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Introduction

Natural macromolecules play an essential role in biological
systems and are capable of dynamically and exclusively inter-
acting and assembling to produce fine-functioning systems
with accuracy, efficiency, and adaptability.* As one of the vital
constituents of natural macromolecules, proteins naturally
possess the ability to assemble into different patterns, confer-
ring various functions to the physical and biological processes
they are involved in. Inspired by nature, protein-based super-
structures have received extensive research interest due to their
biocompatibility and chemical versatility.” Another important
advantage of constructing higher-order structures based on
proteins is flexibility. By varying the components, structures,
and conditions of the assembly, the physiochemical properties
of the material can be tuned.® Utilizing chemical alteration,
biotechnologies, or the combination of both strategies, modi-
fications have been applied to construct versatile protein
assemblies.* Proteins, as building blocks, have been assembled
into superstructures via various methods.” These proteins are
typically monomeric - a single subunit as the building block.
However, within the protein-based architectures, limited
research has been reported in the context of assemblies based
on multimeric proteins, such as protein cages where multiple
subunits serve as the bulding blocks.

Protein cages have been proposed as building blocks for
building higher-order structures owing to their structural
consistency after encapsulation, modification, or assembly with
expandable functionalities across multiple length scales.*
Protein cages are robust with symmetrical architectures
comprising different numbers of subunits.* Among all cate-
gories of proteins, cage-like proteins have directed considerable
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was utilized to characterize the interaction between the copper substrate and the modified ferritin, AfFtnAA/
E94C. The resulting higher-order architecture shows enhanced hydrogen evolution reaction activity.

research attention due to their versatile functions, including
iron storage and mineralization of ferritins,® encapsidation and
transportation of the genome of viral capsids,® and regulatory
role of heat shock proteins.” In addition, diverse functional
groups on amino acid chains of protein cages offer more
possibility for introducing varied interactions for distinct
assemblies.® The structure of protein cages is defined and the
interfaces of protein cages, including the exterior surface, the
interior surface, and the interface between subunits of protein
cages, provide possibilities for adding new elements to indi-
vidual cages and for further bestowing non-natural functional-
ities.” Moreover, protein cages serve as a flexible element for
assembly. The subunits of a protein cage are capable of
assembling to a cage-like structure, and individual protein
cages can further act as building blocks for higher-order
structures.® Despite the superior characteristics of protein
cages, the intolerance of high temperature is a typical limitation
of biological constituents of the synthesis of artificial mate-
rials.” Among all protein cages, ferritin has two important
features that are thermostability of up to 80 °C and specific
denaturant-stability.'® Ferritins are iron storage proteins with
a highly conserved structure, comprising of usually 24
subunits." Thus, benefiting from these advantages, protein
cages are considered favorable building blocks for fabricating
higher-order architectures.

Studies have been carried out using protein cages as building
blocks to assemble into superstructures via various methods.
and metal-ligand
coordination.”™* More interactions can be designed to drive
the construction of architectures based on protein cages. Much
uncertainty still exists since systematic exploration of this field
is lacking. Moreover, individual protein cages have been adop-
ted to design a wide range of materials for multiple applica-

These include electrostatic interactions***¢

tions, such as drug delivery,*® vaccine,”* and cosmetic.”> Despite
utilizing the protein cage as an entity in applications, the
exploration of functional aspects of protein-cage-based archi-
tectures is limited. While a few achievements have been
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attained in the functional characterization of protein-cage-
based assemblies including mechanical behaviors,*® thermo-
mechanical properties,> and drug encapsulation,* electro-
catalytic behaviors of protein-cage-based assemblies, such as
electrocatalytic hydrogen evolution reaction (HER) perfor-
mances, remain obscure. Electrocatalytic HER is one of the
essential steps of electrochemical water splitting, thus, the
optimization of HER activity has emerged as an important topic
for future energy supply owing to the clean and renewable
feature of hydrogen fuel,?® which has high energy (142 kJ g~)
and green burning end product, water.>” Therefore, exploration
of HER performance of protein-cage-based assemblies is
appealing and challenging.

