecules can be modeled in 3.9 A map (Figure 39).

The crystallographic model of the CD71/HFt complex was refined once again
against the overall map at 3.9 A, imposing secondary structure and
Ramachandran restraints.

The final refined and validated cryo-EM map, with CD71 and HFt

crystallographic structures fitted in it, is in Figure 39:

Figure 39 CD71/HFt complex final cryo-EM map (resolution 3.9 A) with crystallographic structures fitted
in (yellow: CD71, pdb 3KAS; purple: HFt, pdb 3AJO). The close-up view is in Figure 40.
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Structural analysis of the binding region

CD71 binds HF% in a virus-like fashion, covering an area of ~1900 A2

Figure 40 CD71/HFt binding region (black box of Figure 39) with crystallographic structures fitted in the
cryo-EM map (yellow: CD71, pdb 3KAS; purple: HFt, pdb 3AJO), colored according to the text.

CDT71 interacts through four specific regions on the apical domain, highlighted
in different colors: 7) the BI-II loop and the RII-1 strand (S195, E197, S199, 1202:
green); ii) a residue on the BII-8 strand (K374: magenta). These are specific on
CDT1 for HFt: we refer to them as “exclusive contacts”. Additional residues are:
iii) six amino acids on the BII-2 strand (R208-L212 and N215: orange); i)
residues E343, K344 and N348 on the all-2 helix (purple). We refer to these as
“common contacts” on CDT71, since they represent the key structural
determinants for binding also arenaviruses and plasmodial proteins (see Figure
12 for comparison).The HFt binding counterpart regions are three: i) the
external BC loop (R79, F81, 83, K86, K87); i) the N-terminus of A-helix (T5,
Q14, D15, E17-A19, N21, R22, N25); i) the C-terminus of C helix (E116,
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K119, D123).

An exhaustive list of HFt/CD71 pairwise contacts is given in the Appendix 6.1
(Figure S2): a summary is here briefly depicted. The interactions between
exclusive contacts and HFt are: ) CD71 BII-1 strand and HFt A helix (Figure
41 left); ii) CD71 RI-II loop and HFt C helix (Figure 41 left); 4ii) K374 CD71
with Q14 and D15 (Figure 41, right).

2\ 1204 =
Al18 ¢

fos)

Figure 41 Contacts involving CD71 epitopes that are exclusive for HF't binding.
Contacting residues within 5 A distance are shown in sticks. Dashed black lines: electrostatic interactions,
dotted grey lines: hydrophobic contacts. See Figure S2 in the Appendix 6.1 for details.

The interactions between common contacts and HFt are: jv) CD71 BII-2 strand
and HFt A helix, BC loop, C helix and T5 (Figure 42, left); v) CD71 residues
344, 348 and HFt A helix, BC loop and K87 on the loop of a flanking HF't
monomer (*K87) (Figure 42, right).

Notably, CD71 amino acids belonging to “common contacts” (figure 43) coincide
with those leading a gain or loss of interaction with pathogen binding proteins
upon mutations®™. As mentioned in section 1.2 (Figure 12), these cluster in
the BII-2 and all-2 regions, which appear to be essential on CD71 for binding

with various partners.
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Figure 42 Contacts involving CD71 epitopes used for binding also other pathogens.
Contacting residues within 5 A distance are shown in sticks. Dashed black lines: electrostatic interactions,
dotted grey lines: hydrophobic contacts. See Figure S2 in the Appendix 6.1 for details.

H-Ft vs GP1 (MACV) H-Ft vs PvRBP2b (P. vivax)

BmH-Ft  E@H-Ftivirus BH-Ft H-Ft/parasite
Ovirus  OH-Ftivirus/parasite Oparasite O H-Ft/virus/parasite

Figure 43 Surface representation of CD71 apical domain (dark gray). Ligand specific and overlapping
binding residues are colored following the legend at the bottom. See Figure 12 for comparison.
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| Human €D71 | Human H-Ft

$195 K119, D123

Q197 E116

5199 D15

1201 Al8 F226

D204 D114

R208 T5, R79 N527, E530, D531

L209 Q14, R79, F81 597, F98

V210 Q14, E17,A18, N21 | R111, F226, Y228

Y211 F81, Q83 R111, 8113, 1115, $541
V117

L1212 A18, A19, R22 P223, F226 Y542

V213 Y604

E214 K600

N215 | R22, E116 E171 D603

A293 Y122

E294 M119, Y122, K169 K600

E343 K86 Y122

K344 N25 M119, D123, K169 Y604

N348 Q83, *K87 D114, 116

5370 | D114

K371 S$116 Y538

K374 Q14, D15

Table 1 summary of the interfacing residues at CD71 apical domain contacted by human HFt, GP1 of
Machupo virus " and PuRBP2b of P. vivaz ®®. CD71 residues contacted by HFt are colored according to
the color code used in Figure 40.

Characterization of mutants by SPR, FACS and confocal

microscopy

After the identification of the interacting region, we wanted to detect between
all HFt residues contacting CD71 (black bold letters in Figure 44) the crucial
ones for complex formation. So, amongst HFt residues involved in “common
contacts” (T5, Q14, D15, E17-A19, N21, R22, N25, R79, F81, Q83, K86, K87,
E116) we selected only those that are not conserved between human HFt and
ferritins unable to bind CD71 (i.e. human LFt?” and AfFt9): they are Q14,
D15, R22, F81, Q83 (black boxes in Figure 44).

To prove their importance, we produced three multiple mutants of HFt:
i) mutant A, lacking the polar residues at the N-terminal of the A helix (Q14A,
D15A, R22A);
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it) mutant B, lacking F81 and Q83 on the external BC-loop (F81A, Q83A);

iii) mutant C, combining A and B (Q14A, D15A, R22A, F81A, Q83A).

—_— A helix ] [Enetiad) T helix -
10 20 30 80 80 100 110 120

HFt TTASTSOVRONY EAAL INLELYAS E DIKKPDCDDWESGLNAM VHQSLLELHKLATDKN
LFt =——==550IRONY. VNSLVNLYLQAS FRDIKKPAEDEWGKTEDAM LNOALLDLHALGSART
AfFt = emmemeeeea AST VEALNROINAEIYSA RVEEP-FPSEWDSPLAAF VTERIHELVEMAMOEK
Hum-AfFt ————————— ASI VEAL INAEIYSA F IRRP—DSEWESPLAAF VTKRIHELVEMAMOEK
Mutant A TTASTSOVREQNY EAAT INLELYAS F H DD TEKPDCDDWESGLNAM VHOSLLELHKLATDEN
Mutant B TTASTSOVRONY. EAAT INLELYAS P HH DIKKPDCDDWESGLNAM VNOSLLELHKLATDEN
Mutant C TTASTSQVRONY. EAAT INLELYAS !H! DIKKPDCDDWESGLNAM VNQSLLELHKLATDEN

Figure 44 Ferritins (Human H and L chains, AfFt, HumAfFt, Mutants A, B, C) sequence alignment of
regions contacting CD71. Elements of secondary structure are shown on the top. Colored background
highlights the HFt contact regions with CD71. Conserved residues (respect to HFt) are in black, non-

conserved in blue, mutated in red. Black boxes are residues crucial for CD71 binding. (Alignment made

with Clustel Omega, figure with ENDscript 127

Surface Plasmon Resonance (SPR) assays were done to measure the kinetics
parameters (association, k., and dissociation, k., rates) and the affinity of the
ligand-analyte interaction (Kp), using wild-type or mutant HFts as analytes and
CDT1 as ligand. The reaction between an immobilized ligand (L) and an analyte
(A), in a 1:1 binding model, can be assumed to follow a pseudo-first order

kinetics:

kDTl ~
LA

~~ .
Kog

L+ A

The differential equation governing the formation of the complex [LA] is™:

A[LA] _ k,,[L][A] — k(LA
dt

From its integration, considering the association and dissociation phases, it is
possible to fit the experimental curves of SPR sensorgrams and to obtain a
measure of the parameters k.., k and Kpof the reaction.
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B H-Ft wt 800 -
B Mutant A
B Mutant B 600 |
B Mutant C
r 400 -
200 -
0
| L |
0 200 400 600 800
time (s)

Figure 45 SPR sensorgrams of the interaction between the immobilized His-tagged CD71 receptor and
HFts (wild-type and mutants), used as analytes. Fits are reported as black lines; fitted parameters are in

Table 2.
Protein - 3 <= :
pveenll W k) Ko@) K, (O kpe'y Ko (D
H-Ft  (478:007)*10°  (340:006%10°  7.1:02  (1.69:0.04)*10°  (2.51£006)107  0-156+0.007
M“:"“ (1.1:02)*10° (6.5:0.9)*10" 5706170 (1.4£0.1)*10° 2.7+ 0.1)*10° 1.9503
‘““:‘“‘ (1.5£03)*10°  (3.3202)*10" 220480 (174024100 (@276:004)410° 13818
Mutant Not feasible
C
Protein i -1 Ky, (nM)
k,,, (M's K,y (s i
Analyte o ( ) o1 (87)
H-Ft (3.74£0.08)*10°  (6.720.08)*¥10™ L
M“:’m (1.7£0.2)*10° (1.8£0.2)*10° ilEsg
Mutant 4 ] 130430
5 (6.650.7)*10 (8.9+0.8)¥10
M"éa"t 1200 £100 (1.550.03)*10™ 00100

Table 2 Kinetic and thermodynamic parameters for SPR experiments:

Top: heterogeneous analyte fit. Bottom: simple 1:1 binding mode
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The wild-type HFt-CD71 binding affinity (Kp= 17.9 £+ 0.6 nM in the 1:1 binding
mode) is compatible with the one already existing in literature®. Instead, this
parameter is reduced of about two orders of magnitude in mutants A and B and
abolished in mutant C. In particular, a critical drop of the £,, value is increased
across mutants B and C, suggesting that mutations at the BC loop have a
dominant role in impairing the CD71/HFt interaction: this is likely due to the
loss of contact of HFt residues F81 and Q83 with CD71 residues Y211, and
between HFt Q83 with CD71 N348.

Consistently, FACS and confocal microscopy measurements on HelLa cells
uptake of the three HFt mutants show reduced (mutant A) or negligible
(mutants B and C) internalization with respect to the wild type (Figure 46 and
Figure S5 in Appendix 6.1). As such, the substitution of just 2 (mutant B) or 5
(mutant C) residues in HFt monomers is sufficient to make its internalization
comparable to the A. Fulgidus Ferritin (AfFt), an archaeal ferritin with

completely different primary and quaternary structures.

Further considerations on HFt-TfR1 binding

As mentioned in section 1.2 (Figure 12), the CD71 apical domain amino acids
R208-1.212, N215, E343-K344, N348 are all involved in specific interactions with
viral capsid glycoproteins; in particular, Tyr211 plays a pivotal role for viruses
entry®®. This is also the recognition site for Plasmodium vivaz reticulocyte-

binding protein 2b (PvRBP2b), the key element for red cell invasion by the
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% cells uptake
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HFt Mutant A Mutant B Mutant C

FITC

FITC + Phase

Figure 46 Top: Ferritins uptake in HeLa cells quantified by flow cytometry. The percentage of cells
internalizing AfFt-FITC (here used as negative control "%), HFt-FITC, MutA-FITC, MutB-FITC and
MutC-FITC is shown as mean + s.e.m. for n=3 independent experiments.

Bottom: Ferritins internalizations in HeLa cells observed at a 60x confocal microscope, here shown as

single FITC and overlay images with phase-contrast. Scale bars: 10 pm.

el2™ We found that the very same region is also exploited by HF¢t

parasit
through its BC loop and A, C helices (Figure 40).
These results assess the critical relevance for CD71 interaction of HFt BC loop

that recognizes the “common contact” residues Y211 and N348, crucial also for
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viruses and plasmodial proteins. Upon mutation of BC loop residues F81 and
Q83, the Kp is 100-fold reduced and internalization in cells is suppressed.

Furthermore, we have also highlighted the relevance of Q14, D15 and R22 at
the N-terminus of the HFt A helix, that recognizes both common and specific
contacts on CD71. Therefore, the significant binding capability of the
Humanized Archeoglobus fulgidus ferritin (Hum-AfFt#), where the human HFt
BC loop had been transplanted, is likely due not only to the presence of F81
and Q83 on the loop, but also to R22 and E14 on the A helix, serendipitously
present in this archaeal protein; this nanoparticle will be discussed in session
4.2. Indeed, human LFt, which lacks Q14, R22 and F81, is unable to bind the

CDT1 receptor® (see the alignment in Figure 44).

Notably, we can suggest that selected pathogens may have adapted to exploit
the HFt epitope on the apical domain to unlock cellular barriers by mimicking
this physiological interaction®%%7, At a glance, in fact, MACV GP1-CD71 and

HFt-CD71 complexes are incredibly similar (Figure 47).

As such, with the present research we identified the specific sites on CD71 to
be hooked by ferritin for physiological access to cells. We provide structural
evidence that Tf and HFt exploit alternative epitopes on the same receptor,
allowing differential regulation of iron like HFE®, as already proved?®" 7,
Importantly, up to now no other complexes associated with HFt have ever been

singled out, nor the TfR1 apical domain (present in all mammalians) has ever

had a known physiological role.
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CD71-Parvovirus capside CD71-H-Ft

Figure 47 Visual comparison between the P. vivax (PvRBP2b) binding mode® and HFt with CD71.

In this framework, changes due to Single Nucleotide Polimorphisms (SNPs)
within TfR1 apical domain may protect from viruses or parasites entry, but
cannot be considered neutral with respect to HFt uptake. Along this line, TfR1
species-specific variants must conveniently match HFt co-evolved homologs in
order to conserve its physiological functions. For example, mouse TfR1 (mTfR1)
apical domain is rather different from the hTfR1 one in key residues for HFt
binding (Figure 48). Indeed, mouse H-chain Ft (92% of identity with the human
one™) in mice is known to be internalized by the receptor TIM-2, that is not
expressed in humans®?/. In literature it is still not clear whether TIM-2 is the
only receptor suitable for mouse HFt or if mTfR1 plays a similar role to its
human counterpart. If mTfR1 didn’t bind mouse HFt, then iron uptake
phenomenon by humans and mice organisms would be quite different, as already

hinted®!: proving this validation will be of great interest for iron-delivery
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mechanisms and to validate mice as animal models for iron-concerned
researches. Indeed, other species-specifics partners are known to bind this very
region of the apical domain: for example, Mouse Mammary Tumor Virus
(MMTV) recognizes specific epitopes on mTfR1 and cannot bind hTfR112);
vice versa, MACV, JUNV, GTOV and SABV arenaviruses invade only hTfR1
and not mTfR1, nor other rodents TfR1s™.

298 2111 3‘}8
H.sapiens IIVDKNGRLVYLVENP. . . FGNME
M.mulatta IIVDKNGGLVYLVENP. . .FGNME

M.musculus TIVQSNGN-LDPVESP. . .FGKME
R.norvegicus TI-NSGSN-IDPVEAP...FKNME
C.griseus TIINVNGD-SDLVENP. . .FQNME

Figure 48 Alignment of different TfR1s from necessary regions for HFt and arenaviruses binding. M.
mulatta (rhesus macaque) TfR1 shows high analogy with hTfR1, and indeed Rhesus macaques can be used
as a model for MACV and JUNV infection '™,

Instead, rodents M. musculus (house mouse), R. norvegicus (brown rat) and C. griseus (Chinese hamster)
TfR1s are quite different from hTfR1: rodents-derived CHO ** and BHK cell lines are refractory to entry
mediated by MACV, JUNV and GTOV GP ™,

In conclusion, our work provides a sound structural basis to elaborate on the
possibility of developing alternative ferritin-like anti-viral or anti-parasite
therapeutic ligand, be it an antibody or a peptidomimetic capable of blocking
the “common contacts” epitope on receptor apical domain, and to further

engineering ferritins as theranostic agents in hTfR1 overexpressing cancer cells.
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4.2 Humanized A. Fulgidus Ferritin

Ferritins are widely used as versatile nanovectors for drug-delivery purposes as
a result of hTfR1 overexpression in cancer cells. The encapsulation of the
compound inside the cage is possible through a pH jump (Figure 8): following
HFt disassembly in monomers at extremely acidic or basic pH values, the
payload compound binds to the protein internal cavity; when the pH is changed
back to neutrality, the tetraicosameric structure is spontaneously re-
assembled ™.

The need for such coarse conditions for cargos loading is the most relevant
constraint on an efficient use of Ferritins as nanoparticles for biomedical
purposes: drug stability might be compromised and the reassembly of the cage
might not be complete at all. The inevitable suboptimal load of cargo material,
whose chemical structure is required to be pH resistant, often results in poor
payload incorporation yields*. Consequently, research efforts are devoted in
modifying the assembly properties of Ft nanocages either by inter-subunit

[131]

interface mutagenesis or by genetic engineering of N- or C-terminal

regions!*2.

Recently, novel ferritins from lower organisms as bacteria and archaea, endowed
with different polymer association-dissociation thermodynamic and kinetic
features, have emerged as possible alternatives to human HFt for applications
requiring cargo material encapsulation™. In particular, as already mentioned
in paragraph 1.1, the ferritin of Archaeoglobus fulgidus (AfFt) is characterized
by unique self-assembly properties: in neutral buffers it is present as a dimeric
species, while in presence of metal cations it assembles into a non-canonical 24-

mer cage with a peculiar tetrahedral geometry having four 45 A triangular pores
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on the shell'™* (Figure 6, left).

Nevertheless, the low (31%) sequence similarity between AfFt with HFt runs
against the possibility of targeting the archaeal ferritin towards hTfR1; their
structural alignment reveals that the BC loops of adjacent subunits display the
same geometry in both the proteins, though each couple of loops adopts a
different symmetry along the spherical surface of the protein cage, given the
different dimer-dimer positioning within each complete 24-mer structure (Figure

6, right).

In this framework, our aim was to genetically modify the AfFt structure in order
to have a chimeric nanoparticle characterized both by AfFt peculiar
assembly/disassembly properties, that could lead to a completely reversible
cargo encapsulation, and by the recognition with hTfR1 typical of HFt, that
would allow mammalian cells internalization.

This objective could be achieved simply by replacing the HFt recognition
epitopes for hTfR1 in AfFt sequence. However, at the time of this investigation
(January 2017) the binding region between CD71 and HFt was not solved yet:
we had to guess such epitopes just from structural evidences. From the
inspection of HFt and CD71 crystallographic structures alone, it was evident
that HFt external loops represent the most significant accessible area to CD71.
Actually, more compact patches of residues exposed to solvent are formed by
the N-terminal regions or by the iron channels within the 3-fold axis; however,
it has been shown that N or C-terminal deleted HFts are efficiently internalized
by target cells, thus suggesting that these regions are not relevant for receptor
recognition*, As a consequence, the BC loop, besides the known structural

2,10]

role in stabilization of interdimer interface®'’, represented the best candidate

for hTfR1 recognition. We decided to exploit this loop by mutating 9 AfFt
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aminoacids VKLYAVEEP (from residue 70 to 78 in AfFt numbering) into the
corresponding HFt residues IFLQDIKKP, located at the center of the human
BC loop (Figure 49). In addition, a cysteine in position 54 (AfFt numbering)
has been introduced by point mutation to provide a conjugation site of potential
thiol reactive derivatives into the Ft cavity. The resulting chimera was called

“Humanized AfFt” (HumAfFt).

b c

AfFt 000000000000 000000
o} 70 90

6 80
AfFt 2 FDF RGG YAVIEE}3P K S 2
HumAfFt : FDFV|SE}iele] QD IKKIZD S . Sz :
HFt : MKLONQi{ele) N TIFp# QDT K Kix D CD DWW ERG :

Figure 49 Structure-based sequence alignment of AfF't, HumAfFt, and HFt. Elements of secondary
structure for the AfF't are shown on the top. White characters in a red background indicate strict
conservation, residues with poor conservation are in black on a white background. (Alignments made using
CLUSTAL Omega, the figure with ENDscript 12¥))

As shown Dbelow, HumAfFt nanocarrier displays both the unique
assembly/disassembly properties of the archaeal ferritin and is actively
internalized by HeLa cells to an extent comparable to transferrin, the preferred

ligand for CD71.

Self-assembly assessment

The effect of mutations on the MgCl>-dependent self-assembly of HumAfFt was
studied by size exclusion chromatography (SEC) to separate different possible
oligomers according to their molecular size.

As shown in the chromatograms, identical peak-positions at 20 mM MgCl, for

both AfFt (blue) and HumAfFt (light blue) confirmed that HumAfFt retains
7
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the cation induced self-assembly properties of native AfFt; in absence of MgCls,

the chimera is possibly disassembled in dimers (cyan).
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Figure 50: Chromatograms relative to the gel filtration profiles of: HumAfFt in 20 mM HEPES pH 7.5
(cyan); HumAfFt in 20 mM HEPES pH 7.5 and 20 mM MgCl: (light blue); AfFt in 20 mM HEPES pH 7.5
and 20 mM MgCls (blue)

As such, HumAfFt is constituted by stable dimeric species at neutral pH and
low ionic strength, capable of associating into non-classical 24-mer in the
presence of either monovalent or divalent cations at physiological concentrations

i.e. higher than 0.5 M Na' or 20 mM Mg*+).
g

X-ray diffraction data

To confirm the tetrahedral symmetry reported for archaeal ferritins, the
structure of HumAfFt has been determined by X-ray crystallography at 2.87 A
resolution (Figure 51, left). The protein was crystallized in the presence of Mg*"
to maintain the stable quaternary structure of 24-mer. It crystallized in the
(2221 space group, as observed also for wild type AfFt; the asymmetric unit
(ASU) contains 12 identical subunits with a solvent content of 64.3%. The
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overall folding corresponded to the AfFt wild type structure (PDB code 1S3Q)
and displayed 4 wide triangular pores on the surface. HumAfFt X-ray data

collection and refinement can be found in Appendix 6.2 (Figure S6).

Figure 51 X-ray crystallography experimental data of HumAfFt (left) compared to HEt (pdb 3AJO,
right). BC loops are in red.

The BC loop is well organized in the 3D structure: the analysis of the difference
electron density (FoFc) map clearly showed the presence of the mutated
residues. It also shows the M54C mutation pointing towards the inner cavity,
as can be seen from the structural superpositions between HumAfFt-HFt and

HumAfFt-AfFt (Figure 52).

Cryo-EM map reconstruction
HumAfFt samples were loaded on holey-gold grids and analyzed by cryo-EM.
The aim of this acquisition was to assess the correct three-dimensional assembly

of this chimera in a more native environment than crystallographic conditions.
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Figure 52 The structural superposition of the region from R69 and S84 (AfFt numbering) is here shown for
HumAfFt (blue) vs. HFt (yellow) and for HumAfFt (blue) vs. AfFt (orange). Residues are depicted as sticks
indicating N atoms in blue, O atoms in red and S atoms in yellow.

A sub-nanometer map was not needed, since high-resolution X-ray data already
established the expected tetrahedral symmetry of the protein and the occurred
loop modification.

For this reason, only 50 micrographs containing HumAfFt at a concentration of
1.2 mg/ml were acquired using a FEI Titan Halo (ThermoFisher Scientific,
Eindhoven), a Volta phase-plate (FEI, Eindhoven)!™ and a FEI Ceta camera

(FEI, Eindhoven). A representative micrograph is in Figure 53.

