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Conspectus:

Higher-order or supramolecular protein assemblies, usually regulated by enzymatic reactions, are
ubiquitous and essential for cellular functions. This evolutionary fact has provided a rigorous
scientific foundation, as well as an inspiring blueprint, for exploring supramolecular assemblies
of man-made molecules that are responsive to biological cues as a novel class of therapeutics

for biomedicine. Among the emerging man-made supramolecular structures, peptide assemblies,
formed by enzyme reactions or other stimuli, have received most of the research attention and
advanced most rapidly.

In this article, we will review works that apply enzyme-instructed self-assembly (EISA) to
generate intracellular peptide assemblies for developing a new kind of biomedicine, especially

in the field of novel cancer nanomedicines and modulating cell morphogenesis. As a versatile
and cell-compatible approach, EISA can generate non-diffusive peptide assemblies locally; thus,
it provides a unique approach to target subcellular organelles with exceptional cell selectivity.
We have arranged this article in the following way: after introducing the concept, simplicity,

and uniqueness of EISA, we discuss the EISA-formed intracellular peptide assemblies, including
as artificial filaments, in the cell cytosol. Then, we describe the representative examples on
targeting subcellular organelles, such as mitochondria, endoplasmic reticulum, Golgi apparatus,
lysosomes, and the nucleus, by enzyme-instructed intracellular peptide assemblies for potential
cancer therapeutics. After that, we highlight the recent exploration of the transcytosis of peptide
assemblies for controlling cell morphogenesis. Finally, we provide a brief outlook of enzyme-
instructed intracellular peptide assemblies. This article aims to illustrate the promise of EISA-
generated intracellular peptide assemblies in understanding diseases, controlling cell behaviors,
and developing new therapeutics from a class of less explored molecular entities, which are
substrates of enzymes and become building blocks of self-assembly after the enzymatic reactions.
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Introduction

Biogenesis of Endogenous Supramolecular Assemblies

Supramolecular assemblies, which are molecular complexes held together by noncovalent
interactions, play a pivotal role in the fundamental processes of life. For example,

lipid membranes, composed of amphipathic molecules, form the basis of cellular
boundaries, providing compartmentalization essential for maintaining the delicate balance
of intracellular and extracellular environments.> On the other hand, higher-order protein
structures, such as cytoskeletons®-8 and signalosomes®10, are crucial for carrying out
specific biochemical reactions and cellular functions. These assemblies allow for dynamic
yet precise regulation, substrate recognition, and catalytic efficiency, ensuring vital

cell processes. These facts highlight the significance of supramolecular assemblies as
indispensable features in the complex and intricate machinery of life.

The studies of endogenous supramolecular assemblies reveal that their biogenesis

relies on two fundamental molecular processes, that is, enzymatic reaction and self-
assembly.1! For example, the dynamic nature of endoplasmic reticulum membrane requires
enzymatic reactions to regulate network formation with proteins and phospholipids.12-13
Inflammasomes, which act as supramolecular organization centers for host defense within
cells, are formed through the self-assembly of NLRP3, ASC, and caspase-1 proteins, which
are controlled by enzymatic posttranslational modifications.# Actin functions as an enzyme
and its substrate is ATP, making it an ATPase. The crucial reaction for preserving actin
filaments is the hydrolysis of ATP on actin, which is pivotal for maintaining their structure
and function.® Like actin, tubulin, acting as a GTPase, catalyzes GTP to GDP hydrolysis,
maintaining microtubule’s asymmetric growth.8 These insights underscore the importance
of enzymatic reactions in controlling noncovalent interactions for self-assembly to generate
supramolecular assemblies that perform biological functions.

1.2. The Concept of Enzyme-Instructed Self-Assembly (EISA)

The ubiquitous and essential integration of enzyme reactions and self-assembly in cells
has bestowed a solid scientific foundation while also serving as an inspiring blueprint, for
harnessing these fundamental processes to create assemblies of various other molecules,
particularly those of synthetic origin. Inspired by the biogenesis of supramolecular
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protein structures, we integrated enzymatic reactions and self-assembly for generating
soft materials, such as hydrogels,1° and termed such an integrated processes as enzyme-
instructed self-assembly (EISA).16 Figure 1 shows the concept of EISA, a multiple step
process that consists of enzymatic reactions and self-assembly. In EISA, enzyme plays
a crucial role in initiating self-assembly by transforming non-self-assembling precursors
(also substrates of the enzyme) into self-assembling molecules through bond cleavage.
This self-assembly process typically leads to the formation of supramolecular nanoscale
assemblies, such as nanofibers, in water. When the concentration of these nanoscale
assemblies surpasses a specific threshold, they entangle to create a network, leading to
hydrogelation in most cases.1® 17

