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ABSTRACT: Selective inhibition of cancer cells remains a
challenge in chemotherapy. Here we report the molecular and

cellular validation of enzyme-instructed self-assembly (EISA) as
a multiple step process for selectively killing cancer cells that

overexpress alkaline phosphatases (ALPs). We design and

synthesize two kinds of D-tetrapeptide containing one or two

phosphotyrosine residues and with the N-terminal capped by a

naphthyl group. Upon enzymatic dephosphorylation, these D-
tetrapeptides turn into self-assembling molecules to form
nanofibers in water. Incubating these D-tetrapeptides with
several cancer cell lines and one normal cell line, the
unphosphorylated D-tetrapeptides are innocuous to all the cell
lines, the mono- and diphosphorylated Dp-tetrapeptides
selectively inhibit the cancer cells, but not the normal cell.
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The monophosphorylated D-tetrapeptides exhibit more potent inhibitory activity than the diphosphorylated p-tetrapeptides do;
the cancer cell lines express higher level of ALPs are more susceptible to inhibition by the phosphorylated p-tetrapeptides; the
precursors of D-tetrapeptides that possess higher self-assembling abilities exhibit higher inhibitory activities. These results confirm
the important role of enzymatic reaction and self-assembly. Using uncompetitive inhibitors of ALPs and fluorescent D-
tetrapeptides, we delineate that the enzyme catalyzed dephosphorylation and the self-assembly steps, together, result in the
localization of the nanofibers of D-tetrapeptides for killing the cancer cells. We find that the cell death modality likely associates
with the cell type and prove the interactions between nanofibers and the death receptors. This work illustrates a paradigm-
shifting and biomimetic approach and contributes useful molecular insights for the development of spatiotemporal defined
supramolecular processes/assemblies as potential anticancer therapeutics.

B INTRODUCTION

Being a ubiquitous process used by cells, self-assembly (or
aggregation, or clustering) to form oligomeric or supra-
molecular protein assemblies are critical to cell functions and
fates. For example, the energy dissipation self-assembly (or self-
organization) of actins or tubulins maintain the actin filaments
and microtubules as the cytoskeletons for cell migration' and
mitosis.” The oligomerization of the extrinsic cell death
receptors (e.g, TRAIL-R1/R2, TNFRI, and CD9S) initiates
the downstream signaling of apoptosis.” The self-assembly of
Apaf-1 and cytochrome ¢ results in apoptosomes.” The
nucleation of adaptor protein ASC triggers the formation of
inflammasomes that are critical for host defense.’ Recently,
prion-like proteins, such as the cytoplasmic polyadenylation
element-binding protein,6 the mitochondrial antiviral signaling
protein,7 the T-cell-restricted intracellular antigen 1} are
reported to be beneficial to cells.” One reason for nature to
select oligomeric or higher-ordered protein structures is to
achieve quantitative aspects of signaling transduction, such as
location, duration, thresholds, amplitude, and amplification,
even in the case of promiscuous binding.'’
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Notably, enzymatic reactions'' and molecular self-assembly
are the most utilized processes by nature to achieve the
oligomeric or higher-ordered structures with precise spatio-
temporal control. For example, enzyme-catalyzed conversion of
guanosine diphosphates (GDP) to guanosine triphosphates
(GTP) on f-tubulin powers the self-assembly of a- and fS-
tubulin onto the (+) end of microtubules.'” Despite the
prevalence of enzyme-instructed self-assembly (EISA) in
nature,"® the application of this concept in supramolecular
chemistry and chemical biology is just beginning. Recently, we
and other researchers are exploring this concept for developing
a biomimetic, multiple-step process for cancer therapy,
especially in the studies and applications of small molecular
self-assembly controlled by enzymatic transformation.'* For
example, besides observing that intracellular EISA of small
peptides, instructed by esterase, selectively inhibit cervical
cancer cells,'> we found that pericellular EISA of small p-
peptides'® or nanoparticles,'” catalyzed by placental alkaline
phosphatases (PLAP'®), selectively inhibit cancer cells,
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Figure 1. Molecular structures of the precursors (a-2p, b-2p, c-2p, a-1p, b-1p, and c-1p) that have one or two phosphotyrosine residues and the

corresponding self-assembling D-peptides (i.e., hydrogelators a, b, and c).

