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CONSPECTUS: Photosynthesis is a vital process that sustains life
on Earth, and its energy transfer mechanism can be elucidated by ° s g o -
fluorescence resonance energy transfer (FRET), a process in which % m 7
fluorescence donors and acceptors provide energy transfer through E

long-range dipole—dipole interactions. Constructing artificial light-
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Self-assembly

. ) A . e A Strategies
harvesting systems (ALHSs) assists in the exploration and mimicry Ly
of natural light-harvesting systems (LHSs) and is expected to
provide a potential solution to the energy crisis. Structures >
Protein Building Blocks Artificial Light-harvesting Systems

fabricated by the self-assembly of proteins provide ideal templates
and skeletons for the construction of ALHSs, as they enable the
orderly arrangement of chromophores and effectively prevent the aggregation-induced quenching effect of dyes. The
programmability and designability of the proteins and their flexible assembly strategies allow for diverse and functionalized
protein-based template construction, making them ideal template nanomaterials for constructing ALHSs.

In this Account, dealing with the strategy and the structural diversity of protein self-assemblies, we will first introduce the driving
forces and assembling strategies of protein self-assembly. Then, based on our long-term research on protein self-assemblies, we will
summarize our work on the development and exploration of ALHSs constructed in our laboratory in recent years, using polymorphic
protein-assembly structures as templates. We will discuss the specific effects of different protein templates on energy transfer. Finally,
the challenges and proposed possible strategies for the design of future LHSs by integrating proteins with nanotechnology interface
science are presented.

Considering the highly codable and designable nature of proteins, as well as the definite and delicate structure of their assemblies on
the nanoscale, we propose the strategy of “using protein assemblies as templates to construct ALHSs”. Protein template backbones
can be constructed through both noncovalent (electrostatic, metal-chelation, host—guest interactions) and covalent interactions.
Furthermore, the dynamic processes of protein assembly and disassembly are important, as we believe that flexible protein assembly
and construction strategies can mimic the self-regulatory functions of the adaptive natural photosynthetic system.

Based on the “energy funneling” step flow transfer mechanism, different dimensions of protein self-assembly show their specific
characteristics in the construction of ALHSs. One-dimensional (1D) protein self-assemblies feature linearly arranged chromophore
molecules with linear energy transfer, mimicking light-harvesting antennas. In comparison, two-dimensional (2D) protein backbones
provide more multidirectional energy transfer paths for chromophores or pigment molecules, avoiding overall transfer interruption
from individual position defects. We found that the diverse assembly strategies among proteins allow the assembly structure to be
regulated by a stimulus-responsive mechanism. This mechanism can modulate the efficiency of energy transfer, which further
controls the catalytic performance of the ALHS in model reactions. In summary, protein self-assemblies not only achieve
stabilization and orderly arrangement of chromophores but can also control energy transfer by manipulating their degree of
assembly.

1. INTRODUCTION dipole—dipole coupling when they are in close proximity,

Photosynthesis is one of the most pivotal biological processes in typically within a range of 1—10 nm.”* During FRET, the
nature. Sunlight, as both the energy source and driving force

behind photosynthesis, is harnessed by photosynthetic pigments
and subsequently transferred to the reaction center, where it
triggers charge separation, initiating a cascade of intricate
photochemical reactions.'~® Within light-harvesting complexes,
the mechanism of energy transfer can be elucidated by
fluorescence resonance energy transfer (FRET). This process
entails the transfer of energy between two fluorophores through
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Figure 1. Design strategies for protein-assembly-based ALHs. (a) Protein building blocks and their unique characteristics. (b) Diverse driving forces
for protein self-assembly in our studies. (c—i) Structures of the protein assemblies and their TEM images obtained in our studies. (j) 1D protein-
nanowire-based artificial light-harvesting antenna. (k) 2D protein-nanosheet-based multistep ALHs for photocatalytic model reaction and (1) its
disassembling process. Reprinted with permission from refs 1—3 and 31. Copyright 2014, 2017, 2019, and 2022 American Chemical Society.

emission intensity of the fluorescent donor decreases as a result
of transferring its energy to the fluorescent acceptor through
long-range dipole—dipole interactions.

In natural light-harvesting complexes, chromophores are
regularly and tightly arranged. When a chromophore absorbs
light, the excitation energy propagates in a unidirectional
manner among the chromophore molecules until it reaches the
reaction center, initiating long-lasting charge separation. The
elegance and efficiency of natural light-harvesting systems
(LHSs) have inspired scientists to explore biomimicry in the
development of artificial light-harvesting systems (ALHSs),”~""
which have found applications in various areas such as
photocatalysis, biosensors, or nanomedicine."””"> In many
ALHSs, chromophores typically exist in an aggregated form,
which can impact the stability of these systems and result in
aggregation-induced quenching.'®™'® An efficient and stable
LHS typically requires the ordered arrangement of chromo-

phores on the nanoscale at appropriate distances. In some cases,
templates should be designed to facilitate the regular arrange-
ment of chromophores.