It is important to note that the image recording system here used is a CCD

camera and is thus limited to much lower signal to noise ratios than a DDD, as

can be judged even by naked eye by comparison between HumAfFt micrograph

(Figure 53) and that of HFt-CD71 complex (Figure 26) or HFt-LBT Tb(III)
4

(Figure 63). Moreover, because of their low frame rates®™, CCD cameras

acquisitions are not constituted by sub-frames: thus, differently from the
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Figure 53: HumAfFt representative micrograph imaged by a CCD camera (FEI Ceta camera). Despite the
lower SNR than HFt/CD71 complex or HFt-LBT Th(III) datasets, it is still possible to see the protein and
even the pores on its surface. The sample was very homogeneous and monodisperse.

other samples’ datasets, the motion correction procedure could not be applied.
In any case, this limit did not affect too deeply the overall final resolution of
the map: during the acquisition, we inserted in the microscope column the Volta-
phase plate (VPP), a device that enables in-focus cryo-EM imaging, thus

1% Because of the in-focus acquisition, VPP

improving the image contrast!
introduction generally does not require CTF correction of the frames: this was
our case, since the data were collected within 200 nm of focus and the first CTF
zero crossing was well beyond the achievable resolution of the dataset.

Hence, no CTF nor motion correction were performed for HumAfFt dataset.

The data were analyzed according to the single-particle workflow in Figure 21.
6500 particles were picked with the reference-based automated particle picking
procedure implemented in RELION 1.3/, Those particles were subjected to 2D
classification with k=100 classes, where the triangular apertures on the protein

surface were clearly observable:
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Figure 54 Representative 2D classes of HumAfFt sample.
Particles belonging to those classes (5500) were then subjected to 3D
classification using K=8 classes and then to the Autorefine procedure. The final
map was obtained at 33 A (FSC=0.143 criterion"?; FSC curve can be found in

Appendix 6.2, Figure S7). Its shape corresponds to that of wild type AfFt: thus,

in near-native conditions and in presence of MgCl, HumAfF+t is well assembled

Figure 55 Top: cryo-EM map of HumAfFt (33 A resolution). Bottom: AfFt cryo-EM reconstruction

as a 24-mer.

10 nm

90°

10 nm

(obtained from the crystal structure ¥, filtered at 30 A), shown for comparison. Scale bars: 10 nm

As displayed in the Conclusions (chapter 5), the data acquisition of HumAfFt
in complex with CD71 allowed to obtain a high-resolution cryo-EM map of
HumAfFt (Figure 69): this confirms the presence of the pores and the overall
molecular symmetry already found at 33 A resolution. This achievement has
been possible mostly through the acquisition with a DDD instead of a “simple”
CCD, thus allowing motion correction and a far better reconstruction of the

whole protein/®.
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FACS, siRNA and confocal microscopy for HumAfFt cellular
uptake

After we have demonstrated that HumAfFt maintains AfFt structure and the
cation-induced self-assembly, we validated the effects of external loops
mutations on the uptake efficiency by HeLa cells. CD71 is in fact highly
expressed in this cell line, as in every cancer tissue™. We performed time course
internalization assays on cells treated with 30pg/mL of AfFt-FITC, HumAfFt-

FITC and transferrin-FITC (Tf-FITC) and analyzed them by FACS (Figure 56
left).
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Figure 56 Left: FACS analysis is shown as the percentage of HelLa cells internalizing 30pg/mL FITC-
labelled nanoparticles at different incubation times (1h, 3h, 20h). For each sample, 30.000 events gated on
live cells have been acquired. Right: HeLa cells were transfected with control (scr) and specific anti-hTfR1

siRNA for 24 and 48h. Cells were incubated with HumAfFt-FITC for 3h, collected, washed and analyzed by
FACS.

HumAfFt nanoparticles are efficiently internalized by HeLa cells already after
one hour incubation, with a much higher percentage compared to AfFt. After
20 hours, the HumAfFtFITC-positive cells are increased at more than 90%,

whereas the AfFt-FITC ones are still less than 20% (this increase respect to one
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hour is possibly due to unspecific uptake by pinocytosis). Representative FACS
acquisition plots are in Appendix 6.2 (Figure S8).

To confirm the involvement of hTfR1 in the internalization process of this
nanoparticle, we also performed RNAi experiments against CD71 and analyzed
once again the HumAfFt-FITC cellular uptake in the same conditions as before
(Figure 56 right): as expected, after 48h of siRNA transfection around 50% of

the cells reduced the uptake compared to control.

The uptake has been inspected also by confocal microscopy (Figure 57).

A TagRFP Merge+Phase

Humanized ntrol
AfFt contro

Transferrin

Transferrin

Figure 57 Fts internalization at the confocal microscope. Cells were plated, induced with doxycycline to
express TagRFP and then incubated with 30 pg ml™ of HumAfFt-FITC or T£FITC for 20 h. After
washing, cells were live-imaged in RFP, FITC and phase contrast channels. (A) Scale bars: 40 ym. (B)

Zoomed view of the region highlighted by the white inset in panel A. Scale bars: 10 pm.
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HeLa TagRFP were incubated for 20 hours with HumAfFt-FITC or transferrin-
FITC (Tf-FITC), washed and then imaged by confocal microscope. Images
confirmed the high extent of HumAfFt internalization and highlight a cellular
distribution in the cytoplasm and in the perinuclear space comparable to that
observed in the case of Tf: this suggests a typical h'TfR1-mediated endocytosis

pathway.

Further considerations

The present data highlight the remarkable properties of a novel chimeric ferritin
nanocage, HumAfFt, that combines the flexibility and reversibility in
assembly/disassembly of AfFt quaternary structure with mammalian cells
uptake by CD71 targeting, thus allowing the delivery of the desired payload to
cancer cells as HeLa. This combination has been possible just through the

introduction of human BC loops in the AfFt sequence.

Figure 58 Schematic picture of the different parts constituting HumAfFt: AfF't overall structure for cation-
induced assembly, HFt loops (in red) for human cells internalization.
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As already mentioned, at the time of this research the HFt-CD71 structure was
still not solved. Based on our more recent work (see session 4.1), we can explain
the reasons behind the gain of HumAfFt interaction with hTfR1, consequent to
the BC loop modification in AfFt. In HFt-CD71 complex, residues Q14, D15,
R22, F81 and Q83 on HFt surface have been proved to be fundamental for the
recognition with CD71. As such, the natural fortuitous presence of residues E14
and R22 alone (human HFt numbering, see Figure 44) on AfFt A helix is
necessary but not sufficient to guarantee h'TfR1 recognition; only when coupled
to F81 and Q83, introduced in HumAfFt, a HFt-comparable binding capability
is achieved.

Vice versa, HumAfFt internalization in mammalian cells proves the importance

of BC loop for CD71 recognition, as we proved in section 4.1.

Thus, AfFt represents a uniquely suitable scaffold for incorporating a wealth of
diverse substructures inside the Ft cavity in a complete reversible manner and
without the harsh side effects of a pH jump.

At present, further experiments with possible payloads for diagnostic or
therapeutic applications are under development!™>%: in particular, a HumAfFt-
CDT71 complex (discussed in the Conclusions, chapter 5) will be resolved by
cryo-EM.

However, in vivo applications will have to wait for the evaluation of possible

immunological responses against non-human epitopes present on the protein

surface.
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4.3 Lanthanide binding Ferritin

Fluorescent probes based on trivalent lanthanide ions are widely used for
bioimaging purposes thanks to their unique photophysical properties, related to
4f orbitals!™": their spectra are indeed characterized by sharp peaks, their high
quantum yields are capable of efficiently radiating most of the absorbed energy
and their microsecond lifetime fluorescence assures the high spatiotemporal
resolution needed for real-time cellular imaging!™¥.

Nevertheless, their small absorption cross sections pose several limits to their
use in advanced optical imaging techniques, that need a bright fluorescent signal
for proper biological visualization. To overcome this restrain, lanthanides are
currently used in complex with small organic fluorophores which absorb a
photon in the UV region and transfer it to the lanthanide, populating its excited
state and allowing its emission!™*).

Lanthanide-fluorophores complexes, thus, acquire peculiar photophysical
properties and an improved luminescent signal. The efficiency of energy transfer
between the fluorophore and the lanthanide is highly dependent on their
distance™: if they are within 5-6 A, the low extinction coefficient of the ion can
be overcome by Forster resonance energy transfer (FRET) that allows bright

and photobleaching-less fluorescence signals!™*

. This phenomenon is often
referred to as “antenna effect”. Among lanthanides, Th(III) and Eu(III) are the
most used in biotechnology due to their more intense ps fluorescence in the

visible region**!.

Lanthanide ions can also be inserted in biomolecules for in wvivo imaging. To
obtain this result, a lanthanide binding sequence can be directly encoded within

a recombinant protein expression construct via molecular biology strategies. In
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particular, short polypeptides comprising 20 or fewer encoded aminoacids,
identified as lanthanide-binding tags"*?, have been recently developed. These
peptide sequences show low-nanomolar affinities for the target ions, are selective
for lanthanides over other common metal ions*) and can be inserted in the
protein construct at the N or C-terminal domain or even at specific loops™.
The probe nature of these protein tags has been demonstrated by their use for
various biotechnological purposes!"*.

Apoferritins naturally bind more than one Th(III) ion*"*Y in the ferroxidase site,
threefold channel and nucleation centre (Figure 4), with considerably variable
affinities (estimated Kp range from 2 to 666 uM at pH 6.4"7). The Terbium
can be directly incorporated inside the Ferritin cavity after the pH-induced

" but this method may lead to a random and

dissociation in dimers!
inhomogeneous distribution within the inner hollow, resulting in possible
aggregation-induced quenching effects or Tb leakage to the outside through the
iron channels. Upon excitation between 280-295 nm, Tbh(III)-ferritin complex
show characteristic emission bands at 490 nm (°Ds"Fg Tb electronic transition)
and at 544 nm ("Ds"F; Tb electronic transition) due to a FRET sensitization

effect provided by aromatic aminoacids!"

. However, the distance between
Terbium ions and aromatic moieties in native Fts make FRET efficiency very
poor and suboptimal for any type of fluorescence/luminescence based

measurement!'*?,

To overcome the FRET inefficacy and to achieve an effective Th(III)
internalization in Ferritin, we produced an engineered mouse HFt construct
bearing a 17 aminoacids long lanthanide binding tag (LBT), genetically fused
at the C-terminal end of each subunit. Mouse HFt was used since its sequence

is identical to the human one within the CD71 binding region and because of
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more favorable immunogenic profile for forthcoming in vivo study in mice. The
polypeptide has been designed to be located inside the inner cavity as a
prolongation of the Ferritin E helix (see figure 2), in order to trap the lanthanide
ions diffusing from the outside through the surface pores. LBT sequence is
YIDTNNDGWIEGDELLA and was conceived according to the findings of
Martin et al.'® who demonstrated efficient lanthanide chelating properties of
a peptide sequence derived from Ca*" binding sites from Troponin C EF hand
motif.

As shown in the following, this biomolecular nanosystem (referred to as HF't-
LBT Tb(III) when loaded with Tb(III), or HFt-LBT otherwise) has high affinity
for Tb(III) and is endowed with both strong FRET sensitization and CD71

receptor binding properties.

Fluorescence spectroscopy

To find out the affinity of Th(III) binding to this chimeric nanoparticle, static
emission spectra were recorded upon excitation at 295 nm of HFt-LBT Th(III)
and wild-type (wt) mouse HFt after the removal of unbound Tb(III). As
reported in Figure 59, the intensity of Terbium emission peak at 544 nm (typical
of its excited state decay) for HFt-LBT was narrow and at least two orders of
magnitude higher with respect to HFt alone. This is due to the excitation of the
tryptophan residue, located in the center of the LBT, that lies at an efficient
energy transfer distance from Tb(III) and thus provides an excellent FRET

exchange with it.
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Figure 59 Fluorescence spectra of HFt-LBT Tb(III) complex (red line) and
wt mouse HFt Th(III) (blue line) at the same protein concentration (1 uM monomer). The main
emission band due to the *Ds-"F5 (Th d-f orbitals) electronic transition at 544 nm is accompanied by the

weaker °Dy-"Fg transition. Spectra were recorded after protein saturation with ThCls.

Fluorescence titration analysis was thus carried out on HFt-LBT by adding free
Tb(III) ions to the apo protein (Figure 60). The titration endpoint was reached
at 1.7 equivalent amounts of Th(III) per HFt subunit instead of the predicted 1
equivalent, based on the presence of one LBT moiety per monomer. The TRP
residue in LBTSs is thus able to act as an antenna system not only for the Tbh(III)
ion bound to the tag, but also for a number of extra Th(III) atoms bound to
the natural ferritin binding sites. It also contributes for most of the observed
signal, since analogous titrations on wt HFt demonstrated a negligible

fluorescence contribution of Terbium bound to the metal binding sites.

Such finding, in agreement with previous reports!'*®'*l and with the X-ray
crystallography data shown below, confirms that in the wild type protein Th(III)
is bound to the canonical iron binding sites, where it receives extremely weak

energy transfer from the unique TRP residue (W94).
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Figure 60 Left: Fluorescence titration of HFt-LBT with incremental concentration of Th(III). Emission
spectra were recorded upon excitation at 295 nm. Right: Fluorescence intensity of HFt-LBT Th(III)
complex as a function of the [Th(III)]/[HFt-LBT) ratio. Fluorescent intensity was recorded at 545 nm,

corrected for dilution factor and normalized to the emission maximum.

Structural analysis by X-ray christallography and Cryo-EM

Once we proved the FRET properties of our innovative nanoparticle, we verified
by X-ray crystallography that the LBTs do not affect the overall assembly of
the protein and that they are located inside HF't interior cavity.

The X-ray-structures of apoHFt-LBT and HFt-LBT Th(III) (Figure 61A) were
determined at 2.85 A and 2.65 A respectively; they both crystallized in 1222
space group with 24 identical subunits in the asymmetric unit (ASU) with a
solvent content of 64.7%. LBT presence, as expected, does not alter the
structure, that matches with the native H-chain mouse Ft (PDB code 3WNW)

with a rmsd value of 0.1 A.

Taken together, these data highlight that HFt-LBT construct is capable of:
i) high affinity binding of 24 Th(III) atoms, one per each LBT;
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i) intermediate affinity binding of 20 Tb(III) atoms at the ferroxidase sites
(depicted as magenta spheres in Figure 61 A, B and in Figure 62 A) out of 24
available, as demonstrated by 75% occupancy in X-ray structure, by carboxyl
residues E27 and E62, with minor participation of H65;

iii) lower affinity binding of 8 Th(III) atoms at the entrance of the 3-fold axis
channels by side chains of E131 and D134 (depicted as orange spheres in Figure
61 A, C and in Figure 62 B).

Hence, within the whole 24-mer a total of 56 Terbium atoms can be hosted, if

we consider full occupancy of the ferroxidase sites.

Figure 61 Th(III) binding sites from X-ray crystallography. A) An overall view of the 24-meric shell of
HFt-LBT Th(III) showing the positions of Th(III). The omit map contoured at 3o as a green mesh is shown
for B) ferroxidase center (where Th(III) is in magenta) and for C) 3-fold axes (where Th(III) is in yellow).

Figure 62 Anomalous difference map peaks of Th(III). Terbium is represented as spheres and
the map, contoured at 3 o, is represented as a blue mesh. A) Th(III) at the ferroxidase center;
B) Th(III) at the 3-fold axes.
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As expected, the flexibility around the GSG spacer of the peptide arm
connecting the LBT to the E-helix does not allow by crystallography even a
partial detection of the occurred polypeptide insertion; in addition, also LBT
bound Tb(III) atoms were not visible in the crystal structure. X-ray data

refinement tables are shown in the Appendix 6.3 (Figure S9).

With the aim to detect the LBTs, we loaded HFt-LBT Th(III) nanoparticles on
holey-gold grids and analyzed their structure with cryo-EM. A qualitative
analysis of the collected micrographs showed the high level of homogeneity and
monodispersion of the sample in solution in near native conditions (Figure 63

left). We obtained a cryo-EM map at 7.1 A resolution (Figure 63 right).

Figure 63 Left: representative micrograph of HFt-LBT Th(III) imaged with a DDD; the sample was very

homogeneous and monodisperse. Scale bar=100 nm. Right: cryo-EM map of HFt-LBT Tb(III), obtained at
a resolution of 7.1 A, with crystallographic data of the same sample (displayed in Figure 61 A, in lilac)
fitted in; E-helices are in highlighted in blue. From this point of view, the LBTs cannot be seen. Scale
bar=10 A.
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Unlike crystallography, that must deal with a very pure sample population,
cryo-EM imaging is capable of reconstructing flexible parts of non-homogeneous
samples of complexes or proteins, provided a sufficient number of particles
having that particular conformation. In our case, indeed the cryo-EM
reconstruction did allow the identification of low-resolution but definite density
patterns (14 A long) relative to the first 6-7 residues of the tags (main chain
length). However, good classes were not populated enough to reconstruct all the
possible multiple orientations, thus precluding the electronic density building of
the whole polypeptide.

The tags are seen as kinked small segments attached to the C-terminal part of

each E-helix; they protrude, as expected, to the center of the protein:

E-helix

Figure 64 Same HFt-LBT Th(III) cryo-EM map as Figure 63, here seen from the internal view, sliced at
the protein center. E helices, in blue, are here more visible. LBT tails are enlarged on the right panels
showing the top view (dashed line box) and the side-view (continuous line box). Electron density (red

dotted lines) extends over the end of the X-ray model as due to the presence of the terminal LBTs, that

approximately are 14 A long (d.e. 6-7 amino acids). Scale bar = 10 A.

94



4 Results and discussion /.3 Lanthanide binding Ferritin

We have analyzed the data according to cryo-EM workflow (Figure 21).

The map of Figure 63 and Figure 64 has been obtained with RELION 2.00%,
Following CTF! and motion correction®, 91947 particles were automatically
picked from the original 350 micrographs; after the extraction, particles were
2D classified using 100 classes. Particles (48047) belonging to good 2D classes
were selected and subjected to 3D classification (Figure 65), using as reference
model the mouse H-ferritin map generated from its PDB structure, ultimately

yielding 8 classes.

o odomoclo

Figure 65 3D classes averages on a 2D view. Classes 3 and 5 contain noisy contributions; other classes
have been selected for PostProcessing. Even at such low resolution, it is possible to notice non-trivial
structures inside the cavity.

A selection of 35625 particles were subjected to another round of 3D
classification. This resulted in only one good class (7345 particles) in which
LBTSs could be seen as “blobs”; it was refined with the 3D Autorefine procedure,
imposing the ‘O’ symmetry (Ferritin space group symmetry), that yielded a 9
A resolution. The final Post Processing 3D map resolution (equal to 7.1 A) was
estimated with the Fourier shell correlation=0.143 criterion, based on the ‘gold-

standard’ protocol™?; FSC curve is shown in Appendix 6.3 (Figure S10).

A rigid-body fit, calculated in Chimera, of this map with the high-resolution
structure of the same HFt-LBT Tb(IlI) sample obtained by X-ray
crystallography (shown in Figure 63 and Figure 64 in purple) indicates a perfect
matching of the subunit assembly and the helix axes; it clearly shows that the

LBTs are in “flip” conformation (7.e. with the E-helix oriented inside the cavity)
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in solution, as we wanted. The tags can also be seen in 3D classes (Figure 65)
as densities that point to the Ft internal cavity; possible “flop” conformations
(i.e. with the E-helix oriented outside the cavity) are not observed in any of the
classes. The arrangement of LBTs inside the inner cavity is a fundamental
property of this nanoparticle, since only in this position they can bind potential

lanthanide ions diffusing from the external through HFt surface pores.

Uptake by tumor cell lines
After the demonstration that HFt-LBT Tb(III) maintained the overall structure

of the wild-type mouse HFt and that it is capable to bind multiple Terbium
ions, internalization of 0.5 mg/ml HFt-LBT Tb(III) and wt HFt was analyzed
in selected human cancer cell lines by flow cytometry and confocal microscopy.
Although HFt-LBT Tb(III) is an engineered mouse HFt, it can be recognized
by human cells thanks to its high homology with human HF%.

In any case, despite several efforts, attempts to image live cells after
nanoparticles uptake by direct excitation at 290-375 nm of the tryptophan
residue in the LBT yielded very poor results within the typical Terbium emission
interval, due to the fluorescence background of cytoplasmic proteins. Clearly, a
time resolved fluorescence microscopy approach or a red shifted antenna system
will be needed to expand the scope of the present work.

We thus report FACS and confocal microscopy measurements of cells in which
HFt-LBT Tb(III) or wt mouse HFt have been labeled with FITC (Figure 66
and Figure S11 in Appendix 6.3).

Results demonstrate that the HFt-LBT Tbh(III) complex is very efficiently
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internalized by all four human tumor cell lines selected. In particular, DU145
(from a central nervous system metastasis, of primary prostate adenocarcinoma
origin), MDA-MB-231 (from invasive ductal carcinoma, Hepatoma cell line) and
SK-OV-3 (highly resistant ovarian cancer cell line) were demonstrated for the
first time to display a high uptake of both wild type mouse HFt and HFt-LBT
Th(III): this fact is noteworthy, since these cancer cell lines overexpress CD71
receptor and are indeed subject of cancer therapy studies focused on this

receptor®7™,
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Figure 66 FACS analysis of HFt-LBT Th(III) uptake by selected human tumor cell lines DU-145, HCT-
116, MDA-MB-231 and SKOV-3, incubated with either HFt-LBT Tb(III) or wild type mouse HEFt (0.5
mg/ml) for 60 min.

Further considerations

We have shown that a mouse HFt nanocage can be engineered by introducing

appropriate metal binding tags (LBTSs) inside its cavity to provide additional

metal sites in topologically selected positions. The LBTs are 17 amino acids long

polypeptides with a TRP residue in the center that acts as the organic

fluorophore that correctly transfers energy to the Th(III) via an antenna effect.

As such, HFt-LBT Tb(III) construct shows great FRET properties (Figure 59
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and Figure 60) and binds a total of 56 Th(III) atoms (Figure 61 and Figure 62).
The tags are efficiently located inside the HFt cavity (namely, at the C-terminal
part of E helices) as proved by cryo-EM (Figure 63 and Figure 64).
Additionally, the key physical property of the tag as chelating antenna system
for Terbium can be coupled to CD71 receptor recognition properties of HFt.
The LBTs insertion does not hinder the contact between Ft and CD71 since
these tags are a prolongation of the E helix, a region that is not essential for
CD71 recognition. Thus, the same internalization in cancer cells as the wild-
type can occur, with additional bioimaging applications. Indeed, HFt-LBT
Th(III) binds to different types of human cancer cells (Figure 66, Figure S11).