Building upon these principles, we reported the first example of EISA of man-made
molecules.! In that study, Fmoc-phosphotyrosine (Fmoc-pY) acts as the substrate of alkaline
phosphatase (ALP), and ALP, a readily available enzyme with high catalytic efficiency,
serves as the instructive agent for molecular self-assembly. Dephosphorylation of Fmoc-
phosphotyrosine by ALP generates Fmoc-tyrosine (Fmoc-Y), which self-assembles into
nanofibers/hydrogel.! It is also feasible to employ enzymes to form new bonds between two
substrates, thereby generating self-assembling molecules for EISA.18

An overlooked, unique feature of EISA is that it involves a form of self-assembly under
far-from-equilibrium conditions because the concentration of the self-assembling building
blocks is influenced by enzymatic reactions and scarcely remains at equilibrium (though

it may reach a steady state) during the self-assembly process. While the detailed kinetics
remain to be formulated in a more rigorous manner, EISA can generate non-diffusive
assemblies, even continuously, allowing the localization of the supramolecular assemblies in
cellular environment. This local control of aggregates opens a new way to use assemblies of
small molecules for controlling cell fate, as discussed in the following sections.

Intracellular Peptide Assemblies Formed by EISA

Inhibiting Bacteria Growth

Among supramolecular assemblies of small molecules, peptide assemblies have received
considerable research attention over the last few decades.1®-34 Therefore, it is not surprising
that peptide assemblies formed by EISA35 have become the most explored molecular
platform for various applications since the demonstration of the EISA of small molecules.
The first example of EISA in a living organism is the use of EISA of peptides to inhibit
the growth of bacteria.2 The EISA precursor is a phosphotripeptide (Nap-FFpY (1), Figure
2A). ALP catalytically dephosphorylates 1 to generate Nap-FFY (2), which self-assembles
in water to form nanofibers (Figure 2B) and induce hydrogelation. Incubating 1 with the
phosphatase (PhoA) overexpressing £. colileads to the accumulation of 2 inside the £.
coli, reaching about seven times the incubation concentration. EISA catalyzed by PhoA
can generate enough 2 inside the £. colfito form nanofibers (Figure 2C) and inhibit £.

coli growth. This study demonstrates a new methodology—enzyme-regulated intracellular
self-assembly of small molecules for creating artificial nanostructures (Figure 2D)—for
controlling the fate of a cell.
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2.2. Selectively Inhibiting Cancer Cells

2.3.

The ability to create self-assembled nanostructures by EISA within cells opens the
opportunity for in vivo or in situ self-assembly, thus providing a new way to generate
peptide assemblies for selectively inhibiting cancer cells, as demonstrated in the treatment
of HelLa (a cervical cancer cell) and NIH3T3 (a mouse fibroblast cell) with a peptide
substrate (Nap-FF-es-suc (3), Figure 3A) of esterase.30 Esterase converts 3 to 4, leading
form nanofibers and inducing hydrogelation (Figure 3B). MTT assay (Figure 3C) shows
that the 1C5q of 3 against HelLa cells is around 320 pM, but the I1C5q of 3 against NIH3T3
cells is above 1.28 mM. TEM of the cell lysate of HeLa cells also reveals nanofibers of 4,
indicating that the formation of nanofibers and subsequent hydrogelation within the HeLa
cells to results in cell death. This observation is consistent with the high-level expression of
esterase in HeLa cell and low-level of esterase expression in NIH3T3 cells. This impressive
selectivity against cancer cells stems from variations in enzyme expression and molecular
self-assembly, thus demonstrating the feasibility of employing EISA of peptide assemblies
for cancer therapy.

