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Cage forming proteins have numerous potential applications in biomedicine and biotechnology, where
the iron storage ferritin is a widely used example. However, controlling ferritin cage assembly/disassembly
remains challenging, typically requiring extreme conditions incompatible with many desirable cargoes,
particularly for more fragile biopharmaceuticals. Recently, a ferritin from the hyperthermophile bacterium
Thermotoga maritima (TmFtn) has been shown to have reversible assembly under mild conditions,
offering greater potential biocompatibility in terms of cargo access and encapsulation. Like Archeoglobus
fulgidus ferritin (AfFtn), TmFtn forms 24mer cages mediated by metal ions (Mg>*). We have solved the
crystal structure of the wild type TmFtn and several mutants displaying different assembly/disassembly
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properties. These data combined with other biophysical studies allow us to suggest candidate interfacial
amino acids crucial in controlling assembly. This work deepens our understanding of how these ferritin
complexes assemble and is a useful step towards production of triggerable ferritins in which these pro-
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1. Introduction

Protein self-assembly in nature is utilised to generate a variety
of sophisticated, often highly symmetric macromolecular
architectures, such as protein cages.”” These self-assembled
shapes are formed by a small number of subunits repeated
many times to form hollow, and roughly spherical mono-
disperse structures. Typically, protein cages are highly stable
and diverse in shape, size, and geometries® and are amenable
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perties can be finely designed and controlled.

to genetic”® and chemical®’ modification with production
often achievable in high yield. The central cavities of protein
cages can be used to carry cargoes while the exterior can be
decorated with different groups such as targeting molecules or
antigens.®® In recent years both natural and artificial protein
cages have been developed for numerous potential appli-
cations including in biotechnology and as therapeutics.'’™?
Among cages that have been developed in this way, ferritin has
been perhaps the most extensively used including for cargo
encapsulation, metal mineralisation, bio-sensors, and targeted
drug delivery."**

Ferritin is an iron storage protein found near ubiquitously
across all forms of life. Generally, it is composed of 24 identi-
cal protein subunits assembled into an almost spherical octa-
hedral symmetric protein cage with a hollow interior."® The
outer diameter of ferritin is 12 nm with an inner cavity of
8 nm. In nature ferritin’s role is in iron homeostasis and to
protect the cell from oxidative stress.'® Assembled ferritin con-
tains several channels connecting the interior cavity to the
external environment that include eight 3-fold axis channels,
and six 4-fold axis channels, used for iron uptake and
release.">"”

Ferritins are typically easy to purify with high yields and
show high tolerance of modifications applied to all three sur-
faces of the assembly;'® outer surface’®?° interface,>** and
interior cavity.”**® The stability of ferritin is a useful property

This journal is © The Royal Society of Chemistry 2021
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for protecting encapsulated cargoes, providing a physical
barrier to potential degrading agents.’*>® Due to its unique
qualities, ferritin has continued to be a major avenue of
research for biotechnology and bio-nanoscience researchers
and its potential as a drug delivery system has been a recent
area of growing interest.”*>?

A potential disadvantage of ferritins for applications includ-
ing drug delivery is their high structural stability. Once the
cages are formed, harsh conditions are often required to disas-
semble them. Known methods include extremes of pH (>12 or
<3) and/or chaotropic agents such as urea and guanidine
hydrochloride (GdnHCI).**"*° This may cause loss of viability
of cargoes such as biological macromolecules which are pre-
cisely the type of cargo most likely to benefit from encapsula-
tion in a stable cage.

Recently a new class of ferritin was discovered in hyper-
thermophilic archaeon Archeoglobus fulgidus®”~*' and in the
bacterium Thermotoga martima.*®"> Both show salt mediated
assembly of the protein cage from subunits i.e. in solution
these ferritins almost exclusively exist as dimers, only assem-
bling in the presence of certain monovalent or divalent metal
cations. This was first shown in work using SEC demonstrating
that ferritin 24mer cages formed at high salt concentration
were dissociated after dialysing into low salt buffer.”* This was
confirmed using Mg>" as the divalent metal ion of choice and
in further experiments including SEC, DLS and native PAGE.
The ability of EDTA to cause disassembly of the cages was also
demonstrated.">®

To date these represent the only salt-dependent ferritins to
have been significantly characterised. Ferritin from
Archeoglobus fulgidus (AfFtn) is architecturally very different
from any other known ferritins; it possesses tetrahedral sym-
metry with four large holes of approx. 4.5 nm diameter.’” In
contrast, Thermotoga maritima ferritin (TmFtn) is structurally
similar to classical ferritins, possessing octahedral symmetry
and, as we show below, is highly stable.?® The controllability of
ferritin assembly by salt concentration is an interesting feature
with potential applications in facile cargo loading compared to
classical ferritins. For TmFtn, particularly, this is interesting
as the lack of large holes in the structure would offer more pro-
tection to sensitive cargoes compared to AfFtn. The possibility
for TmFtn to undergo triggered disassembly has been shown
using EDTA and presumably occurs by chelation of relevant
metal ions.?®