In conclusion, we propose the approach here described as an alternative to the
quasi random insertion of metal clusters or small organic fluorophore into the
Ft cavity by free diffusion through the macromolecule pores or by disassembly-
reassembly of the 24-mer™). The importance of a guided allocation of metal
sites inside the cavity is considered essential to proceed with rational positioning
of antenna systems close to lanthanide sites, with the aim of designing the best
geometry for efficient FRET. Positioning of additional tryptophan residues next
to these Dbinding sites could also provide an enhancement in
fluorescence/luminescence Th(III) yields and it will be evaluated in the future.
Rational design of such metal binding sites would foster more advanced
applications such as the construction of up-converting nanoparticles or ultra-

bright fluorescent organic polymers for single molecule detection.
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5.Conclusions &

perspectives

This thesis has accomplished its principal aim (discussed in section 4.1): the
structural determination using cryo-EM of HFt-CD71 complex, an interaction
widely exploited for nanotechnological applications of drug-delivery

(3840414243 44.47455152  hyyt g0 far unexplained in atomic details.

systems
The final cryo-EM map, obtained at 3.9 A resolution (Figure 39), allowed to fit
the atomic structures of the contact region without ambiguity: HFt and CD71
bind in a “virus-like” manner, i.e. HF't contacts the apical domain of CD71 (see
Figure 10 for comparison).

HF't binding region (Figure 40, Figure S2 in Appendix 6.1) is constituted by the
external BC loop (R79, F81, 83, K86, K87) and the N-terminus of both A and
C helices (T5; Q14, D15, E17-A19, N21, R22, N25; E116, K119, D123). From
sequence alignments (Figure 44) and binding assays of mutated residues both
in vitro (SPR, Figure 45) and in vivo (FACS and microscopy, Figure 46), we
identified as HFt most crucial residues for hTfR1 binding in Q14, D15, R22,
F81 and Q83. Notably, this is the first time that HFt in complex with another
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protein has ever been imaged and resolved.

CDT1 counterpart (Figure 40, Figure S2 in Appendix 6.1) is located on its apical
domain and is established by epitopes that are exclusive for HFt binding (S195,
E197, S199, 1202, K374) or common to the recognition of several arenaviruses
and of malaria plasmodium parasite PoRBP2b (R208-L212, N215, E343, K344,
N348): compare Figure 12 with Figure 43. It is important to stress that to date
the apical domain (present in all mammalian TfR1s/™) has never had a known

physiological role.

The CDT71 interaction with HFt is so similar to the other known arenaviruses
and parasites complexes (Figure 47) that we suggested that these pathogens
may have adapted to enter cells by reproducing Ferritin physiological binding
mode. Moreover, the involvement of the apical part for HFt recognition assures
the independent and non-competitive binding of Tf and HFE on the same

20123 thus allowing differential regulation of iron.

receptor, already been noticed!
Finally, this very region might be deeply dependent on species-specific variants:
if TfR1 is mutated in a species, the corresponding residues on Ferritin have to
match to preserve its vital functions. For example, mouse TfR1 (mTfR1) apical
domain is quite different to hTfR1 in HFt binding key residues (Figure 48),
while mouse HF't is similar to human HF't: it is thus unclear whether iron uptake
phenomena by humans and mice organisms may have diverged or not®. The
only known receptor for mouse HFt is in fact TIM-2, not expressed in

humans®?*!. Proving this validation could be appealing for studying iron-

regulatory mechanisms and to validate mice as animal models for iron-concerned
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researches.
Two other side projects that deal with potential applications of this finding have

been reached in the present thesis.

The first one (described in section 4.2) aimed to verify the three-dimensional
cryo-EM structure of a novel chimera that our group engineered. This protein,
the Humanized A.Fulgidus Ferritin (HumAfFt), is endowed with the reversible
cation-dependent assembly/disassembly properties proper of AfFt cagel!™

20

(Figure 50) and the cellular internalization by hTfR1 recognition® typical of
HFt (Figure 56 and Figure 57). It has been possible to implement the CD71
interaction just by transplanting the human HFt BC loop in the AfFt sequence
(Figure 58). This result confirms the importance of the loop for CDT71
recognition; the gained binding is obtained also thanks to the natural presence
of E14 and R22 in AfFt sequence.

Here, we obtained the structure of the chimera by X-ray crystallography (Figure
51) and by cryo-EM at 33 A resolution (Figure 53), sufficient to assure its
correct 24-mer assembly in near-native conditions.

Currently, a major effort is dedicated to the development of HumAF¢t as a more
versatile carrier in the delivery of small protein-based payloads!****, Extensive
use of Cryo-EM measurements is fundamental in order to single out the
structural determinants that govern the encapsulation by this very promising
construct.

The aim of the second project (section 4.3) was to assess the correct insertion

of lanthanide binding tags (LBTs) at the C-terminal domain of mouse HFt.
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LBTs are short polypeptides!™ that are able to bind Th*" with high affinity;
the tryptophan in their sequence confers strong FRET properties when bound
to Terbium through an antenna effect (Figure 59 and 60). Cryo-EM was crucial
for determining that LBTs are in “flip” conformation in the interior cavity of
HFt (Figure 64): their low-resolution but defined patterns were enough to assure
the presence of the tags in the occurred position. Being attached to E-helix, they
do not interfere with CD71 binding region, allowing HFt-LBT Tb(III) uptake
by several cancer cells, as verified by FACS and confocal microscopy (Figure 66

and S11).

The structural results here shown were obtained with single-particle cryo-EM:
we have highlighted its importance for the determination of the three structures

at different resolution, following the workflow in Figure 21.

Even before the resolution of the HFt/CD71 complex, experimental efforts were
made trying to investigate the complex of HumAfFt with CD71 by cryo-EM.
After the incubation of the proteins a pull-down step was not performed: yet,
aggregation was not observed on the micrographs. Differently than the
HFt/CD71 first attempt (Figure 25), the grids were not over-crowded and no
precipitation could be seen; in most micrographs the proteins split apart and
remained quite separated, though sizeable amounts of HumAfFt appeared to be

in complex with CD71 (Figure 67 right).
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Figure 67 Effort of HumAfFt-CD71 cryo-EM acquisition on holey-gold grids, shown here after motion
correction. The proteins did not form a complex and split apart. Left: micrograph with mostly receptors.

Right: micrograph with mostly HumAfFts; many of them seem to be in complex with CD71.

Data analysis, performed with RELION 2.0, confirmed the unsuccessful
occurrence of discrete and isolated complexes formation: in all the classes, CD71

and HumAfFt were separated:

. N . 3
BEEEEEEE

’

Figure 68 2D classification of HumAfFt-CD71 sample. Only HumAfFt or CD71 alone can be seen; as such,
we may conclude that the proteins did not bind.

The final maps were obtained at 6.1 A (HumAfFt) and 8.2 A (hTfR1)

resolutions:
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Figure 69 HumAfFt and CD71 cryo-EM reconstructions at 6.1 A and 8.2 A resolution. Notice the
difference between this HumAfFt structure and the one in Figure 55, imaged with a CCD camera.

It is worth considering that the great difference between the HumAfFt sub-
nanometer resolution structure here obtained and the one, at 33 A, shown in
chapter 4.2 (Figure 55) is mostly due to the direct detector acquisition instead
of a CCD camera; the increased number of frames in this acquisition (200 frames
vs 50 frames of HumAfFt alone) was probably another cause of the better
reconstruction. In summary, though the HumAfFt-CD71 complex formation
could be partially visible at the micrographs by naked eye, there were no

significantly populated classes to reconstruct a map of the complex.

Consequently, as a last comment, the final part of this project will join our
results on HFt/CD71 binding on HumAfFt structure. We will create a “twice
chimeric” nanoparticle having point modifications in key residues for hTfR1
binding and not a generical BC loop substitution: these mutations will be
targeted to increase the receptor affinity of the chimera towards CD71. In such
manner, this protein will be equipped with an affinity to hTfR1 possibly higher

than the nanomolar one of HFt and with a fully reversible cage
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assembly/disassembly, thus allowing cargos encapsulation without the side
effects typical of a pH jump.
The nanoparticle will likely increase the potential applications of Ferritins in

biomedicine and represent a fundamental breakthrough for cancer treatment.
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6.1 CD71/HFt complex

Data analysis workflow
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3D Refinement
(O symmetry, 180 A mask diameter): _ ™.

Joined datasets: Ftre-centered atits symmetry axis -
43240 total particles ————— /|

Symmetry expansion (O symmetry):
1037760 particles (i.e. 43240 * 24)

v

130 Classification (C1 symmetry, no image alignment, using centered complex as mask)

Class 1(39% ) Class 2 (15% ) Class 3 (11% )

Class 4 (35%)
411301 selected particles 106231selected particles
3D Classification 3D Classification
> ) >
Class 1 (8,4%): Class 2-8 (91,6%): Class 5 (10%): Class 6 (13%): Class 1-4, 7-8 (77%):
TfR1-bolnd class Unbound ferritins TfR1-bound class TfR1-bound class Unbound ferritins
35204 selected particles 18674 selected particles

L J

}

Joined classes with TfR bound: 53878 particles

3D Refinement (C1 symmetry, 180 A mask diameter)

Final refined map

. 3D Refinement
Create  CISTEM  per-particle defocus  (C1 symmetry)

_— ——p

*.mrcs stack refinement

Mask (just on Ferritin and contact)

Figure S1 Complete workflow for CD717HFt complex.
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6.1 CD71/HFt complex

CD71/HFt contacts

*CDT1 Group  Location  H-Ft Group  Location Dis&‘;‘“ cxetwvel
common
Electrostatic interactions (hydrogen bonds, salt bridges)
Ser195 0G loop BI-1-plI-1 Aspl23 ODI helix C 44 exclusive
Serl95 0G loop BI-1-BlI-1 Aspl23 0D2 helix C 3.7 exclusive
GIn197 OE1 loop BI-1-BlI-1 Lysl19 NZ helix C 33 exclusive
GIn197 NE2 loop BI-1-BlI-1 Glull6 OE2 helix C 48 exclusive
Ser199 0G strand BII-1 Aspl5 OoD1 helix A 48 exclusive
Ser199 0oG strand BlI-1 Aspl5 0oD2 helix A 5.0 exclusive
Arg208 NH1 loop BII-1-BII-2 Thr5 N N-term 3.7 common
Arg208 NH2 loop BII-1-BII-2 Thr5 (0] N-term 4.0 common
Arg208 NH2 loop BII-1-BII-2 Arg79 NH2 loop BC 3.6 common
Val210 (0] strand BII-2 Asn21 ND2 helix A 3.0 common
Asn215 ODI loop BII-2-BII-3 Arg22 NHI1 helix A 33 common
Asn215 ODI  loop BII-2-BII-3 Arg22 NH2 helix A 33 common
Asn215 ND2  loop BII-2-BII-3 Glull6 OEl helix C 23 common
Asn215 ND2 loop BII-2-BII-3 Glull6 OE2 helix C 4.0 common
Lys344 NZ helix all-2 Asn25 ODI1 helix A 3.6 common
Gly347 (0] helix all-2 *Lys87 Nz *loop BC 3.6 common
Asn348 ODI helix all-2 *Lys87 NZ *loop BC 3.0 common
Asn348 ND2 helix all-2 GIn83 OEl loop BC 3.5 common
Lys374 NZ strand pII-8 Glnl4 OEl helix A 34 exclusive
Lys374 NZ strand BII-8 Aspl5 OD1 helix A 5.0 exclusive
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6.1 CD71/HFt complex

*CD71 Group Location H-Ft Group Location Digtance ol
A common
Hydrophobic interactions

11e201 CD1 strand BII-1 Alal8 CB helix A 42 common
11e201 CG2 strand BII-1 Alal8 CB helix A 4.5 common
Leu209 CD1 strand BII-2 GInl4 CG helix A 45 common
Leu209 CD2 strand BII-2 Arg79 CG loop BC 38 common
Val210 CGl strand BII-2 Glnl4 CB helix A 48 common
Val210 CG2 strand BI1-2 Glul? CB helix A 44 common
Val210 CG2 strand BI1-2 Glul7 CG helix A 44 common
Val210 CG2 strand BII-2 Alal8 CB helix A 44 common
Tyr211 CDI strand BI1-2 Asn21 CB helix A 37 common
Tyr211 CEl strand BII-2 GIn83 CB loop BC 4.7 common
Tyr211 CE2 strand BI1-2 GIn83 CG loop BC 3.6 common
Tyr211 CE2 strand BII-2 GIn&3 CD loop BC 44 common
Tyr211 CD2 strand BII-2 GIn83 CD loop BC 45 common
Tyr211 CG strand BII-2 Phe81 CD2 loop BC 49 common
Leu212 CB strand BI1-2 Alal8 CB helix A 3.6 common
Leu212 CB strand BII-2 Arg22 CB helix A 42 common
Leu212 CD2 strand BII-2 Alal9 CB helix A 43 common
Leu212 CG strand BII-2 Arg22 CG helix A 4.7 common

Figure S2 Complete list of CD71/HFt contacts.

*: The colors follow the code of Figure 40.

+: the explanation common/exclusive is given in the text.
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Cryo-EM maps refinement

CD71/H-Ft complex at 5.5 A CD71/H-Ft complex at 3.9 A
EMD-0046 EMD-0140
PDB 6GSR PDB 6H5I
Refinement
Initial model used (PDB code) 3KAS, 3AJO 3KAS, 3AJO
Model resolution (A) 5.5 3.9
FSC threshold 0.143 0.143
Map sharpening B factor (A% -350 272
Symmetry imposed Cl Cl,0
Model composition
Non-hydrogen atoms 45308 43900
Protein residues 5392 5392
B factors (A%)
Proteins (min, max) 21.4 (5.5, 181.1) 169.2 (71.5, 505.5)
R.m.s. deviations
Bond lengths (A) 0.0059 0.0065
Bond angles (°) 1.00 1.11
Validation
MolProbity score 1.45 1.36
Clashscore 5.94 2.7
Poor rotamers (%) 1.20 0.17
EMRinger score 1.06 1.92
Ramachandran plot
Favored (%) 97.73 95.69
Allowed (%) 2.15 431
Disallawed (%) 0.11 0

Figure S3 cryo-EM maps refinement for the 5.5 A and 3.9 A maps
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Cryo-EM maps resolutions
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Figure S4 cryo-EM maps resolutions.
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6.1 CD71/HFt complex

FACS acquisition plots

CTRL AfFt HFt
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200k 1 200k
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Figure S5 Representative FACS plot of the analysis shown in Figure 46.
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6.2 Humanized HumAfFt

X-ray data collection and refinement

Data Collection

Space Group

222,

Cell Dimensions

a.b.c(A) 185.80 190.65 176.54
Resolution (A) 48.86-2.94 (3.00 - 2.94)
Rierze 0.134 (0.751)

Unique Reflections 59926 (4378)

Il 78(1.8)

Completeness (%) 95.8 (95.6)

Redundancy 42(43)

Refinement

Resolution (A) 49.69 - 2,94 (3.00 - 2.94)

No. reflections

56823 (346)

Rfaclm 0.27 (06])
Riee 0.30 (0.59)
Ion (Mg¥) 2

water 13

R.m.s deviations

Bond lengths (A) 0.007
Bond angles () 0.99

Figure S6 HumAfFt X-ray data collection and refinement.
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Cryo-EM map FSC curve
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Figure S7 F'SC curve of the 33 A map shown in Figure 55.

FACS acquisition plots
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Figure S8 Representative FACS plot of the analysis shown in Figure 56.
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6.3 Lanthanide Binding Ferritin

X-ray data collection and refinement

Data Collection apoHFt TBP HFt TBP TB
Wavelength (A) 1.0 1.4
Space group 222 1222

Cell Dimensions

Resolution (A)

Rinerge

L'sl

Completeness (%)
Redundancy
Refinement
Resolution (A)

No. unique reflections

Ruvork

Riee

Ligand/Ion
Water

R.m.s. Deviations
Bond length (A)

Angles (°)

237.31237.47 237.53
90.00 90.00 90.00

48.48-2.85 (2.9-2.85)

0.109 (0.833

17.6 (2.5)

100 (100)

6.9 (6.8)

48.48-2.85 (2.9-2.85)

61020 (4475)

0.137 (0.352)

0.167 (0.374)
32 Iron Tons

12

0.004

0.711

237.25237.56 237.57
90.00 90.00 90.00

48.48-2.65 (2.70-2.65)
0.133 (1.135)
12.6(1.4)

99.2 (94.3)

6.7(5.3)

48.48-2.65 (2.70-2.65)
191449 (8966)

0.164 (0.266)

0.176 (0.282)
32 Terbium Ions

11

0.004

0.623

Figure S9 HFt-LBT Th(III) X-ray data refinement.
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FSC Cryo-EM map curve
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Figure S10 FSC curve of the cryo-EM map shown in Figure 63 and Figure 64
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FACS and confocal microscopy data

A

MDA-MB-231 HCT-116 DU-145

SKOV-3

HFt-LBT Tb(lll) wt Mouse HFt

Frequency

Frequency

Frequency

Frequency

10 100 100 10t 10°
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10 100 100 10f 10°
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10' 10° 10° 10* 10°
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[C_IHFt-LBT Tb(lll)y

[_]wt Mouse HFt

Figure S11 FACS and confocal data of Figure 66.
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Humanized archaeal ferritin as a tool for cell
targeted deliveryf

Valeria de Turris,* Matilde Cardoso Trabuco,® Giovanna Peruzzi,? Alberto Boffi,*<
Claudia Testi? Beatrice Vallone,® Linda Celeste Montemiglio,®

Amédée Des Georges,® Lorenzo Calisti,” Irene Benni,” Alessandra Bonamore® and
Paola Baiocco*?

Human ferritins have been extensively studied to be used as nanocarriers for diverse applications and
could represent a convenient alternative for targeted delivery of anticancer drugs and imaging agents.
However, the most relevant limitation to their applications is the need for highly acidic experimental
conditions during the initial steps of particle/cargo assembly, a process that could affect both drug stabi-
lity and the complete reassembly of the ferritin cage. To overcome this issue the unique assembly of
Archaeoglobus fulgidus ferritin was genetically engineered by changing a surface exposed loop of
12 amino acids connecting B and C helices to mimic the sequence of the analogous human H-chain
ferritin loop. This new chimeric protein was shown to maintain the unique, cation linked, association—
dissociation properties of Archaeoglobus fulgidus ferritin occurring at neutral pH values, while exhibiting
the typical human H-homopolymer recognition by the transferrin receptor TfR1. The chimeric protein
was confirmed to be actively and specifically internalized by HelLa cells, thus representing a unique nano-
technological tool for cell-targeted delivery of possible payloads for diagnostic or therapeutic purposes.
Moreover, it was demonstrated that the 12 amino acids’ loop is necessary and sufficient for binding to the
transferrin receptor. The three-dimensional structure of the humanized Archaeoglobus ferritin has been
obtained both as crystals by X-ray diffraction and in solution by cryo-EM.

ment site for drugs, nucleic acids, fluorophores or magnetic
moieties. Along this line, recent studies further established

Ferritin proteins have been extensively used as nanocarriers
for diverse applications due to their hollow cage-like structures
and their unique, reversible, 24-mer bly."? In more
detail, they represent the most convenient alternative to viral
carriers for targeted delivery of anticancer drugs and imaging
agents and have been successfully utilized as reaction nano-
vessels for the synthesis of non-native metallic nanoparticles
in the inner core, with applications in nanoelectronic
devices.” The external and internal surfaces of ferritin are
chemically and genetically modifiable allowing for the attach-
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heavy (H) or light (L)-chain homopolymers as versatile multi-
functional nanocarriers for targeted cancer diagnosis and
therapy.®™? In fact, human ferritins constitute biocompatible
nanocarriers that stabilize and shelter the enclosed particles,
thus preventing immunogenic responses. Moreover, ferritins
are naturally targeted toward ubiquitously expressed TfR1
transferrin receptors (H-chain specific) or hepatic SCARA
5 receptors (L-chain specific). Such properties have been
widely exploited for the efficient delivery of antitumor drugs to
iron-avid, fast replicating, tumor cells overexpressing the
TfR1 receptor.’ Thus, ferritin based protein cages have been
developed as versatile platforms for multiple applications in
nanomedicine.

Current development of human ferritin based particle is
however facing intrinsic limitations due to the experimental
conditions linked to their assembly-disassembly equilibrium,
whose control is a prerequisite in order to achieve encapsul-
ation of the cargo within the internal cavity. In the conven-
tional in vitro encapsulation procedures, ferritin must be dis-
assembled at extreme pH values (pH = 2.0) and re-assembled
in the presence of highly concentrated payload compounds.™

Nanoscale, 2017, 9, 647-655 | 647
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Such a procedure leads to a suboptimal load of cargo material,
whose chemical structure is required to be pH resistant.
Moreover, the pH jump procedure is only partially reversible
and re-assembly may not be complete, depending on complex
equilibrium and kinetic parameters.”® Currently, extensive
research efforts are devoted to adjust the assembly properties
of ferritin nanocages to the desired applications either by
intersubunit interface mutagenesis'* or by genetic engineering
of N- or C-terminal regions."

Recently, novel ferritins from lower eukaryotes, bacteria and
archaea, endowed with different polymer association—
dissociation thermodynamic and kinetic features have emerged
as possible alternatives to human ferritin homopolymers for
several biotechnological applications requiring cargo material
encapsulation.'®"” Despite low sequence similarity, these ferri-
tins display a highly conserved quaternary structure consisting
of a four-helix bundle namely A, B, C and D and a short E helix
at the C-terminus. Helices B and C are connected by a 12 amino
acid (aa) long loop involved in stabilizing interactions at the
2-fold dimer interface. Unlike most eukaryotic and prokaryotic
ferritins, the archaeal ferritin from Archaeoglobus fulgidus (AfFt)
is characterized by unique self-assembly properties. In fact, in
neutral buffers it is present as dimeric species, easily combining
into a non-canonical 24-mer cage in the presence of metal
cations."® AfFt assembles in a distinctive tetrahedral geometry
as a result of particular packing between four hexametric units
into a 24-mer structure different from those observed so far.
Such unusual assembly results in the formation of four wide tri-
angular pores (45 A) on the protein shell.® As demonstrated by
Sana et al,"® amino acid substitutions in the turn motif that
connects D and E helices forming the 4-fold iron channels,
namely K150A and R151A, are sufficient to restore the canonical
octahedral symmetry observed in vertebrate and bacterial ferri-
tins,"'* thus providing a rationale for the atypical tetrahedral
architecture of AfFt. Nevertheless, the low sequence similarity of
AfFt with mammalian ferritins runs against the possibility of
targeting AfFt onto the TfR1 receptors in mammalian cells.

Transferrin receptor TfR1, or CD71, has been reported to be
a preferred target for human ferritin, due to the specific inter-
action of the receptor extracellular moiety with epitopes of the
H-ferritin subunit.*”*' Inspection of the three-dimensional
structure of the human H-homopolymer external surface indi-
cates that the most significant accessible area is occupied by
the external 12 aa long loop connecting B and C helices (up to
19 aa including the turn regions). Patches of a lesser extent
exposed to solvent are formed by the N-terminal regions or by
the iron channels within the threefold axis of the intersubunit
assembly. However, it has been shown that N-terminal or
C-terminal deleted human H-homopolymers are efficiently
taken up by target cells, thus suggesting these regions are not
required for receptor recognition or uptake.”” Therefore the BC
loop, besides its structural role in stabilization of the inter-
dimer interface,* appeared to be the best candidate for TfR1
receptor recognition of the ferritin molecule.