Herein, we report an approach for assembling higher-order
protein structures on copper substrate using ferritin as
building blocks by the single point mutation on the external
surface of ferritin cages (Fig. 1). Further characterization was
conducted to investigate the morphology, the assembly mech-
anism, and HER performances of this structure. This work
explores development of functional biomaterials with protein
cages as the building blocks.

Results and discussion
Mutant design

In this study, the mutant of Archaeoglobus fulgidus ferritin
(AfFtn), AfFtnAA/E94C, was selected as the building block.
Substitution of lysine 150 (K150) and arginine 151 (R151) of
AfFtn with alanine enhanced hydrophobic interactions at
surfaces around the 4-fold (C4) axes and resulted a closed
octahedral cage, AfFtnAA, which is thermally more stable.”®
Compared with other ferritins, the self-assembly and disas-
sembly of subunits of AfFn and AfFtnAA can be tuned by salt
and metal concentration in mild conditions, showing potential
applications in biomedical fields.>® Ascribing to the rarity and
high reaction activity towards multiple reagents, cysteine is
a commonly applied targeting spot for further manipulation of
protein-based materials.> Upon inspection, we replaced the
glutamic acid at position 94 (E94) with cysteine to enable
subsequent higher-order construction. E94 is located on the
outer surface of the ferritin cage far from the C4 axis of the cage.
This selection will avoid pore opening after modification at the
K150 and R151 positions. The cysteine residues introduced on
the surface of AfFtnAA/E94C provide thiol groups for bonding to
copper substrate. Since only one cyctein was introduced to each
subunit and 24 subunits assemble to form a protein cage, 24
cystein residues on each cage are expected to be available for
interactions with the copper substrate.

Freeze dry on
Cu substrate

<
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Fig. 1 Schematic diagram of the assembly of cysteine-modified
ferritin cages via copper template manipulation.
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Fig.2 (a and b) Ribbon diagrams of (a) AfFtnAA and (b) AfFtnAA/E94C.
K150 and R151 are shown in blue and C94 of AfFtnAA/E94C are shown
in red. (c) TEM image of AfFtnAA. (d) TEM image of AfFtnAA/E94C.

AfFtnAA/E94C expression and purification

The Cys94 of AfFtnAA/E94C located at the exterior surface of
ferritin cages is visualized using PyMol (Fig. 2b). AfFtnAA/E94C
was overexpressed in E. coli and purified by column chroma-
tography following previously reported method.** During the
process of hydrophobic interaction chromatography (HIC), one
main peak was collected (Fig. S1bt). The purity of the peak,
which was expected to correspond to AfFtnAA/E94C, was
confirmed by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) (Fig. S1d¥). The single thick band at
around 20 kDa on the SDS-PAGE shows that AfFtnAA/E94C was
efficiently produced in E. coli BL21(DE3)C+RIL and purified.
The dynamic light scattering (DLS) results demonstrate that the
diameter is about ~18 nm, similar to the iron-loaded AfFtn and
AfFtnAA (Fig. S1f{). The molecular mass measured by matrix-
assisted laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectrometry corresponds to the theoretical molec-
ular mass of AfFtnAA/E94C of ~20 kDa (Fig. Sihf). Trans-
mission electron microscopy (TEM) image of AfFtnAA/E94C
(Fig. 2d) shows the intact and hollow monodispersed cage
structure, which is consistent with previous work.** These
results indicate the effective and successful preparation of
AfFtnAA/E94C building blocks for further interaction with
copper substrate to construct higher-order structures. AfFtnAA
illustrated in Fig. 2a was expressed and purified as the control
following similar approach.*® The characterizations are shown
in Fig. S1a, e, g and S2a.f

Morphology characterizations of AfFtnAA/E94C assembly

Using AfFtnAA/E94C as building blocks, the assembly of higher-
order structures on the copper substrate was conducted by
freeze drying. The morphology was examined by field emission
scanning electron microscopy (FESEM) and atomic force
microscopy (AFM). The SEM images of samples at different
concentrations demonstrated a process of how the increase in
concentration alters the structure of the assembly. Protein cages
initially aggregated into small fractions at low concentration