including drug-resistance uterine cancer cells."® Most recently,
we found that intracellular EISA can boost the activity of
cisplatin against cisplatin-resistant ovarian cancer cells."”
Moreover, Maruyama et al. demonstrated the use of
extracellular enzymes (e.g, MMP-7) to instruct the self-
assembly of peptide lipids on cell membrane. They found that
the internalization of the resulted assemblies leads to the death
of multiple cancer cell lines.”” Using a phosphorylated
carbohydrate derivative as the substrate of membrane
phosphatases (likely the tissue nonspecific alkaline phosphatase
(TNAP)*'), Pires and Ulijn et al. also achieved pericellular
EISA to inhibit the osteosarcoma cells without affecting related
prechondrocyte cells with low expression of phosphatases.'” By
applying phosphatase-based EISA, Gao and co-workers recently
demonstrated that EISA of a tetrapeptide derivative®” and a
clinical used dye is able to form tumor-specific nanofibers for
cancer theranostics in animal model bearing tumor of HeLa
cells.”” These results suggest that EISA is emerging as a new
strategy, which consists of enzymatic reaction and self-assembly
steps, for selectively targeting cancer cells.

As an emerging biomimetic approach for developing
anticancer therapeutics, EISA is fundamentally different from
the well-established prodrug approach.”* In a prodrug
approach, enzymatic reaction in vivo releases the active parent
drug that usually functions as a monomeric agonist or
antagonist. In EISA, only the assemblies, not the unassembled
products of the enzymatic conversion, are inhibitory to cancer
cells."® In other word, EISA, combining biotransformation (ie.,
enzyme catalysis) and molecular self-assembly, mainly acts as a
multiple-step process to inhibit cancer cells. Since it relies on
localized molecular assemblies rather than on an individual
molecule, EISA is able to directly disrupt multiple cellular
processes ' and to create a global change (e.g, viscosity
increase)'® in cellular environment of the cancer cells. Thus,
EISA promises a new way for targeting evolutionary
redundancy that results in drug resistance in cancer therapy."*

Despite its promises, the use of EISA for cancer therapy
represents a venture into a previously unknown and unexplored
intersection of chemical and biological spaces. Many challenges
remain to be met in order to develop EISA of small molecules
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for selectively killing cancer. For example, achieving selectivity
requires the knowledge of biomarkers (e.g, enzymes or
proteins) that differentiate cancer cells from normal ones.
Unfortunately, although the information accumulated in
proteomics research is filling this gap,” the information we
currently have is far from sufficient. Besides, there is
considerable difference between the methods and techniques
used for studying the different approaches of cancer therapy.
Those used in conventional chemotherapy and recently
advanced immunotherapy may be inadequate for EISA.
Moreover, lack of understanding of the protein targets of the
assemblies or aggregates, as well as the limited techniques™ to
identify and characterize the interactions between nanoscale
assemblies of small molecules”’ and proteins, remains an
obstacle for further advances of EISA. Thus, a reliable
molecular and cellular validation of EISA is the first essential
step for progressing both into and through this unexplored
space, as well as for generating the most reliable conclusions.
Following the updated view on target validation through
molecular design,” we choose to design and synthesize a series
of structural analogues of the substrates and products of EISA.
By using these molecules to treat the same set of cells, we aim
to answer the following questions: (1) how does the molecular
structure modulate the EISA properties of the precursors, and
thus regulate the biological activities of the resulting supra-
molecular assemblies? (2) Our previous studies have validated
that the pericellular hydrogel/nanofibers formed by EISA of a
small D-peptide containing a phosphotyrosine can selectively
inhibit cancer cells over normal ones due to the overexpression
of ALPs by cancer cells. How does the number of
phosphotyrosine on a single molecule affect the cellular
response even though the final products (ie., hydrogelators)
remain the same? This question is valid and relevant because it
is common for a protein to have multiple post-translational
modification sites (including phosphorylation). (3) What is the
relationship between the levels of enzyme expression on
different cell lines and the inhibitory activities of the
precursors? (4) What is the role of different isoenzymes of
ALPs in this multistep process for selectively inhibiting cancer
cells?
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Scheme 1. Enzyme-Instructed Self-Assembly of Small Molecules to Inhibit Cancer Cells