We decided then to engineer the archaeal ferritin to devise
a chimeric construct, named humanized Archaeoglobus ferritin

648 | Nanoscale, 2017, 9, 647-655
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(HumAfFt), in which the external 12 aa loop connecting the B
and C helices was mutated to reproduce an analogous one in
the corresponding region of the human H chain homopolymer
(HuHF). It was observed that this chimeric protein (HumAfFt)
was actively internalized by HeLa cells to an extent comparable
to transferrin, the preferred ligand for TfR1.

Results and discussion
“Humanized” Archaeoglobus ferritin design

Heavy chain human ferritin and Archaeoglobus ferritin display
31% sequence identity. The structural alignment of HuHF and
AfFt monomers (pdb code 3AJO and 1S3Q, respectively) reveals
a shorter N-terminus and shorter loops between three of the
four helices, with the notable exception of the long loop con-
necting B and C helices.

As shown in Fig. 1, the BC loops of two adjacent subunits
run in an antiparallel fashion establishing significant, mutual
interactions. Thus the BC loops of adjacent subunits display the
same overall geometry in both HuHF and AfFt, though each
couple of loops adopts a different symmetry along the spherical
surface of the protein cage, given the different dimer-dimer
positioning within each complete 24-mer structure.

In order to preserve the unique assembly properties of AfFt,
while implementing a potential cellular uptake, we decided to
exploit this external loop by mutating 9 residues into the
corresponding residues found in HuHF, according to the
sequence alignment shown in Fig. 2. In particular, the nine
amino acids sequence IFLQDIKKP, typical of a human H ferri-
tin homopolymer, located at the center of the 12 aa loop was
inserted in place of VKLYAVEEP (from residue 70 to 79 in AfFt
numbering, see Fig. 2). In addition, a cysteine residue in posi-
tion 54 (AfFt numbering) has been introduced by point
mutation in order to provide a conjugation site of potential
thiol reactive derivatives into the cavity. As previously men-
tioned, we will refer to the chimeric protein described above as
humanized Archaeoglobus ferritin (HumAfFt).

Fig. 1 Three-dimensional structures determined by X-ray crystallogra-
phy. A cartoon representation of (A) HumAfFt and (B) HuHF (pdb code
3AJO). Models are coloured in blue and green, respectively, and the
external loop connecting the helices B and C of each monomer is
shown as red ribbons. Molecular graphics were performed using a UCSF
Chimera package.®®

This joumal is © The Royal Society of Chemistry 2017
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Fig. 2 Structure-based sequence alignment of AfFt, HumAfFt, and HuHF. (A) Close-up view of the sequence alignment. Elements of secondary
structure for the AfFt are shown on the top. White characters in a red background indicate strict conservation while residues with poor conservation
are drawn in black on a white background. Alignments were made using CLUSTAL Omega, and the figure was generated using ENDSCRIPT.*’ The
structural superposition of the region from R69 and S84 (AfFt numbering) is shown in (B) HumAfFt (in blue) vs. HuHF (in yellow) and in (C) HumAfFt

(in blue) vs. AfFt (in orange). are as sticks i

Self-assembly assessment

The effect of mutations on the MgCl,-mediated self-assembly
of HumAfFt was studied by size exclusion chromatography
(SEC), in order to separate different possible oligomers accord-
ing to their molecular size. Identical peak-positions confirmed
that HumAfFt retains the MgCl,-mediated self-assembly pro-
perties of native AfFt** (see Fig. S21). As shown in the chroma-
tograms, the increasing of MgCl, concentration triggered the
self-assembly of dimers until they reached a stable polymeric
structure around 500 kDa, roughly corresponding to the
expected 24-mer cage-like structure, at 20 mM MgCl,. The data
highlighted that the chimeric HumAfFt maintained the cation
induced association/dissociation properties of archaeal ferritin
and is possibly assembled into a 24-mer typical structure.”*

X-ray diffraction data on HumAfFt show the hedral

N atoms in blue, O atoms inred and S atoms in yellow.

reported for archaeal ferritins. The protein was crystallized in
the presence of Mg”' in order to maintain the 24-mer
assembly.

The structure of HumAfFt has been determined by X-ray
crystallography at a 2.87 A resolution. It crystallized in the
€222, space group, as also observed for wild type AfFt. The
asymmetric unit (ASU) contains 12 identical subunits with a
solvent content of 64.3%. The overall folding corresponded to
the wild type structure (pdb code 1S3Q) with a rmsd value of
0.4 A and displayed four wide triangular pores on the surface
(Fig. 1A). B factor analysis shows a mean B factor of 66 A* with
the exception of the loop region between the D and E helices,
which displays higher B factors and a poor electron density on
the side chains from 146 to 151 residues. Conversely, the BC
loop is well organized and the analysis of the difference elec-
tron density (Fo-Fc) map clearly showed the presence of the

symmetry of archaeal ferritins

The humanized AfFt crystallized under different conditions
with respect to wild type AfFt. Crystals were exposed to the syn-
chrotron light in order to confirm the tetrahedral symmetry

This journal is © The Royal Society of Chemistry 2017

d residues in the loop between the helices B and C as
well as the M54C mutation, pointing towards the inner cavity.
Two magnesium ions have been positioned and success-
fully refined in the ASU, and they are located in the ferroxi-
dasic site of two different subunits. In both, one magnesium

Nanoscale, 2017, 9, 647-655 | 649
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ion is coordinated with both OE1 and OE2 of Glu19, (at 2.5 A
and 2.8 A distance, respectively), with Glu52 (OE1) at 2.5 A,
with GIn129 (OE1) at 2.6 A and with a water molecule at 2.6 A
distance. In the other chains, a water molecule has been mod-
elled in the Fo-Fc map and successfully refined in the same
position.

The loop region, including the conserved terminal turns,
spans from amino acid 68 to amino acid 86. The sequence
alignment and the structural superposition between HumAfFt
and the human H-homopolymer, as well as between HumAfFt
and AfFt, are shown in Fig. 2B and C. At the dimeric interface
between the two antiparallel BC loops, the main interactions
are a hydrogen bond between Arg69(NH2) and Ser80 (O) at
2.8 A distance and two salt bridges, namely Lys71 (NZ)-Glu77
(OE1) at 3.0 A distance and Glu81 (OE2)-Arg69 (NH1) at 2.7 A
distance. A weak salt bridge is established by Glu81 (OE2) and
Arg69 (NH2), at a distance of 3.0 A. The salt bridge between
Lys71 and Glu77 observed in HuHF, is absent in HumAfFt
since these positions were mutated into a phenylalanine
(Phe71) and a lysine (Lys77). Other interactions are conserved
between HuHF and HumAfFt and measured the same
distances.
fi the

Cryo-electron mi py ¢ 1 AfFt

architecture in solution

Humanized AfFt samples were prepared in thin ice layer and
analyzed by cryo-EM in order to assess the three-dimensional
structure of the chimeric protein in a near-native environment.
Particles were picked with a reference-based automated par-
ticle picking procedure. Single ferritin particles were visualized
at a nominal resolution of 33 A demonstrating that their shape
and dimensions correspond to that of wild type AfFt in its
24-mer assembly (Fig. 3A). Moreover, the triangular apertures

B

(0 o o o o
S}Qﬁ%
A;‘Q

Fig. 3 Electron microscopy characterization of  humanized
Archaeoglobus fulgidus ferritin. (A) Sample micrograph of the HumAfFt
data set. Scale bar: 100 nm. (B) Five repi ive 2D class
obtained with RELION. (C) 3D reconstruction of HumAfFt obtained with
RELION and visualized with UCSF Chimera*® Map final resolution:
331 A Scale bars: 10 nm. Left: side view. Right: top view.
(D) Archaeoglobus fulgidus ferritin crystal structure (from 16) filtered to
30 A, shown for comparison. Scale bars: 10 nm. Left: side view. Right:
top view.
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on the protein surface were clearly observable in a bi-dimen-
sional view (Fig. 3B) and better displayed in a three-dimen-
sional reconstruction as shown in Fig. 3C.

Y y Y

After we have demonstrated that our HumAfFt maintained its
structure with large open pores and the self-assembly
property characteristic of the original AfFt, we aimed to verify
that the modified version also gained access to eukaryotic
cancer cells such as HeLa cells. It is known that HuHF is recog-
nized and internalized by the TfR1, which is overexpressed in
many types of tumor cells but not in normal cells and healthy
tissues.”" To validate the effect of our mutations on the exter-
nal loop related to the uptake efficiency by HeLa cells, we per-
formed time course experiments on cells treated with the
same amount (30 pg ml™") of AfFt-FITC, HumAfFt-FITC and
transferrin-FITC (TF-FITC) and analyzed them by flow cyto-
metry. As a baseline for FITC fluorescence, control cells not
incubated with FITC-ferritins were used. Moreover, to exclude
any signal generated from outside particles sticking on the cell
membrane due to unspecific binding or remains from the
washing steps, trypan blue quenching was performed before
using FACS. In Fig. 4, the FACS analysis is summarized,
shown as the percentage of cells internalizing the nano-
particles at different times. These data highlighted that
HumAfFt nanoparticles are efficiently taken up by HeLa cells
already after one hour incubation with a much higher percen-
tage compared to AfFt (81% and 5% respectively). After a

Flow shows H

AfFt cellular uptake

[CJafFrt M Hum AfFt Il TS

100

80

60

cells (%)

40

20

1 3
Time (hours)
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Fig. 4 Humanized AfFt is interalized with higher efficiency than the
original ferritin. Ferritins taken up in Hela cells have been quantified by
flow cytometry. Cells have been treated with 30 ug ml™* of AfFt-FITC,
HumAfFt-FITC and transferrin-FITC (Tf). The percentage of cells interna-
lizing the nanoparticles at the time indicated is shown. For each sample
30000 events gated on live cells have been acquired.

This joumal is © The Royal Society of Chemistry 2017
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Fig. 5 Ferritin internalization observed at the confocal microscope. Cells were plated on an 8-well p-slide (ibidi), induced with doxycycline to express
TagRFP and then incubated with 30 ug ml™* of humanized AfFt-FITC or transferrin-FITC for 20 h. After washing, cells were live-imaged using a con-
focal microscope. (A) Confocal images of live HeLa TagRFP cells are shown as single, merged channels and overlay images with the phase contrast.
Scale bars: 40 um. (B) Images are a magnified view of the region highlighted by the white inset in panel A; merged channels and the overlay with the

phase contrast images are shown. Scale bars: 10 um.

longer incubation time (20 hours), the FITC-positive cells for
the humanized samples are increased to more than 90%
whereas for native AfFt they are still less than 20%. The latter
increment is possibly due to the unspecific uptake by pino-
cytosis. Each acquired plot is shown in Fig. S4.1

Moreover we performed the RNAi experiment against the
transferrin receptor and analyzed the cellular uptake by FACS
(Fig. S5f) obtaining around 50% HumAfFt uptake reduction
after 48 hours of siRNA transfection, confirming the involve-
ment of TfR1 in the internalization process.

Vi ization of ferritin
confocal microscopy

P inside living cells by

In order to visualize uptaken HumAfFt-FITC nanocages, we
performed the internalization assay directly on an ibidi 8-well
p-slide and incubated the cells for 20 hours before confocal
microscopy. We exploited the properties of the HeLa TagRFP
cell lines available in the lab in order to have a reference fluo-
rescence signal confirming that we were imaging inside the cell.
This cell line contains a TagRFP-FUS protein under the control
of a doxycycline-inducible promoter that allows for a con-
trolled expression of the protein and hence permits visuali-

This journal is © The Royal

zation of the nucleus in the red channel. In this case the cells
were not selected to eliminate the untransfected cells, allowing
us to visualize different levels of expression and also unstained
nuclei. Just before imaging, the cells were washed to eliminate
the unbound FITC-nanoparticles and then acquired by con-
focal laser-scanning microscopy. Confocal representative
images of the entire field of view of live HeLa TagRFP cells
alone (control) or incubated with HumAfFt-FITC or TF-FITC
are shown in Fig. 5A. A detailed view of the boxed region in
panel A is shown in Fig. 5B. Images confirmed the high extent
of HumAfFt internalization and highlight a cellular distri-
bution in the cytoplasm and in the perinuclear space compar-
able to that observed in the case of transferrin, thus suggesting
a typical clathrin-coated endocytosis pathway, mediated by
TIR1.

Conclusion

The present data highlight the remarkable properties of a
novel chimeric ferritin nanocage suitable for the design of
efficient and versatile scaffolds for the intracellular delivery
of bioactive small molecules and/or diagnostic probes.
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Archaeoglobus fulgidus ferritin (AfFt) is a prominent example of
this versatility due to its unique association/dissociation pro-
perties that lead to the presence of stable dimeric species at
neutral pH and low ionic strength capable of associating into
non-classical 24-mer species in the presence of either mono-
valent or divalent cations at physiological concentrations (i.e.
higher than 0.5 M Na' or 20 mM Mg'"). Moreover, AfFt also
displays a unique subunit assembly, based on tetrahedral sym-
metry, which leads to the formation of four large openings in
the protein shell. As such, AfFt represents a uniquely suitable
scaffold for incorporating a wealth of diverse substructures
inside the protein cavity, either by an assembly/disassembly
process at neutral pH or by diffusion through the large
triangular pores on the surface. Notable examples have been
reported in recent literature.'” Nevertheless, one of the key pro-
perties of ferritin nanocages in biomedical applications is the
possibility of targeting receptors on human cells, thus allowing
the delivery of the desired payload within the cytoplasm. The
engineered HumAfFt described here combines the versatility
in assembly and cargo incorporation of AfFt by binding to
TfR1 and by cellular uptake of HuHF. At present, further
experiments with possible payloads for diagnostic or thera-
peutic applications are under development. However, in vivo
applications will have to wait for the evaluation of possible
immunological responses against non-human epitopes
present on the protein surface. In fact, though the mutated
loops appear to account for most of the solvent exposed
surface, N-terminal and pore lining regions might still offer
windows for non-self-recognition by the immune system.

Materials and methods
“Humanized” Archaeoglobus ferritin design

The gene encoding for a mutated ferritin from Archaeoglobus
fulgidus was synthesised by GeneArt (ThermoFisher) and sub-
cloned into a pET22b vector (Novagen) between the restriction
sites Ndel and HindIII at 5" and 3’ respectively. The recombi-
nant plasmid was transformed into BL21(DE3) E. coli strain for
protein expression.

Protein expression and purification

E. coli cells, containing the HumAfFt plasmid, were grown and
induced with 1 mM IPTG (isopropyl-f-b-1-thiogalactopyrano-
side) at ODggo = 0.6. Cells were harvested by centrifugation
3 hours post induction at 37 °C.

Cells harvested from 1 L culture were resuspended in
20 mM HEPES buffer, pH 7.5, containing 200 mM NaCl, 1 mM
TCEP (tris(2-carboxiethyl)phosphine), and a cOmplete™ Mini
Protease Inhibitor Cocktail Tablet (Roche). Cells were dis-
rupted by sonication and the soluble fraction was purified by
heat treatment at 78 °C for 10 minutes. Denatured E. coli
proteins were removed by centrifugation at 15 000 rpm at 4 °C
for 1 hour. The soluble protein was further purified by
ammonium sulfate precipitation. The precipitated fraction at
70% ammonium sulfate was resuspended in 20 mM HEPES,

652 | Nanoscale, 2017, 9, 647-655
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50 mM MgCl, pH 7.5 and dialyzed versus the same buffer. As
a final purification step, the protein was loaded onto a HiLoad
26/600 Superdex 200 pg column previously equilibrated in the
same buffer using an AKTA-Prime system (GE Healthcare). The
purified protein was concentrated to obtain the final protein
preparation of 1 mg mL™" and protein concentration was cal-
culated by measuring the UV spectrum using an extinction
coefficient of 32400 M™' em™". Protein yield was ~40 mg L™*
culture.

Self-assembly assessment in solution

Size exclusion chromatography MgCl,-mediated self-assembly
was studied by size exclusion chromatography (SEC) using a
Superdex 200 26/600 GL column (GE Healthcare). The mole-
cular size of HumAfFt was determined under different con-
ditions by comparing the elution volume with that of standard
proteins. Composition of the mobile phase was 25 mM HEPES
pH = 7.5 with different MgCl, concentrations accordingly to
the composition of the protein buffer.

Crystallization and crystal structure determination

The purified protein was concentrated to 20 mg mL™' and
initial crystallization screening was performed using a Phenix
Robot. Crystals were obtained by mixing in a 2 pL hanging
drop 1 mM of the purified protein with a solution containing
22% (vol/vol) polyacrylic acid PAA, 0.1 M Tris, 0.02 M MgCl,,
pH 7.4, at 25 °C within a week, cryo-protected by increasing
the precipitant concentration and flash-frozen in liquid nitro-
gen. Diffraction data have been collected at ID23-2 beamline at
the European Synchrotron Radiation Facility (ESRF), Grenoble,
France.

Data were processed with XDS* and scaled with Aimless
(ccp4 suite) at a final resolution of 2.87 A. The structure was
solved by Molecular Replacement with MolRep (ccp4 suite)
using the open pore structure AfFt (pdb code 1S3Q) as the
search model. Model Building and refinement were done
using Coot™® and Refmac5, respectively. The final model was
analyzed with PROCHECK* and Molprobity.”® The
Ramachandran plot showed that 97.8% of residues are in pre-
ferred regions, 2.2% in allowed regions and no outlier is
observed. The final atomic coordinates and structure factors
were deposited with the PDB Data Bank (http:/www.rcsb.org)
with accession code: 5LS9. Complete data collection and
refinement statistics are reported in Table S1.}

Cryo-Electron microscopy

Holey-gold grids were prepared as described by Russo and
Passmore™ from Quantifoil R1.2/1.3 (Quantifoil Micro Tools
GmbH, Germany). 3 uL of HumAfFt (12 pM) was applied to the
holey-gold grids after plasma cleaning with a mixture of H,
and O,. Grids were blotted for 4 seconds and vitrified by
rapidly plunging into liquid ethane at —180 °C (ref. 30 and 31)
with a Vitrobot (FEI).

Data acquisition was done using a FEI Titan Halo (FEI,
Eindhoven) operating at 300 kV. Datasets were imaged with a
Volta phase-plate (FEI, Eindhoven)* and were collected with
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the automated data collection system EPU (FEIL, Eindhoven) at
a nominal magnification of 59 000x on an FEI Ceta camera
(FEI, Eindhoven) with a camera pixel size of 14 pm, corres-
ponding to a calibrated pixel size of 1.49 A on the specimen
scale and with a dose of 50 e~ A2

Image processing. The particles were picked with the refer-
ence-based  automated  particle  picking  procedure
implemented in RELION 1.3.*** CTF correction was not
applied since the data were collected within 200 nm of focus
and the first CTF zero crossing was well beyond the achievable
resolution of the dataset. Those particles were subjected to 2D
classification using RELION with k = 100 classes. Good par-
ticles were then subjected to 3D classification using RELION
with the number of classes K = 8. Resulting classes were
refined with the autorefine procedure in RELION.

Resolution estimation. Reported resolutions are based on
the ‘gold-standard’ protocol with the FSC = 0.143 criterion
using soft masks with an 8 pixel soft edge, and were corrected
for the effects of the mask on the FSC curve using high-
resolution noise substitution.**

Maps were visualized using UCSF Chimera.*

Cell line generation

The HeLa cell line stably expressing an inducible TagRFP-FUS
protein (HeLaTagRFP) was generated by transfection with
epB-Puro-TT-RFP-FUS wt plasmid and the piggyBac transpo-
sase vector. Plasmid construction is described in ref. 36.

Protein FITC labeling

HumAfFt, AfFt and Olo-transferrin were labeled with fluor-
escein-isothiocyanide (FITC, ThermoFisher) according to the
manufacturer’s standard protocol. Briefly, 2 mg mL™" of the
purified protein was added with 10-fold molar excess of in
protein storage buffer stirring for 2 hours at RT. The non-
reacted dye was removed by gel filtration chromatography and
the fluorescent dye to protein ratio was determined by UV-
spectroscopy. LC-MS  spectrometry —measurements on
HumAfFt-FITC confirmed that >60% of monomers are FITC
labeled as reported in Fig. S6.1

Cell cultures and ferritin internalization

HeLa cells were grown at 37 °C in Eagle’s MEM supplemented
with 10% (v/v) FBS, Glutamax (Invitrogen) and penicillin-
streptomycin solution (Sigma). When needed, the cells were
induced with doxycycline 0.2 pg mL™". The internalization
assay was performed as follows: after seeding the cells on the
relevant substrate depending on the experiment, cells were left
one day to attach and then incubated with FITC-ferritin nano-
particles (AfFt-FITC, HumAfFt-FITC or Tf-FITC as specified in
each experiment) at the final concentration of 30 pg ml™* for
the time indicated (1 h, 3 h or 20 h).

Flow cytometry analysis

For flow cytometry analysis HeLa cells were seeded on multi-
well plates. Cells were incubated with FITC-ferritin nano-
particles as described previously, then washed two times with
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PBS, detached with trypsin-EDTA (Euroclone), washed with
PBS and resuspended in BD-FACS flow buffer. Half of each
sample was treated with Trypan Blue (TB; Sigma) to quench
the FITC signal from membrane-bound nanoparticles that
were not internalized. The quenching was performed with
0.04% TB for 10 min on ice. Control cells were treated in the
same way but without FITC-ferritin incubation. Internalization
of ferritins before and after TB treatments was measured at the
BD LSFORTESSA (BD Biosciences, San Jose, CA, USA) equipped
with a 488 nm laser and FACSDiva software (BD Biosciences
version 6.1.3). Live cells were first gated by forward and side
scatter area (FSC-A and SSC-A) plots, then detected in the
green channel for FITC expression (530/30 nm filter) and side
scatter parameter. The gate for the final detection was set in
the control sample. Data were analyzed using Flow]09.3.4 soft-
ware (Tree Star, Ashland, OR, USA).

Confocal microscopy of live cells

To visualize ferritin internalization by live cells using a
confocal microscope, HeLa TagRFP cells were seeded on a
p-slide 8-well ibiTreat (ibidi) and induced with 0.2 pg mL™" of
doxycycline. Cells were then incubated with FITC-ferritin nano-
particles as previously described for 20 h and, before
microscopy, cells were washed two times with an imaging
medium (DMEM without phenol red, 10% FBS, 10 mM Hepes,
Glutamax and penicillin-streptomycin solution) to eliminate
the unbound FITC-nanoparticles. The confocal laser-scanning
microscope used was an Olympus FV10i platform equipped
with a built-in incubator. Images were acquired with a 60x/
1.2NA water-immersion objective, LD lasers, 473 nm and
559 nm, and filter sets for FITC and TRITC. Phase-contrast
images were acquired simultaneously.
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Abstract

In humans the steroid So-reductase (SRD5A) family comprises five integral membrane enzymes that carry out reduction of a double bond in
lipidic substrates: A*-3-keto steroids, polyprenol and trans-enoyl CoA. The best-characterized reaction is the conversion of testosterone into the
more potent dihydrotestosterone carried out by SRD5A1-2. Some controversy exists on their possible nuclear or endoplasmic reticulum
localization.