Inhibits Immunosuppressive Bone Tumor

The choice of ALP, which is a highly efficient hydrolase3®, for EISA was initially random,
but in hindsight, it turned out to be a fortunate decision due to ALP’s metabolic inertness

in serum37 and its overexpression in certain cancer cells, leading to immunosuppression

in solid tumors38. Given its crucial roles in embryogenesis, bone metabolism, and neuron
functions,3%-40 ALP is “undruggable” by inhibitors. In contrast, EISA transforms enzyme
substrates to produce self-assembling peptides, making it an ideal strategy to target

tumors that overexpress ALP (Figure 4A).4 Specifically, the precursor (5) comprises a
self-assembling peptide backbone (Nap-ff), a dephosphorylation site (py), and an esterase
detoxification module (eMey). It transforms into the self-assembling molecule (Nap-ffyeMe,
(6)), forming uniform nanofibers (Figure 4B). While 5 exhibits potent inhibition of Saos-2
cells (1IC5q = 4 uM), its 1C5q on hepatocyte cells (HepG2) surpasses Saos-2’s by over

two orders of magnitude (Figure 4C). This outcome is particularly significant for potential
application of 5 in clinical setting as it demonstrates that 5 selectively inhibits osteosarcoma
cells without harming liver cells. Treatment of tumor-bearing mice with 5 or saline for

four weeks results in a 25-fold reduction in tumor volume for the group treated with

5 (Figure 4D). These results further validate the efficient tumor growth inhibition in
osteosarcoma with 5. Furthermore, this treatment significantly extends the survival time of
osteosarcoma-bearing nude mice (Figure 4E), confirming the benefits of EISA using 5. As
the first example of EISA of peptides targeting immunosuppressive tumors in vivo, this work
introduces a novel approach to develop cancer therapeutics that counter immunosuppression
in the tumor microenvironment.

2.4. Artificial Intracellular Filaments

Despite the profound implications of man-made supramolecular nanostructures in
cells, 11 41 the direct and unambiguous confirmation of intracellular nanostructures made
of small molecules was unexpectedly difficult. This difficulty arises due to the crowded
intracellular space and the low contrast between synthetic nanostructures and endogenous
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biomacromolecules. Although it is feasible to use fluorescent imaging to establish
intracellular nanostructures made by EISA,3 biorthogonal reaction,*? and redox reaction?3,
two key issues, namely the atomistic structures of the peptide assemblies and their
intracellular architectures, remain unresolved until a recent study of bundles of peptide
filaments made of a peptide bearing trimethylated lysine residue.*4

In that particular study, a complex precursor (NBD-ffpyKMe3 (7)) was utilized, consisting
of several components: a polarity-sensitive fluorescent dye known as nitrobenzoxadiazole
(NBD), a self-assembling D-peptide backbone (ff),2° a phosphatase cleavage site (D-
phosphotyrosine (yy)), and a C-terminal trimethyl-L-lysine (KMes). This design facilitated
the conversion of precursor 7 to a new self-assembly building block (NBD-ffyKMe3

(8)) (Figure 5A). TEM shows that 7 self-assembled into nanoparticles. Subsequent ALP-
catalyzed dephosphorylation of 7 resulted in the formation of filaments of 8, characterized
by monodispersed diameters of approximately 61 nm. Surprisingly, the introduction of
trimethylation on lysine enhanced the interfilamental interactions, leading to the formation
of bundles of peptide filaments composed of 8.

Cryo-EM reveals that the peptide self-assembles into unique cross-p structures exhibiting
C7 symmetry, as shown in Figure 5B,C. Within the cellular context, the peptide filaments
demonstrated consistent diameters and organized into twist bundles, extending from the
plasma membrane to the nuclear membrane, as depicted in Figure 5D. Notably, these
filaments exhibited an orthogonal arrangement relative to endogenous cytoskeletons and
showed minimal interactions with other cellular components, but appearing as cytoskeleton-
like structures.

Moreover, electron tomography (ET) demonstrated the formation of artificial filaments
inside cells, further substantiating their extensive presence within cellular environments, as
illustrated in Figure 5E. 3D ET-reconstruction (Figure 5F) confirmed that these bundles
consisted of clusters of intertwining filaments, corroborating the in vitro TEM findings.
Beyond establishing the existence of artificial intracellular peptide filaments through
EISA, this research emphasized the essential role of diverse techniques, such as cryo-

EM, fluorescent microscopy, electron tomography, molecular dynamics, and molecular
engineering, in comprehending and developing artificial nanostructures within live cells.