The structural details of TmFtn accounting for its unusual
assembly/disassembly properties remain unknown. However,
previous work on AfFtn has suggested that glutamate 65 plays
a crucial role in its salt mediated-assembly with a point
mutation (E65R) resulting in its complete abolition.** Here we
show that this same residue is also vital for salt-mediated
assembly in TmFtn. Interestingly, we demonstrate that varying
the residue at this position modulates the extent of salt depen-
dence, with mutants E65K and E65R, forming cages in full i.e.
with no observable dimer remaining in the reactions in
absence of Mg>* while E65Q, E65A and E65D have an inter-
mediate requirement for Mg>". Structural studies show the
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importance of the inter-dimeric interface interaction between
side chains with possible involvement of divalent metal ions
as the basis of the observed assembly characteristics.

2. Materials and methods

2.1. General

DNA modifying enzymes were purchased from New England
Biolabs and Thermo Fisher Scientific. DNA primers were pur-
chased from Eurofins and Sigma. E. coli BL21 (1 DE3) was pur-
chased from Agilent Technologies. QIAquick gel extraction kit
and QIAprep spin miniprep kits were purchased from Qiagen.
Ancillary reagents and EDTA [2,2',2",2""-(Ethane-1,2-diyldini-
trilo) tetra acetic acid] were purchased from Sigma. All other
chemical reagents used were either purchased from Sigma or
Fisher Scientific, used as received unless otherwise specified.
Water was purified using a Merck Millipore water purification
system. Protein concentrations were determined by measuring
absorbance at 280 nm using a NanoDrop spectrophotometer
(Thermo Scientific).

2.2. Cloning and purification of TmFtn mutants

The codon optimised synthetic gene encoding wild type
TmFtn (UniProtkKB - Q9X0L2 (Q9X0L2_THEMA)) cloned into a
pET21a(+) plasmid, was purchased from Genscript (for
sequence details see Table ST17). To investigate the role of E65
in TmFtn assembly we designed several mutants carrying
different charges at residue 65, namely E65Q, E65A (charge
neutral), E65D (similar charge to wild type, but different side
chain length) and E65K, E65R (opposite charge). Point
mutation of the TmFtn gene was performed by mutant
primers, using site directed mutagenesis, the details of
primers are listed in Table ST2.{ To check protein expression,
the plasmids were transformed into E. coli strain BL21 (4 DE3)
and cells were grown in LB medium at 37 °C with 100 mg L™
ampicillin. Expression of constructs was induced by addition
of 0.5 mM Isopropyl p-b-1-thiogalactopyranoside (IPTG) when
the culture reached an optical density (600 nm) of 0.6. After
induction, cells were grown for an additional 4 hours. Finally,
cells were collected by centrifugation at 7900g (20 minutes) at
4 °C and the pellet kept at —80 °C until use. Subsequently
pellet was resuspended in lysis buffer containing 1 pg ml™*
DNase I from bovine pancreas and one tablet of cOmplete™
Protease Inhibitor Cocktail (Roche), and incubated with stir-
ring at room temperature for 30 minutes before employing a
microfluidizer, where a constant pressure of 10000 psi was
applied for complete cell wall and bi-layer disruption. Cell
debris was removed via -centrifugation at 48000g for
30 minutes. Next, the supernatant was collected from lysed cell
samples and subjected to heating at 80 °C for 10 minutes
while for E65Q and E65D mutants, heating time was reduced
to 8 minutes, then centrifuged at 48 000g for 30 minutes
before supernatant was again collected and passed through
0.45 pm membrane filter to remove large impurities/aggre-
gates. The supernatant fraction was purified by ion-exchange
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chromatography on an AKTA purifier (GE Healthcare Life
Sciences) using HiTrap QFF columns with binding in 20 mM
HEPES pH 7.4, 50 mM NacCl buffer and eluting with a 0.05-0.5
M NaCl gradient. The buffers were not supplemented with
Mg>". Fractions containing ferritin were pooled and concen-
trated using Amicon Ultra 10 or 50 kDa MWCO centrifugal
filter units (Millipore) and the sample subjected to size-exclu-
sion chromatography (SEC) on a HiLoad 26/600 Superdex 200
pg column in 20 mM HEPES pH 7.4 at room temperature. The
purity of purified protein was assessed using SDS-PAGE
(Fig. S17), while a Superdex 200 increase 10/300 GL was used
for SEC elution profile comparison. Protein concentration was
measured using a NanoDrop UV-vis spectrometer (Thermo
Scientific) using the theoretical extinction coefficient, 29 910
M~ em™" and molecular weight 19.4 kDa (calculated from the
ExPASy online ProtParam tool).*® Typically, WT-TmFtn
remains as a dimer in absence of metal ions and throughout
our experiment 20 mM HEPES (pH 7.4) was used as standard
buffer. In case of the E65D mutant an additional nonspecific
mutation was found at position Ala 42 to Val (A42V).