‘We report the cloning and transient expression in HeLa cells of the five members of the human steroid 5o.-reductase family as both N- and C-
terminus green fluorescent protein tagged protein constructs. Following the intrinsic fluorescence of the tag, we have determined that the
subcellular localization of these enzymes is in the endoplasmic reticulum, upon expression in HeLa cells. The presence of the tag at either end of
the polypeptide chain can affect protein expression and, in the case of trans enoyl-CoA reductase, it induces the formation of protein aggregates.
© 2017 The Authors. Published by Elsevier B.V. on behalf of Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Steroid 5

Polyprenol Trans-enoyl-CoA

1. Introduction of the three subfamilies are found in all primary eukaryotic

species from plant, amoeba and yeast up to vertebrates, indi-

In humans the steroid So-reductase family (SRD5SA) com-
prises five membrane embedded enzymes that carry out the
reduction of a double bond of lipidic substrates. They can be
traced back to a common ancestor that split in three sub-
families (SRD5A1-2, SRD5A3 and TECR-TECRL). Members
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of Rome, P.le A.Moro 5, 00185, Rome, Ttaly.
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cating that the split arose in early eukaryota [1]. The dupli-
cation of an ancestral gene led to substrate diversification and
acquisition of a central role in vertebrates in the context of the
complex physiological roles of steroids.

SRD5A1 and SRD5A2 carry out the NADPH-dependent
reduction of the A* group (double bond) of C-19 and C-21
steroids into Sa-stereoisomers [2]. This reaction yields dihy-
drotestosterone, a more potent derivative of testosterone [3].
The first identified role of dihydrotestosterone is to trigger the
development of external genitalia in the male fetus, as

2214-0085/© 2017 The Authors. Published by Elsevier B.V. on behalf of Société Frangaise de Biochimie et Biologie Moléculaire (SFBBM). This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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dramatically brought to evidence by the identification of fa-
milial incomplete male pseudo-hermaphroditism, a congenital
condition due to mutations of the SRD5A2 gene [4]. Due to
their activity on testosterone, both SRD5A1 and SRD5A2 can
be viewed as pivotal factors in several physio-pathological
conditions, from benign prostatic hyperplasia and prostatic
cancer to acne and male pattern baldness [5.6]. Two com-
mercial drugs, finasteride and dutasteride, are used in therapy
for benign prostatic hyperplasia and, in the case of finasteride,
also for male pattern baldness.

The action of SRD5A1 and SRD5A2 on progesterone,
testosterone and other related steroids is also a committing
step for the production of neurosteroids. These are among the
strongest modulators of GABA(A) receptors with anticonvul-
sant, antidepressant and anxiolytic effects [7].

The expression of SRD5A1 and SRD5A2 was studied in
several organs and tissues, with results depending on the
methodology (antibody, mRNA analysis, in situ, after protein
extraction, etc.) and on tissue preparation and origin (for a
review see Ref. [8]). Expression of SRD5A1 is consistently
reported in the brain, liver and sebaceous glands, whereas
SRD5AZ2 is mainly found in the urogenital tract, genital skin,
liver and transiently in the brain.

A third member, SRD5A3, has testosterone reductase ac-
tivity, and seems to play a role in the onset of hormone re-
fractory prostate cancer [9]. Surprisingly, inactivating
mutations of the SRD5SA3 gene cause a rare congenital neu-
rodevelopmental disorder. This is possibly related to the fact
that SRD5A3 is also endowed with polyprenol reductase ac-
tivity, thus carrying out one of the earliest steps of protein N-
linked glycosylation [10]. SRD5A3 was ubiquitously detected
in human healthy tissues and is overexpressed in prostate and
breast malignancies [11].

Trans-2-Enoyl-CoA reductase (TER or TECR) comes as a
more recent addition to the SRDSA family. This gene, when
mutated, causes a rare autosomic syndrome, nonsyndromic
mental retardation, and the protein carries out the fourth step
of very long-chain fatty acid synthesis and sphingosine
degradation [12]. TECR expression seems ubiquitous in man
and mouse organs by Northern blot analysis [13], with high
expression in the nervous system |[14] consistently with its
involvement in the synthesis of membrane lipids and with
congenital neurological impairment arising from mutations.

A fifth gene of unknown function, called TECR-like
(TECRL), was identified in vertebrates through sequence ho-
mology with TECR [1].

During over 30 years of research on SRD5A enzymes, their
purification in an active form has proven elusive. Nevertheless,
biochemical studies on the microsomal fraction from liver and
prostate led to the characterization of the main enzymatic
parameters of SRD5A 1, SRD5SA2 [15] and, to a lesser extent,
SRD5A3 proteins [8,16].

Sequence analysis and biochemical studies of the SRD5A
family members did not highlight, to our knowledge, the
presence of post-translational modifications, such as specific

proteolytic signals, glycosylation, phosphorylation, acylation
or isoprenylation. Similarly, no canonical signal for a specific
subcellular localization was reported.

The subcellular localization of the SRDS5SA enzymes is
significant to their functions since it might affect binding of
reaction products to nuclear steroid receptors in the same cell
or diffusion to other cells. We have undertaken a systematic
analysis to address their localization. We have cloned all
members of the human SRDSA family in vectors for transient
expression in mammalian cells, fusing at either C- or N-ter-
minus the enhanced green florescent protein (eGFP). We
present a comprehensive assessment of their localization as a
guideline for functional analysis in cells and for production
and purification for structural and biochemical studies.

2. Material and methods
2.1. Cloning and plasmids

Plasmids containing the ¢cDNA sequence for human
SRD5A1, SRD5A2, SRD5SA3 and TECR were purchased from
the IMAGE Consortium (www.imageconsortium.org), the se-
quences of the human TECR and TECRL genes were
synthesized.

The five genes were cloned into the pTriEx modifed vectors
pNYCOMPS_RB_30_GFP and pNYCOMPS_RB_33_GFP,
using the ligase independent cloning method described in
Ref. [17]. These vectors are designed for mammalian, insect
and bacterial protein expression and they add at the N-termi-
nus of the protein coded by the cloned gene a cassette con-
taining sequentially: ten histidines tag, FLAG tag, eGFP and
TEV protease cleavage site at the amino terminus of the gene
of interest for pNYCOMPS_RB_33_GFP. For the pNY-
COMPS_RB_30_GFP the C-term is followed by: TEV pro-
tease cleavage site, eGFP, 10 histidine tag and FLAG-tag (see
Fig. 1). These plasmids allow detection and expression of the
cloned protein upon transient transfection of mammalian or
insect cells, or expression in bacteria.

2.2. Cell culture and transfection

HEK293 and HeLa cells were grown in Dulbecco’s modi-
fied Eagle's medium (DMEM) supplemented with 10% fetal
calf serum, 2% L-glutamine, and 2% penicillin/streptomycin in
humidified atmosphere at 37 °C in 5% CO,. Confluent cell
layers were trypsinized, and replated on poly-L-lysine coated
coverslips in DMEM medium, which was replaced by serum-
free media the next day.

Transfections were performed using Lipofectamine 2000,
all controls were transfected with peGFP-N1 vector. Cells
were harvested 48 h after transfection and analyzed by
Western blot or immunofluorescence. The transfection rate
was calculated after staining the cells on the coverslip
with DAPI and counting eGFP-positive cells/DAPI-stained
nuclei.
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Fig. 1. ic cartoon and of human SRD5As, TECR and TECRL eGFP-fusion proteins. (A) Diagram of SRD5A constructs showing position

of eGFP both at N- or C-term; the FLAG tag is omitted. (B) Extract from HeLa cells transfected with human SRD5A1, SRD5A2, SRD5A3 expression plasmids for

C-term and N-term eGFP fusions, and eGFP-

cells. Different exposure times are shown (50 s for lanes 1—5, 25 s for lanes 6—8). (C)

Extract from HeLa cells transfected with human TECR, TECRL (C-term and N-term eGFP fused). Proteins were visualized using anti-eGFP antibody after 10 s

exposure (lanes 9—12).

2.3. Western blot

Total protein lysate was extracted with Normal Salt Buffer
(20 mM Hepes, pH 7.0, 200 mM NaCl, 2 mM 2-
Mercaptoethanol) supplemented with 1% [-p-Maltopyrano-
side and protease inhibitor cocktail (Roche). After incubation
for 90 min at 4 °C, the lysates were clarified by centrifugation
at 12,000xg at 4 °C for 20 min. Protein concentration was
determined by the Bradford method. Equal amounts of pro-
teins (40 pg) were loaded on 4—12% SDS-PAGE. Samples
were electrotransferred onto nitrocellulose membranes. The
membranes were blocked with 5% milk in TBS/0.1% Tween
20 (TBST) on an orbital shaker for 1 h and incubated for 1 h
with rabbit monoclonal anti-GFP (1:1000, Roche). Following
five TBST washes, the membranes were incubated for 1 h with
horseradish peroxidase-conjugated anti-rabbit antibody in
TBST. Membranes were developed by enhanced chem-
iluminescence, and detected proteins were identified by their
molecular sizes.

2.4. Immunofluorescence and microscopy
Cells grown on coverslips were washed in PBS and fixed at

room temperature by: (a) 3.7% PFA/30 mM sucrose in PBS,
10 min, (b) 5 min of membrane permeabilization in 0.1%

xiii

TritonX-100 in PBS, and (¢) 10 min in 0, 1 M Glycine.
Blocking and incubations were performed in PBS/0.05%
Tween 20/3% BSA. Incubation with primary antibodies was
performed for 16 h at 4 °C. Secondary antibodies were incu-
bated for 45 min at room temperature. Cells were counter-
stained with 4,6-diamidino-2-phenylindole (DAPI, 0.1 pg/ml)
and mounted using Vectashield (Vector Laboratories).

Primary antibodies were: mouse anti-Erp57 (1:200,
ab13506, Abcam), rabbit anti-Giantin (1:500, ab24586;
Abcam), rabbit anti-pericentrin (2 pg/ml, ab4448; Abcam) and
mouse anti-a-tubulin  (1:2000, B-5-1-2, Sigma—Aldrich).
Secondary antibodies were conjugated to Cy3, Texas red,
FITC or Alexa647 (Vector Laboratories). Samples were
analyzed using a Nikon Eclipse 90i microscope with a Qicam
Fast 1394 CCD camera (QImaging). Image acquisition,
deconvolution and Extended Depth of Focus on Z-serial op-
tical sections were performed using Nis-Elements AR4.2
(Nikon); images were further processed with Adobe Photo-
shop CS 8.0.

The ProteoStat™ aggresome detection kit was used to detect
protein aggregates in HeLa cells transfected for SRD5SA pro-
tein expression. Samples were analyzed using an Olympus
FLUOVIEW FV10i-DOC Confocal Laser Scanning Micro-
scope, equipped with a 60x phase contrast water-immersion
objective (N.A.1.2) and an analog detector (PMT), using a
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Texas Red filter set for the ProteoStat® dye, and an Midoriishi-
Cyan filter set for the eGFP. Image acquisition and analysis
were performed using an Image Processing and Analysis in
Java software (ImageJ); images were further processed with
Adobe Photoshop CS 8.0.

3. Results
3.1. Protein expression

Protein expression was assessed by immunoblot on
detergent-solubilized whole lysates of HeLa cells transfected
with the five members of the human SRD5A family. The
antibody recognized eGFP fused either at the N- or at the C-
term. We observed expression for all constructs, albeit with
significant quantitative variations, as high as 100-fold (Fig. 1).
SRD5A2, tagged at C- or N-term, and SRD5A1 when tagged
at the N-term, show faint bands by immunoblot analysis. In
parallel, we observed on duplicate slides that their transfection
efficiency was only between 5% and 2%, thus explaining the
weak signal detected in Western blots. The not transfected
control shows no reaction with the anti-GFP antibody as ex-
pected. In extract from cells transfected with the vector for
eGFP expression, the antibody recognizes a single polypeptide
with the correct molecular weight (~27 kDa). Intensely stained
bands, of apparent molecular weight corresponding to eGFP-
fused SRDS5A proteins (~56 kDa), are evident for cells trans-
fected with C-term tagged eGFP-SRD5A1 (Fig. 1; lane 1), and
with SRD5A3 eGFP-tagged at either end (Fig. 1: lanes 5 & 6).
On the other hand, TECR and TECRL have a higher expected
molecular weight (~62 kDa) and consistently their transient
expression yielded slower-migrating bands on the immunoblot
(Fig. 1; lanes 9—12).

In all samples, the anti-GFP antibody also recognized
higher molecular weight species, which we attribute to an
oligomeric state of SRDSA membrane proteins, which were
not dissociated in SDS PAGE due to their very high hydro-
phobic character. Indeed, no high molecular weight signals
were detected in control samples expressing eGFP not fused to
SRDS5A proteins.

3.2. Subcellular localization of eGFP tagged SRD5A
proteins

The localization of each eGFP-tagged protein was exam-
ined relative to relevant markers of the membrane compart-
ments, i.e. the ER resident protein Erp57 and the Golgi
compartment resident protein Giantin [18—20]. Due to the
fact that preliminary assays depicted diversified patterns for
these markers, especially Giantin, in individual cells, we first
evaluated the distribution of ERp57 and Giantin in co-
staining with cell cycle markers, i.e. the centrosomal pro-
tein pericentrin (to identify interphase stages: one spot, G1
phase: two mature spots, late S and G2 phases) and the
microtubule constituent a-tubulin (to identify mitosis). This
allowed us to exclude that Erp57 and Golgi distribution
patterns undergo significant remodeling during the cell cycle

and avoid inaccurate evaluation of SRD5As co-localization
(Fig. S1).

Fig. 2A shows that N-term and C-term eGFP-tagged
SRD5A1, SRD5A2 and SRD5A3 proteins expressed upon
transfection reside in the ER, as indicated by co-localization
with Erp57 and the overall distribution of the green fluores-
cence relative to Erp57. No nuclear localization was observed.
On the other hand, eGFP alone localizes in the nucleus
(Fig. S1). These observations are consistent with the ER
localization of SRDSA proteins being genuine and not
attributable to the presence of the eGFP tag.

Also for TECR and TECRL members, both the N- and C-
term eGFP-tagged proteins, with one exception, showed a
pattern and co-localization behavior corresponding to ER
membrane insertion (Fig. 2B). A remarkable exception was
observed in cells expressing the C-term eGFP-tagged TECR,
where only sparse bright dots were detected, moreover the
localization of the ER marker Erp57 was less diffuse than in
non-transfected cells (Fig. S1). In some cases, there was some
limited overlap between Erp57 and C-term eGFP-tagged
TECR proteins (individual z-stack scanning are given in
Fig. S2). On the other hand, the lack of co-localization with
Giantin for TECR and TECRL, in both the C- and N-term
eGFP-tagged proteins (Fig. 3A), ruled out the possibility that
they might localize to the Golgi.

Staining with ProteoStat™ that highlights the presence of
aggresomes and protein aggregates [21], showed that the green
fluorescent dots observed for C-term eGFP-tagged TECR form
foci that are contained within larger aggregates, providing
evidence consistent with the fact that the presence of eGFP at
the C-term of TECR promotes protein misfolding, at least in
part, resulting in aggregation (Fig. 3B).

4. Discussion

The subcellular localization of members of the SRD5A
family in humans and also in mouse is controversial, espe-
cially as far as SRD5A1 and SRD5A2 are concerned. Russell
and Wilson reported indications of a differential organ-specific
subcellular localization, nuclear in the prostate and cyto-
plasmic in the liver, regardless of the enzyme variant
(SRD5A1 or SRD5A2) [15,22], or that the localization for
both is in the endoplasmic reticulum [23]. Early findings based
mainly on cellular component fractionation [24.25], but later
also on immunohistochemical studies [26.27], indicate that the
SRD5AI1 enzyme localization is mainly within nuclear or
perinuclear membranes whereas the SRD5A2 protein is found
in the cytoplasm, most likely in the ER.

Protein expression in mammalian (human HeLa and
HEK?293 and simian COS-M6), as well as yeast and insect
cells, again yielded contradictory results. Some authors have
reported that human SRDS5AI is associated with nuclear
fractions upon expression in insect Sf9 cells [28.29] but later
papers [30] have instead reported retrieval of enzyme activity
from the microsomal fraction. Expression of SRD5SA2 and
SRD5A1 in HEK293 and in LNGK-9 PCa cells yielded ac-
tivity in the nuclear and microsomal fractions [31,32]. Upon
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Fig. 2. Fluorescence of human SRD5As (A) and TECR, TECRL (B) proteins in relation to endogenous ERp57. SRDSA 1, SRD5A2 and SRD5A3 proteins
eGFP-tagged at C- or N-term (A), N-term eGFP-tagged TECR and N- and C-term eGFP-tagged TECRL proteins (B) reside in the ER, as indicated by co-
localization with Erp57 and overall distribution of green fluorescence relative to Erp57. eGFP C-term TECR (B, left column) shows diffuse bright dots indi-
cated by white arrows, with only limited overlap with ERp57. Deconvolutions plus Extended Depth of Focus (EDF) were performed on Z. series (13 frames-0,
6 mm each). The scanning of Z-stacks for red-framed images in B, with eGFP C-term TECR is given in supplementary Fig. 2. 10 pm,
Magnification = 100x.
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heterologous expression and purification in yeast, SRD5AI
appears (o be associated to nuclei, whereas SRD5A2 is in the
microsomal fraction [33]. Immunostaining for SRDS5A2
showed presence of the enzyme in the cytoplasm throughout
most regions of the brain [34]. Finally, it was reported that

XV

glioma cells express SRD5SAI in the perinuclear space or in
the cytoplasm, depending on culture conditions [35].

As far as the third isoform of testosterone o-reductase
(SRD5A3, also known as polyprenol reductase), available data
report recovery from the microsomal fraction [8] and transient
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Fig. 3. Fluorescence analysis of human TECR and TECRL relative to
Giantin and fluorescence of eGFP C-term TECR and aggregates/aggre-
somes in the cytoplasm. (A) TECR proteins do not localize in the Golgi
apparatus, as associated eGFP fluorescence shows a broader distribution
around, but not coinciding with, the Giantin signal. Scale bar 10 pm,
Magnification = 100x. (B) Localization of eGFP C-term TECR and aggre-
somes in HeLa cells after treatment with ProteoStat® dye for 30 min. Fluo-
rescence of C-term eGFP-tagged TECR partially co-localizes with aggregated
proteins. Scale bar = 10 um, Magnification = 60x.

expression in HeLa cells yielded cytoplasmic localization, and
no detectable activity [36]. For the TECR enzyme, immuno-
histochemistry has clearly suggested a localization in the ER
[12]. No data is available for the TECRL that has been
described only at the gene level.

SRD5A family members share significant sequence simi-
larity, having likely evolved via duplication from an ancestral
gene (sequence alignment is shown in Fig. S3). In localization
studies, in order to eliminate any potential ambiguities due to
antibody specificity, we directly examined each of the five
human SRD5A family members by taking advantage of the
fluorescent emission of the eGFP fusion tag in transfected
HeLa cells. The caveat of aberrant subcellular localization due
to the presence of the eGFP tag calls for careful consideration,
and we therefore systematically compared the localization of
C-term and N-term tagged paired constructs for each SRD5SA
member in parallel experiments.

The effect of a GFP tag on membrane protein localization
and expression can vary, nevertheless this method is reported
as a valid tool in subcellular localization studies [37—39]. The
positioning on the C- or N-term of the polypeptide chain can
affect protein expression and stability and its effect varies
depending on the system under analysis. In an extended study
on the effects on GFP tagging on subcellular localization [40]
C-term tagging is reported to maintain physiological locali-
zation, whereas N-term affected it, contrarily to what we
observed with human TECR.

The data we obtained with proteins fused with eGFP at the
N-term indicate that all members of the SRD5A family reside
in the endoplasmic reticulum, when transient expression is
carried out in HeLa cells. This is also evident for protein
constructs where the fusion with eGFP was at the C-term, with
the exception of TECR. TECR was previously localized in the
endoplasmic reticulum by immunofluorescence staining in
transiently transfected HeLa cells [10]. This, and the pattermns
obtained here with the C-term chimaera, allowed us to
conclude that the presence of eGFP at the C-term affects TECR
folding, leading to the accumulation of aggregated protein.

In the SRD5A proteins, N-term eGFP-tagging reduces
expression for SRD5A1, TECRL and TECR, and for the latter
C-term eGFP-tagging promotes aggregation. On the other
hand, for SRD5A3, expression is somewhat higher in the N-
term eGFP-tagged form. Thus, even within a family of pro-
teins, the effect of fusion tags on protein expression is not
predictable and has to be assessed for each member. Our re-
sults indicate that membrane protein tagging with eGFP, which
is commonly used to assess protein expression by fluorescence-
coupled size-exclusion chromatography (FSEC) [41], can lead
to very different expression yields, depending on the tag po-
sition, and that higher expression levels, as in the case of C-
term tagged TECRL with respect to the N-term tagged form,
can underlie unfolding and aberrant subcellular localization.

In summary, the present studies support the conclusion that
isozymes 1 and 2 of testosterone Sa-reductase (SRDSA1 and
SRD5A2) are both localized in the ER, upon transient
expression in HeLa cells, our data are a valuable contribution
to clarify the contradictory reports detailed above, although
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any ultimate conclusion on the intracellular localization of
SRD5As should be validated in other cell lines and comple-
mentary experimental settings.

Moreover, the subcellular localization in the ER for
SRD5A3 is consistent with the reported microsomal sub-
fractionation. Finally, we show that the previously uncharac-
terized TECRL gene can be expressed in human cells and that
its product is a protein residing in the ER membrane.
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Abstract

Ferritin H-homopolymers have been extensively used as nanocarriers for diverse applica-
tions in the targeted delivery of drugs and imaging agents, due to their unique ability to bind
the transferrin receptor (CD71), highly overexpressed in most tumor cells. In order to incor-
porate novel fluorescence imaging properties, we have fused a lanthanide binding tag (LBT)
to the C-terminal end of mouse H-chain ferritin, HFt. The HFt-LBT possesses one high affin-
ity Terbium binding site per each of the 24 subunits provided by six coordinating aminoacid
side chains and a tryptophan residue in its close proximity and is thus endowed with strong
FRET sensitization properties. Accordingly, the characteristic Terbium emission band at
544 nm for the HFt-LBT Tb(lll) complex was detectable upon excitation of the tag enclosed
attwo order of magnitude higher intensity with respect to the wtHFt protein. X-ray data at
2.9 A and cryo-EM at 7 A resolution demonstrated that HFt-LBT is correctly assembled as a
24-mer both in crystal and in solution. On the basis of the intrinsic Tb(lll) binding properties
of the wt protein, 32 additional Tb(lll) binding sites, located within the natural iron binding
sites of the protein, were identified besides the 24 Tb(lll) ions coordinated to the LBTs. HFt-
LBT Tb(lll) was demonstrated to be actively uptaken by selected tumor cell lines by confocal
microscopy and FACS analysis of their FITC derivatives, although direct fluorescence from
Terbium emission could not be singled out with conventional, 295-375 nm, fluorescence
excitation.

