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Ferritin, a natural iron storage protein, is endowed with a unique structure, the ability to self-assemble and

excellent physicochemical properties. Beyond these, genetic manipulation can easily tune the structure
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Introduction

Versatile proteins with distinct structures and functions are
produced in the process of natural evolution. Compared with
synthesized nanomaterials, natural proteins are endowed with
advantages such as low toxicity and high compatibility. Thus,
it is becoming more and more popular to utilize naturally
occurring proteins in nanomedicine. Among the natural pro-
teins, ferritin, a natural iron storage protein, has been exten-
sively used in the study of diagnosis and therapy of various dis-
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and functions of ferritin nanocages, which further expands the biomedical applications of ferritin. Here,
we focus on human H-ferritin, a recently discovered ligand of transferrin receptor 1, to review its derived
variants and related structures and properties. We hope this review will provide new insights into how to
rationally design versatile protein cage nanocarriers for effective disease treatment.

eases, including cancer," atherosclerosis® and rational design
of vaccines."?

Ferritin possesses a unique hollow globular structure.
Mammalian ferritin consists of two different subunits, the
H-ferritin (HFn) subunit and the L-ferritin (LFn) subunit, with
a molecular weight of 21 kDa and 19 kDa, respectively.®
Interestingly, HFn and LFn can form a 24-mer heteropolymer
in any proportion. Moreover, the ratio of H to L subunits
varies depending on their original organs and is also affected
by pathological conditions.”

H and L subunits function distinctively according to their
different structures. HFn contains a ferroxidase center and is
able to convert free toxic ferrous ions to ferric ions within the
protein preventing cells from the damage of the Fenton reac-
tion,® while LFn plays an important role in iron nucleation
and mineralization. Each ferritin nanocage can accommodate
up to 4500 iron atoms,” with an iron core formed during the
nucleation which is chemically similar to ferrihydrite
(5Fe,0;3-9H,0)."°
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Ferritin nanocages can be easily modified by genetic or
chemical manipulation to introduce additional functionalities.
This feature enables ferritin to be a promising platform for
biomedical uses. However, a deeper understanding of the
structure and properties of HFn is still needed to practically
apply HFn to medical applications. In order to investigate the
effects of modifications in different regions of HFn, over one
hundred HFn variants had been designed in the past few
decades. In this review, we summarized the typical recombi-
nant human HFn variants, which we then categorized into
three groups - folding and self-assembly, metal transport, fer-
roxidase activity and iron incorporation according to the pro-
perties and biological functions of ferritin. Based on these
diverse variants, we further discuss the structure-function
relationships of ferritin nanoparticles as well as their potential
role as display platforms and attempt at providing a wider per-
spective on the rational design of ferritin and other protein
cage nanocarriers for biomedical uses.

Structure of human HFn

Ferritin, with a hollow spherical structure, has inner and outer
diameters of 8 and 12 nm, respectively, consisting of 24 sub-
units in 4-3-2 symmetry (Fig. 1A). Each monomer of HFn con-
sists of four a-helices (namely A, B, C, and D) and one short
helix (namely E) (Fig. 1B).

During self-assembly, four types of interfaces are formed,
including the interfaces of six 4-fold axes (C, interfaces),
eight 3-fold axes (C; interfaces), twelve 2-fold axes (C, inter-
faces) and twenty-four C;-C, interfaces (Fig. 1C-F). Each
4-fold channel (hydrophobic) is composed of four short E
helices in parallel. And the 3-fold channel (hydrophilic)
locates in the joint of C and D helices of three subunits. At
the beginning of self-assembly, 24 subunits make up 12
pairs, each subunit of a pair paralleling with the other, head
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to tail, forming 12 C, interfaces. These interfaces are respon-
sible for the nanocage-like structure of HFn formed by 24 sub-
units via self-assembly."?

Variants affecting folding and
self-assembly

It is crucial to study the folding and self-assembly of a protein
so as to understand its biosynthesis, properties and functions.
Variants on folding and self-assembly may change the confor-
mation, lattice structure and the oligomerization state of the
HFn nanocage (Table 1).