3. Subcellular Localization of Peptide Assemblies

In eukaryotic cells, organelles function as essential hubs for cellular activities, and the
communication between them plays a pivotal role in critical cellular processes such as
programmed cell death. For example, nuclear DNA damage sets off a chain reaction,
including the induction of mitochondrial membrane permeabilization (MMP). Similarly,
endoplasmic reticulum (ER) stress and the permeabilization of lysosomes also induce cell
death that is executed via mitochondria. These events collectively integrate pro-apoptotic
signaling pathways and underscore that targeting subcellular organelles holds great promise
for advancing therapeutic development and enhancing our comprehension of various
diseases.*> However, the task of selectively targeting the organelles within specific cells

Acc Chem Res. Author manuscript; available in PMC 2024 November 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal. Page 6

presents a significant challenge. In this context, EISA emerges as a unique solution to
address this challenge, as will be expounded upon in the subsequent sections.

3.1. Targeting Mitochondria

Mitochondria are complex organelles that play a central role in key cellular processes,

and are becoming one of the most important drug targets for treating a wide range of
diseases, including cancer, cardiovascular, inflammation, and neurological disorders. While
most of the reported mitochondria targeting molecules are lipophilic and cationic, which
may become cytotoxic with accumulation,*8 EISA of branched peptides that carry negative
charges, unexpectedly, can selectively target mitochondria of cancer cells.4” Conjugating

a well-established protein tag (i.e., FLAG-tag)8 to self-assembling motifs#%-50 yields a
precursor (9) as the substrate of enterokinase (ENTK) (Figure 6A).4” TEM shows that 9
self-assembles to form micelles, which then transform into the nanofibers of 10 after ENTK
clips the branch off 9 (Figure 6B). After being taken up by cells, the micelles of 9, upon the
action of intracellular ENTK, turn into nanofibers, mainly located at mitochondria (Figure
6C).*” The micelles of the precursors can deliver cargos (such as plasmids) into cells for
transfection of proteins inside mitochondria (Figure 6D,E).5 As the first-in-kind studies of
using EISA for targeting mitochondria and delivering cargos to mitochondria, these works
illustrate EISA as a fundamentally new way to target subcellular organelles for biomedicine.

3.2. Targeting Endoplasmic Reticulum

Endoplasmic reticulum (ER) is involved in various crucial cellular processes, making it

a potential target for cancer therapy. However, current strategies for selectively targeting
the ER of cancer cells are limited. We have shown that the peptide assemblies interact

with cell membranes, leading to membrane disruption, generating ER stress, and ultimately
inducing cancer cell death.52 Specifically, the precursor for EISA is a phosphotetrapeptide
(13), which, upon dephosphorylation by ALP, transforms into a tetrapeptide derivative (14)
(Figure 7A). Peptide 14 self-assembles into crescent-shaped aggregates (Figure 7B). It
appears to be crucial to attach an L-amino acid at the C-terminal of a D-tripeptide for
obtaining the crescent-shaped morphology of the assemblies. The peptide crescent-shaped
assemblies on the cancer cell surface and interact with the lipid membrane, causing
membrane integrity impairment and leakage. Once internalized by the cancer cells, these
assemblies accumulate in the ER, leading to ER stress (Figure 7C) and activating the
caspase signaling cascade, resulting in cancer cell death (Figure 7D). Fluorescent imaging
also indicates an even dispersion of nanoparticles within the cytoplasm, likely due to the
endosomal escape of these nanoparticles, while the details of this process remain to be
elucidated. This unique shape was essential for selectively inhibiting cancer cells, as it
facilitated efficient membrane disruption and leakage, leading to cancer cell death. The work
demonstrates a reaction-based process that allows controlled disruption of membranes in a
spatiotemporally controlled manner and offers a new concept in controlling cell fates via
EISA.
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3.3. Targeting Golgi Apparatus

The Golgi apparatus (GA) is a crucial signaling hub in cells and a promising target

for cancer therapy. However, there are scarce approaches for specifically targeting