precursors with two Tyr precursors with one Tyr
€. A ® P
SG TR R0, (N | - A
s I AV T [ I A, . ™
@, A P drift away T,‘ ¢ ¥ ;
Y, k= \ all S | @, >
ST i » Er % o _ET ‘ LI
- o\ S SA oo ~SI, M _SA e o N
SE {© et B = e far, GF
Y &/ ® iy/ 7 \\\\\i&y\\ ' ALY : .zﬂzsﬂ
it Sy e e
inhibition strong inhibition
precursors with two Tyr hydrogelator without phosphate
2 9 X
e g O W h e S Y
S, xS o AN »
J i ® a . = . N b o b SHREE
[y f 5> SA  »a ET gl// ‘_E_T/ ‘e & A
J&i® v &/ ® “/’jiﬁfi’ g w v VN . \
ot /R cancer cells with v - s caan
strong inhibition X high ALP expression no inhibition
SA molecule enzymatic

or hydrogelator & phicspliats -

phosphatase

ET sA self-assembly

transformation

To answer the above basic and important questions, we
systematically synthesize two kinds of D-tetrapeptides contain-
ing one or two phosphotyrosine residues and with the N-
terminal capped by a naphthyl group. By mutating the sequence
of amino acids, we obtain six precursors (a-1p, a-2p, b-1p, b-
2p, c-1p, and c-2p) containing one (1p) or two phosphotyr-
osines (2p). All of the precursors are able to turn into
hydrogelators (a, b, and c) that self-assemble in water to form
nanofibers upon enzyme-instructed dephosphorylation (Figure
1). Despite that they all contain the same motifs (i.e., Phe, Tyr,
and naphthyl), the resulting molecules exhibit different states of
self-assembly (or aggregation) both before and after the action
of ALP in vitro, according to several complementary methods
(e.g, transition electron microscopy (TEM), static light
scattering (SLS), and rheology) used for characterizing
molecular self-assembly in water. Being incubated with the
same cell lines, these precursors become self-assembling
hydrogelators, and result in distinct cellular responses. The
precursors exhibit more potent inhibitory activities when the p-
tetrapeptides possess sufficiently high self-assembling abilities.
Incubating these precursors or hydrogelators with several
cancer cell lines and one normal cell line, the cell viability assay
indicates that, while the dephosphorylated hydrogelators are
innocuous to all the cell lines, the mono- and diphosphorylated
precursors selectively inhibit the cancer cells, but are innocuous
to the normal cells. This result agrees with that EISA localizes
the assemblies of the hydrogelators at the cancer cells,"® which
is further confirmed by imaging of fluorescent p-tetrapeptides.
Besides, the monophosphorylated precursors exhibit more
potent inhibitory activity than the diphosphorylated precursors;
the cancer cell lines express higher level of ALPs are more
susceptible to the inhibition by the precursors (Scheme 1).
Using different uncompetitive inhibitors of ALPs (e.g, L-Phe
for PLAP* and tetramisole for TNAP?), we delineate that the
enzyme catalyzed dephosphorylation and the self-assembly
steps, together, result in the inhibition of the cancer cells.
Moreover, our experiments confirm that EISA of these
structurally different precursors/hydrogelators to inhibit cancer
cells selectively according to the different levels of the isozymes
of ALPs expressed in different cell lines. In addition, we find
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that zZVAD-fmk,”" an antagonist of apoptosis, and Nec-1,”* an
antagonist of necroptosis, counter the effect of EISA on HeLa
and Saos-2 cells, respectively, implying that the modality of cell
death likely associates with the types of the cancer cells. As the
first comprehensive validation of a multistep process for
selective inhibiting multiple cancer cell lines, this work
contributes new insights for answering the fundamental
question that how different cells respond to the EISA of
structurally different molecules, and illustrates a new and
biomimetic approach for the development of spatiotemporal
controlled supramolecular processes/assemblies as potential
anticancer drugs.