Although amino acid residues at the carboxy terminus
(including E-helix) are not essential for the assembly of the
24-mer ferritin nanocage,”® changes around the 4-fold
channel or in the DE loop (GAPESG) can cause conformation-
al changes or aggregation. Cesareni et al. have shown that the
human HFn nanocage can assemble into two conformation
molecules - Flip (the carboxy terminus pointing toward the
cavity) and Flop (the carboxy terminus pointing outside)
(Fig. 2)."*'> When Leu169 was substituted by Arg (Variant R2),
the hydrophobic nature of the 4-fold channel was altered and
resulted in the Flop conformation. Variant F68 (DE loop:
ESVWNP) also takes on the Flop conformation. However, none
of the six substituted amino acids were identified to be directly
responsible for this change. Neither Variant F114 (DE loop:
ESVESG) nor F115 (DE loop: GAPWNP) carrying a three-point
mutation individually was able to alter the HFn nanocage to
assemble in the Flop structure, which means amino acid resi-
dues in the DE loop may interact with each other during the
folding and self-assembly process.

Variants with positively charged residues at 159, 160, and
161 form an insoluble aggregate.'* Variant F45 (DE loop:
WRKPSL) with positively charged Arg and Lys failed to assem-
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Fig. 1
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(A) Structure of wild-type (wt) HFn in 24-mer. (PDB ID: 2FHA) (B) structure of the HFn monomer. The five helixes are labeled accordingly. (C),

(D), (E), and (F) Presentation of the four types of interfaces, namely C, interfaces, Cs interfaces, C, interfaces and C3—C, interfaces, respectively.
They are formed during the self-assembly of ferritin. Adapted from ref. 12. Copyright 2018 American Chemical Society.

Table 1 Human HFn variants involved in folding and self-assembly

Region Name Substitutions Properties Ref.
C, interface R2 or F29 L169R Flop conformation 13
DE loop F68 G159E + A160S + P161V + E162W + S163N + G164P 14 and 15
DE loop F80 A(A160-5163)¢ Folding and assembling incorrectly 14
F45 G159W + A160R + P161K + E162P + G164L Forming an aggregate 14
Fo4 G159D + A160N + P161T + E162D + S163L + G164S Not forming an aggregate 14
F15 G159R + A160K + P161K + E162A + S163T Incapable of polymerizing 16
F16 G159L + A160R + P161K + E162A + S1631 + G164T 16
F38 A1601 + P161R + E162A Precipitation of fully assembled HFn 16
F62 A160R + P161K + E162P 16
C;3-Cy A(N139-A144) To form a non-native nanocage in 48-mer or 8-mer 17
interface V(139LNEQVKA)“ To form a 16-mer lenticular nanocage 18
A(E134-S182) To form 8-mer nanorings 12
C, interface F160 A(A160-S182) To widen the 4-fold channel 13,20 and
21
S5 or AC* K86Q + C90E + C102A + C130A Self-assembly in 24-mer 22
C, interface 4His-AC* K86Q + C90E + C102A + C130A + L56H + R63H + E67H 22
MIC1 K86Q + C90E + C102A + C130A + Y39E + N74E + P8S8A  EDTA: monomer; Cu(u): 24-mer 22
K86Q + C90E + C102A + C130A + Y39E + N74E + P88A  EDTA: monomer; Cu(u): 24-mer (only at high 22
+H173A protein concentration)
K86Q + C90E + C102A + C130A + Y39E + N74E + PS88A  EDTA: monomer; Cu(n): 24-mer 22
+ D131A + E134A
K86Q + C90E + C102A + T122H + C130A To form a bec lattice 23

“ A for deletion, V for insertion.

ble in a native manner and formed aggregates, while variants

with negatively charged amino acid residues such as F64 (DE
loop: DNTDLS) do not show the same results. These results
indicate that the DE loop is of importance with regard to the

assembly of HFn.

DE loop mutations cause the HFn nanocage to form an
aggregate by two distinct mechanisms.'® Some substitutions
prevent the polymerization of the monomer. Variant F15 (DE
loop: RKKATG) and F16 (DE loop: LRKAIT) cannot fold and

assemble in 24-mer while other mutations cause the precipi-

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Schematic representation of the Flip and Flop conformations. Adapted from ref. 13. Copyright 1989 John Wiley and Sons.

tation of fully assembled HFn such as Variant F38 (DE loop:
GIRASG) and F62 (DE loop: GRKPSG).