Self-assemblies have attracted increasing attention for the
fabrication of ALHSs due to their ability to spatially organize
chromophores in an orderly manner.'”~*" This organization is
essential for controlling energy transfer processes, thus
influencing the effectiveness of light-harvesting devices.
Significant advancements have been made in utilizing non-
covalent interactions, including metal coordination, electrostatic
interaction, and hydrophobic interactions, as well as covalent
interactions, to construct self-assemblies for designing
ALHSs.'”*** Protein self-assemblies, capable of arranging
protein monomers in an orderly manner, serve as optimal
platforms for crafting ALHSs. They can structurally and
functionally mimic natural LHSs, offering a biomimetic strategy
for the design and fabrication of ALHSs.
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Figure 2. (2) Model of a SP1 nanowire formed by electrostatic interactions of SP1 nanoring subunits (blue) and PDS, CCMs, QDs (orange). (b)
Nanowires obtained via the host—guest interactions between FGG-fused GST and cucurbit[8]uril. (c) Protein nanorings based on metal coordination
between His,-tags and Ni**. (d) SP1-based nanotubes via covalent coupling between Tyr in the presence of substrates H,O, and HRP. Reprinted with
permission from refs 32, 37, 39, and 3. Copyright 2015 American Chemical Society, 2013 John Wiley and Sons, 2013 and 2017 American Chemical

Society.

This Account introduces our recent work on protein
assemblies, covering one-dimensional (1D), two-dimensional
(2D), and dynamic protein assemblies obtained via covalent or
noncovalent interactions (Figure 1). We present the ALHSs
derived from these protein assemblies. The photocatalytic
application of our protein-assembly-based LHSs is discussed.
Finally, the challenges and proposed strategies for the design of
future LHSs by integrating proteins with nanotechnology
interface science are presented. We believe that constructing

ALHSs based on protein assembly can provide insights into the
exploration and reconstruction of natural photosynthetic
systems.

2. SCAFFOLDS AND TEMPLATES BASED ON PROTEIN
SELF-ASSEMBLY

Protein self-assemblies show their unique advantages compared
to other types of supramolecular assembly systems, such as
host—guest-based assemblies,””** supramolecular poly-
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mers, supramolecular organic frameworks (SOFs),” in

many artificially constructed templates and skeletons of LHSs.
First, proteins are translated by gene coding, which enables
highly flexible design. By using genetic engineering technology,
amino acids with specific functions can be introduced at any
desired location to realize the activation of functional sites,
facilitating the construction of protein assemblies. Second,
protein assemblies have clear and fine structures at the
nanometer scale, and their precise arrangement of protein
monomers benefits reasonable dispersion of fluorescent
chromophores, which can simulate natural LHSs in terms of
structure and function. In addition, the photosynthetic system
has developed self-protection functionality to adapt to the
external extreme environment, and such controllable functions
can also be realized through flexible protein assembly strategies.
Therefore, one can anticipate using the protein-assembly
strategy to explore and simulate natural LHSs from the aspects
of structure, energy transfer process, and substance trans-
formation. While protein-assembly-based LHSs offer unique
advantages, certain challenges remain. For instance, the
relatively large size of proteins can result in lower energy
transfer efficiency compared to small-molecule assemblies.
Additionally, the intrinsic instability of natural proteins may
affect the tunability and scalability of these systems.

2.1. Driving Forces of Protein Self-Assembly

The most representative way in which chemical-strategy-based
driving forces induce protein assembly is through supra-
molecular interactions.”” Supramolecular assembly strategies
can utilize driving forces such as electrostatic interactions, metal
coordination, and host—guest interactions to induce the
formation of ordered protein nanostructures by interacting
with monomers in a novel way. The rise of supramolecular
chemistry has greatly promoted the development of protein
assemblies, not only enriching the methodology of assemblies
but also diversifying their structure and function.