Introduction

Ferritin is a cage-like protein made of 24 subunits arranged in octahedral 432 symmetry with
an outer diameter of roughly 12 nm and an inner diameter of 8 nm [1,2]. The symmetrical
positioning of three or four subunits in the protein shell results in the formation of eight
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channels connecting the inner cavity to the outside and allows for the entry and exit of iron
and other cations with a relatively broad selectivity [3]. Besides their physiological function,
centered around intracellular iron uptake, the nanocage properties of ferritins have been
exploited in a number of diverse biotechnological applications as drug delivery vectors (4],
scaffolds for vaccine development [5] and tools for bioimaging [6]. In this context, ferritins
have been proven particularly useful for the selective targeting to cell populations overexpres-
sing the transferrin receptor (CD71), in particular iron avid tumor cells [7,8]. Ferritin H-
homopolymers are in fact endowed with unique properties that confer themselves several
advantages over CD71 main ligand, i.e. transferrin, and even over targeted antibodies. First of
all, ferritins display a 250 A* hollow cage capable of hosting tens to hundreds small molecules,
either physically “encapsulated” or covalently attached to the inner surface of the cavity. In
contrast, transferrin or conventional antibodies can be engineered to covalently attach only a
few molecules in selected positions far from the receptor recognition epitopes. Thus, ferritins
display a very convenient “drug/protein ratio” with respect to the classical “drug/antibody
ratio”. As a second instance, it must be considered that ferritins display 24 symmetrically
related recognition epitopes for the CD71 receptor instead of the two of classical antibodies or
two of transferrins. Overall, the multiplicity of recognition epitopes in ferritins results in a
high affinity towards the target receptor (a property often referred to as “multivalence effect”
[9]), that, in the case of CD71, rivals with typical antibodies affinities [10].

Among the many ingenious ferritin-based constructs for bioimaging, only a few have been
devoted to the creation of smart fluorescent probes, and these include quantum dots gold
nanoparticles and fluorescent metal chelators [11-13]. However, advanced optical imaging
techniques need an expanded color palette of bright fluorescent probes for biological visualiza-
tion in order to enable real-time cellular imaging with high spatial resolution for close-up view
into subcellular compartments and for providing key information on intracellular activities
and macromolecular dynamics.

In this framework, fluorescent probes based on trivalent lanthanide ions are becoming
widespread due to their unique photophysical properties [ 14-16]. Lanthanide f-orbitals with
their high quantum yields are capable of efficiently radiating most of the absorbed energy,
although their small absorption cross sections pose limits to their use. To improve the lumines-
cent signals, small organic fluorophores that absorb in the UV region and transfer the
absorbed light to the lanthanide atom are thus currently used in complex with the metal ion.
Complexes of lanthanides are characterized by narrow band emission spectra, large Stokes
shift (150-300 nm), and excited state lifetimes within the range of micro to milliseconds. By
exploiting the microsecond fluorescence of lanthanides, time-resolved spectroscopy allows for
the elimination of the short living background signals whose lifetimes are usually not more
than 10-15 ns and the enhancement of the sensitivity for recording the delayed signal [17].
Moreover, the inherently low extinction coefficient of lanthanide ions, due to the forbidden
character of the electronic transitions, can be overcome by Forster resonance energy transfer
(FRET) from an appropriately placed (within 5-6 A distance) sensitizer-fluorophore onto the
emitting level of the lanthanide, a phenomenon often referred to as “antenna effect” [18].
Among lanthanides, Tb(III) and Eu(III) are the most interesting due to their more intense
microsecond fluorescence in the visible region [19, 20]. In a first approach, lanthanide fluores-
cent chelators were directly incorporated within the ferritin cavity using the “encapsulation”
method, which entails pH induced ferritin dissociation with subsequent trapping of the pay-
load [12]. However, at least in the case of fluorescent probes, this method leads to a random
and inhomogeneous distribution of the small organic molecules within the inner cavity, result-
ing in possible aggregation-induced quenching effects and/or leakage outside the cavity
through the iron channels. Among the various methods for the incorporation of lanthanide
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ions into biomolecules, a straightforward and generalizable approach has been proposed in
recent years that integrates a lanthanide binding sequence as a protein co-expression tag via
molecular biology strategies. On the basis of known properties of calcium binding loops,
recent design and engineering studies have resulted in the development of short polypeptides
comprising 20 or fewer encoded aminoacids that are capable of tight and selective binding to
lanthanides. These peptide sequences, identified by Imperiali’s group as “lanthanide-binding
tags” (LBT), show low-nanomolar affinities for the target ions and are selective for lanthanides
over other common metal ions [21-24]. LBTs thus represent a most convenient option for lan-
thanide protein labeling in that they can be directly encoded within a recombinant protein
expression construct. Improved LBTs sequences have been developed that entails genetic
encoding of polypeptide sequences at the N-terminal or C-terminal of a specific carrier protein
or even insertion into specific protein loops [25]. The probe nature of these protein tags has
been demonstrated by their use for luminescence-based visualization on gels, as magnetic-
field paramagnetic alignment agents in protein NMR experiments [26, 27] in fluorescence
microscopy [28], and as partners in luminescence resonance energy transfer (LRET) studies
[29].

Among the number of proteins physiologically involved in metal binding that can be used
for Terbium binding, ferritins may appear as one of the most suitable. In fact, native apoferri-
tins have been reported to naturally bind Tb(III) within the iron binding sites [30]. In particu-
lar, it was demonstrated that mammalian apoferritins could bind more than one Tb(III) ion
per subunit, corresponding respectively to ferroxidase site, threefold channel and nucleation
centre [31]. Moreover, upon excitation between 280-295 nm Tb(III) ferritin complex showed
characteristic emission bands at 490 (*D,-"F4 Tb electronic transition) and at 544 nm (°D,-"Fs
Tb electronic transition) due to a FRET sensitization effect provided by aromatic aminoacids
[31b]. However, the distance between Terbium ions and aromatic moieties in native ferritin
isoforms made FRET efficiency very poor and suboptimal for any type of fluorescence/lumi-
nescence based measurement. Moreover, the original Terbium binding sites of the wild type
protein were shown to exhibit variable affinities for Tb(III), with estimated Kd ranging from 2
to 666 uM at pH 6.4 [31a].

In the present paper, a high Tb(III) affinity LBT sequence has been genetically fused at the
C-terminal end of the heavy chain of mouse ferritin. The tag has been designed to be located
inside the 250 A* wide inner cavity such that the lanthanide ions diffusing through the surface
pores could eventually bind to the LBT sequence. The construct would thus act both as carrier
targeted to CD71 receptors and as a FRET sensitizer. Mouse ferritin was used in view of the
identical sequence within the CD71 binding region as the human ferritin sequence [32] and
because of obviously more favourable immunogenic profile for forthcoming in vivo study in
mouse.

Methods
Protein design, expression and purification

A synthetic gene encoding for mouse H chain ferritin (HFt) fused with a lanthanide binding
peptide (LBT) was designed, synthesized, and optimized for Escherichia coli codon usage by
Geneart (Geneart AG). The last five C-terminal aminoacids of H chain ferritin were replaced
by the GSG spacer sequence, followed by the LBT sequence YIDTNNDGWIEGDELLA [24].
As such, the LBT sequence is designed to be located within the inner cavity, as a prolongation
of the inward directed C-terminal region (or E helix in ferritin secondary structure nomencla-
ture). The resulting HFt-LBT construct, was subcloned into a pET22-b vector (Novagene)
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between Ndel/Xhol restriction sites. A stop codon was inserted before the His-tag region to
avoid transcription of the unwanted tag.

HFt-LBT was overexpressed in Escherichia coli BL21 cells upon induction with 1 mM IPTG
(Isopropyl-B-D-1-thiogalactopyranoside) at ODgg, = 0.6. Cells were harvested by centrifuga-
tion 16 hours post induction at 37°C.

Cells harvested from 1 L culture were resuspended in 20 mM HEPES buffer, pH 7.5, con-
taining 300 mM NaCl, 1 mM TCEDP (tris(2-carboxiethyl)phosphine), and a cOmplete Mini
Protease Inhibitor Cocktail Tablet (Roche). Cells were disrupted by sonication and the soluble
fraction was purified by heat treatment at 78°C for 10 minutes. Denatured E. coli proteins
were removed by centrifugation at 12000 rpm at 4°C for 1 hour. The soluble protein was fur-
ther purified by ammonium sulfate precipitation. The precipitated fraction at 70% ammonium
sulfate was resuspended in 20 mM HEPES, 150 mM NaCl, pH 7.5 and dialyzed versus the
same buffer. As final purification step, the protein was loaded onto a HiLoad 26/600 Superdex
200 pg column previously equilibrated in the same buffer using an AKTA-Prime system (GE
Healthcare) (S1 Fig). Purified protein (S2 Fig) was concentrated to obtain the final protein
preparation of 1 mg/mL and protein concentration was calculated by measuring the UV spec-
trum using an extinction coefficient of 26000 M 'em™. A small amount of higher molecular
weight aggregates was observed in all ferritins preparations (less than 5%), and attributed to
the presence of intermolecular disulphide bridges, possibly involving the surface exposed
Cys103 (S1 Fig and inset). As indicated Protein yield was ~50 mg/L culture.

The expected molecular weight of 22662 Da was confirmed by MALDI-TOF Mass Spec-
trometry as reported in Supplementary Data (S3 Fig).

MALDI-TOF mass spectrometry

40 yl of protein sample were desalted on a C8 Empore Disk (3M, Minneapolis, MN) home-
made stage tip and resuspended in 3 pl formic acid 1%. 1 pl was spotted on a MALDI sample
plate and allowed to air dry. Recrystallized sinapinic acid (SA matrix from Thermo Fisher Sci-
entific) was prepared at a concentration of 5 mg/ml in 50:50 acetonitrile/water (0.1% Formic
Acid) and spotted directly prior to insertion into the mass spectrometer.

Matrix-assisted laser desorption ionization (MALDI) mass spectra were acquired on 4800
MALDI-TOF/ TOF mass spectrometer (Applied Biosystems, Foster City, CA) equipped with a
nitrogen laser operated at 336 nm laser. Acquisitions were performed in linear mode averaging
2500 laser shots in a random, uniform pattern. Ions were accelerated with a 20 kV pulse, with
adelayed extraction period of 860 ns. Spectra were generated by averaging between 500 and
2000 laser pulses in a mass range from 4 kDa to 50 kDa. Laser intensity was set to optimize the
signal-to-noise ratio and the resolution of mass peaks of the analyte. All spectra were externally
calibrated and processed via Data Explorer software (version 4.7).

Fluorescence spectroscopy

Fluorescence spectra and titrations were performed using FluoroMax 4 (Horiba) spectrofluo-
rimeter with a Haake D8 refrigerated bath at 20°C. Emission spectra were recorded between
450 and 560 nm, in order to include the luminescent maxima of Tb(III) (490 and 545 nm).
The excitation wavelength was chosen at 295 nm to minimize the overlap of second order dif-
fraction (570 nm) with the Tb(III) emission at 545 nm. Emission spectra were taken with exci-
tation and emission band passes of 4 and 8 nm and corrected for the blank contribution and
the instrument response at 295 nm in a quartz cell of 1 cm pathlength. Emission spectra were
normalized to 1 at 545 nm.
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Fluorescence static spectra were performed using 1 uM (monomer) apoHFt-LBT and wild
type apoHFt as a control in 100 mM MES buffer pH 6.4. A 50 mM TbCl; anhydrous powder
(Sigma Aldrich) stock solution was also prepared in MES buffer at pH 6.4. Under these condi-
tions, precipitation of Terbium hydroxides, easily formed around neutrality, is avoided. Fluo-
rescence spectra of the protein Tb(III) complexes were recorded after 30 min incubation
and after addition of 150 uM TbCl; in buffer solution in order to saturate all possible Tb(III)
binding sites both in HFt-LBT and HFt. Before recording spectra, protein solutions were
exchanged with buffer (Terbium free) by centrifugal ultrafiltration on vivaspin MWCO 100
kDa concentrators (Sartorius) in order to remove unbound and weakly bound metal ions (5
exchange steps, 1x10 concentration each). Protein concentration was measured again and
adjusted to the final concentration with buffer (1 uM monomer). Samples used for crystallo-
graphic and cryoEM measurements were also prepared according to this procedure.

Fluorescence titrations of HFt-LBT were carried out by adding incremental amounts
(1.8 uL or multiples) of a 0.5 mM TbCl; stock solution in 0.1 M MES buffer pH 6.4 to 3 mL of
1uM (monomer) protein in the same buffer under stirring. Emission spectra were recorded in
1 cm pathlength cuvette upon excitation at 295 nm at 25°C, 30 minutes after addition of TbCls
solution aliquots. Fluorescence intensity of HFt-LBT Tb(III) complex as a function of the Tb
(II1)/HFt-LBT ratio has been reported. Fluorescent intensity was recorded at 545 nm corrected
for the dilution factor and normalized to the emission maximum.

Crystallization and X-ray structure determination

Crystals of wild type HFt-LBT and HFt-LBT in complex with Tb(III) were obtained by mixing
in a 2 pl hanging drop the purified protein at 15 mg/ml with a solution containing 1.8/2.0 M
ammonium sulphate and 0.1 M Tris, pH8.5, at 25° C within a week, cryo-protected by exten-
sively washing the crystals in sodium malonate and flash-frozen in liquid nitrogen. Diffraction
data were collected at & = 1.0 A and 1.4 A respectively at XRD1 beamline at the Elettra Syn-
chrotron, Trieste, Italy.

Data were processed with XDS [33] and scaled with Aimless [34] at final resolution of 2.85
A and 2.65 A, respectively. The structures were solved by Molecular Replacement with Phaser
[35, 36] using the structure of mouse H-chain modified ferritin (pdb code SWNW) without
waters and ligands as a starting model. Model building and refinement were done using Coot
[37] and Refmac5 [34]. Anomalous difference electron density map was calculated from the
HFt-LBT Th(III) crystal diffraction data, collected at the Tb emission peak (A = 1.4 A). The
map has been generated using the Fast Fourier Transform Program belonging to the CCP4
suite [34]. The final model was analyzed with PROCHECK [38] and Molprobity [39]. Rama-
chandran Plot showed that more than 98% residues were in preferred regions and no outlier
was observed in both structures. The validation of metal binding sites was performed using
CheckMyMetal web server [40]. Final atomic coordinates and structure factors of apoHFt-
LBT and HFt-LBT with Tb(III) were deposited in the PDB Data Bank (www.rcsb.org) with
accession code 5OBA and 50BB, respectively. Complete data collection and refinement statis-
tics are reported in Supplementary Data (S1 Table) and validation reports were available for
the review process.

Cryo-electron microscopy

Holey-gold grids from Quantifoil R1.2/1.3 (Quantifoil Micro Tools GmbH) were prepared as
described [41]. Grids surfaces were treated with plasma cleaning using a mixture of H, and O,;
then, 3 ul of a solution of 20 mM HEPES and 150 mM NaCl, pH 7.5, containing 1 uM (24-mer
concentration) HFt-LBT Tb(III) complex was applied. After 30 s waiting time, grids were
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blotted (3 s) at 100% humidity with filter paper and vitrified by rapidly plunging into liquid
ethane at —180°C with a Vitrobot Mark IV (FEI) [42, 43].

Data acquisition of 350 micrographs was performed using a FEI Titan Halo (FEI, Eindho-
ven) operating at 300 kV, while the specimen was maintained at liquid nitrogen temperatures.
Data sets were collected with an automated data collection system [44] on a K2 Summit direct
detector camera (Gatan, Pleasanton) operating in super-resolution mode, with a calibrated
pixel size of 1.15 A on the object scale and a magnification of 59000x. Images were typically
recorded with a defocus range between —0.7 and 3.0 um and using a dose of electrons on the
specimen plane ranging between 10 and 20 electrons/A”.

Data analysis was carried out using RELION 2.0 [45], while motion correction was per-
formed using MotionCor2 [46]. A number of particles (91947) was picked and extracted from
the original micrographs with the reference-based automated particle picking procedure
implemented in RELION [44]; after the extraction, particles were 2D classified using 100 clas-
ses. Particles (48047) belonging to good 2D classes were selected and subjected to 3D classifica-
tion, using as reference model the mouse H-ferritin structure (PDB code 3WNW), ultimately
yielding 8 classes (S4 Fig). A selection of 35625 particles were subjected to another round of
3D classification. The resulting good class (7345 particles) was refined with the 3D Autorefine
procedure in RELION and then subjected to the Post Processing step [47].

The final Post Processing 3D map resolution (equal to 7.1 A) was estimated with the Fourier
shell correlation (FSC) = 0.143 criterion, based on the ‘gold-standard’ protocol [48], using soft
masks with a 4 pixel soft edge, and it has been corrected for the effects of the mask on the FSC
curve using high-resolution noise substitution (S5 Fig) [49]. The final map was visualized
using UCSF Chimera [50].

Protein FITC labeling

HFt-LBT and HFt were labeled with Fluorescein-isothiocyanide (Sigma Aldrich) according to
the manufacturer’s standard protocol. Briefly, 2 mg/ml (94 uM monomer) of purified protein
was equilibrated in sodium carbonate buffer pH 9.0. 50 ul of 1 mg/ml (2.6 mM) FITC in
DMSO were added to 1 ml of protein solution and the reaction mix was incubated under stir-
ring for 2 hours at room temperature. The excess dye was removed by gel filtration chromatog-
raphy and dye/protein ratio was determined by UV-spectroscopy. Both proteins were labeled
with 0.95 FITC molecules per each subunit.

Cell cultures and ferritins internalization

Human prostate cancer cell line DU-145 (ATCC HTB81), human colorectal cancer cell line
HCT-116 (ATCC CCL-247), human breast cancer cell line MDA-MB-231 (ATCC HTB-26)
and human ovarian cancer cell line SKOV-3 (ATCC HTB-77) were cultured in DMEM
medium containing 10% FBS, 100 pg/ml streptomycin and 100 U/ml penicillin G in a humidi-
fied 37° C incubator. The internalization assay was performed as follow: cells were detached
using trypsin, then washed twice with PBS and resuspended in non-supplemented DMEM
medium containing FITC-ferritin nanoparticles (HFt-LBT or mouse HFt as a control) at the
final concentration of 0.5 mg/ml for 1 hour in a humidified 37°C incubator. After incubation
cells were washed three times with PBS and subjected for confocal microscopy and flow
cytometry analysis.

Confocal microscopy

Following internalization step described above, cells were seeded into 8-well Nunc Lab-Tek
Chambered Coverglass with 200 ul DMEM medium containing 10% FBS, 100 ug/ml
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streptomycin and 100 U/ml penicillin G per well. Chambers with cells were then incubated on
ice until microscopic visualization. Images were acquired using an inverted confocal micro-
scope IX70 FV 500 (Olympus), with 488 nm laser, 20x objective lens and emission filter 505-
560 nm. Image processing was performed using Image] software (National Institutes of Health,

https://imagej.nih.gov/ij/) [51].

Flow cytometry analysis

Cells were incubated with FITC-ferritin nanoparticles as described previously, then washed
three times with PBS, and resuspended in FACS buffer (2% FBS, 1 mM EDTA). Internalization
of ferritins before and after treatments was measured at the BD FACS Aria III equipped with a
488 nm laser. Cells were first gated by forward and side scatter area (FSC-A and SSC-A) plot
and for singlets population (FSC-H and SSC-A), then detected in the channel for FITC expres-
sion (530/30nm filter) and side scatter parameter. The gate for the final detection was set
according to the gate set on the control sample. Data were analyzed using BD FACSDIVA and
FlowJo softwares.

Results
Fluorescence spectroscopy

Static emission spectra were recorded for Tb(III) saturated HFt-LBT and wild type mouse HFt
after removal of unbound Tb(III) by centrifugal ultrafiltration (see Methods, section 2.3),
upon excitation at 295 nm. As reported in Fig 1, the intensity of the Terbium emission peak at
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Fig 1. Fluorescence spectra of HFt-LBT Tb(III) complex. Fluorescence spectra of HFt-LBT Tb(III) (red line) and
wild type mouse HFtTb(III) complexes (blue line) at the same protein concentration (1 uM monomer). The main
emission band due to the *Dy-"Fs (Tb d-f orbitals) electronic transition at 544 nm is accompanied by the weaker
°D,-"Fg transition. Spectra were recorded after protein saturation with TbCl; in 0.1 M MES buffer pH 6.4 (see
Methods).

https://doi.org/10.1371/journal.pone.0201859.9001
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544 nm for HFt-LBT was at least two orders of magnitude higher with respect to HFt, indicat-
ing that the presence of the LBT sensitizes the Terbium signal due to the presence of a trypto-
phan residue within the tag at an efficient energy transfer distance in HFt-LBT.

Fluorescence titration analysis was thus carried out on HFt-LBT by adding free Tb(III) ions
to the apo protein (Fig 2A and 2B and Methods, section 2.3).

Intriguingly, the titration endpoint was reached at 1.7 equivalent amounts of Tb(III) per
subunit instead of the predicted 1 equivalent based on the presence of one LBT moiety per
monomer. Analogous titrations carried out on wild type mouse HFt, demonstrated a negligible
fluorescence contribution provided by Terbium bound to the metal binding sites of the native
protein (i.e. ferroxidase site, threefold channel and nucleation centre). Thus, the presence of
the tryptophan residue within the LBT, appears to contribute for most of the observed fluores-
cence signal. The discrepancy between the observed and expected titration endpoint might
consist in the additional contribution of the LBT tryptophan residue to the enhanced emission
notonly of the Tb(III) atom within the tag itself but also to other Tb(III) atoms present in the
ferroxidase site or in the threefold channels. The demonstration of such effect may rely only
on the generation of multiple mutants on the ferroxidase center and threefold channel that are
unable to bind Tb(III). More interestingly, positioning of additional tryptophan residues next
to these binding sites by mutagenesis could provide further enhancement of fluorescence/
luminescence Tb(III) yields besides the LBT tag and they will be evaluated in the future. Fur-
ther experimental work will also be needed in order to single out individual dissociation con-
stants from each Tb(III) binding site both at equilibrium and in kinetic measurements. At
present, the thermodynamics of this complex system can only rely on the published Kd relative
to Th(III) binding to the LBT of 57 nM [22, 23] and those relative to Tb(III) binding sites on
wild type horse spleen heteropolymers, ranging from 2 to 666 uM [30]. Again, analysis of com-
bined mutants will be necessary in order to solve the complex thermodynamics of the system.
As a last comment, it is worth considering the possible effect of added iron II in solution on
the stability of the HFt-LBT Tb(III) complex in view of the reported reversible competition
among the diverse binding sites. A control experiment, depicted in S10 Fig, demonstrated that
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Fig 2. Fluorescence titration of HFt-LBT with Tb(III). A) Fluorescence titration of HFt-LBT (1uM monomer) with incremental
concentration of Th(III) in 0.1 M MES buffer pH 6.4. Emission spectra were recorded in 1 cm pathlength cuvette upon excitation at
295 nm. B) Fluorescence intensity of HFt-LBT Tb(III) complex as a function of the Th(III)/HFt-LBT ratio. Fluorescent intensity was
recorded at 545 nm, corrected for dilution factor and normalized to the emission maximum.

https://doi.org/10.1371/journal.pone.0201859.0002
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addition of stoichiometric amounts of iron II (1 iron atom per subunit) brought about a small
decrease (2-3%) in the observed HFt-LBT Tb(III) fluorescent signal, accounting for possible
displacement of Tb(I1I) ions from accessible sites, most likely the three-fold channels. No fur-
ther decrease was observed over 48 h incubation and increasing concentration of added iron
resulted in formation of insoluble iron oxide aggregates.