Inter-subunit interfaces are responsible for the self-assem-
bly of ferritin. The structure and oligomerization state of HFn
can be altered by selectively eliminating or introducing amino
acid residues on different kinds of interfaces. Notably, modifi-
cations on the C;-C, interfaces and C, interfaces have a direct
impact on the self-assembly of HFn. Zhang et al. have intro-
duced a novel strategy on engineering protein interfaces
termed key subunit interface redesign (KSIR).'” This new
method includes deletion of a certain number of “silent”
amino acid residues on the interfaces, which are not involved
in the interfacial interactions as well as the process of self-
assembly. By eliminating six amino acid residues (sequence:
139NEQVKA) on the C;-C, interface, two subunits are pro-
duced named H, and Hjg, respectively, both of which are
obtained from one polypeptide. In essence, the newly formed
sequence folds into two distinct conformations — H, does not
contain the E-helix structure while Hy lacks the CD turn. This
novel non-native protein cage of 17 nm in the crystal is a het-
eropolymer of 48 subunits consisting of H, and Hg at a ratio of
1:1 (Fig. 3A). Interestingly, the oligomerization state varies
under different experimental conditions as the 48-mer HFn
nanocage converts into its 8-mer analogue in solution (50 mM
Tris-HCI, pH 8.0). In another case, seven extra “silent” amino
acid residues (sequence: 139LNEQVKA) were introduced on
the C;-C, interface, resulting in a lenticular 10 nm x 8 nm fer-
ritin nanocage composed of two new types of subunits in
different conformations termed H', and H's, respectively.'®
One end of the D-helix near the C-terminus moves to the
C-terminus resulting in the H', subunit, and the other end of
the D-helix close to the N-terminus moves to the N-terminus
producing H'g. This non-native protein cage is composed of 16
subunits of H', and H'g at a ratio of 1:1 (Fig. 3B). The 16-mer
nanocage shows ferroxidase activity parallel to that of wild-
type HFn. The wild-type ferritin nanocage remains stable
under strongly acidic conditions (pH 3.4) and disassembles
into subunits at pH 2.0."° However, this HFn nanocage variant
is pH-responsive as it disassembles at pH 3.0 and reassembles
at pH 7.5, capable of encapsulating curcumin in its cavity,

12452 | Nanoscale, 2019, 11, 12449-12459
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Fig. 3 (A) Presentation of the conversion of native HFn into its 48-mer
analogue in the crystal. Adapted from ref. 17. Copyright 2016 American
Chemical Society. (B) Illustration of the lenticular structure of 16-mer
HFn. (PDB ID: 5GOU). (C) Illustration of the 8-mer nanoring. (PDB ID:
5ZND).

suggesting that this variant may function as a promising nano-
carrier for acid-sensitive drugs.

To investigate the strategy for developing novel patterns of
assemblies, Wang et al. have designed a new variant with 49
residues at the carboxy terminus eliminated (C;-C, interface)
which resulted in the formation of 8-mer nanorings instead of
a 24-mer nanocage (Fig. 3C)."> This newly formed HFn nano-
ring variant exhibits a cylindrical structure with a height of
5.1 nm as well as inner and outer diameters of 3.2 and 7.0 nm,
respectively. These successful designs suggest that the folding
and self-assembly of HFn may become controllable by engin-

This journal is © The Royal Society of Chemistry 2019
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eering the key interfaces and they may provide a novel
approach for engineering different types of assemblies.

Luzzago et al. have verified that Variant F160 (deletion of
amino acid residues from position 160 to 182) does not affect
the formation of the nanocage,'* whereas the 4-fold channel is
widened by eliminating the last 23 amino acid residues includ-
ing the E-helix and DE turn. Moreover, Chen et al. have found
that this variant disassembles at pH 4.0 and reassembles at
pH 7.5%° The disassembly pH value of Variant F160 is
higher than that of wild-type HFn, suggesting that small mole-
cule drugs sensitive to pH are more suitable to be encapsulated
within the nanocage of the HFn complex.”® Each engineered
HFn nanocage variant is capable of encapsulating 14 molecules
of curcumin within its cavity during the process of disassembly
and reassembly of the protein cage, suggesting that Variant
F160 may function as a promising nanocarrier in the future.

Ahn et al. have designed 4-fold channel-nicked human HFn
nanocages as novel nanocarriers.>’ Nicked HFn nanocages
consist of wild-type HFn and F160 at mixing ratios of 1:1-2:1
(wt: F160). They also developed a new method of drug uptake
and release based on ferritin by making use of the natural
characteristic of ferritin to combine metal ions and to disas-
semble/assemble according to pH. The nicked HFn nanocages
were engineered via a pH-responsive disassembly/assembly
approach first, and then Fe(u)-conjugated drugs were utilized
so that they can be easily encapsulated by simple incubation.
As a result, one nicked HFn nanocage is capable of accommo-
dating about 121 molecules of doxorubicin (Dox) via Fe(u)-
mediated loading, which can be released within 5 hours at pH
4 in a tumor acidic microenvironment (the new HFn com-
plexes disassemble at pH 4-5) and the encapsulated drug
molecules are as effective as free Dox molecules at a cellular
level. This novel design of HFn variants may become an
alternative strategy for effective drug loading.