Electrostatic interactions play an important role in regulating
the formation of hierarchical structures from natural proteins
while simultaneously stabilizing the protein nanostructure.”’
Proteins with specific isoelectric points exhibit different electric
charges depending on pH conditions. The cyclic dodecameric
protein “stable protein one” (SP1) has attracted much attention
in the field of protein assembly due to its high thermal stability,
special C4 symmetry structure, and high negative surface charge.
Our research group has made considerable progress in using SP1
to construct functional nanostructures through electrostatic
interactions (Figure 22)77F A representative example is the
construction of nanowire structures by electrostatic assembly of
mutant SP1 and dendritic molecules.”” We synthesized a series
of amino dendrimers and finally found that the fifth-generation
dendrimers can assemble along the protein axis to form a regular
nanowire structure due to their good spatial complementarity
and multivalent charge effect with SP1.

Host—guest interaction is a type of small-molecule-based
driving force with high binding strength and high selectivity and
is also reversible. It has been widely used in constructing ideal
protein nanostructures in recent years.”*~*® The host molecule
utilizes strong interactions to capture a guest molecule into its
cavity, leading to recognition and inducing protein assembly.
Cucurbit[8]uril (CB[8]) and the phe-gly-gly (FGG) tripeptide,
a host—guest recognition pair, was used as a backbone, and our
group extended its application in the field of protein assembly
from the construction of protein dimers to functional 1D protein

assemblies.”” FGG was fused to the symmetrical N-terminus of
the dimeric GST protein by genetic engineering (Figure 2b).
The GST mutant (GST-FGG) could easily be assembled into
highly ordered protein nanowires in the presence of CB[8] to
form flexible 1D protein skeletons.

The strong binding force and geometric specificity of metal
coordination also play an important role in stabilizing the
structure of supramolecular protein assemblies. Traditional Ni**
ligand Hisg-tags were introduced via gene fusion into the N-
terminal of glutathione S-transferase (GST) to realize the
application of metal ion chelation.”® Protein nanowires and
protein network structures were successfully constructed based
on metal coordination between Hiss-tags and Ni**. Sub-
sequently, our research group achieved further precise
prediction and regulation of assembly behavior through the
synergistic effect of metal chelation and protein—protein
interactions and constructed protein nanorings of highly
uniform size.”> GST was introduced as a building block with
two metal chelating sites in the vertical direction of its C,
symmetry axis, forming a V-shaped His-tagged dimer (Figure
2¢). Computer simulations revealed that the designed sites
realize a good synergistic effect with the nonspecific interaction
of the protein. According to this design method, nanoring
structures with almost identical diameters can be obtained.

Covalent interaction is another force that drives proteins into
highly ordered nanostructures, which is not limited to proteins
with special properties and is more universal and versatile
compared with supramolecular interaction. Recently, our
research group developed a novel and mild enzyme-catalyzed
induction method of protein covalent assembly.” Since horse-
radish peroxidase (HRP) can catalyze the efficient coupling of
tyrosine (Tyr) in vitro,"" we used SP1 as a template and
introduced Tyr on its top and bottom surfaces to obtain SP1-
A84Y mutants, which grew along the axial directions to form 1D
protein nanotubes after covalent coupling of Tyr in the presence
of hydrogen peroxide and HRP (Figure 2d).

Covalently cross-linked protein nanostructures are signifi-
cantly more stable than those induced by noncovalent
interactions, which will benefit the development of light-
harvesting templates that require specific stability. In general,
the combined use of multiple assembly strategies is expected to
promote the rapid development of protein assembly science,
providing continuous inspiration for the preparation of more
diversified protein nanomaterials.

2.2. Various Structures of Protein Assemblies

2.2.1. One-Dimensional Protein Assembly Structures.
In general, a 1D structure usually refers to a structure formed by
an object extending in one direction. The interactions between
proteins can form regular linear “strings”, which can further
connect end-to-end to form nanorings, spiral nanotubes, or
microtubular structures.

Scientists have made numerous attempts to demonstrate that
binary or multiple proteins can form alternating nanowires
through dual specific recognition design. Our group tried to
construct 1D protein structures based on supramolecular
assembly methods. As mentioned in Section 2.1, 1D nanowires
were obtained based on the host—guest interactions between
GST-FGG building blocks and CB[8].*” Furthermore, we used
SP1 to construct a series of linearly structured 1D protein-
nanoparticle hybrids via electrostatic assembly strategies.
Various nanostructures with positive charges, such as poly-
amidoamine dendrimers (PAMAM dendrimers, PDS),*?
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pH. Reprinted with permission from refs 42 and 43. Copyright 2017 Royal Society of Chemistry and 2012 American Chemical Society.

polymer micelles,” and quantum dots (QDs),”" can induce the
self-assembly of cricoid SP1 into 1D supramolecular nanowires.