Golgi and selectively killing cancer cells. We found that by replacing an oxygen atom
with a sulfur atom in phosphopeptides, they could instantaneously target the Golgi
apparatus and selectively eliminate cancer cells through EISA.33 A thiophosphopeptide
(15, Figure 8A) serves as a substrate for ALP, which catalyzes rapid dephosphorylation,
resulting in the formation of a thiopeptide (16) that self-assembles. Remarkably,

the thiophosphopeptide is efficiently internalized into cells through caveolin-mediated
endocytosis and macropinocytosis, rapidly accumulating within the Golgi apparatus (Figure
8B) due to dephosphorylation and plausible disulfide bond formation with Golgi proteins.
Moreover, replacing NBD in 15 produce another thiophosphopeptide (17), which exhibits
potent and selective inhibition of cancer cells, such as HeLa cells, with an ICgq (half-
maximal inhibitory concentration) of approximately 3 uM. This potency is significantly
higher than that of the parent phosphopeptide. This work represents the first use of
thiopeptide for targeting the Golgi and demonstrates enzyme and redox responsive
molecules that can target specific subcellular compartments for therapeutic purposes.

In a subsequent investigation focusing on the control molecules of 15, we uncovered

a novel type of peptide thioesters (18, 20, 21).%4 These thioesters have the remarkable
capability of instantaneously targeting the GA within cells. The peptide thioesters, whether
above or below their critical micelle concentrations, can effectively enter cells through

two distinct mechanisms: caveolin-mediated endocytosis and micropinocytosis (Figure
8C). Once inside the cells, these peptide thioesters are hydrolyzed by GA-associated
thioesterases (e.g., PPT1,%% LYPLA1,56 or LYPLAZ2,57), leading to the formation of
thiopeptide dimers that accumulate in the GA. Eventually, the GA becomes saturated,
causing the thiopeptides to concentrate in the endoplasmic reticulum (ER). These peptide
thioesters can specifically target the GA in various types of cells, including human, murine,
and Drosophila cells (Figure 8D). Moreover, the accumulation of the thiopeptides at GA
disrupts protein trafficking (such as oncoprotein NRAS in MCF-7 cell), triggering cell
death through multiple pathways, and yet still selectively inhibit cancer cells without
harming hepatocytes.®® This study demonstrates an novel molecular platform that is both
thioesterase-responsive and redox-active, providing a promising means to target the GA and
control cell fates effectively.

3.4. Targeting Lysosome

Lysosomes, containing more than 60 different enzymes and over 50 membrane proteins,
serve as crucial sites for biomolecular degradation within cells. Lysosomes also play
essential roles in various physiological functions.>® Thus, selectively targeting lysosome
promises a new way to modulate cellular functions. In a recent report,%0 Wang et al.
introduced an innovative design of an EISA substrate (22) to achieve precise targeting
lysosome of cells (Figure 9A). This substrate utilized a protected tyrosine phosphate

to prevent undesired dephosphorylation at the cell membrane and cytoplasm (Figure

9B), while facilitating acid phosphatase (ACP) catalyzed dephosphorylation at lysosomes
(Figure 9C). At pH 5.0, 22 turns into 23. Subsequently, ACP in lysosomes catalyzed
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the dephosphorylation of 23 at pH 5.0, yielding 24, which further self-assembled into
nanofibers. TEM revealed that 22 displayed minimal observable nanostructures at pH 7.4,
but it formed short and discrete nanofibers of approximately 3.7 nm in diameter. Over 24
hours (or longer) of ACP addition at pH 5.0, thicker nanofibers with a diameter of 6.7 nm
were formed (Figure 9D). Using fluorescent analogs, Wang et al. confirmed that 22 localized
to lysosomes (Figure 9E), while 23 led to pericellular localization. The study also found

that protecting tyrosine phosphate in 22 reduced the cytotoxicity of the EISA precursors,
highlighting the potential of this approach for spatiotemporal control of peptide assemblies.
Interestingly it is also feasible to achieve lysosomal targeting by using tryptophane to
replace the phenylalanine in 1.61 Considering the diversity of enzymes and their substrates
in lysosomes, these works illustrate that the combination of EISA and molecular engineering
promise precise targeting lysosomes with cell selectivity.

3.5. Targeting Nucleus

The nucleus is the largest and probably the most important membrane-bound organelle

in a eukaryotic cell. Thus, targeting the nucleus is of pivotal importance. While there

are nuclear localization sequences (NLS), incorporating NLS into synthetic molecules has
produced mixed results due to NLS being subject to proteolysis. Surprisingly, EISA of
peptides can provide an effective way to target the nucleus of cells overexpressing ALP.62-63
An L-phosphopentapeptide (25), upon dephosphorylation catalyzed by ALP, turns into the
self-assembling peptide (26) (Figure 10A). TEM reveals that at 400 uM and in PBS, 25
self-assembles to form short nanofibers with a diameter of 9 £ 2 nm and a few nanoparticles.
ALP turns the nanoparticles into nanoribbons with widths of 74 + 13 nm (Figure 10B).