To control the assembly process of HFn, Huard et al. have
introduced a new method, reverse metal-templated interface
redesign (rMeTIR) (Fig. 4).>> Variant AC* (K86Q + C90E +
C102A + C130A) lacks all cysteine residues yet is still capable of
self-assembling into 24-mer and was used as a control. Variant
4His-AC* (K86Q + C90E + C102A + C130A + L56H + R63H +
E67H) can also form 24-mer like the native HFn nanocage,
despite substituting out three of the residues which play an
important role in hydrogen-bonding interactions and are
located at the C, interface of the HFn nanocage. Further sub-
stitutions that are involved at the C, interface have been made

Bl
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—
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Minireview

to interfere with the normal assembly process. Variant MIC1
(K86Q + C90E + C102A + C130A + Y39E + N74E + P88A)
remains in a monomer state with EDTA, but forms 24-mer in
the presence of Cu(u). Polymerization of ferritin may become
controllable with this copper-mediated approach.

Aside from the conformation and oligomerization state, the
lattice structure of ferritin can also be altered via genetic modi-
fication. K86Q is commonly designed to enable crystallization
of ferritin in a face-centered cubic (fcc) lattice.'* However,
when T122H is introduced in Variant CdM (K86Q) as well as
C90E, C102A, C130A, ferritin nanocages can self-assemble in a
body-centered cubic (bec) lattice (Fig. 5).>* The construction of
this variant is accomplished through a metal-organic linker-
directed strategy. Zn>* ions are bound to the sites exposed on
the exterior surface of the engineered ferritin, meanwhile ben-
zohydroxamic acids are employed as organic linkers to help
form the expected 3D lattice structure.

Variants affecting metal transport

Magneto-ferritin (M-HFn) has been demonstrated to be a
powerful tool in the studies of various disease diagnosis,
including  atherosclerosis,>* tumor imaging®?® and
detection.?”?® Biomimetic synthesis of M-HFn relies on the
iron metal entry channels on the ferritin nanocage. In fact,
various metal ions such as Cu®?', Mn?*, and Co*" have been
successfully encapsulated into ferritins via simple diffusion®®
which provides novel approaches for effective accommodation
of organic complexes. As mentioned before, Dox molecules
can be encapsulated into the 4-fold channel-nicked human
HFn variant via the Fe(i)-mediated strategy.>' Aside from that,
Dox can also be loaded onto a Cys-Asp-Cys-Arg-Gly-Asp-Cys-
Phe-Cys (RGD4C)-modified ferritin variant via a Cu(u)-assisted
approach.’® In this case, Dox molecules were precomplexed
with Cu(u) which can be encapsulated into RGD4C-ferritin
variant nanocages presumably on the metal binding sites of
the 3-fold channel. However, it is still controversial whether
Dox molecules (>500 Da) can traverse such narrow pathways,
hence further research is needed.

HFn plays an important role in iron metabolism, thus the
metal transport of HFn should be considered in the rational
design of ferritin nanocarriers. In order to identify the pathway
of iron and other metal incorporation, several mutations
designed on the 3-fold channel were reported (Table 2).

) Eliminate
() )
complementary
interactions -0
() ()
Protein that

self-associates upon
metal coordination

Fig. 4 Scheme of rMeTIR. Adapted from ref. 22. Copyright 2013 Springer Nature.

This journal is © The Royal Society of Chemistry 2019

Nanoscale, 2019, 11, 12449-12459 | 12453



Minireview

T122==H

ferritin .

Nanoscale

(O

ke et e‘(\b\\,
¢_:,6K e GQS
\“\e
fce

'ysfa/ o Hong,
%

bece

Zn-T"2Hferritin

Fig. 5 Scheme of the linker-directed self-assembly of human HFn into a bcc lattice. Adapted from ref. 23. Copyright 2015 American Chemical

Society.