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Morphologies of the assembly of AfFtnAA/E94C at different
concentrations on Cu substrate via freeze drying method. (a) SEM
image AfFtnAA serving as the control group. (b and d) SEM image on
AfFtnAA/E94C at different concentrations on Cu substrate. (e) AFM
characterization of AfFtnAA/E94C at high concentration on Cu
substrate.

conditions (Fig. 3b). With the increase in concentration, the
small aggregates moved closer to each other, and the cube-
shape analogues started to appear (Fig. 3c). At concentration
of 0.9 mg ml™", the complete cube-shaped structures were
observed (Fig. 3d). To gain more insights into the structural
aspect, AFM with a non-contacting mode (NCM) was utilized to
further characterize the height of higher-order structures on
copper substrate. The height of the assembly on the copper
substrate is about 300 nm (Fig. 3e). The morphology of the
assembly is cube-like, which is in good agreement with the
above results obtained by SEM. The control group composed of
AfFtnAA group freeze dried in the same condition, lacks the
distinct structures and appeared to have amorphous
morphology as expected (Fig. 3a).

Assembly mechanism

To elucidate the assembly mechanism, Raman spectroscopy
was applied to characterize the interaction between the copper
template and AfFtnAA/E94C (Fig. 4). Cysteine can be found in
three major states that are the cysteine coordinated with
copper, cystines (i.e., disulfide bridges), and free cysteines.*' In
the copper-coordinated cystein, the peak in the spectral region
below 500 cm™* corresponds to the metal-S stretching modes,

Intensity

200 300 400 500 600 700 800
Raman shift (cm™)

Fig. 4 Raman curve of AfFthAA/E94C on Cu substrate via freeze dry.
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which proved copper inducing of the assembly. In the conju-
gated cysteine, the signal in the spectral region between
550 cm™ " and 500 cm ™' was observed, falling in the region
generating information on disulfide bridges. In addition, the
amide bond region in the Raman spectrum was also investi-
gated to provide more evidence about the S-S state. The peak in
the spectral region between 800 cm ' and 600 cm ' corre-
sponds to the C-S stretching modes. These results on cysteine-
copper analyses are consistent with previous work.** Together,
the results explain the influence of copper substrate on
AfFtnAA/E94C assembly.

To further explain the influence of copper substrate during
the assembly process, the same protein, AfFtnAA/E94C, was
assembled on a different substrate, Si wafer, under the same
condition and the same method, freeze drying (Fig. S31). Small
fragments were observed at low concentration conditions
(Fig. S3b¥). The increase in concentration led to agglomeration
of small aggregates and diamond-shaped analogues started to
appear (Fig. S3ct). Eventually, the complete diamond-shaped
structures appeared when the concentration reached 0.9 mg
ml™" (Fig. S3d}). AFM was also applied to characterize the
height of the assembly on the silicon substrate. As shown in
Fig. S4,T the height of the assembly on the silicon substrate is
about 300 nm. The morphology of the assembly is diamond-
shape, which is consistent with the SEM results. AfFtnAA
group was freeze dried on the silicon substrate as well, serving
as the control group. As shown in Fig. S3a,f amorphous
morphology was detected. The different morphologies between
Cu substrate group and Si substrate group suggest that
substrates can influence the formation of the morphology of
AfFtnAA/E94C morphologies, which further supports the
important role that substrates and templates play during the
construction of the assemblies.