HFt-LBT and HFt-LBT-Tb(III): Structural analysis

The structures of wild type apoHFt-LBT and HFt-LBT Tb(III) were determined by X-ray crys-
tallography at 2.85 A and 2.65 A resolution, respectively. They both crystallized in 1222 space
group with 24 identical subunits in the asymmetric unit (ASU) with a solvent content of
64.7%. The overall X-ray-structures confirmed that the presence of the LBT tail does not affect
the overall protein scaffold, which thoroughly matches the native H-chain mouse ferritin (pdb
code 3WNW) with a rmsd value of 0.1 A. However, the model building process allowed to
position residues just from 3 to 176 since the LBT loop was not visible, probably because of the
intrinsic high flexibility of the C-terminus region. When looking at the H-chain mouse ferritin
structure, each ferroxidase center and 3-fold axes displayed one and two Mg(II) ions, respec-
tively, due to the crystallization buffer solution. In a similar way, in each ferroxidase center
and 3-fold axes of wild type apoHFt-LBT structure, a significant electron density peak was
indeed observed and ascribed to iron ions (refined with occupancy <100%), since, although
no salt was in the crystallization solution, the X-ray fluorescence scan displayed the presence
of residual iron atoms. As a matter of fact, residual iron (5 atoms per ferritin 24-mer) is consis-
tently present in recombinant ferritin H-homopolymers, most likely due to iron uptake within
bacterial environment. In addition, in 3WNW structure, one iron ion was modelled in each
4-fold axis while in HFt-LBT structure, one water molecule was positioned and successfully
refined.

When comparing the wild type apoHFt-LBT and HFt-LBT Tb(III), the LBT loop was still
not visible while a very large electron density peak appeared in each ferroxidase center and in
the eight 3-fold axes. In the X-ray emission scan, ranging from 4.0 to 21.0 KeV, the typical X-
ray emission lines of Terbium were clearly identified in the HFt-LBT Tb(III) crystals (S6 Fig).
Accordingly, the crystals of wild type apoHFt-LBT lacked these emission energies.

As shown in Fig 3A, in HFt-LBT Tb(III) structure, 32 Terbium ions were positioned in
each three-fold axis and in each ferroxidase site, depicted as yellow and magenta spheres,
respectively. The position of Tb(III) ions was clearly assigned by comparison of the 2Fo-Fc
electron density maps of the HFt-LBT Tb(III) and the wild type apoHFt-LBT was used as a
control. An additional demonstration of the Terbium assignments was obtained by anomalous
difference electron density map, which clearly displayed the positions attributed to Terbium

S7 Fig). In the ferroxidase center, each Terbium ion was successfully refined with 70-75%
occupancy and was located in a trigonal planar coordination to OE1-GIn141 and to OE1 and
OE2-Glu62, and to OE2-Glu27, in a range 0f 2.6-3.2 A of distance (Fig 3B). In the 3-fold cen-
ter, the Terbium ion was successfully refined with 100% occupancy and it was tetrahedrally
coordinated to OE1-Glu134 of the three subunits (at 2.2-2.4 A distance) (Fig 3C). In each
4-fold channel, one water molecule was positioned and successfully refined as well as in the
native protein.

With the aim to assess the 24-mer assembly of HFt-LBT and the degree of homogeneity of
the sample in solution in a near native condition, HFt-LBT Tb(III) was analysed by cryo-elec-
tron microscopy.

A qualitative analysis of the collected micrographs showed the high level of homogeneity
and monodispersion of the HFt-LBT sample (S8 Fig). The processed imaged particles yielded
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Fig 3. Terbium binding sites from X-ray crystallography. A) An overall view of the 24-meric shell of HFt-LBT Tb
(I11) showing the positions of Th(III), displayed as spheres, is shown. In the close-up view, the omit map contoured at 3
o as a green mesh is shown for the B) ferroxidase center where Tb(III) is depicted in magenta and for the C) 3-fold axes
where Tb(IIT) is depicted as a yellow sphere and the residues Glu131 and Glu134 of three different monomers are
depicted as sticks in light blue, cyan and orange, respectively.

https://doi.ora/10.1371/journal.pone.0201859.9003

a=7 A resolution 3D map of the protein that overall corresponds to the high-resolution struc-
ture obtained by X-ray crystallography, indicating a perfect matching of the subunit assembly
and the helix axes (Fig 4).

Nevertheless, differently from the X-ray map, the cryo-EM structure highlights the presence
of significant L-shaped electron densities that protrude from the last C-term residue of the E
helix of the X-ray HFt-LBT Tb(III) model to the internal cavity of the protein and that can be
attributed to the lanthanide binding tags. These fragments, covering a distance of about 14 A,
correspond to segments of 6-7 residues each; they can also be seen in selected 3D classes

54 Fig).

Thus, cryo-EM data clearly indicate that the E-helix is in its “flip” conformation in solution
and presence of possible “flop” conformation, with the E-helix oriented outside the cavity, is
not observed in any of the 3D classes [52]. Nevertheless, the considerable heterogeneity of the
observed signals did not allow a reliable model reconstruction and only a partial (i.e. 6-7 ami-
noacids on a total of 17) segment of the tail was identified.

Ferritins uptake by tumor cell lines

After the demonstration that HFt-LBT Tb(I1I) maintained the overall structure of the wild
type mouse HFt, binding and internalization of the construct was analyzed in selected cancer
cell lines: in fact, it is known that HFt is recognized and internalized by CD71 receptor (also
known as TfR1), which is overexpressed in many types of tumor cells but not in normal cells
and healthy tissues [53]. Experiments on cells treated with the same amount (23.5 uM mono-
mer, corresponding to 0.5 mg/ml) of HFt-LBT Tb(III) or wild type HFt were undertaken in
order to study uptake efficiency by cancer cells by flow cytometry and confocal microscopy. As
abaseline for FITC fluorescence, control cells untreated with FITC-ferritins were used. In
order to exclude any signal generated from outside particles sticking on the cell membrane
(due to unspecific binding or remaining from the washing steps), Trypan blue quenching was
performed before FACS acquisition. In S9 Fig, FACS acquisition plots analysis is summarized,
shown as the percentage of cells internalizing the nanoparticles: these data highlighted that
HFt-LBT Tb(III) nanoparticles are efficiently taken up by all cells of each cell line. Confocal
representative images of entire field of view of live cells incubated with HFt-LBT Tb(III) are
shown in Fig 5A. Images confirmed the high extent of both HFt-LBT Tb(III) and wild type
mouse HFt internalization and highlighted similar cellular distribution in the cytoplasm and
in the perinuclear space.
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Fig 4. Cryo-electron microscopy structure of HFt-LBT. Internal view, sliced at the protein center, of the density map of HFt-LBT Tb(III) (resolution = 7.1 A). The
crystallographic model of HFt-LBT Tb(III) (purple ribbons) was rigid-body fitted into the Cryo-EM map (gray solid) using USCF Chimera [50]. The E helices at the C-
terminal part of each monomer are highlighted in blue. LBT tails fused to the E helices are enlarged on the right panels showing the top view (dashed line box) and the
side-view (continuous line box). Well-defined electron density extends over the end of the X-ray model as due to the presence of the terminal LBT tails and it
approximately covers 14 A distance, that corresponds to the length of 6-7 amino acids (main chain). Scale bar = 10 A.

https://doi.ora/10.1371/journal pone.0201859.g004

Discussion

In the present work, an engineered ferritin construct, bearing a lanthanide binding tag on the
C-terminal end of each subunit of mouse H ferritin, was designed in order to build a biomolec-
ular nano-system endowed with strong FRET sensitization properties. The peptide tag (LBT)
was designed according to the findings of Martin et al. [24] that demonstrated efficient lantha-
nide chelating properties of a peptide sequence derived from Ca** binding sites from Tropo-
nin C EF hand motif. The LBT has six metal-binding residues that form a coordination sphere
around a lanthanide (III) ion and is characterized by high affinity and strong FRET effect from
the tag encoded tryptophan residue to the Terbium or Europium ions. Spectroscopic and crys-
tallographic studies showed that the inner coordination sphere of Tb(III) bound to this
sequence was free from water molecules [23], a key feature for luminescence experiments,
given the quenching effect of O-H vibration [54]. Accordingly, the HFt-LBT construct exhib-
ited high affinity Tb(III) binding as demonstrated by fluorescence spectroscopy measurements
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Fig 5. Confocal microscopy images and flow cytometry analysis of HFt-LBT Tb(I1I) uptake by selected tumor cell lines. DU-145, HCT-116,
MDA-MB-231 and SKOV-3 cancer cells were incubated with either HFt-LBT Tb(III) or wild type mouse HFt (0.5 mg/ml) for 60 min. A)
Images acquired by confocal microscopy showing side by side comparison of cellular distribution of HFt-LBT Th(III) and HFt conjugated with

FITC. Scale bar = 50 um.

B) Flow cytometry analysis of HFt-LBT Th(III) and HFt cellular uptake.

https://doi.ora/10.1371/ournal.pone.0201859.0005

in solution. In these measurements, excitation of the tryptophan residue present in the center
of the LBT provided an excellent FRET exchange to the Terbium atom with a sustained narrow
emission at the 544 nm line typical of Terbium excited state decay (Fig 1). The thermodynam-
ics of the Terbium binding process was however complex due to the well-known presence of
additional metal binding sites to the ferritin 24-mer [30-32]. In particular, the observed fluo-
rescence signal accounted for 1.7 Tb(III) ions per subunit indicates that the presence of the
tryptophan residue within the tag is able to act as an antenna system not only for the Tb(III)
ion bound within the LBT tag but also for a number of extra Tb(III) atoms bound to the natu-
ral ferritin binding sites. Control experiments carried out by titrating wild type mouse HFt
with Tb(III) demonstrated negligible fluorescence contributions in the Tb(III) emission
regions (S1 Fig). Such finding, in agreement with previous reports [30-31] and with current
X-ray crystallography findings, confirms that Tb(III) is bound to the canonical iron binding
sites in the threefold channels and ferroxidase sites but is only capable of receiving extremely
weak energy transfer from the only Trp residue (namely, W94) present in the wild type
protein.

Analysis of the three-dimensional structure of the HFt-LBT Tb(III) complex both by X-ray
crystallography and cryo-EM demonstrated that the presence of the C-terminal tag does not
affect the overall assembly of the protein and that the genetically fused tags point to the interior
cavity. The peptide arm connecting the lanthanide binding loop to the C-terminal sequence is,
as expected, flexible around the GSG spacer peptide connecting the C-terminal end to the LBT
sequence, and does not allow for a complete resolution of the local structure [55]. Interestingly,
cryo-EM 3D map reconstruction allowed the identification of low resolution but definite L-
shaped density patterns relative to the first few (i.e. 6-7 on a total of 17) aminoacids of the tag.
However, the possible multiple orientations of the loop region precluded the observation of
the Tb(III) complex. X-ray data further demonstrated that Terbium ion is efficiently com-
plexed at the threefold axis channels (8 channels per 24-mer) by side chains of E131 and D134
aminoacids from each of the three adjacent subunits. Further Tb(III) binding occurs stoichio-
metrically at the ferroxidase site (24 sites per 24-mer), coordinated by carboxyl residues E27
and E62 with minor participation of H65. In contrast, LBT bound Tb(III) atoms were not visi-
ble neither by X-ray diffraction nor by cryo-EM analysis. In summary, HFt-LBT construct is
capable of: i) high affinity binding of 24 Tb(III) atoms, one per each lanthanide binding tag, ii)
intermediate affinity binding of 20 Tb(III) atoms at the ferroxidase binding site (out of 24
available, as demonstrated by 75% occupancy in X-ray structure), and iii) lower affinity bind-
ing of 8 Tb(III) atoms at the entrance of the threefold channels. Hence, within the whole
24-mer a total of 56 Terbium atoms can be hosted, if we consider full occupancy of the ferroxi-
dase sites. A full thermodynamic description concerning the dissection of the Tb sites thus
appears extremely complex at this stage and will be evaluated in future on selected mutants. In
particular, single and double mutations on the ferroxidase site and/or on the residues lining
the threefold channels key residues will be needed. In the present investigation on confocal
microscope, however, attempts to image live cells by direct excitation at 290-375 nm of the
tryptophan residue in the lanthanide binding loop after ferritin uptake yielded very poor
results due to the substantial fluorescence background originating from the pool of cyto-
plasmic protein, within the typical Terbium emission interval. Clearly, a time resolved fluores-
cence microscopy approach or ared shifted antenna system will be needed to expand the
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scope of the present work. We thus reported measurements in which HFt-LBT Tb(I1I) or wild
type mouse HFt have been labeled with common FITC. Results demonstrate that the HFt-LBT
Tb(III) complex is very efficiently uptaken by all four human tumor cell lines selected, in
agreement with the identification of CD71 as the receptor of ferritin in humans [56]. In partic-
ular, DU145 (from a central nervous system metastasis, of primary prostate adenocarcinoma
origin), MDA-MB-231 (from invasive ductal carcinoma), Hepatoma cell line and SK-OV-3
(highly resistant ovarian cancer cell line) were demonstrated for the first time to display a high
uptake of both wild type mouseHFt and HFt-LBT Tb(I1I): this fact is remarkable, since these
cancer cell lines overexpress CD71 receptor and are subject of cancer therapy studies focused
on this receptor [54-60].

Conclusions

In conclusion, we have shown that a ferritin nanocage can be engineered by addition of appro-
priate metal binding tags inside the cavity in order to provide specific additional metal sites in
topologically selected positions. In this framework, the key physical property of the tag, namely
chelating antenna system for Terbium, can be coupled to the CD71 receptor recognition prop-
erties of the ferritin protein within a construct that can be rationally designed and manipu-
lated. We propose this approach as an alternative to the quasi random metal clusters (or small
organic fluorophore) insertion into the ferritin cavity that has been commonly used by free dif-
fusion of metal ions (or organic molecules) through the open pores on the surface of the mac-
romolecule or by disassembly-reassembly of the 24-mer structure (“encapsulation” procedure)
[8]. The importance of a guided allocation of metal sites inside the cavity is considered essen-
tial in order to proceed with rational positioning of antenna systems close to lanthanide sites
with the aim of designing the best geometry for efficient FRET. Rational design of such metal
binding sites would foster more advanced applications such as the construction of up-convert-
ing nanoparticles or ultra-bright fluorescent organic polymers for single molecule detection.
The present construct thus represents a first step towards the engineering of the ferritin cavity
in order to generate a more efficient fluorescence/luminescence intracellular tracking system
according to a structurally guided, rational design approach.

Supporting information

S1 Fig. SEC profile of HFt-LBT. Molecular weight determination by gel filtration was carried
out by comparing the elution volume of HFt-LBT with the values obtained for several known
calibration standards. HFt-LBT, loaded onto a HiLoad 26/600 Superdex 200 column, elutes as
asingle pick at 70 ml, the elution volume expected for the 24meric state of the protein, pre-
ceded by two small peaks corresponding to higher molecular weight aggregates (58 and 48
min). The inset shows the native page of HFt-LBT (lane 2) and HFt-LBT treated with of 1 mM
TCEP (lane 3). Small amount of dimeric (dimers of 24-mers) or trimeric (trimer of 24-mers)
can be detected both in the SEC profiles and in the corresponding native page. The higher
MW multimers have been attributed to the presence of intermolecular disulfide bridges, as
their presence is greatly decreased by addition of TCEP.

(TIF)

S2 Fig. SDS-PAGE of purified HFt-LBT. Line 1: Precision Plus Protein Unstained Protein
Standards (BioRad); line 2: purified HFt-LBT.
(TIF)

$3 Fig. MALDI-TOF mass spectrum of HFt LBT. The identified molecular mass of 22531 Da
corresponds to theoretical protein mass (22662 Da) subtracted of the contribution of a
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methionine (131 Da).
(TIF)

$4 Fig. Representative 3D classes averages. Classes 3 and 5 contain noisy contributions;
other classes are estimated high quality for 3D reconstructions obtained with RELION 2.0.
Even at such low resolution, it is possible to notice non trivial structures inside the cavity.
(TIF)

S5 Fig. Fourier shell correlation (FSC) of the final 3D map reconstruction (see Fig 4). The
resolution calculation is based on the ‘gold-standard’ protocol that assures the independence
of the half-set reconstructions. Dashed purple line: FSC = 0.143. Final resolution: 7.1 A.
(TIF)

$6 Fig. X-ray emission spectrum of HFt-LBT-Tb. L emission lines of terbium at 7.5, 8.2 and
8.5 keV are displayed. Additional lines at 6.3 and 7.0 keV are ascribed to iron ions.
(TIF)

S7 Fig. Anomalous difference map peaks of terbium. The structure is represented as cartoon,
the residues surrounding the terbium ion are represented as sticks, terbium is represented as
spheres and the map, contoured at 3 g, is represented as a blue mesh. A) Terbium at the ferrox-
idase center B) Terbium at the 3-fold axes.

(TIF)

S8 Fig. Sample micrograph of HFt-LBT Tb(III). The sample was highly homogeneous and
monodisperse. Scale bar = 100 nm.
(TIF)

S9 Fig. Representative FACS images: FITC labelled HFt-LBT Tb(III) and wt mouse HFt were
loaded within the four cell lines: HCT, MDA -MB, DU-145 and S-KOV 3. V500: violet-excitable
dye engineered to improve brightness and reduce spectral overlap into the FITC channel.

(TIF)

$10 Fig. Effect of iron II addition to HFt-LBT Tb(III) adduct. Fluorescence spectra of HFt-
LBT Tb(III) (red line) and HFt-LBT Tb(III) containing 10 uM ammonium iron(1I) sulfate
hexahydrate (blue line). Samples were at the same protein concentration (1 uM monomer).
Spectra in the presence of iron were recorded after 2, 4,8, 16 and 24 h at 25°C in 0.1 M MES
buffer pH 6.4 and did not show detectable time dependent changes. For clarity, only the spec-
trum after 24 h is shown. Addition of higher amount of iron resulted in hazyness and precipi-
tation, most likely due to the formation of insoluble iron hydroxide precipitates.

(TIF)

S1 Table. Data collection and refinement statistics.
(PDF)
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Abstract

Human transferrin receptor 1 (CD71) guarantees an adequate supply of iron to mammalian
cells. This is accomplished by ligand-induced activation of the cellular endocytic machinery upon
binding of iron-loaded transferrin and ferritin to CD71, resulting in internalization of the respective
complexes 2. CD71 is also exploited by viruses 7 and by the malaria parasite ® as a route for cell
invasion. The structural features of CD71 interaction with transferrin and pathogenic hosts have
been extensively studied and have been clarified recently by the identification of the respective
specific recognition epitopes *!'. Here, we provide the molecular basis of the interaction between
CD71 and human ferritin by reporting the structure of the complex at 3.9 A resolution obtained by
single-particle cryo-electron microscopy, and by validating our structural findings in cellular
context. The contact surfaces between the H-chain ferritin homopolymer and the CD71 epitope
largely overlap with the arenaviruses and Plasmodium vivax binding regions in the apical part of the
receptor ectodomain. Our structural data account for the transferrin-independent binding of ferritin
to CD71 and suggest that select pathogens may have adapted to enter cells by mimicking the ferritin

access gate.

Main text

Human transferrin receptor 1 (CD71 or hTfR1) is a promiscuous and ubiquitously expressed

cell entry carrier whose primary function is to import iron in response to variations in intracellular
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concentration of this essential element. Iron uptake is mediated by the internalization of the
transferrin-iron complex through receptor-mediated endocytosis via a clathrin-dependent pathway .
Once the iron cargo is delivered, the receptor is recycled back to the cell surface and apo-transferrin
is released into the bloodstream 2. CD71 has been also shown to mediate the uptake of heavy chain
ferritin (H-Ft) from serum as an alternative or additional source of bioavailable iron 2. CD71 is also

S71L13 and hepatitis C virus © as well as

a preferred entry carrier for human pathogenic arenaviruses
feline and canine specific parvoviruses *. Viral systems recognize epitopes on the host-encoded
CD71 receptor through their surface spike glycoproteins, triggering the internalization of the
complex. Recently, Plasmodium vivax, the most common malaria parasite, was demonstrated to

access reticulocyte cytoplasm by recognizing the same CD71 receptor epitope as arenaviruses >!°.

CD71 is a homodimeric type II transmembrane protein composed of a small cytoplasmic
domain, a single-pass transmembrane region, and a complex extracellular domain. Each monomer
of the ectodomain is subdivided in a protease-like domain in contact with the cell membrane, a
helical domain comprising the dimer contact regions, and an apical domain (Fig. 1a) '*. The
ectodomain displays ligand binding sites for diverse proteins: its basal portion (formed by the
protease-like and the helical domains) binds transferrin (Tf) > and the dimer interface region

forms a complex with the Hereditary Hemochromats factor (HFE) '® (Fig. 1b). The upper part of

11,13

the apical domain has been shown to interact with arenaviruses and with the Plasmodium vivax

invasion protein PVRBP2b !° (Fig. 1b).

In this framework, a key missing piece of information concerns the structural basis of the
interaction between CD71 and H-Ft. Experimental evidence was provided for a scarce competition
between ferritin and transferrin for CD71 binding, thus pointing out the possibility of the existence
of different epitopes for the two protein ligands '>!7. Recently, an exposed loop region in the H-Ft
subunit was identified that, transplanted in an archaeal ferritin, originally unable to recognize the

human CD71 receptor, was sufficient to induce binding of this chimeric protein to the receptor 5.
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The importance of the CD71/H-Ft interaction is dictated by the emerging physiological and
pathological significance of the circulating ferritin and its scavenger receptor '*?. Moreover, nano-
sized H-Ft homopolymers have moved to the center stage of nanomedicine research as theranostic
agents 2!, due to their unique cargo capabilities for small therapeutic molecules or isotopic tracers
coupled to selectivity towards CD71 2%, CD71 is overexpressed in the most common cancer cell
types, further highlighting the interest for this receptor as a privileged target for the selective

delivery of cytotoxic drugs coupled to transferrin, ferritin or monoclonal antibody drug conjugates

2426

We used single-particle cryo-electron microscopy to solve the structure of H-chain ferritin
bound to human CD71 to 3.9 A resolution, unveiling the structural determinants that govern their
recognition (Fig. 2, Extended Data Fig. 1-2-3 and Table 1). H-Ft binds the CD71 receptor in a
“virus-like” fashion, covering an overall area of approximately 1900 A2 As depicted in Fig. 2,
CD71 interacts with H-Ft through four specific contact regions on the apical domain that comprise:
i) a motif of six amino acids, from R208 to L212 and N215 on the BII-2 strand; ii) residues E343,
K344 and N348 on the all-2 helix. We refer to these residues as “common contacts” on CD71,
since they represent the key structural determinants for binding of arenavirus (MACV) and
plasmodial PvRBP2b proteins. Additionally, “exclusive contact” regions on CD71 for H-Ft
comprise iii) the BI-1-BII-1 loop and the BII-1 strand (S195, E197, S199 and 1202) and iv) the BII-8
strand (K374). The H-Ft binding counterpart regions are: i) the external BC loop (R79, F81, Q83,
K86, K87); ii) the N-terminus of the A-helix (Q14, D15, E17-A19, N21, R22, N25); iii) the C-
terminus of the C helix (E116, K119, D123) (Fig. 2).