2.3. pH and temperature stability

Different pH solutions were prepared from pH 2 to pH 13
using appropriate buffers as listed in Table ST3.{ Protein
samples 5 pl (6 mg ml™") were incubated overnight at room
temperature with 25 pl of pH solution (total reaction volume
30 pl, final concentration 1 mg ml™"). Protein samples were
then run on native PAGE and the same samples were observed
under transmission electron microscopy (TEM). Temperature
stability tests were performed by incubating protein samples at
95 °C for 30 minutes in a dry heating block.

2.4. Transmission electron microscopy

Samples were typically diluted to a final concentration
0.25-0.5 mg ml™' and TEM images were obtained using a
JEOL JEM-1230 microscope operated at an acceleration voltage
of 80 kvV. Briefly, 3.5 ul of sample was mounted on to glow-dis-
charged copper-Formvar grids (FC400Cu100, EM Resolutions
Ltd, UK) and incubated for 1 minute. Excess solution was
removed. Subsequently 3.5 pl of uranyl acetate (2%) was added
for staining, incubated for 1 minute and finally excess stain
was blotted away.

2.5. SDS-PAGE gels

Protein samples were mixed with 4x Laemmli sample buffer
containing DTT and SDS. Samples were heated in a dry
heating block for 10 minutes at 95 °C. After heating, samples
were removed and centrifuged at maximum speed for
5 minutes using a bench-top centrifuge. Samples were run and
resolved on a 12% Polyacrylamide gel using a constant voltage
of 150-180 V for approximately one hour. Gels were stained
using InstantBlue protein stain (Expedeon). PageRuler
(Thermofisher) pre-stained protein marker was used to indi-
cate the molecular weight of resulting protein bands. A single
band at the expected molecular weight of TmFtn (~20 kDa)
was observed for all proteins. (Fig. S17).
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2.6. Native-PAGE gels

TmFtn samples (4 ug protein) were run on precast 3-12%
native Bis-Tris gels (Life Technologies - Invitrogen). Before
running, samples were mixed with 4x native PAGE sample
buffer containing 200 mM BisTris, pH 7.2, glycerol, and bro-
mophenol blue, native PAGE sample buffer is devoid of DTT
and SDS. The gel was run in a Mini Gel Tank (Life
Technologies - Invitrogen) with 500 ml of 1x Novex Tris-
Glycine Native Running Buffer at 150 volts constant for 1 hour
45 minutes to complete the electrophoretic migration.
NativeMark unstained protein standard (Life Technologies -
Invitrogen) was used to estimate the molecular weight of the
migrated protein band. InstantBlue protein or Coomassie
Brilliant Blue stain (Expedeon) were used for gel staining and
visualisation.

2.7. Dynamic light scattering (DLS)

DLS measurements were performed on a Malvern Zetasizer
Nano ZSP with a temperature controller. Before experiments,
samples were centrifuged at 25200g for 10 minutes. The
experiments were carried out at room temperature in a sample
volume of 50 pl. Buffers were filtered prior to use. All measure-
ments were done in triplicate.

2.8. Circular dichroism (CD) spectropolarimetry

Secondary structural elements of TmFtn and its mutants were
determined using a CD spectrophotometer (JASCO). The
measurement was carried out at room temperature. The far-UV
region was scanned between 190 and 250 nm with an average
of three scans and a bandwidth of 1 nm. The final spectra
were obtained by subtracting the buffer contribution (control)
from the original protein spectra. The resulting spectra were
almost identical to wild-type TmFtn, further indicating that
proteins were correctly folded (see results section). CD spectra
of TmFtn WT and mutants after being subject to different pHs
were recorded at 1 mg ml~" while CD temperature scans were
performed at 4 222 nm from 25 °C to 95 °C in the quartz
cuvette (pathlength 0.1 cm), measurements were recorded at
each 0.2 °C increase.

2.9. Iron mineralisation

Ammonium Iron(u) sulphate hexahydrate (Alfa Aesar, Formula
weight 392.13 g mol™") was used to mineralise WT and mutant
TmFtn. In brief, 4 mg total protein was taken and 250 pl,
40 mM stock ammonium iron sulphate solution was slowly
added at intervals with continuous stirring using a magnetic
stirrer. Total volume was maintained at 5 ml using 20 mM
HEPES buffer (pH 7.4). Total stirring time was 30-40 minutes.
Then the final volume was reduced to 200 pl using a 100 kDa
amicon filter and washed 3 times with 20 mM HEPES buffer
pH 7.4.