HER performance of AfFtnAA/E94C assembly

Ferritin has been explored for a wide range of applications in
biotechnology including nanodevices,* contrast agents for
medical imaging,* drug delivery,® and vaccines.** However, the
functional analysis of ferritin-based assembly is still in the
initial stage. Our group has shown the potential of ferritins to be
incorporated into material with electrical properties, including
memristors® and electrocatalysis in fuel cells.*” Motivated by

a > = b
VAR s
TRamN \ c
1~
E (V vs. Ag/AgCI)
Fig. 5 (a) Schematic of the three-electrode cell system for HER

characterization. The reference electrode is Ag/AgCl. The counter
electrode is carbon rod. A glassy carbon electrode coated with
samples is the working electrode. (b) LSV curves of AfFtnAA/E94C and
AfFtnAA freeze-dried on Cu substrate.
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these works, linear sweep voltammetry (LSV) of AfFtnAA/E94C
assembly on the copper substrate was characterized to deter-
mine the HER performance. The measurement was conducted
on an electrochemical workstation adopting the three-electrode
cell system (Fig. 5a). A glassy carbon electrode coated with
freeze dried samples was utilized as the working electrode. Ag/
AgCl electrode was selected as the reference electrode. Carbon
rod served as the counter electrode. The HER performances
were assessed in phosphate buffer (PBS). An empty glassy
carbon electrode served as blank control. For comparative
purposes, the AfFtnAA, the closed-pore AfFtn without cysteine
mutation, was freeze-dried on other Cu substrates and used as
working electrodes. Fig. 5b shows the iR;y;ta-compensated LSV
curves of AfFtnAA/E94C (freeze dried on Cu substrate), AfFtnAA
(freeze dried on Cu substrate), and the blank glassy carbon
electrode. Over the entire potential range, the current density of
AfFtnAA/E94C group is much higher than those of the AfFtnAA
group and blank control, suggesting the assembled AfFtnAA/
E94C has better HER activity than the amorphous samples of
AfFtnAA and the blank glassy carbon electrode. At —1.6 V, the
current density of AfFtnAA/E94C is —21.4 mA cm ™2, which is 3.8
times higher than that of AfFtnAA (—5.6 mA cm ™ 2). The results
indicate the unique advantage of HER performances correlated
of higher-order structures based on AfFtnAA/E94C in contrast to
the amorphous samples of AfFtnAA. The most advanced and
widely used component for HER catalysis, platinum, possesses
outstanding HER performance resulted from the moderate
ability of adsorption and desorption of the hydrogen at the
surface of platinum.*® However, due to the different physical
and chemical properties of inorganic and organic components,
it is difficult to directly compare the HER activity between
platinum and protein-cage-based materials. Although platinum
has good corrosive resistance, the HER performance of plat-
inum in neutral condition is not that satisfactory.>® In contrast,
biomacromolecules has good stability in neutral condition.
Moreover, compared with platinum, which is scarce in nature
and high-cost,*® protein cages are natural components and can
be produced and purified with low-cost and simple method.
This work shows the potential of utilizing biomaterials for
electrochemical applications in neutral condition that can be
explored as substituents of Pt-based electrocatalyst for HER
performance.

Conclusions

In this study, we successfully constructed higher-order assem-
blies on copper substrate using mutated ferritin, AfFtnAA/E94C,
as building blocks. The presence of cysteine on the surface of
the cage was shown to be instrumental to the assembly
formation by serving as the active moiety for binding with
copper substrate. We characterized the morphology via SEM
and AFM and found that only AfFtnAA/E94 samples resulted in
cube-shape structure. Using Raman spectroscopy, we deter-
mined the mechanism of the assembly to be copper-induced.
Functional characterization showed that HER performance of
the copper-assembled AfFtnAA/E94C is 3.8 times higher
compared to the amorphous samples of AfFtnAA group at
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—1.6 V. The observations suggest that the higher-order struc-
tures composed of AfFtnAA/E94C contribute to the improve-
ment of HER behavior. However, there remains a gap between
the HER performance of the assembly of ferritins in this study
and that of commercially applied Pt catalysts. Developing new
assembly methods and finding new protein cage units to obtain
protein cage assemblies with better electrochemical properties
are required for future improvements. Taking advantage of
protein-cage-based materials properties and the limited inves-
tigation of HER activity of protein-cage-based materials, this
work provides fresh insights into electrocatalytic behaviors of
protein-based materials and seek future developments and
applications for higher-order structures based on protein cages.