Apart from the linear growth control of proteins, protein
building blocks can also be manipulated to form closed rings
with controlled curvature. We constructed a controllable protein
self-assembly based on the ring chain competition mechanism,
where the transition between nanowires and nanorings can be
controlled by protein concentration.”’ At low protein
concentrations, proteins tend to form nanorings by head-to-
tail binding, while at high concentrations, they assemble into
nanowires. A redox approach could regulate this transformation
in the FGG-tagged fusion protein FGG-G-I-GST (FGIG).
Under oxidation conditions, FGIG forms nanowires, while
under reduction conditions, expanded FGIG forms nanorings
(Figure 3a).*” It remains challenging to construct uniform large
nanorings because of the need for precise protein—protein
interactions and orientation control. Inspired by this difficult
synthesis strategy, we reported the precise control of protein
orientation and self-assembly into protein nanorings through the
collaboration of metal ion chelation interactions and nonspecific
protein—protein interactions.”” “His” V-shaped GST can
cooperate with Ni’* and self-assemble in a specific bending
process to form highly ordered large nanorings with diameters of
367 + 10 nm.

Next to the discussed nanowire and nanoring, the nanotube is
another 1D structure of protein assembly. However, designing
well-organized tubular structures requires more complex
protein—protein interactions. We followed many approaches
to overcome this difficulty and found that the natural tube-like
virus TMV can first assemble through pH regulation into a disc-
shaped structure, which then grows linearly in the vertical
direction to form a nanotube structure (Figure 3b).** Besides
this method, we also developed a simple strategy for
constructing highly ordered protein nanotubes by utilizing
electrostatic interactions and “zero-length” cross-linking in-
duced by the small molecule ethylenediamine.**

2.2.2. Two-Dimensional Protein Assembly Structures.
Inspired by nature, 2D protein self-assembly has attracted much
attention due to the structural complexity, functional diversity,
and inherent biological affinity of building blocks. The
nanotechnology used in the construction of 2D assemblies has
advanced significantly, enabling the precise regulation of protein
assembly to form regular 2D nanosheet arrays.

The formation of 2D layered protein structures can be
achieved by the programmable arrangement of proteins on a
plane. Our group utilized a strategy of integrating light
stimulation and covalent coupling to construct a size-adjustable
2D protein structure with ordered ring-shaped stacking patterns
through remote photocontrol.* Using tris(2,2'-bipyridine)-
ruthenium(II) cation (Ru(bpy);>*) as a photosensitizer, SP1
was redesigned and self-assembled into nanosheets through
efficient oxidative protein cross-linking reaction in the presence
of ammonium persulfate (APS) (Figure 4a). On this basis, we
also achieved the precise manipulation of EGFP-4C, an
enhanced green fluorescent protein (EGFP) variant with four
cysteine residues, which underwent self-assembly through
redesigned, maleimide-functionalized rhodamine B moieties
(RhG,M) (Figure 4b).* In this process, an ultralarge 2D array
was constructed based on the binding of site-specific RhG,M-
modified EGFP-4C via the dimerization of RhG,M. We also
fabricated ultrathin protein membranes using proteins and
polymers based on hydrophilic and hydrophobic interactions at
74 2D protein membranes do not
always exhibit sheet-like structures and can bend into curved
surfaces in some cases, further growing into giant spherical
vesicles (Figure 4c). Inspired by this process, we combined the
amphiphilic molecule cetyltrimethylammonium bromide
(CTAB) with the negatively charged bovine serum albumin
(BSA) protein through electrostatic interaction and then
constructed a giant proteasome based on an interface assembly
strategy.49

the oil—water interface.
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Figure 4. (a) 2D SP1-based nanosheet via protein cross-linking reaction in the presence of APS. (b) Nanosheets based on fluorescent proteins via
covalent cross-linking between proteins and linkers. (c) Giant spherical vesicles based on proteins and polymers via hydrophobic interactions.
Reprinted with permission from refs 45, 46, and 49. Copyright 2018 Royal Society of Chemistry, 2021 and 2019 American Chemical Society.

2.2.3. Dynamic Protein Assembly Structures. One of the
most important stimulus-responses involves the process of
protein assembly and disassembly, which plays a crucial role not
only in cellular growth and apoptosis but also in the
physiological activities of organs.””' The dynamic protein
assembly can benefit ALHSs by adaptively optimizing
chromophore arrangements in response to environmental
changes, fine-tuning energy transfer to minimize losses, and
facilitating self-repair to prolong lifespan. Dynamic regulation of
ALHSs becomes particularly crucial in scenarios such as
fluctuating light environments (e.g., maintain efficiency amid

intensity/wavelength variations), multifunctional systems (e.g.,
switching roles between light-harvesting and catalysis), and
biocompatible applications (e.g., responding to cellular signals).
The ability to respond specifically to external stimuli is a key
factor in the construction of intelligent materials.”* Inspiringly,
the development of dynamically controllable structures has
become a promising direction in protein assembly research.
Our team has developed a series of dynamically regulated
protein assemblies. A self-assembled protein nanospring was
constructed via the host—guest interaction of the fusion protein
FGG-recoverin-GST and CB[8] (Figure 5a).>> The nanospring
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protein nanosheet regulated by the competition mechanisms of guests. (c) Protein nanowires of SP1 tuned by charge shielding effects. Reprinted with
permission from refs 53, 54, and 5S. Copyright 2016 and 2021 Royal Society of Chemistry, 2020 American Chemical Society.