2.10. Crystallisation and structure solution

All investigated TmFtn protein variants were crystalised using
the sitting drop vapor diffusion method. 1 pl drops of protein

This journal is © The Royal Society of Chemistry 2021
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solution (10 mg ml~") were mixed with an equal volume of the
reservoir solution containing 1.8 M ammonium sulphate and
0.1 M MES, pH 5.8. No magnesium was added to the samples.
Crystals were grown at 20 °C and appeared after 2 days. We
also observed crystals of the same protein in alternative con-
ditions such as 10% PEG (4000), 0.1 M MES, pH 5.8, however
in this case crystal formation was slower with crystals appear-
ing only after 7 days at 20 °C. Crystals for data collection were
soaked in the reservoir solution supplemented with glycerol
(20%) as a cryoprotectant and then flash-frozen in liquid nitro-
gen. Diffraction data were collected on BL 14.1 and BL 14.3
beamlines operated by the Helmholtz-Zentrum Berlin (HZB)
at the BESSY II electron storage ring, Berlin-Adlershof,
Germany.** All data were indexed, integrated scaled and
merged using XDS package with XDSAPP2.0 graphical user
interface.”>*® Molecular Replacement was performed in
Phaser using a structure of ferritin (KEGG database entry
TM1128) from Thermotoga maritima (PDB ID:1VLG) as a start-
ing model. Structures were refined using Phenix.*” Model
building and completion were performed with Coot.*®
Structure coordinates were deposited in Protein Data Bank
with the accession codes: 6TXN for WT-TmFtn, 6TXK for
TmFtn_E65K, 6TXM for TmFtn_E65R, 6TXI for TmFtn_E65A,
6TXL for TmFtn_E65Q, and 6TX] for TmFtn_E65D.

2.11. Computational analysis

For analysis, visualisation, and electrostatic map generation
PyMOL (https:/pymol.org) and UCSF chimera®® (http:/www.
rbvi.ucsf.edu/chimera/) were used. T-coffee server’® (https://
teoffee.crg.cat/) was used to generate structure-based multiple
sequence alignment. ConSurf server® (http:/consurf.tau.ac.il/
index_proteins.php) was used for the cross-species comparison
of ferritins. PDBePISA server’> (https:/www.ebi.ac.uk/pdbe/
pisa/) was used to analyse the inter dimeric interface.

2.12. Inflection temperature (Ti) measurement by nanoDSF

Tycho from Nanotemper (https:/nanotempertech.com/tycho/)
was used to measure the inflection temperature (Ti). 10 pl of
protein sample (1 mg ml™") was loaded into the capillaries,
and subject to temperature scan from 25 °C to 95 °C.
Inflection temperature (Ti) was measured for the different
mutants of TmFtn using manufacturer’s software.

2.13. Differential scanning calorimetry measurements (DSC)

DSC measurements were carried out using a Nano DSC Series
III device with Platinum Capillary Cell (TA Instruments), with
an active volume of 0.3 ml. To avoid bubble formation during
heating mode, the samples were degassed prior to being
loaded by pulling a vacuum of 30-50 kPa on the solution for a
period of 10-15 minutes. The sample cell was then filled with
0.3 ml of protein solution (1 mg ml™" in 20 mM HEPES, pH
7.4) and an equal volume of buffer was used as a reference.
The cells sealed and thermally equilibrated for
10 minutes at the starting temperature of the run. The data
were collected at a temperature range of 45-95 °C with a scan
rate of 1 °C min~" for heating. Measurements were carried out

were
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in duplicate. Data was analysed using software package pro-
vided by the manufacturer.

2.14. Mass determination of proteins by mass spectrometry

Samples were analysed using a micrOTOF-Q II mass spectro-
meter (Bruker Daltonics, Germany) equipped with an electro-
spray ionisation source. The instrument was calibrated prior to
measurements with ESI-L Low Concentration Tuning Mix
(Agilent Technologies). Samples at a protein concentration of
1 mg ml™" in 0.1% formic acid, 49.9% acetonitrile were directly
infused into the mass spectrometer with a syringe pump at a
flow rate of 6 pl minute™. The mass spectrometer was oper-
ated in positive mode with a spray voltage of 4500 V with dry
gas temperature of 180 °C. MS scans were acquired over a
mass range of m/z 500-3000. The MS spectra were processed
with maximum entropy deconvolution algorithm in Data