The H-Ft “exclusive contacts” pairwise interactions are shown in Fig. 2b and 2¢, where: i)
CD71 BII-1 strand contacts H-Ft via the A helix; ii) pI-1-BII-1 loop interacts with the H-Ft C helix;
iii) K374 on BII-8 of CD71 electrostatically interacts with Q14 at the beginning of H-Ft A helix.

The “common contacts” with CD71, shared between pathogens and H-Ft, are shown in Fig.

2d and are established by the BII-2 strand of CD71 with the H-Ft A helix, BC loop and C helix and
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with T5 at the H-Ft N-Terminus. Further common interactions are established between the CD71
all-2 and H-Ft A helix, the BC loop and K87 on the BC loop of a flanking H-Ft monomer (Fig. 2e;
the detailed contacts are given in Extended Data Table 2).

Notably, the amino acids involved in “common contacts” coincide with amino acids on
CD71 that lead to gain or loss of interaction with pathogen binding proteins upon mutations %7,
These cluster in the PII-2 and all-2 regions, which appear to be essential on CD71 for binding with
various partners. Therefore, in order to identify the determinants on H-Ft for binding to CD71 we
selected and mutated H-Ft residues involved in “common contacts” which are not conserved in
ferritins shown to be unable to bind human CD71, i.e. human Light-chain ferritin '* (Hum L-chain)
and Archeoglobus fulgidus ferritin 18 (AfFt) (Extended Data Fig. 4). We produced three multiple
mutants of residues peculiar of human H-Ft: i) mutant A lacking the polar residues at the N-
terminal of the A helix (Q14A/D15A/R22A), ii) mutant B lacking F81 and Q83 on the external BC-
loop (F81A/Q83A), and i) mutant C that combines A and B mutations
(QI4A/D15A/R22A/F81A/Q83A) (Extended Data Fig. 4). Surface Plasmon Resonance (SPR)
measurements using wild-type or mutant H-Fts as analytes and CD71 as ligand showed that the
binding affinity for the receptor is reduced of about two orders of magnitude in mutants A and B as
compared to the wild type, and abolished in mutant C (Fig. 3a). In particular a critical drop of the
kon value is increased across mutants B and C, suggesting that mutations at the BC loop have a
dominant role in impairing the CD71/H-Ft interaction, likely due to the loss of contact of F81 and
Q83 with Y211 on CD71 BII-2 and Q83 with N348 on CD71 oll-2. Consistently, FACS (Fig. 3b,
Extended Data Fig. 5) and confocal microscopy (Fig. 3¢) measurements on HeLa cells uptake of
the three H-Ft mutants show reduced (mutant A) or negligible (mutants B and C) internalization
with respect to the wild type.

In summary, these results assess the critical relevance of ferritin external BC-loop in CD71

binding, recognizing the “common contact” residues Y211 and N348, crucial for binding of viruses
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and plasmodial proteins, which mutations severely hamper binding and suppress internalization,
however they also highlight the relevance of Q14, D15 and R22 at the N-terminus of the A helix.

Therefore, the significant binding capability of the Humanized Archeoglobus fulgidus
ferritin (Hum-AfFt) where the human H-Ft BC loop had been transplanted, is likely due not only to
the presence of F81 and Q83 on the loop, but also to R22 and D15 on the A helix, serendipitously
present in this archea ferritin. On the other hand, the Hum L-Ft which lacks F81, Q14 and R22 is
unable to bind the CD71 receptor '> (Extended Data Fig. 4).

In conclusion, we identified the specific sites on CD71 to be hooked by ferritin for
physiological access to cell through the CD71 “iron door”. We provide structural evidence that
transferrin and ferritin exploit alternative epitopes on the same receptor, allowing differential
regulation of iron, as in the case of the HFE 216,

Notably, pathogens have adapted to exploit the ferritin epitope to unlock cellular barriers by
mimicking this physiological interaction with the CD71 apical domain. In this framework, changes
due to Single Nucleotide Polimorphisms (SNPs) within the CD71 apical domain may account for
permissivity of virus or parasite entry, but cannot be considered neutral with respect to ferritin
uptake. Along this line, CD71 species-specific variants must conveniently be matched to H-Ft co-
evolved variants in order to conserve the physiological functions of serum circulating ferritin.

Our work provides a sound structural basis to elaborate on the possibility of developing
alternative ferritin-like anti-viral or anti-parasite therapeutic ligand, be it an antibody or a
peptidomimetic capable of blocking the “common contacts™ epitope on CD71 residue, and to

further engineering ferritins as theranostic agents.
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Methods

Cloning, expression and purification of Human H-Ft and CD71.

The genes encoding the human apo-H-chain ferritin (H-Ft) and mutants A (Q14A/D15A/R22A) and
B (F81A/Q83A) were designed, synthesized, optimized for Escherichia coli codon usage and
cloned in pET11b vector by Geneart (Geneart AG). Mutant C was produced by using the Quick
Change Lightning Kit (Agilent Technologies, Santa Clara, California) according to the
manufacturer’s instructions and using mutant A as a template. All apo-H-Ft variants were expressed
and purified as previously reported .

The gene encoding the ectodomain of human CD71 (residues 121-760) was extracted by per from
the plasmid pAcGP67A-TfR 2® (Addgene, Cambridge, MA) and BamHI/EcoRI inserted using the
Gibson cloning method and fused at the 3' of the Kozak sequence of the po—H mammalian
expression vector modified by the addition of the hydrophobic leader peptide from the baculovirus
protein gp67 (pa—H BiP). An octa-histidine tag was also placed at the C-terminus of the CD71
gene. The expression plasmid po—H BiP/TfR1 was transiently transfected in HEK 293 using
polyethylenimine (PEI) as transfection agent. Cells were grown in FreeStyle 293 expression media
(ThermoFisher Scientific, Hampton, USA) supplemented with 1% of fetal bovine serum (FBS) at
37°C in a humidified atmosphere of 5% CO:. After 96 hours, cells were harvested and CD71 was
purified from supernatants using Ni- or Co-affinity chromatography. Supernatant was filtered and
incubated with the resin after addition of 50 mM sodium phosphate buffer, pH 8.0, together with
200 mM NaCl and 20 mM imidazole; 250 mM imidazole was used to elute CD71. The protein
sample was stored at -80°C in 50 mM sodium phosphate, 200 mM NaCl, pH 8. Quality and quantity
of purified protein was evaluated by SDS-PAGE and UV/visible spectra using the theoretical €250 um
96260 M'em™.

CD71/H-Ft complex preparation.
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In vitro, incubation of H-Ft and CD71 at different stoichiometric ratios results in protein
aggregation due to the presence of multiple binding sites on both H-Ft and CD71, forming insoluble
precipitates. We managed to isolate a soluble sample of CD71/H-Ft complex by means of a pull-
down experiment '2. 250 pg 8xHis-tag fused CD71 was incubated with 100 pL of TALON resin
(TALON Superflow Metal Affinity Resin, Ge Healthcare, UK) in 25 mM Tris-HCI, 150 mM NaCl,
1% PEG 8000 and 10 mM Imidazole, pH 7.2 (buffer A), for 60 minutes at 4°C, under rotation.
After several washes with buffer A, CD71-conjugated beads were incubated with 950 ug of H-Ft
for 90 minutes at 4°C under rotation. The beads were washed increasing imidazole concentration in
buffer A up to 30 mM, and the complex was eluted in 350 puL using 290 mM imidazole in buffer A.
As a control experiment, CD71-unconjugated beads were also incubated with 950 pg of H-Ft for 90
minutes, following the same procedure adopted to isolate the complex. The pull-down assay final
samples were analyzed by SDS/PAGE (Extended Data Fig. 1a).

Grids preparation for cryo-electron microscopy.

Purified CD71/H-Ft complex eluted from Talon resin at 0.2 mg/mL was directly used for grid
preparation and two datasets were collected using the same batch of grids to obtain the final map.
Holey-gold R0.9/1 (dataset 1) and holey-carbon R1.2/1.3 (dataset 2) grids (Quantifoil Micro Tools
GmbH) covered by 2 nm film of carbon were prepared as described 2. Grid surfaces were treated
with plasma cleaning using a mixture of Arand O: for 60 s before applying 3 pl of sample. The
screening of several blotting conditions revealed that the time between sample application to the
grid and plunge into ethane affects the number of particles per field and their distribution. The
dataset 1 grid was prepared with 135 seconds wait time and the dataset 2 grid with a 90 second wait
time. Grids were then blotted for 1 second (100% humidity, 4°C, force 4) with filter paper and
vitrified by rapidly plunging into liquid ethane at —180 °C using a Vitrobot Mark IV (FEI,
Hillsboro) *.

Data collection.
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The first dataset (dataset 1, 690 micrographs, Extended Data Fig. 3) was imaged using a FEI Titan
Halo (ThermoFisher Scientific, Eindhoven) operating at 300 kV acceleration voltage, while the
specimen was maintained at liquid nitrogen temperature using a Gatan 626 side entry cryo-holder
(Gatan, Pleasanton). Images were recorded using the automated acquisition program Leginon 3.
We used a Gatan K2 Summit direct-detector camera (Gatan, Pleasanton) operating in counting
mode, with a calibrated pixel size of 1.15 A on the object scale. Images were typically recorded
with a defocus range between —0.7 and —3.0 pm. Movies were acquired with a total exposure time
of 12 sec (60 frames/image), with exposure rate of 7.8 electrons/pix/sec.

A second dataset (dataset 2, 573 micrographs, Extended Data Fig. 3) was imaged using a 300 kV
Titan Krios (ThermoFisher Scientific, Eindhoven). The dataset was collected automatically using
EPU (ThermoFisher Scientific, Eindhoven). Images were recorded on a Gatan K2 Summit direct-
detector camera (Gatan, Pleasanton) equipped with a Gatan Bioquantum LS/967 energy filter and
operating in super-resolution mode, using a calibrated pixel size of 1.33 A on the object scale.
Images were typically recorded with a defocus range between —1.0 and —3.0 um. Movies were
acquired in electron counting mode, the total exposure time was set to 12 sec (40 frames/image),
with exposure rate of 6.2 e”/pix/sec.

Image processing.

The main steps of data analysis are schematized in the workflow shown in Extended Data Figure
3.

Micrograph frames collected in both datasets (Extended Data Fig. 1b) were aligned for beam-
induced motion correction and drift with MotionCor2 **; global contrast transfer function was
calculated using Getf . Micrographs with resolution limits < 6A (dataset 1) or < 5A (dataset 2)
were kept for further processing.

All subsequent data analysis was carried out using RELION 2.0 **. More than 1100 particles for
both datasets were manually picked to produce a reference for the automated particle picking

procedure implemented in RELION *. A total of 140,567 and 194,501 particles were automatically
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picked respectively from dataset 1 and dataset 2 and extracted from the original micrographs. After
the extraction, particles were initially classified in 2D using K=100 classes. A second round of 2D
classification was performed on each dataset with K= 25 classes. The best 2D class averages clearly
showed the CD71/H-Ft complex in different orientations, revealing some extent of sample
heterogeneity due to the presence of alternative populations endowed with different stoichiometry
(Extended Data Fig. 1c). A set of 27,690 particles, belonging to good 2D classes of dataset 1, was
selected and subjected to a first round of 3D classification, using 8 classes and without imposing
any symmetry; the cryo-EM apo-ferritin map (EMDB code EMD-2788 ) was used as reference
model, filtered at 60 A. This procedure gave only one class (8,860 particles) where a 1:1=H-
Ft:CD71 complex was clearly displayed. The resulting map was used as reference (filtered at 60 A)
to run a second round of 3D classification, which resulted in two better-resolved classes (total
17,370 particles). These classes (see Extended Data Fig. 3) were selected for further refinement
using the 3D Autorefine procedure, applying a spherical mask of 290 A diameter. This resulted in a
map at 8.2 A resolution.

The reconstructed map of dataset 1 (filtered at 40 /QX) was used as reference model for the 3D
classification of particles selected from 2D classification of dataset 2 (73,700 particles). Good
classes (Extended Data Fig. 3) were selected for further refinement using the 3D Autorefine
procedure (25,870 particles, spherical mask of 290 A diameter), which yielded a map at 5.5 A
resolution.

With the aim to further increase the resolution of the contacting region between the two molecules,
particles used for the 3D Refinement of both datasets were joined (total 43,240 particles) and
subjected to one round of 3D Refinement, imposing O symmetry (i.e., ferritin point-group
symmetry) and applying a smaller mask diameter of 180 A, to only include the ferritin molecule.
This yielded a 4.8 A map of ferritin re-centered to its center of symmetry (Extended Data Fig. 3).
We used the corresponding particle alignment parameters to perform symmetry expansion of this

dataset using RELION (relion_particle_symmetry_expand). This allowed us to subdivide ferritin
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particles in individual subunits in order to identify by classification all ferritin subunits bound to a
transferrin receptor . The dataset was thus artificially expanded according to the pseudo-
symmetric O point group and enlarged 24-fold, resulting in 1,037,760 particles, that were 3D
Classified using C1 symmetry, no image alignment and a mask generated from the complex with a
single receptor bound. This classification round identified all subunits bearing a receptor bound. All
four classes generated were subjected to a second round of 3D Classification, this time with local
image alignment, and only two of them allowed the identification of subclasses of ferritin bound to
the receptor. Therefore, three H-Ft bound subclasses were combined (total 53,878 particles) and
refined, resulting in a map with a global resolution of 4.4 A. Resolution measured with a mask only

including ferritin and the receptor contact sites was estimated to be 4.2 A resolution.

The refined particles were exported into cisTEM to perform per-particle defocus refinement
procedure implemented in cisTEM ¥, The resulting final map resolution of H-Ft and CD71 contact
region was improved up to 3.9 A, clearly showing secondary structures and bulky side chains of
interacting residues, which allowed more precise model building. Statistic information of the 5.5 A
and of the 3.9 A density maps is reported in Extended Data Table 1.

Resolution estimation.

The overall resolution of the two maps at 5.5 A and 4.2 A obtained with RELION and the one at 3.9
A obtained with cisTEM (Extended Data Fig. 2a, 2¢ and 2e-f) was estimated with the Fourier
shell correlation (FSC) = 0.143 criterion, based on the ‘gold-standard” protocol * using a mask
around the complex density. The input map was corrected for the modulation transfer function
(MTF) of K2 detector and sharpened using negative temperature B factors as calculated by
RELION and cisTEM (Extended Data Table 1). Local resolution was estimated for the map at 5.5
A and 4.2 A using ResMap ** (Extended Data Fig. 2b and 2d). The electron density maps
obtained at 5.5 A and at 3.9 A resolution were sharpened using autosharpen in Phenix *. UCSF

Chimera*! and PyMOL (http://pymol.sourceforge.net) were used for graphical visualizations.
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Model building and refinement.

The program Chimera was initially employed to rigid body fit the crystal structures of H-Ft (PDB
code 3AJO **) and CD71 (PDB code 3KAS ') into the sharpened electron density map obtained at
55 A resolution, which was further refined as rigid body with Phenix real_space_refinement. In
this map, both CD71 and H-Ft were visible at the level of their secondary structures. The resulting
CD71/H-Ft model was then rigid body fitted into the sharpened 3.9 A density map using UCSF
Chimera. Model building of H-Ft and of the CD71 contact region was performed manually using
Coot **. Given the high quality of the reconstructed map, the side chains of residues exposed at the
contacting interface were modeled into the electron density (Extended Data Fig. 2g).

The model of the CD71/H-Ft complex was refined using the real_space_refinement routine in
minimization global mode (Phenix) against the overall map at 3.9 A, imposing secondary structure
and Ramachandran restraints. Final visual inspection was performed in COOT to manually correct
Ramachandran outliers. The final model was validated using MolProbity * and EMRinger *
(Extended Data Table 1). All figures were produced using Pymol and UCSF Chimera.

CD71/H-Ft SPR assay.

The interactions between the immobilized N-terminal His-tagged transferrin receptor CD71 (ligand)
and H-Ft-based constructs (analytes) were measured by surface plasmon resonance (SPR) technique
on a Biacore X100 instrument (Biacore, Uppsala, Sweden) according to the procedure previously
reported 26 Briefly, CD71 was immobilized on a Sensor Chip nitrilotriacetic acid (NTA) (GE
Healthcare Europe GmbH) according to the manufacturer's instructions. The optimal experimental
setup was determined and CD71 was injected at 22 pg/ml for 60 s. Analyte concentration was in the
range of 1000-62.5 pg/ml. The sensor chip surface was regenerated using fresh histidine tagged
protein after every cycle of the assay. The SPR assay was performed at 25 °C, at flow rate= 30
pl/min; the association and dissociation phases were monitored for 180 and 600 s, respectively.
Analytes were dissolved in degassed 10 mM Phosphate-buffered saline (PBS) at pH 7.4. In this

condition H-Ft retains the 24-mer assembly. To regenerate the chip, complete dissociation of the
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complexes was achieved by the addition of 10 mM HEPES, 150 mM NaCl, 350 mM EDTA and
0.005% (vol/vol) surfactant P20 (pH 8.3) for 30 sec before starting a new cycle. The kon and ko
rates as well as the dissociation constant (Kp) were estimated using the Biacore X100 evaluation
software according to a 1:1 binding model or alternatively a heterogeneous analyte binding model
(Extended Data Tables 3 and 4). All experimental data shown in Figure 3a are reported at analyte
concentration of 1 mg/ml. Fits are reported as black lines corresponding to a heterogeneous analyte
binding model for wild type, Mutant A and Mutant B respectively, and to a simple 1:1 kinetic
model for Mutant C.

Protein FITC labeling.

HFt, AfFt, Mutant A, Mutant B and Mutant C were labeled with fluorescein-isothiocyanide (FITC,
ThermoFisher) according to the manufacturer’s standard protocol. Briefly, 2 mg/mL of the purified
protein was added with 10-fold molar excess of FITC in protein storage buffer, stirring for 2 h at
RT. The non-reacted dye was removed by gel filtration chromatography and the fluoresourscent dye
to protein ratio was determined by UV-spectroscopy. LC-MS spectrometry measurements all FITC-
conjugated proteins confirmed that > 40% of monomers are FITC labeled.

Cell cultures and ferritins internalization.

HeLa cells were grown at 37 °C in Dulbecco’s Modified Eagle’s Medium with Glutamax (DMEM,
Gibco) supplemented with 10% FBS (Gibco) and 1% Penstrep (100 U/ml penicillin and 100 pg/ml
streptomycin solution; Gibco). DMEM without phenol red (Sigma) supplemented with Glutamax
(Invitrogen), 10% FBS and 1% Penstrep (incubation medium) was used for apo-ferritins
internalization assays by FACS and confocal microscopy.

Flow cytometry analysis.

HeLa cells were seeded on 6-well plates and left one day prior performing FACS experiments.
Upon growing medium removal and rinse with PBS, confluent cells were incubated with FITC-
ferritin nanoparticles (AfFt, HFt, Mutant A, B and C as specified in each experiment) at the final

concentration of 30 pg/ml for 2 hours 30 minutes. Cell were then washed twice with PBS, detached
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with trypsin-EDTA (Euroclone), rinsed with PBS and resuspended in BD-FACS flow buffer.
Control cells were treated in the same conditions without ferritins. Internalization of ferritins was
evaluated with sample acquisition at the BD LSRFortessa (BD Biosciences, San Jose, CA, USA)
equipped with a 488 nm laser and FACSDiva software (BD Biosciences version 6.1.3). Live cells
were first gated by forward and side scatter area (FSC-A and SSC-A) plots, then detected in the
green channel for FITC expression (530/30 nm filter) and side scatter parameter. The gate for the
specific signal was set based on the control sample. Data were analyzed using FlowJo 9.3.4
software (Tree Star, Ashland, OR, USA).

Confocal microscopy of live cells.

For apo-ferritins internalization by live imaging on a confocal microscope, HeLa cells were seeded
on a p-slide 8-well ibiTreat (ibidi) and left one day to grow. After the removal of the medium, cells
were washed with PBS and incubated for 20 hours with 30 pg/ml FIT C-ferritin nanoparticles (H-Ft,
Mutant A, B and C). Prior imaging, cells were washed twice with PBS to eliminate the unbound
FITC-ferritins and then replaced in the incubation medium (suitable for confocal imaging
purposes). The confocal laser-scanning microscope used was an Olympus FV10i platform equipped
with a built-in incubator. Images were acquired with a 60x/1.2NA water-immersion objective, LD
lasers and filter sets for FITC. FITC and phase-contrast channels were acquired simultaneously.
Data availability.

All data supporting the findings of this study are available within this paper. The cryo-EM maps of
CD71/H-Ft complex at 5.5 A and at 3.9 A and coordinates generated and analyzed in the current
study have been deposited in the Electron Microscopy Data Bank and in the Protein Data Bank

under accession code EMD-0046 (PDB 6GSR) and EMD-0140 (PDB 6HS5I), respectively.
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Figure 1. CD71 receptor: ligand recognition epitopes and binding modes. CD71 homodimer is
shown in ribbon representation (pdb 3KAS '!). One monomer is in light grey, the other is colored
variably to the receptor domains (apical, light blue; protease-like, yellow; helical, green). a. CD71
residues identified as recognition epitopes for Tf/HFE and viruses/parasite are represented as
orange/wheat and red/pink surfaces, respectively. b. CD71 receptor is shown bound to Tf (orange
surface, pdb 1SUV ?), HFE (cyan surface, pdb 1DE4 '), GP1 protein of MACV (pink surface, pdb

3KAS), and Tf (orange surface) and PvRBP2b from P. vivax (blue surface, pdb 6D04 195
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Figure 2. Structure of the human CD71/H-Ft complex. a. Atomic model of the complex of

human CD71 receptor (yellow) and human H-Ft (light blue) fitted in the cryo-EM map at a global
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Ft are colored in light blue. b-e. CD71 and H-Ft interacting regions. Panels b and ¢ show the
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distance are shown in sticks, labeled and colored according to the color code used for secondary
structure in panel a (right side). Dashed black lines indicate electrostatic interactions. Dotted grey
lines represent hydrophobic contacts. ¢. Table: summary of the interfacing residues at CD71 apical
domain contacted by the human H-Ft, GP1 of Machupo virus '' and PvRBP2b of P. vivax . CD71
residues contacted by H-Ft are colored according to the color code used in panel a (right side). On
the right, surface representation of the human CD71 apical domain (dark grey). Ligand specific and

overlapping binding residues are mapped out following the color code shown at the bottom.
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Figure 3. Characterization of human H-Ft wild type and mutants binding to CD71. a. SPR
sensograms of the interaction between the immobilized his-tagged CD71 receptor and H-Fts (wild-
type and mutants), used as analytes. Fits are reported as black lines. b. Ferritins uptake in HeLa
cells has been quantified by flow cytometry. The percentage of cells internalizing AfFt-FITC (here
used as negative control 18y H-Ft-FITC, MutA-FITC, MutB-FITC and MutC-FITC is shown as
mean + s.e.m. for n=3 independent experiments. c. Ferritins internalizations in HeLa cells observed
at a 60x confocal microscope, here shown as single FITC and overlay images with phase-contrast.

Scale bars: 10 pm.
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