underwent structural changes in response to Ca*" stimuli, in
which its assembly structure altered during contraction and
expansion to achieve a spring-like movement, maintaining
excellent performance after multiple switches. Subsequently, we
designed a dynamically controllable protein nanosheet, which
was assembled based on supramolecular interactions between
CB[8] and the modified protein SP1S98C-MMV* (MMV" is a
guest molecule for CB[8]) and could then be disassembled by
introducing FGG as competitive guest molecule (Figure 5b).>*

We also successfully constructed an eflicient and switchable
selenium-containing antioxidant system based on SPI1, the
activity of which can be turned oft by forming protein nanowires
through electrostatic assembly with polyamine dendrimers
(PDS) and then be turned on by charge shielding-induced
disassembly (Figure 5c).>> The giant proteinosome based on
BSA and CTAB, mentioned in Section 2.2.2, can be further
regarded as a smart “breathing” vesicle.*”*® These protein
structures with unique advantages are of great significance for
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the development of functional stimulus-responsive smart
nanomaterials.

3. ALHSs INSPIRED BY PROTEIN SELF-ASSEMBLY

Because of their well-defined structures and high degree of
order, the various and diverse nanostructures synthesized via
hierarchical protein self-assembly are a perfect match for the
requirements of constructing ALHSs. The energy transfer
process in natural light-harvesting complexes can usually be
described by the FRET theory, which requires the interchro-
mophore distance to be strictly controlled between 1 and 10 nm;
while protein self-assembly processes are usually affected by the
size of their building blocks and the driving forces for their
assembly, these dimensions can satisfy the requirements of
regular self-assembly. Precisely arranged protein arrays can not
only mimic the structure of the natural photosynthetic system,
dispersing pigment or chromophore molecules in an orderly
manner and thereby preventing their aggregation-induced
quenching, but are also expected to hinder electrostatic-induced
irregular aggregation and deposition of chromophores by
stabilizing the structure and properties of chromophores to
mimic the pigment—protein-complex-enhanced energy transfer
of natural LHSs. In addition, the stimulus-responsive mecha-
nism of protein assembly behavior can offer the possibility of
dynamic regulation of the constructed ALHSs, which in turn is
expected to realize the artificial control of the energy transfer
process.

Based on the “energy funneling” step flow transfer
mechanism, protein self-assemblies of different dimensions
exhibit their characteristics in the construction of ALHSs. 1D
protein self-assemblies are scaffold-distributed chromophore
molecules that are mostly linearly arranged. Consequently, their
energy transfer paths follow a linear pattern, and the assemblies
function like light-harvesting antennas. 2D protein backbones,
however, offer more multidirectional energy transfer paths for
chromophores or pigment molecules. Compared to the single
path of 1D protein assemblies, in which energy transfer might be

interrupted due to defects in the path structure, the 2D
assemblies can circumvent such interruptions due to the
existence of multiple energy transfer pathways. There are
multiple noncovalent interactions in the structure of the protein
building blocks, and this structure can be altered by denaturants
(e.g, urea, GuHCl). Additionally, the diverse intermolecular
assembly strategies of proteins allow the structure of the
assemblies to be modulated by the stimulus-responsive
mechanisms of their driving forces, which motivates attempting
the construction of an adaptive ALHS.

3.1. Artificial Light-Harvesting Antennas Based on 1D
Protein Assembly

1D linear protein self-assemblies can provide directional energy
flow paths to their dispersed chromophore molecules. Based on
the electrostatic interactions between surface-negative-charge-
enriched SP1 and positively charged chromophores, we have
prepared a variety of artificial light-harvesting antennas with 1D
protein nanowires as the scaffolds. The negatively charged
surfaces and the concave hydrophobic central cavity of SP1
(Figure 6a)>" provide a structural basis both for the acceptance
of size-matched chromophores and the possibility for self-
assembly with positively charged chromophores. Two different
positively charged and spectrally well-overlapped CdTe QDs
(within 6 nm) have been selected as donor and acceptor
chromophores and assembled with SP1 into 1D linear
nanowires for FRET process. Notably, the straight linear
assembly behavior is directionally distorted when the size of
QDs increased (~10 nm), resulting in branched structures
rather than linear ones. However, the branched structures can
modulate the distance between the chromophores, which holds
promise for artificially modulating the energy transfer efficiency
of this light-harvesting antenna.