Analysis 4.1  software (Bruker Daltonics, Germany)
(Table ST4+).
3. Results

3.1. Insilico analysis of TmFtn and mutant design

Sequence alignment of TmFtn with AfFtn confirmed that the
two proteins have overall 51% identity and 71% sequence simi-
larity (calculated using online server EMBOSS Water™) despite
the differences of domain (bacteria and archaea) and quatern-
ary structure. Secondary structure alignment was performed
using the T-coffee server®® (pipeline: proteins-structural align-
ments (Expresso)-ESPript 3.0 server,”® and AfFtn PDB ID:1S3Q
used as input for secondary structure depiction). This analysis
showed that residue E65 is conserved in helix B between the
two ferritins (Fig. 1A). Whereas comparing large numbers of
ferritins from different kingdoms using the ConSurf server,”*
shows the same residue to have low conservation (Fig. S2AT).
In the crystal structure of wild type TmFtn the subunit inter-
face around E65 appears to be subject to repulsive interactions
with E131 and D134 of a neighbouring subunit (Fig. 1B).
TmFtn and AfFtn monomer structures were compared by
using the DALI server>® followed by structural superimposition
(Fig. S2Bt). The results clearly show that structurally, E65 lies
at an important position around the inter-dimeric interface,
and in both protein cages they experience a similar microenvi-
ronment as shown by interface analysis by the PDBePISA
server, (Fig. S2Ct).

Working on the hypothesis that divalent metal ions could
play a bridging role between these residues, thus accounting
for the observed salt-dependent assembly, we in silico mod-
elled the effect of E65, replacing it with R65 carrying the oppo-
site charge (Fig. 1B). Results suggested that this mutation
would result in favourable (salt bridge) interactions, potentially
stabilising the interface. Similar predictions were carried out
for a range of other mutations (K, A, Q, D) at position 65 which
was then experimentally probed.

Nanoscale, 2021, 13, 11932-11942 | 11935
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Fig. 1 Glutamate 65 is a key residue for TmFtn assembly. (A) Structure based sequence alignment of AfFtn and TmFtn using the T-Coffee server
pipeline and EMBOSS water, showing secondary structure similarity and amino acid conservation. Glutamate 65 remains at the terminal of the helix
B region which is also conserved between them. (B) Cartoon representation of WT-TmFtn cage and the magnified image (centre) clearly showing
the position of glutamate 65 and its interacting partners, where the glutamate 65 residue remains at the dimeric interface (shown as green and blue
colour helix), and is strongly repulsed by negative charge residues from neighbouring dimeric subunit residues (glutamate 131 and aspartate 134
shown in grey colour stick representation, while helix is highlighted in red). Rhs shows that the repulsive interaction is converted to an attractive

interaction by a point mutation (arginine) at position 65.

3.2. Amino acid changes at position 65 modulate salt-
dependent assembly

In size-exclusion chromatography using an analytical SEC
(Fig. 2A), we observed a single sharp peak for E65R and E65K
eluting at ~9 ml, corresponding to cages. These buffers were
not supplemented with (Mg>"). WT TmFtn in absence of metal
ions (Mg>") elutes exclusively as dimers at around 12.5 mL
(Fig. 2A). Other mutants apart from E65R and E65K eluted in
two peaks, at 9 ml and 12.5 ml indicating a mixture of cages
and dimers. The most abundant species in terms of dimer co-
elution were WT and the mutant E65D (Fig. 2A and Fig. S1,}
see peak at ~230 ml on the preparative SEC) and E65A and
E65Q to a lesser extent (Fig. 2A). For all the nanocages, the ear-
liest eluting peak was collected and subjected to transmission
electron microscopy (TEM). For all mutants, cage structures
typical of ferritin were observed and cage formation was veri-
fied in transmission electron microscopy (TEM) which showed
the particle diameter to be approximately 12-14 nm, with high
homogeneity (Fig. 2B). In the case of WT, the cages were con-
siderably weaker, and in order to promote full cage formation,
50 mM MgCl, had to be added to avoid disassembly to dimers
(As shown in Fig. 2C and D, WT tends to exist in solution
mainly as dimers).

To identify the second eluting peak (Fig. S17), we collected
it in the case of E65D and carried out dynamic light scattering
(DLS) analysis. This showed a lack of the expected peak
(~15 nm) corresponding to unassembled cages (Fig. S3AfT).
The cage structure could be recovered by the addition of
10 mM MgCl, as demonstrated by both SEC and TEM

1936 | Nanoscale, 2021, 13, 11932-11942

(Fig. S3Bt). To further verify the SEC data all TmFtn samples
were subjected to native-PAGE analysis in the absence of
MgCl,, which shows that E65K and E65R exclusively remained
as cages, with an identifying prominent protein band around
~480 kDa (Fig. 2C). In addition, we also observed another
band close to ~720 kDa, most probably corresponding to a
dimer of ferritin cages, as is commonly found in other ferri-
tins.>® The remaining mutant proteins showed at least three
protein bands corresponding to presumed cage dimer
(~720 kDa); cage (~480 kDa) and ferritin subunit dimer
(~40 kDa). To try to promote complete assembly, 10 mM Mg>*
was added to E65A, E65Q and E65D which were then subjected
to DLS analysis. In the presence of Mg>" they all showed a
single peak around ~15 nm diameter, indicating complete
cage formation (Fig. 2D and Fig. S4f). Overall, the cage
forming ability of different TmFtn mutants in absence of Mg>*
is as follows E65R ~E65K > E65A ~E65Q > E65D > WT.