The morphology of the pentapeptide assemblies of 26 is dependent on the concentration of
ALP. High expression level (800 U/L) of ALP leads to nanoribbon formation, while normal
expression level (100 U/L) results in nanofibers, depending on the incubation time.

Incubating 25 with human induced pluripotent stem cells (iPSCs) results in their rapid and
selective killing (within 2 hours) as the pentapeptide assemblies accumulate in the iPSC
nuclei (Figure 10C). Importantly, these phosphopentapeptides are innocuous to normal cells
such as HEK293 and hematopoietic progenitor cells (HPC). Inhibiting ALP abolishes the
formation of intranuclear assemblies. This work represents the first instance of intranuclear
assemblies of peptides and highlights the application of EISA for selectively targeting the
nuclei of cells.53

4. Transcytosis of Peptide Assemblies

A perplexing and probably one of the most important features of high-ordered protein
structures is their context dependent functions. EISA of peptide assemblies is able to
recapitulate such a context dependency, as shown in a dynamic continuum of peptide
assemblies that can Kill osteosarcoma cells, but induce cell spheroids of fibroblast cells.54
Although previous studies have reported several examples of incorporating bioactive
molecules (vancomycin®4-° and biotin®6) and EISA of short peptides for generating cell
spheroids from monolayer of cells, the mechanism of the ability of EISA to induce cell

Acc Chem Res. Author manuscript; available in PMC 2024 November 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 9

morphogenesis remains elusive until the recent study8” to reveal that the transcytosis of
peptide assemblies created by EISA.

Specifically, a protease-resistant D-peptide, NBD-ffs,y (27) undergoes transcytosis
(endocytosis and exocytosis) and intracellular dephosphorylation during cellular trafficking
to generate intercellular hydrogels that colocalize with fibronectin to enable cell spheroids
(Figure 11A). In this process, 27 undergoes partial dephosphorylation to generate NBD-ffsy
(28) (Figure 11B), which results in morphological transformation to form nanofibers (Figure
11C) and enzymatic hydrogelation in PBS (Figure 11D). Cryo-EM reveals polymorphism
among the filaments of 28. Both classes of filaments display parallel cross-p packing;
however, they differ in the arrangement of 28 molecules. 10 copies of 28 pack in class 1
filaments, while the class 2 filament possesses C3 symmetry, and each asymmetrical unit
contains 6 copies of 28 (Figure 11E-F). On the other hand, 30 packs into homogenous
cross-p filaments with C3 symmetry (Figure 11G).

Incubating with HS-5 cells, 27 turns both suspended and adherent cells into spheroids within
24 hours (Figure 11H), with the intercellular assemblies colocalization with fibronectin
(Figure 111). With biphenyl, 29 exhibits more potent spheroid-inducing effects (Figure
11B). Minimizing endocytosis by tamoxifen-induced dynamin knockout (Figure 11J) and
inhibiting exocytosis via distinct inhibitors undermine the spheroids generation (Figure
11K), suggesting the crucial role of transcytosis in this process. Moreover, incubating 27
with ALP generates filaments of 28. These filaments transform the globular fibronectin
into a fibrillar morphology, accompanied by colocalization between the filaments and
fibronectin (Figure 11L). In the case of the more potent analog, 29, the filaments induced
by ALP (30) lead to the formation of curly fibronectin fibers that entangle into a three-
dimensional network (Figure 11M). This study illustrates the dynamic nature of EISA of
peptide assemblies, which enables this subtle transcytotic process. This study also confirms
the fibers formed by the assemblies of a D-peptide are able to induce the fibrillation of
fibronectins.