Furthermore, our investigations inspired by nature revealed
that the ring structure of SP1 highly mimics the LH-2 light-
trapping complexes of photosynthetic bacteria (Figure 6b).>> 9-
[4-(Bromomethyl)-phenyl]-10-(4-methylphenyl)anthracene
(DPA-Br) and eosin-S-isothiocyanate (EY) were covalently
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Society.

modified at the periphery of the SPI1 rings as donor
chromophores or as acceptor chromophores on positively
charged core-cross-linked micelles (CCMs), respectively. The
modified proteins and CCMs were electrostatically self-
assembled to form 1D protein supramolecular nanoarrays, and
the distance between the donor and acceptor molecules was
within 2 nm, which further enhanced the efficiency of FRET and
constructed a more efficient artificial light-harvesting antenna
(Figure 6¢). The strategy of modifying the protein nanoscaffolds
further avoided the randomness of the donor—acceptor
chromophore distribution.

The artificial light-capturing antenna based on 1D protein
assembly realizes the fixation and arrangement of donor—
acceptor chromophore molecules and energy capture and
transfer to a certain extent. However, at the same time, it also
has its disadvantages: the linear energy transfer is easily
interrupted by the local defects or improper arrangement of
chromophores, which leads to the complete disruption of FRET
and the failure of the light-harvesting process. The application of
a higher-dimensional protein scaffold is expected to solve this
problem.

3.2. ALHSs Based on 2D Protein Assembly

To address the problem of interrupted energy transfer, we
further chose to arrange chromophores using 2D protein self-

assemblies as templates. In natural chloroplasts, chromophores
are distributed in highly ordered arrays on the protein substrates
of 2D thylakoid membranes, and this network of pigment—
protein complexes plays a crucial role in efficient energy transfer.
Compared with 1D protein nanostructures, the ALHSs
constructed with 2D protein nanosheets as the scaffold are not
only structurally more closely aligned with the natural
photosynthetic system but also provide multidirectional energy
transfer pathways to avoid interruption of the energy transfer
process due to defects at a single location. We modified SP1 by
gene fusion to introduce Tyr into the peripheral surface of its
protein ring. Under HRP-catalyzed oxidation, the mutant
protein grew alongside its plane and formed monolayers,
separated due to electrostatic repulsion into single-layer
nanosheet structures (Figure 7a).” Importantly, the orderly
arrangement of the pore-ring structure of SP1 provided regular
and tightly packed binding sites for donor and acceptor
chromophores (CdTe QDs), which led to the well-ordered
assembly of the chromophores in the nanoarrays and the
realization of the light-harvesting process. The FRET phenom-
enon of the constructed ALHSs was evident, and the energy
transfer efficiency was as high as 56%.

In addition, we have developed a template-free strategy for
constructing a 2D ALHS, which utilized fluorescent proteins
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directly as chromophores without the additional introduction of
inorganic QDs. The blue fluorescent protein (EBFP2) and green
fluorescent protein (EGFP) were used as donor and acceptor
chromophores, respectively, and their barrel structure was
genetically designed with four cysteines (Cys) as covalent
functional sites. By covalently cross-linking the building block
proteins with the small molecule PEG-bismaleimide (EG3DM)
as the linker, protein nanosheets were obtained, and
intermolecular energy transfer was realized. The template-free
protein-based covalently self-assembled 2D ALHS was success-
fully constructed (Figure 7b).” The donor and acceptor
chromophores obtained by this strategy were homogeneously
arranged into well-structured nanoarrays (Figure 7c). The
maximum energy transfer efficiency of this system reached
33.2%, which may be attributed to the nanoscale size of the

protein shell, leading to an increase in the intermolecular
distance between its inside-protected chromophores (Figure
7d). Nonetheless, this construction strategy of directly covalent-
assembling protein chromophores without templates provides a
reasonable and open idea for constructing ALHSs based on
protein assemblies.