3.3. Structural and thermal stability of mutant TmFtn cages

We previously showed that TmFtn can withstand a broad range
of pHs (pH 5-10) and thermal stress, being apparently stable
even at 95 °C for 30 minutes.”® Here we tested the stability of
TmFtn mutants in the absence of Mg>" as a function of pH
and temperature by native PAGE and TEM (Fig. 3A-C). After
purification, confirmation of correct size and folding of the
proteins was carried out using SDS PAGE and CD (Fig. S1, S5
and ESI Table ST57). In native PAGE the cage complex runs as
a discrete band, any irreversible disassembly would be obser-
vable as the loss of this band and appearance of aggregates.

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Characterisation and assembly of TmFtn E65 mutants. (A) Size exclusion chromatography (SEC) profile in absence of Mg?* showing a single
peak in the chromatogram for (E65K, E65R) mutants of TmFtn representing cage, whereas E65A, E65Q and E65D mutants show two peaks, one at
~9 ml (cage) and another at ~12.5 ml (dimer) representing the unassembled fraction. Wild-type protein shows a single peak at ~12.5 ml (dimer) in
absence of Mg?*. (B) TEM images The first SEC peak at ~9 ml (cage) was collected and imaged in absence of Mg*2. Results show morphology of
different TmFtn mutants and the fact that the particle size of all mutants is the same (~12 nm). (C) Native PAGE shows typical ferritin like cage
assembly bands for E65R, E65K in absence of metal ions whereas in other mutants and wild type TmFtn there are at least two clearly distinguishable
protein bands corresponding to presence of assembled (cage) and unassembled (dimer) forms at 480 kDa and ~40 kDa, respectively. Lane 1, protein
marker; lane 2, wild type sample 1; lane 3, wild type sample 2 (all in dimer species); lanes 4-8, different TmFtn mutants. (D) TmFtn mutant cage
assembly analysed by DLS in the absence and presence of Mg?*. Wild type TmFtn in absence of Mg?* shows a diameter ~8 nm indicating dimer
while E65K and E65R in absence of Mg?* shows a diameter ~15 nm indicating cage. E65A, E65Q and E65D in the presence of minimal Mg?* (10 mM)

are homogeneous and show single peaks around ~15 nm confirming complete cage formation.

Disassembly into smaller subunits would result in appearance
of smaller molecular weight bands. All mutants showed the
characteristic band corresponding to cages which appeared
stable even after exposure to pH 2-10 and heating at 95 °C for
30 minutes. Additionally, mutants E65K and E65R seem resist-
ant to the effects of EDTA even at 100 mM, confirming that the
metal ion is unnecessary for cage formation in these two
mutants. For other mutants and WT, some dependence on
Mg>" was observed with order of least to greatest dependence
being E65Q ~ E65A < E65D < WT (Fig. 3, S4). These results are
based on conditions in which the band corresponding to
cages was still observed on native PAGE. It is possible that the
cages disassemble into constituent subunits in solution but
then reassemble in the more favourable conditions of the
native PAGE gel/buffer. Lack of such denaturation at high
temperatures was confirmed by TEM experiments (Fig. 3C).
The effect of pH was further addressed both by the TEM
experiments which were carried out without change of buffer

This journal is © The Royal Society of Chemistry 2021

(Fig. 3B) and circular dichroism experiments over the range of
pHs tested (Fig. S5A and Bf). These results were in line with
the CD results suggesting that in the mutant nanocages qua-
ternary structure is completely lost only at pH 13 (Fig. S5AT
and Fig. 3A).

Native PAGE results revealed that mutant nanocages E65Q,
E65D and E65A had a significantly smaller molecular weight
band ~40 kDa in addition to the band corresponding to cage
over all pHs tested (Fig. 3A). This is consistent with the SEC
results and is suggestive of an equilibrium between assembled
cages and dimers. E65A and E65Q showed a much fainter
smaller molecular weight band than E65D in both pH-varying
and temperature-varying native PAGE gels. The stability of
E65D was also measured using nano-DSC as this mutant
appeared to form the least stable nanocage assembly. The
results clearly showed at least two transitions with a major
peak appearing at around 82.4 °C (Fig. S6 and S77), signifi-
cantly lower than the known denaturation temperature of

Nanoscale, 2021,13,11932-11942 | 11937
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ture in E65 mutants after heating the sample at 95 °C for 30 minutes, the same samples were subjected to TEM analysis. TEM images also confirm

retention of cage like structure after significant heat shock (all experiments performed in the absence of Mg

horse spleen ferritin (~93 °C*’), the result was also in good
agreement with CD measurements carried out at different
temperatures (Fig. S6 and S771). Having confirmed that the
mutations at position 65 were able to affect stability for one
mutant, we carried out a more comprehensive series of tests
using nano-DSF which allowed a faster throughput. The
results showed that TmFtn E65K and E65R are more stable
compared to other three mutants (E65A, E65Q and E65D)
(Table ST4+), in addition they can also assemble without salt/
metal ions, like classical ferritins. E65A, E65Q and E65D

showed low to intermediate/partial dependence of assembly
on Mg>".