Table 2 Human HFn variants involved in the metal transport

Region Name Substitutions Properties Ref.
3-Fold channel 174 K86Q + D131H Inhibiting the entry of Fe(i) 41 and 42
175 K86Q + D131H + E134H Alteration of the channel 42
204 K86Q + E134A Inhibiting the entry of Fe(n) 41 and 42
206 K86Q + D131A + E134A 31 and 42
S14 D131I + E134F Lower speed of Fe(u) uptake 32
E140A Delay in the oxidation and nucleation 43
E140Q rate 43
HS8 H13D + E64C + C90R + C102A + H105Q To form stable noble metal 40

+ E140C + K143C + E147C

Asp131 and Glu134 are located at the 3-fold channel of fer-
ritin, where the metal is predicted to be transported in and out
of ferritin. When hydrophilic Asp and Glu are substituted by
hydrophobic Ala (Variant 206), ferrous ions are inhibited from
binding the 3-fold channel.?" In the same manner, Variant S14
(D131I + E134F) reduces the transport rate of Fe(u) into the
cavity by virtue of the introduction of hydrophobic Ile and Phe,
which also narrows the channel.?® These results suggest that
the hydrophilicity of the 3-fold channel is a requisite for metal
transit.

Masuda et al. have prepared Variants E140A and E140Q to
evaluate the significance of the conserved transit sites of
human HFn.*’ Both variants were obtained by crystallization
similar to wild-type HFn without the introduction of K86Q.
They exhibit delay in the oxidation and nucleation, and the
reaction rate of E140Q is slower than that of E140A.

It is well accepted that Fe(u) reaches the ferroxidase site
through the 3-fold channel of vertebrate ferritin.***> Additionally,
Theil et al. have identified the importance of Glu57 and Glu136
for Fe(n) transit in frog ferritin.*® These conserved carboxylate
residues between the channels and ferroxidase sites guide the
Fe*" ions to the catalytic centers of ferritin.

In recent years, by means of nuclear magnetic resonance
(NMR) approaches, high resolution X-ray absorption spectro-
scopic analysis etc., the iron pathway and transfer process of
ferritin of various species have been studied and more details

12454 | Nanoscale, 2019, 11, 12449-12459

nanoparticles within the cavity

have been revealed.”’° To sum up, the iron pathway of
human HFn is presumedly as follows. Ferrous ions are cap-
tured by Glu134 first and then guided to Asp131, after which
they are transported to Thr135 and His136, and then to the
conserved site Glu140 in succession. Fe(n) ions are guided to
Glu61 and GIn58 by the side chain of Glu140 before ultimately
reaching the ferroxidase center.’?

Butts et al. have designed a novel HFn variant for directing
noble metal ions into the cavity of the HFn protein shell.*
Cysteines have been found to be critical ligands for noble
metal ions such as Hg”* and Au®". In variant H8 (H13D + E64C
+ C90R + C102A + H105Q + E140C + K143C + E147C), a total of
96 cysteines and histidines are removed from the outer space
of the HFn nanocage and 96 non-native cysteines are intro-
duced into the inner cavity. This newly engineered variant dis-
plays similar stability to that of wild-type ferritin but is more
likely to form noble metal nanoparticles in its cavity.

Variants affecting the ferroxidase
activity and iron incorporation

In the last century, scientists focused more on the functional
properties of ferritins and managed to identify the critical
amino acids of HFn which had a direct influence on the ferrox-

This journal is © The Royal Society of Chemistry 2019
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Table 3 Human HFn variants which are related to the ferroxidase ability and iron incorporation of HFn

Minireview

Region Name Substitutions Properties Ref.
Ferroxidase center 222 K86Q + E62K + H65G Loss of ferroxidase activity 58
K86Q + E27A Exhibiting little ferroxidase activity 45 and 46
K86Q + E107A 45
K86Q + E27D Ferroxidase activity is slightly improved 44
K86Q + E107D Loss of ferroxidase activity 44
K86Q + E27D + 107D 44
K86Q + Y34F Weaker binding and oxidation of Fe(ir) 45 and 46
3-Fold channel 204 K86Q + E134A Less iron incorporation 32 and 45
175 K86Q + D131H + E134H Oxidation rates decrease greatly 45
206 K86Q + D131A + E134A Oxidation rates decrease greatly & iron incorporation decreases 32 and 45
F100  E62K + H65G + D131A + E134A Greatly decreased 32
S15 E62H + D131I + E134F Loss of ferroxidase activity & less iron incorporation 32
S14 D131I + E134F Weaker ferroxidase activity & a decrease of iron incorporation 32
Around the 3-fold S5 K86Q + C90E + C102A + C130A Less efficient in iron incorporation 32
channel S9 K86Q + H118A 32
S10 K86Q + H128A More efficient in iron incorporation 32
Cavity A2 E61A + E64A + E67A Decrease of iron incorporation 31 and 49
Al E64A + E67A Similar to wild-type HFn 49
S8 K86Q + H57E + H60E No obvious effect or a slight increase in mineralization efficiency 32 and 50
K86Q + E61A Preventing iron binding 52
L138P The rate of iron release increases 51
Ferroxidase center ~ A222  K86Q + E62K + H65G + E61A + Loss of ferroxidase activity & iron incorporation greatly decreases 41
& cavity E64A + E67A
S1 K86Q + E62K + H65G + E61A + Loss of ferroxidase activity & loss of iron incorporation 52
E64A + E67A + D42A
C90R C90R and C102A substitutions decrease the amount of 53
C102A aggregates formed during the iron loading process.
C130A

CI90R + C102A
CI90R + C102A + C130A

idase ability and iron incorporation. Some of them are shown
in Table 3.