Three-dimensional (3D) self-assemblies have demonstrated
great potential for developing ALHSs, featuring hierarchical,
spatially ordered architectures and high structural complexity.
They support densely packed pigment arrays with multidirec-
tional energy transfer pathways and allow nanoscale positioning

: 7,58
of photoactive molecules,””

enhancing light absorption and
enabling more efficient energy funneling compared to 1D or 2D
systems.
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3.3. Regulation of ALHSs Based on Protein
Assembly—Disassembly Processes

As scaffolds for ALHSs, the structure of proteins and their
assemblies are expected to respond to external stimuli as a
strategy to modulate the energy transfer process. We successfully
achieved the folding and unfolding of protein structures with a
denaturant (GuHCl) to obtain fluorescent on/off light-
capturing protein vesicles and also realized the process of
regulating the sequential multistep FRET process with the
assembly driving forces, ie., the redox stimulus-response of

disulfide bonds.

3.3.1. Energy Transfer Process Regulated by Changing
the Structure of Protein Assemblies. Protein vesicles were
formed by self-assembly at the oil—water interface of an
emulsion through an interfacial assembly strategy. Such protein
capsules can be regarded as ordered layer structures to reduce
the distance between acceptor and donor. We modified the
donor and acceptor chromophores, fluorescein isothiocyanate
(FITC) and isothiocyanate rhodamine B (RhB), respectively,
on protein monomers, and successfully constructed an LHS
based on protein vesicles with such modified proteins (Figure
8a).”® By adding GuHClI, the structure of the protein became
loose, leading to an increase in the molecular distance between
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Table 1. Structural Characteristics and Size-Related Parameters of the Proteins Involved in the Development of ALHSs

Key components Driving forces Assembly structures Dynamic properties References
SP1 (dodecamer, 11 nm) electrostatic interactions 1D nanowire none refs 31, 33
electrostatic interactions 2D nanosheet none ref 3
covalent interactions 2D nanosheet protein assembly and disassembly ref 1
metal coordination 2D nanosheet none ref 59
EGFP (monomer, 2.4 nm) covalent interactions 2D nanosheet none ref 2
BSA (monomer, 7 nm) interfacial assembly 2D vesicle protein unfolding and refolding ref 56

the donor—acceptor chromophores and an interruption of
energy transfer. In contrast, the refolding of the protein structure
when the denaturant was removed by slow dialysis resatisfied the
requirements for FRET (Figure 8b).

3.3.2. Multistep Energy Transfer Processes Controlled
by the Degree of Protein Assembly. The natural light-
harvesting process is always accompanied by multistep
sequential energy transfer rather than relying only on single-
step transfer of the captured sunlight. 2D monolayer sheet
protein scaffolds offer the possibility of constructing more
complex ALHSs. Inspired by nature, we introduced Cys on the
side surface of cyclic SP1 and constructed single-layer protein
nanosheets (Figure 8c) by driving the reversible covalent self-
assembly of mutant proteins through the disulfide bond formed
between Cys.' The carbon dots CD1 and CD2 as donors and
acceptors, respectively, could be precisely distributed on the
surface of the protein nanosheets by electrostatic interactions.
Further, upon anchoring EY as the second acceptor, the
constructed ALHS could sequentially transfer energy between
the CDs and toward the center of EY with a high efficiency of
84%. The FRET process of this system could be reversibly
switched between “on/off” states by the redox-regulated
assembly and disassembly of the SP1 building block. Thus,
this regulable multistep ALHS based on protein assembly
mimics the natural LHS structurally and functionally and
provides direction to explore adaptive ALHSs.

3.4. Protein-Assembly-Based ALHSs for Catalyzing Model
Reactions

Having successfully constructed an energy-cascading ALHS
based on protein nanosheets, we envisioned that the photo-
catalytic properties of the EY chromophore could be fully
utilized by combining the oxidation—reduction stimulation
response properties of the protein scaffolds with the catalytic
properties of the system to control catalytic performance. EY
acts as a photocatalyst to catalyze the model reaction of the
photocatalytic coupling of benzothiazole with diphenylphos-
phine oxide for hydrogen production. However, EY has a small
range of spectral utilization due to its narrow absorption band.
Using our ALHS to catalyze the reaction, the light energy
captured by CD1 and CD2 would be finally delivered to the
second receptor and reaction center, EY, which broadens the
spectral availability and thus improves catalytic performance
(Figure 9a)." After 12 h of irradiation, the yield obtained under
catalysis by the complete ALHS was as high as 71% compared
with the yield of 17% of the reaction catalyzed with free EY,
demonstrating significant improvement in reaction efficiency
(Figure 9b). The switchable “on/off” FRET state, regulated by
the assembly disassembly process of the protein templates, could
modulate the catalytic activity of the system accordingly,
changing between high and low activity over at least five cycles
(Figure 9c). In addition, we designed and developed an efficient
artificial photocatalytic hydrogen production system based on
protein genetic engineering and self-assembly strategies,