3.4. Crystal structures of TmFtn mutants

To understand the detailed assembly process as well as to gain
insights into effects on stability, we crystallised all TmFtn
mutant variants. Crystals diffracted in the resolution range
1.8-2.5 A. Crystal structures were solved using molecular re-
placement and deposited at the Worldwide Protein Data Bank

1938 | Nanoscale, 2021, 13, 11932-11942

2+).

(wwPDB), the details of data collection and refinement stat-
istics with PBD IDs are shown in Table ST6.7 The WT protein
and all the mutants were crystallised in a rhombohedral space
group of R32 with eight subunits in an asymmetric unit.
TmFtn mutant monomers possess a typical ferritin-like four-
helix bundle structural arrangement, consisting of 4 + 1
a-helices (four long helices (denoted as A to D)) and one short
helix (E) (Fig. S8t). Detailed analysis reveals that they are
typical ferritin structures, being oligomers composed of 24
subunits, with a cage-like architecture, possessing overall octa-
hedral symmetry along with 3 and 4-fold axes of symmetry like
canonical/maxi ferritin. Furthermore, eight 3-fold and six
4-fold symmetry channels were found to be common in all
mutant crystal structures (Fig. 4A). Mutant and wild type pro-
teins were compared and found to be structurally highly
similar with a RMSDs between 0.26 A for E65R and 0.31 A in
case of E65D (Table ST77). Superimposition of mutant dimers
further confirms that all the mutants are very similar to wild
type TmFtn (Fig. 4B). As the channels are composed of identi-
cal residues (Table ST7%) the electrostatic potential values

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Crystal structure of TmFtn E65 mutants (A) Bottom: Cartoon representation of TmFtn cage where specific residues were represented as
sticks, viewed along the 3-fold and 4-fold channels. Close-ups show the 3 and 4-fold channels. (B) Structural superimposition of WT and all mutant
variant (dimer) structures of TmFtn. The low RMSD indicates no structural changes (Table ST77). (C) Surface electrostatic representation of the
WT-TmFtn dimer (left) and E65R mutant (right). The position of E65 is marked by a black circle. (D) A close -up image of the metal (Fe, orange
sphere) binding core site shown in a TmFtn monomer helix (golden colour) with binding residues shown in stick representation. (E) Crystal structure
of WT and mutant TmFtn and respective interacting partners at the dimeric interface, one monomer shown in green bears residue E65 (highlighted,
shown in stick representation). The second monomer subunit is shown in blue with the position of residues interacting with residue 65 highlighted
and represented as grey sticks. Interaction shown by dotted line between participating residues. All figures were generated using respective crystal

structures.

across the channel are the same in all mutants. We also
measured the surface electrostatic potential inside and outside
the lumen of wild type and mutant ferritins and they are com-
parable (—10 to +10), the only difference in electrostatic poten-
tial was observed at the inter-dimeric interface among
different mutants (Fig. 4C).

Ferritins including WT-TmFtn are known for their iron
mineralisation ability. According to the crystal structure, indi-
vidual TmFtn monomers consist of an iron (Fe) binding
pocket known as site A.>® Site A is mainly constituted of two
glutamic acid residues (E19 and E52) and one histidine
residue (H55) (Fig. 4D and Fig. S8, S91). As expected, the metal
binding site was also found to be highly conserved among
different TmFtn mutants (Fig. S9t). Further it was observed
that the mineralisation site was located inside the core of the
four-helix bundle and was distant (~18 A) from E65 residue.
Though this does not negate the possibility of allosteric effect
of mutations upon interaction with iron. This was ruled out by
superimposition of mutant structures with the WT structure
which showed no notable deviations (Fig. S8, S9 and ESI
Table ST77). This was further confirmed by iron mineralisation
experiments in which purified mutant ferritin appeared as
light brown in colour clearly indicating successful mineralis-
ation. Iron absorbance was also detected at 380 nm and seen
as coelution in SEC profile while the presence of an electron
dense core was further confirmed by transmission electron
microscopy (Fig. S101). In all mutant crystal structures, an
elongated electron density was found in the dimeric unit, most
probably corresponding to the presence of fatty acid as pre-
viously been noted.>”