Glu62 and Glu65 are essential to the Fe(u) oxidation reac-
tion. When they are substituted in Variant 222 (K86Q + E62K +
H65G), ferroxidase ability disappears completely. Toussaint
et al.** found that when Glu27 is substituted by Asp (E27D),
the variant exhibits comparable ferroxidase activity to wild-
type ferritin mainly because it binds to two metal ions in the
ferroxidase center. However, variants carrying E107D or both
E27D and E107D do not show ferroxidase activity at all due to
their failure to complex two atoms correctly. Variants carrying
substitution of E27A or E107A show little ferroxidase activity
while the activity of Variant (K86Q + E27D) is slightly
improved.***® Treffry et al.*® have found that the binding and
oxidation of Fe(u) could be affected when Tyr34 (located near
the site B) is substituted by Phe (Y34F). In fact, it was well
accepted that there are two iron ion binding sites in the ferrox-
idase center of human HFn, termed Fel and Fe2, respectively.
Fel is coordinated by Glu27, His65 and Glu62 while Glu62 and
Glu107 contribute to Fe2 (Fig. 6).>>***” Pozzi and co-workers
identified additional two binding sites (Fe3 and Fe4) in the fer-
roxidase center where GIn58, Glu61 and His57 are involved in
the coordination of iron ions.*®

Mutations on the 3-fold channel or around it may have an
impact on the ferroxidase activity. As the narrowest part of the
3-fold channel, Asp131 and Glu134 are of great importance in
the process of iron uptake. Variant 204 (K86Q + E134A) has
little effect on the oxidation rates compared with Variant CdM

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Schematic representation of the ferroxidase sites of human HFn.
Wat, water molecules; Wb, water/hydroxide molecules. Adapted from
ref. 48. Copyright 2015 WILEY-BLACKWELL.

(K86Q), but the Fe(u) oxidation rates decrease obviously when
it comes to variants bearing two changes in the narrowest part
of the 3-fold channel.*> The oxidation rate of Variant 175
(K86Q + D131H + E134H) is a bit greater than Variant 206
(K86Q + D131A + E134A) possibly because the hydrophilic
nature of the 3-fold channel is not altered. Variants carrying
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two substitutions on the 3-fold channel exhibit weaker ferroxi-
dase activity due to the low speed of the transport of Fe(u) into
the cavity. These variants do not prevent iron from entering
the cavity, but the amount of iron incorporated is much
greater in wild-type HFn.

Mutations around the 3-fold channel can also have an
impact on the iron incorporation. Variant S10 (K86Q + H128A)
can facilitate the process of iron binding while Variant S9
(K86Q + H118A) suppresses it.>*

Glu61, Glu64 and Glu67 of HFn are considered as the
nucleation centers of ferrihydrite. In Variant A2 (E61A + E64A
+ E67A), all of them are replaced by alanine, therefore iron
binding is inhibited.’" These substitutions of E61A, E64A and
E67A also decrease the oxidation rate greatly at the same
time.*> Bou-Abdallah et al. reported that the impaired iron oxi-
dation and mineralization contribute to the disruption of
Glu61 which functions as a ferroxidase site in human HFn.*°
This conclusion was based on the fact that Variant A1 (E64A +
E67A) shows ferroxidase activity and iron incorporation close
to that of wild-type human HFn. In addition, Variant S8 (K86Q
+ H57E + H60E) may be a little more efficient during the
process of iron mineralization.’® Pore mutation L138P
increases the rate of iron release greatly compared with wild-
type HFn.”*

With both ferroxidase and nucleation center altered,
Variant A222 (K86Q + E62K + H65G + E61A + E64A + E67A)
exhibits no ferroxidase activity and the capacity of iron incor-
poration decreases greatly.”’ When an additional change of
D42A is introduced, Variant S1 (K86Q + E62K + H65G + E61A +
E64A + E67A + D42A) completely loses the ability of iron
binding.>

Cysteine residues in HFn sequences (located at positions
90, 102 and 130) also play an important role in the process of
iron nucleation. Cys90, in the end of the BC loop, is critical for
the formation of an HFn aggregate during iron loading via its
ferroxidase activity because it is oxidized in the process.>® HFn
with C90R substitution is less likely to form an aggregate, and
so is HFn with C102A substitution. Variants with both C90R
and C102A changes cause the least aggregation. However, it is
surprisingly noted that the ferroxidase activity of these variants
is the same.