5. Summary and Outlook

In the last two decades, intracellular peptide assemblies have emerged as a promising class
of molecules with potential applications in developing biomedicine, especially in anticancer
therapeutics. As shown in this review, enzymatic reactions offer an endogenous control

to generate intracellular, yet exogeneous, peptide assemblies in vivo. The concepts and
promises illustrated by these examples should be applicable for generating intracellular
supramolecular assemblies by other means, such as chemical reactions and physical
stimuli.*! Despite the rapid advancements, there are several limitations that need to

be addressed to fully capitalize the potential of enzyme-instructed intracellular peptide
assemblies. These limitations include issues related to efficiency, atomistic structures, and
mechanisms. Regarding efficiency, recent efforts have identified peptide assemblies, such
as assemblies of 6 (formed in-situ by EISA), that exhibit significant inhibitory effects
against osteosarcoma tumors in murine models. However, further molecular engineering is
necessary to develop EISA precursors that are responsive to a broad range of enzymes and
exhibit nanomolar-level inhibitory concentrations. Achieving this goal requires an atomic-
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level structural understanding of the peptide assemblies. While the resolution revolution
of cryo-electron microscopy (cryo-EM) has shown promise in resolving the structures

of peptide nanofibers, an approach to determine the structures of non-helical peptide
assemblies would be more useful and remains to be developed. Utilizing cryo-electron
tomography (cryo-ET) could be the holy grail in gaining a deeper understanding of how
these intracellular assemblies interact with other biomacromolecules, particularly inside
cells. The dynamic nature of intracellular peptide assemblies presents a challenge in
understanding their cellular mechanisms. For example, there is a need to elucidate how
the intracellular peptide assemblies pleiotropically modulate cellular signaling pathway for
controlling the cell fates and what are the molecular interactions between the intracellular
peptide assemblies and protein assemblies of cells. These unresolved issues are crucial for
developing enzyme-instructed intracellular peptide assemblies to modulate cell behaviors.

The above challenges also provide important goals and exciting opportunities to explore
enzyme-instructed intracellular peptide assemblies. Prior studies, both in cell cultures and
animal models, have already demonstrated the success and versatility of EISA in generating
supramolecular nanostructures in living organisms. EISA is emerging as an approach

that has shown great potential in various biomedical applications, such as targeted drug
delivery, regenerative medicine, and diagnostics. Further applying this simple concept at
the intersection of chemistry and cell biology would be fruitful and likely lead to bountiful
discoveries. The key to future success and discovery lies in engineering molecules for EISA
inside cells or in animals. The potential to fine-tune and customize these assemblies for
specific purposes makes EISA a highly attractive field of study with numerous practical
applications in chemistry, biology, medicine, and other disciplines.
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Figure 1.
Ilustration of enzyme-instructed self-assembly (EISA), which integrates enzymatic reaction

and self-assembly, for generating peptide assemblies.
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(A) Structures of 1 and 2. (B) Nanofibers formed by 2 upon the addition of ALP in the
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PBS solution of 1. (C) Transmission electron microscope (TEM) images of the nanofibers

of 2 formed inside the bacteria. (D) Illustration of intracellular nanofiber for hydrogelation
and the inhibition of bacterial growth. Adapted from Ref.2 with permission. Copyright Wiley
2007.
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(A) Structures of 3 and 4. (B) Nanofibers formed by 4 upon the addition of esterase in the
PBS solution of 3 (0.5 wt%). MTT assays of (C) NIH3T3 cells and (D) HeLa cells treated
with 3 at concentrations of 1280, 640, and 320 uM. Adapted from Ref.3% with permission.
Copyright Wiley 2007

Acc Chem Res. Author manuscript; available in PMC 2024 November 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Liuetal.

A

Tumor model

Orthotopic
osteosarcoma

,f’ / CLALP—,

Tumor microenvironment

Adenosine

— |Immune
\AMP,_/ @® —* suppression

\> Blood
vessel

c1 500

1200 > 1000

2

Figure 4.
(A) Hlustration of ALP-instructed assembly for inhibiting metastatic, immunosuppressive

osteosarcoma in an orthotopic mice model and structures of 5 and 6. (B) TEM images

of nanofibers of 6. (C) ICgq values of 5 against Saos-2 or HepG2 cells. (D) Images of
osteosarcoma tumor growth for orthotopic osteosarcoma models established by Saos2-luc
and Saos2-lung cells at week 4 after 5 or saline treatment. (E) Kaplan-Meier survival curves
for orthotopic osteosarcoma nude mice (n = 5) treated with 5. Data are presented as mean

+ standard deviation (S.D.). NS, not significant, ***P < 0.001. Adapted from Ref.# with
permission. Copyright Elsevier 2019.
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Figureb.
(A) Structures of 7 and 8. (B) 3D cryo-EM reconstruction of the filaments of 8. (C) Top

views of the cross-section of the EM density of the filament and the stick representation

of the peptides. (D) CLSM images of Saos-2 cells treated with 7. Scale bars, 10 mm.