This journal is © The Royal Society of Chemistry 2021

4. Discussion

Metal ions are known to play significant roles in naturally
occurring protein assemblies most notably as catalytic centres.
Recently the concept of using metals not as catalysts but to
direct protein self-assembly has been developed.®®®' A
number of protein cages held together by such metal-protein
interactions, wherein metals are located at well-defined posi-
tions, have been demonstrated.?*%*¢3

In the case of TmFtn the situation appears more complex
compared to designed protein cages: Residue E65 in the wild
type protein appears to be strongly repulsed by two other
neighbouring negatively charged residues, glutamate 131 and
aspartate 134 (Fig. 1B and 4E). It seems likely that this repul-
sive interaction is sufficiently strong such that it cannot be
overcome by opposing interactions across the dimer ensuring
that, in absence of metal ions, WI-TmFtn does not assemble
into the 24mer cage. An obvious explanation for the Mg>'-
dependent assembly is that it acts to bridge these opposing
negatively charged residues at the inter-dimer interface. This
seems to be supported by the finding that replacing E65 with
positively charged residues allows assembly in the absence of
metal ions through salt bridge formation (Fig. 4E). Repulsive
interactions among dimeric interfaces were also found to be
important in E. coli non-haem-binding ferritin A (EcFtA),
whose assembly was facilitated by increasing ionic strength.®*
However, in the solved crystal structures of wild type TmFtn we
could not detect evidence of Mg”" near the inter-dimeric inter-
face, close to E65. In many crystals it is difficult to distinguish
Mg>* ions from H,O. Therefore, we tried to substitute Mg>*

Nanoscale, 2021,13,11932-11942 | 11939
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Fig. 5 Schematic summary showing assembly requirements of different E65 mutants of TmFtn. TmFtn dimer (wild type) assembles to cage in pres-
ence of divalent metal ions (50 mM MgCl,) For TmFtn mutants E65K and E65R, no divalent cationic species is required for cage assembly, whereas
in case of the other three mutants (E65A, E65Q and E65D) a lower concentration (10 mM Mg?*) of divalent cationic species is required to push the
equilibrium of dimer and cage fully to cage. Figure prepared from the crystal structure (PDB ID: 1VLG).

with other divalent metal ions but results were unable to
provide any conclusive answer regarding a fixed Mg”* ion posi-
tion. Overall our results are consistent with those previously
reported for AfFtn which also showed that the E65R mutation
abolished salt dependent assembly resulting in a more stable
complex*" although in this case the change was accompanied
by a major rearrangement in which an open pore tetrahedral
structure was converted into a closed pore octahedral struc-
ture. The AfFtn structures also showed no evidence of bound
metal ions (Mg>*/Na") in the vicinity of E65.*" In addition, the
high structural similarity between different TmFtn mutants
points to a lack of a significant allosteric effect stemming from
changes at position 65. These data clearly suggest that a more
subtle mechanism is responsible for TmFtn assembly. A
summary of the effect of mutations at position 65 on the Mg”*
dependence of cage formation is given in Fig. 5.

One possibility is that Mg®" simply acts to initiate complex
formation with the formed cage having sufficient additional
stability such that loss of the metal ion does lead to cage disas-
sembly. Alternatively, Mg>* may have a more general, low
affinity charge shielding effect allowing inter-dimer interaction
to occur in the WT protein and that mutations to reverse the
charge at position 65 provide an alternative interaction of
sufficient strength to render this dispersed effect redundant.
The fact that a neutral residue at the same position results in a
protein able to form the 24mer cage at intermediate Mg”" con-
centrations supports the idea of a more dispersed role for the
metal ions in neutralising other repulsive interactions else-
where in the complex. If so, we may expect other cations to
potentially exert a similar effect. Recent work by Zhang et al.®®
has shown structures of TmFtn cages formed in the presence
of Mg>" or Ca*'. Here the magnesium ion is coordinated by
residues E51, E128 and E132 placing it close to the iron
binding site (PDB ID 6LS3). It is also notable that ammonium
sulphate is present in the crystallisation conditions suggest
where it may be able to substitute for the action of Mg”".
Indeed, it can induce cage formation as seen in DLS

1940 | Nanoscale, 2021,13, 11932-11942

(Fig. S11t) This would be unsurprising considering that it is
present at a considerable concentration (1.8 M).

5. Conclusion

In this study we identified important key residues which are
responsible for TmFtn assembly. We showed that we may tune
the dependence of TmFtn cage assembly on Mg>" concen-
tration, achieving versions having no, intermediate or high
dependence, with different versions having different stability
characteristics. The ability to fine-tune TmFtn assembly via
point mutations may prove a useful first step towards produ-
cing ferritins/protein cages able to capture/release useful
cargoes under mild conditions.
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