At low iron levels, ferrous ions react with oxygen first at a
ratio of 2:1 at ferroxidase sites generating hydrogen per-
oxide.>® The reaction results in an intermediate blue product
diferric peroxo (DFP) which finally decays to p-1,2-oxodiferric
species.”® The diferric products migrate through the nuclea-
tion pathways, the exits of which are clustered around the
4-fold channels.’® Consequently, they enter the internal cavity
and form an iron core accomplishing the mineralization
process. At higher iron levels, Fe(u) ions can be directly oxi-
dized on the emerging iron core and the ratio of iron to oxygen
is 4:1 in the overall reaction.>® In the presence of excess O,,
the observed iron oxidation reactions did not obey Michaelis—
Menten Kkinetics whereas at low O, concentration similar to
the physiological conditions, iron uptake kinetics exhibited
Michaelis-Menten behavior.*”
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Potential role of Ferritin as nanocarriers

HFn nanocages possess the following special features: (1) it
can disassemble at pH 2.0 or 8 M urea and resemble in a
neutral environment;'®*? (2) it can remain stable at high temp-
eratures (80 °C); (3) moreover, HFn is found to bind specifi-
cally to human transferrin receptor-1 (TfR1),°° and the latter is
overexpressed in tumor cells,*" which means HFn may become
useful in targeted drug delivery in the treatment of tumor.
Simply put, the reversible disassembly/assembly, thermostabil-
ity and intrinsic targeting make HFn a suitable nanocage for
drug delivery and other biomedical applications. Moreover, a
HFn nanocage is a promising chamber for small molecule
drugs such as doxorubicin,®® curcumin,® cisplatin® etc. It
encapsulates drugs primarily by means of pH-dependent or
urea dependent disassembly/reassembly of the HFn nanocage.
These engineered nanocarriers may be further applied in
cancer theranostics from bench to bedside. Some reviews have
summarized the potential of HFn as a biological
platform,>*%>"%” however, there is a limitation that some drugs
are unstable under strongly acidic conditions or high concen-
trations of urea, so a new strategy for utilizing HFn as nano-
carriers needs to be further considered.

The ferritin nanocages can be easily engineered via genetic
manipulation or chemical modification. So far, four primary
schemes for display on ferritin (including but not limited to
human HFn) have been employed: display on the N-terminal,
DE loop, and the 3-fold channel, deletion of the E helix and
then display on the C-terminal. Particularly, these strategies
can also be used in combination. Recently, our group dis-
played a SP94 peptide on the N-terminal of Pyrococcus furio-
sus ferritin targeting hepatocellular carcinoma cells.®®%°
Besides, the interleukin-4 receptor (IL-4R)-targeting peptide,
AP-1, was genetically introduced into the DE loop of human
LFn by the Kim group to enhance the affinity of peptide
ligands for the treatment of asthma.”® Furthermore, they
also devised peptides displayed on the human LFn nanocage
of bi-specificity or superaffinity via two-site (N-terminal and
the DE loop) display.”" Kim et al. had designed a double-
chambered human HFn platform based on the E helix-
deficient ferritin (short ferritin), of which both the N- and
C-terminal sites functioned as display platforms.””> A pro-
apoptotic peptide CGKRK(KLAKLAK), targeting tumor was
introduced on the N-terminal while green fluorescent
protein (GFP) was displayed on the C-terminal of human
HFn. Moreover, our group developed a fenobody platform
where nanobodies can be displayed on the C-terminal of E
helix-deficient Pyrococcus furiosus ferritin.”®> With the rapid
development of new vaccines, numerous nanoparticle-based
vaccines have been designed. Due to its unique structure of
the 3-fold channel, ferritin may be applied in displaying viral
antigens. Kanekiyo and coworkers found that influenza virus
haemagglutinin could be inserted into the 3-fold axis of
Helicobacter pylori ferritin and trigger broader immune
responses.”* These novel ferritin variants with additional
targets and high avidity may play an important role in future

This journal is © The Royal Society of Chemistry 2019



Nanoscale

biomedical applications and further explorations need to be
done.