Experimental

Expression and purification of AfFtnAA and related variants

Expression of AfFtnAA and related variants. The AfFtnAA
gene was in pET11a vector and expressed in the BL21(De3)
C+RIL. The overexpression and protein purification were con-
ducted as previously reported method.* Ampicillin and Chlor-
amphenicol of a final concentration of 100 pg ml~" and
50 pg ml~" were added. A 40 ml preculture was incubated for
~17 hours. Culture in 4 L volume was grown in lysogeny broth
(LB) media at 37 °C with shaking until the optical density
(OD600) reached 0.6-0.8. Isopropyl B-p-1-thiogalactopyranoside
(IPTG) at final concentration of 1 mM was added. The cultures
were then shaken at 37 °C for 4 hours and the cells were har-
vested by centrifugation and stored at —40 °C prior to further use.

Purification of AfFtnAA and related variants. The frozen cells
were resuspended in resuspension buffer (25 mM HEPES,
50 mM NacCl, pH 7.4). The suspension was then sonicated on ice
for 45 min with 5-second ON/OFF. Lysed cells were placed in
water bath at 80 °C for 10 min, centrifuged at 193 000xg for
60 min at 4 °C, and filtered with 0.22 pm filter. Ammonium
sulphate was added afterwards. The clear supernatant was then
purified using one HiPrep Phenyl FF (high sub) column, which
were equilibrated with equilibration buffer (25 mM HEPES, 50
mM NaCl, 500 mM ammonium sulphate, pH 7.4), and the
protein was eluted using the elution buffer (25 mM HEPES, 50
mM NaCl, pH 7.4). Selected fractions containing the protein of
interest were then stored at 4 °C for further usage. The
concentration of apo AfFtnAA were quantified using Bradford
Assay. The proteins were diluted to 0.3 mg ml~" with resus-
pension buffer (25 mM HEPES, 50 mM NaCl, pH 7.4). Fe at ~400
atoms were added to apo proteins twelve separate times (4800
Fe total) followed by incubation at room temperature. The
proteins were then transferred to 4 °C and incubated overnight.
Fe-loaded ferritins were centrifuged at 12 000xg for 5 min to
remove precipitates. The supernatant was collected and passed
through HiPrep 26/10 Desalting column in desalting buffer
(25 mM HEPES, 50 mM NacCl, pH 7.4) to remove the excess Fe.

Characterizations of individual protein cages

Dynamic light scattering (DLS). The hydrodynamic diameter
of the protein samples were measured using Malvern Nano-ZS

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Zeta Sizer. Sample of 1 ml volume in buffer (25 mM HEPES,
50 mM NaCl, pH 7.4) was placed in plastic cuvette. The
measurement was taken at 25 °C in triplicate.

Matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry. To determine the molecular
mass, the samples were embedded in MBT matrix without
saturator or additives. The measurements were performed at
central facility using MALDI TOF/TOF ABI 4800.

Transmission electron microscopy (TEM). Electron
micrographs of the protein cages were obtained using Tecnai-
12 (T12) iCorr-120 kv TEM. Samples were negatively stained
with 2% uranyl acetate and air dried before loading to the
sample holder and imaged at 120 kv.

Characterizations of the assembly based on protein cages

Field emission scanning electron microscope (FESEM). The
morphologies of the assemblies were observed using JEOL JSM
6700F SEM. Samples were coated with platinum at 20 mA
current for 120 s.

Atomic force microscopy (AFM). Park NX10 Atomic Force
Microscope was applied to characterize the morphologies of
assemblies. XEI software was utilized to analyse and process the
AFM data.

Raman spectroscopy. Raman spectra were collected on
a Renishaw InVia reflex Raman spectrometer using a 785 nm
laser and a 20x objective.

Electrochemical measurements. Linear sweep voltammetry
with IR compensation was performed on an electrochemical
workstation (CHI 660D) and undertaken at a sweep rate of 5 mV
s~'. The working electrode was glassy carbon electrode (diam-
eter: 3 mm, area: 0.071 cm?).
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