(E) TEM image treated Saos-2 cell (7, 200 uM, 24 h) and higher-magnification electron
micrograph of the red boxed area. (F) 3D reconstruction models of the filament bundles
(green), microtubules (pink), and nuclear envelope (blue) on an electron tomographic image
of the blue boxed area in (E). Adapted from Ref.#4. Copyright of the authors 2020 CC
BY-NC-ND.
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Figure 6.
(A) Structures of 9 and 10. (B) TEM of 9 before (left) and after (right) adding ENTK,

bar = 100 nm. (C) Fluorescent images of HeLa cells incubated with 9 for 2 h. (D)

Structure of 11 and illustration of the proteolysis (ENTK cleaving off the Flag-tag) of

11 to result in supramolecular assemblies of Nap-ffk(G)y (12) and the consequential phase/
morphology transition on mitochondria to facilitate the mitochondrial genetic engineering.
(E) Fluorescent images of the HeLa cells incubated with Mito-pGLO plasmid in the
presence of 11. Adapted from Ref.#’ Copyright ACS 2018 and Ref.51.
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(A) Structures of 13 and 14. (B) HRTEM image of nanostructures formed before and after
adding ALP to the solution of 13. (C) Western blot analysis of ER-stress marker (Bip,
CHOP) after treating HeLa cells with 13 (50 uM) at different time (i.e., 0, 3, 6, 12, 24 or
36 h). (D) Hlustration of EISA assemblies to disrupt cell membrane and to target ER and
molecular structure of the EISA precursor (13). Adapted from Ref.52 Copyright ACS 2018.
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Figure 8.
(A) Hlustration of thiophosphopeptides instantly targeting the GA by enzymatic assembling

and forming disulfide bonds. (B) CLSM images of HeLa cells stained with CellLight®
Golgi-RFP after treating with 15 for 8 minutes. (C) Enzyme-responsive peptide thioesters
targeting GA. (D) Different cells treated with 18 for 8 min ([18] = 10 pM, scale bar 20 pm).
Adapted from Ref.53. Copyright Wiley 2021, and from Ref.58 Copyright ACS 2022.
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Figure9.
(A) Structures and (B) illustration of multistage chemical reactions in vitro. (C) Illustration

of the site-specific construction of nanofibers in living cells through multistage processes for
targeting lysosomes. (D) Cryo-EM images of 22 incubated with ACP at pH 5.0 for 24 h. Bar
=50 nm. (E) CLSM images of Saos-2 cells incubated with 22 (100 uM, 4h). Bar =5 um.
Adapted from Ref.0 Copyright Wiley 2022
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Figure 10.
(A) Structures of 25 and 26. (B) TEM imaging of 25 (400 pM, PBS) and the corresponding

26 formed by adding ALP (0.5 U/mL) for 24 h, (C) CLSM images of iPS cells after being
treated by 25 (400 uM) for 2 h. Adapted from Ref.52 Copyright ACS 2022.
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Figure 11.
(A) Hlustration of the transcytotic dephosphorylation of 27 forming intercellular hydrogels

that colocalize with fibronectin to enable spheroids. (B) Structures of 27, 28 and 29. (C)
TEM images of 27. (D) ALP converts 27 to gel. 3D reconstruction and cross section of

(E) 28 (class 1), (F) 28 (class 2), and (G) 29 filaments. (H) Adherent or suspended HS-5
cells treated with 27 to form spheroids. (1) Immunofluorescence staining of fibronectin in
HS-5 cells treated with 27. (J) Suspended TKO cells with or without tamoxifen knockout
incubated with 27. (K) Suspended HS-5 cells under different conditions (27 at 200 uM): +
Sucrose (sucrose pre-treated cells + 27); + Ver (27 + 50 uM Verapamil); + BFA (27 + 300
nM Brefeldin A); + V-1 (27 + 10 pM Vacuolin-1). (L) 3D rendering of 27 treated with ALP
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and then incubated with rhodamine-fibronectin (rFN). (M) 3D rendering of 29 treated with
ALP and then incubated with rEN. Adapted from Ref.87” Copyright Springer 2023.
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