Interestingly, human ferritin protein amyloid fibrils possess
a double stranded twisted ribbon structure and display chiral-
ity.”> HFn shows mainly left-handed chirality whereas LFn
usually shows right-handed chirality. It is possible that chiral
molecules can be designed by re-engineering the primary
structure of ferritin.

As is described before, HFn nanocage variants can be
engineered via a new strategy based on inter-subunit rede-
signs.’® In turn, other structurally similar protein nanocages
could be converted into HFn analogues under certain con-
ditions. In a recent study, an 8-mer protein architecture
(namely NF-8) was used as a template to produce three distinct
nanocages with different geometries mediated by intra- or
inter-subunit disulfide bonds.”® Ferritin-like nanocages were
generated from the bowl-like NF-8 by deleting an intra-subunit
S-S while selectively inserting an inter-subunit S-S of NF-8
results in a 16-mer lenticular nanocage. Besides, combined
with these two procedures, a 48-mer nanocage could form in
solution. Accordingly, rational designs of ferritin and its var-
iants may become achievable in the near future by engineering
the interfaces of ferritin.

Perspectives

HFn is capable of self-assembling into a spherical structure. A
number of variants have been engineered to investigate the
structure and properties of human HFn. The structure deter-
mines the function, which is, the amino acid sequence and
the tertiary structure of HFn can affect its self-assembly, ferrox-
idase activity, metal accommodation and storage capacity,
which may provide new insights into the rational design of
protein cage nanocarriers. As a prototypical protein cage nano-
particle, ferritin potentially serves as display and delivery plat-
forms. With peptides or small molecules (drugs, contrast
agents, etc.) introduced, engineered ferritin complexes can be
favored with various functionalities such as targeting and high
affinity, which makes them ideal nanocarriers in targeted drug
delivery, diagnosis and therapy.

In recent years, protein-based nanoparticles in biomedical
applications have aroused much interest. Among them,
rational designs of protein nanocarriers are of great impor-
tance. As future perspectives, we will also present some ideas
for inspiration in designing ferritin-based or other protein
nano-formulations.

First of all, noting the special features of ferritin and its
derived variants, ferritin nanocarriers can be designed on the
basis of the spatial structure or conformation and biological
activity via genetic engineering. For example, based on the
Flop conformation of HFn, targeting moieties can be displayed
on the 4-fold axis and the 4-bundles of ligands can mimic
some natural structures or enhance the avidity of ligands in
biomedical uses. Besides, ferritin nanocages without the capa-
bility of accommodating iron may function as a better nano-

This journal is © The Royal Society of Chemistry 2019
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carrier. These variants will not affect the iron homeostasis
after entering human organism, avoiding the potential adverse
effects on the human body. Therefore, iron incorporation
deficient ferritin platforms are most likely to fulfill the require-
ment of nanocarriers. Moreover, the size and geometries of fer-
ritin may be controlled by modifying certain types of interfaces
since non-native ferritin nanocages with different states of oli-
gomerization have emerged. These newly formed variants may
possess larger cavity and are accessible to accommodate
more molecules, which may provide new ideas for designing
nanocarriers.

Secondly, additional functionalities can be introduced on
ferritin by genetic or chemical approaches. Targeting peptides,
fluorescent proteins, viral antigens and other ingredients can
be displayed on ferritin platforms. As an endogenous protein,
biocompatible ferritin platforms may function as drug carriers
or vaccine vectors in disease theranostics. As we introduced
before, tumor-targeting moieties can be displayed on ferritin
cages and small molecule drugs are capable of being encapsu-
lated in the cavity of ferritin via disassembly/assembly or
simple incubation. Peptide bunches can be designed and
oblige ferritin platforms with high avidity and targeting
activity. Moreover, it is intriguing that some viral antigens
were reported to be displayed in the 3-fold channel of
ferritin.*"*’”"7? In the near future, self-assembling protein
cages may play an important role in structure-based vaccine
design.

Finally, designs of other protein-based nanocarriers may be
inspired by ferritin nanocage platforms. Protein cages such as
heat-shock proteins,®® E2 protein,®" bacteriophage Qp®* etc. are
also promising nanocarriers, some of which are capable of
self-assembling as well. By thoroughly investigating the struc-
ture-function relationship of these protein nanoparticles (e.g.
by engineering variants and finding out the critical amino
acids and interfaces), we may have a better understanding
and hence devise rational nanocarriers for biomedical
applications.

Therefore, it is essential to explore how to design ferritin-
based nanocarriers and apply them in biomedicine. We expect
that ferritin and other protein cages may be employed from
bench to bedside in the near future.
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