achieved via the in situ biosynthesis of peptide-anchored
protein-semiconductor hybrid materials (Figure 9d).”” A
metal-binding peptide (MBP) was fused to the N-terminus of
SP1, and histidine was introduced into the lateral surface of the
fused SP1 through point mutation, resulting in the mutant
protein MBP-SP1-2His. This protein can provide spatial
confinement for the in situ growth of CdS QDs, and the formed
CdS@MBP-SP1-2His hybrid exhibited excellent dispersibility.
To enhance the photocatalytic performance, a mild method was
utilized to load Pt nanoparticles onto the surface of CdS,
forming CdS@Pt@MBP-SP1-2His. The loading of Pt effectively
suppressed the recombination of photogenerated electron—hole
pairs, significantly boosting the photocatalytic hydrogen
production rate. The hydrogen production rate of CdS@Pt@
MBP-SP1-2His assembly reached an impressive 69,100 pmol
h™' (g Cd**) ™!, which was 80 times that of free CdS (Figure 9e).
This enhanced performance stemmed from the precisely
ordered assembly architecture, which prevented random
aggregation-induced encapsulation and deactivation of catalytic
centers, thereby maximizing accessible active sites and
facilitating accelerated electron transfer. We further evaluated
the real-time photocatalytic hydrogen production performance
after Pt doping, the degree of hydrogen evolution rate
attenuation in each photocatalytic system directly correlated
with its precipitation extent. The photocatalytic systems
exhibited sustained hydrogen evolution efficiencies of 6.5% for
free CdS@Pt, 73.1% for CdS@Pt@MBP-SP1-2His, and 91.2%
for CdAS@Pt@MBP-SP1-2His assembly at 30th day (Figure 9f).

Table 1 summarizes the structural characteristics and size-
related parameters of the proteins involved in ALHSs develop-
ment, providing a clearer understanding of their roles in the
assembly and function.

4. CONCLUSION AND PERSPECTIVE

Due to the advantages of ordered arrangement, biocompati-
bility, and defined structures, protein-assembly-based ALHSs
could mimic natural LHSs in both structure and function, thus
attracting significant attention in the development of ALHSs. In
this Account, we introduced the covalent or noncovalent driving
forces for fabricating protein assemblies, as well as the different
assembly structures. These various protein assemblies provide
suitable platforms for the fabrication of efficient ALHSs.
Building upon the foundation of ALHSs based on protein
assemblies, we explored their applications in photocatalysis for
model reactions.

The main challenges in the fabrication of protein-assembly-
based ALHSs include the following points. (1) Large sizes of
protein monomers often lead to relatively long distances
between donors and acceptors, potentially reducing energy
transfer efficiency compared to systems using small molecules.
For scenarios requiring extremely high energy transfer efficiency,
one feasible strategy is to modify a single protein monomer with
both donor and acceptor molecules prior to assembly, rather
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than attaching them to separate protein monomers. Alter-
natively, a protein-small molecule synergy approach can be
employed. These strategies effectively reduce the distance
between chromophores, thereby enhancing energy transfer
efficiency (2) Noncovalent interactions involved in the
formation of complex spatial structures of proteins and their
assemblies can render ALHSs sensitive to the microenviron-
ment. Selecting stable protein monomers and utilizing
immobilized scaffolds may help to improve stability. (3) The
irreversibility of covalent bonds may result in defects in protein
assemblies, leading to low energy transfer efficiency in ALHSs.
Slowing down the speed of protein assembly, such as assembling
at low temperatures or concentrations, or exploring alternative
assembly conditions may mitigate this issue. (4) For the
application of ALHs based on protein assemblies, it is necessary
to explore other applications such as photodynamic therapy for
biomedical use, and carbon or nitrogen fixation. (S) Efforts
should also be made toward mimicking the complete natural
photosynthetic cascade, including charge separation and
electron transfer, within protein-assembly-based ALHSs. We
aim to further investigate this complex system and believe that
valuable insights can be gained through the rational design of
protein functional sites combined with computer-aided
simulations. (6) The integration of proteins with hybrid or
multifunctional systems, such as inorganic nanomaterials, or
catalytic components, offers an opportunity to build multifunc-
tional assemblies for energy conversion and reactive oxygen
species (ROS) control.

In conclusion, this Account describes our group’s recent
progress in constructing ALHSs using protein assemblies. Given
the diversity of protein monomers and the range of involved
noncovalent and covalent driving forces, we anticipate the
emergence of new ALHSs based on protein assemblies in the
coming years. Our research group will continue to explore the
development of more efficient and stable protein-assembly-
based ALHSs and investigate additional applications of such
technologies.
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