B RESULTS AND DISCUSSIONS

Molecular Design. In our exploration of EISA of small
molecules for making supramolecular hydrogels, we unexpect-
edly found that EISA of a small p-peptide derivative (e.g., Nap-
D-Phe-p-Phe-p-,Tyr), with the 1?rrosine being phosphorylated,
selectively inhibits cancer cells.”” A recent tissue-based map of
human proteome has also validated PLAP as a generic
difference between cancer and normal cells.”> This generic
and rare difference between cancer and normal cells presents an
unprecedented opportunity for targeting cancer cells selectively
so it is worthwhile and necessary to conduct a comprehensive
molecular and structural validation of EISA for potential cancer
therapy. Thus, we designed and synthesized a series of
structural analogues of the substrates with one or two tyrosine
phosphorylated (a-1p, a-2p, b-1p, b-2p, c-1p, and c-2p) and
their corresponding products (a, b, and ¢) of enzymatic
dephosphorylation (Figure 1). We choose to use backbone of
2-(naphthalen-2-yl)acetic-D-Phe-p-Phe-p-Tyr-p-Tyr
(Nap”EPFPYPY) or its analogues (by simply varying the amino
acid sequence) for the following reasons: (1) 2-(Naphthalen-2-
yl)acetic-Phe-Phe (NapFF) and 2-(naphthalen-2-yl)acetic-Phe
(NapF) are excellent motifs for promoting molecular self-
assembly in water due to the extensive aromatic—aromatic
interactions”” and hydrogen bonding among those molecules.”*
(2) Besides being part of the molecular backbone, the
incorporation of Tyr motifs provides sites for mono- or
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Figure 2. TEM images of aggregates/nanofibers in the solutions of different precursors (a-2p, a-1p, b-2p, b-1p, c-2p, and c-1p) or nanofibers in the
hydrogels formed by treating the solutions of the precursors with alkaline phosphatase (ALP). C = 0.5 wt %, pH = 7.4, [ALP] = 1 U/mL. Insets are
optical images of the solutions of the precursors and the hydrogels formed after enzymatic dephosphorylation. The scale bar is 100 nm.

Table 1. Summary of the EISA of the Precursors

compound” a-2p b-2p

in pbs (pH 7.4) solution solution
+ ALP (1 U/mL) gel gel
critical strain Y, (%) 1.0% 1.8%
storage modulus G'” (Pa) 29 79
loss modulus G”” (Pa) 8 30
morphology before ALP treatment aggregate aggregate

(d (nm))
morphology after ALP treatment nanofiber (7 + 2)

(d (nm))

nanofiber (5§ +2) nanofiber (6 + 2)

c-2p a-1p b-1p clp
solution solution solution solution
gel gel gel gel
1.0% 1.5% 2.5% 1.5%
60 54 123 100
23 12 39 63
aggregate aggregate nanofibers (7 + 2) aggregate

nanofiber (7 = 2) nanofiber (5 + 2) nanofiber (6 + 2)

“The concentration is 0.5 wt %. “The modulus is taken at the frequency of 6.28 rad/s. “Diameter of nanofibers.

diphosphorylation, which can elucidate whether increasing the
number of enzymatic triggers on a single molecule enhances its
solubility and selectivity for targeting cancer cells. (3) Varying
the amino acid sequence provides related yet different
derivatives for evaluating the relationship between the
molecular structures and self-assembly properties, as well as
its corresponding cellular activities. (4) We prefer the self-
assembling molecules to be hydrogelators because hydro-
gelation provides a facile assay to report molecular self-
assembly in water.”® (5) The self-assembling molecules are
exclusively composed of p-amino acids because D-peptides, as
the enantiomers of naturally occurring L-peptides, usually resist
endogenous proteases and barely to have strong interactions
with cellular proteins.

Synthesis. Figure 1 shows the structures of a series of
precursors and their corresponding hydrogelators resulted from
ALP treatment. According to Alewoods’ report,”® we made
tyrosine phosphate in 90% yield, followed by the conjugation of
Fmoc protecting group to the N-terminal. The resulting Fmoc-
phosphotyrosine can be directly used in the solid phase
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synthesis (SPPS) (Figure S1).”” Utilizing Fmoc-protected p-
amino acids, we prepared all the compounds by SPPS with 2-
chlorotrityl chloride resin, and obtained these molecules in 70%
yields after high-performance liquid chromatography (HPLC)
purification. LC—MS and 'H NMR confirm the purity and
structures of these designed molecules (Figure S2).
Self-Assembly of the Designed Molecules. We evaluate
the enzyme-instructed hydrogelation/self-assembly of the
hydrogelators in water at pH = 7.4 by using ALP to treat the
precursors and using transmission electron microscopy (TEM)
to examine the formed nanostructures. As shown in Figure 2,
either the mono- or diphosphorylated precursors dissolve well
in water to make clear solutions, while TEM images reveal
subtle difference between them after water evaporates. The
diphosphorylated precursors generally tend to form amorphous
aggregates, whereas the monophosphorylated precursors start
to form relative short nanofibers. This observation agrees with
that two phosphotyrosine residues enhance the aqueous
solubility of the precursors. Moreover, the structure difference
of these precursors leads to different self-assembly behaviors

DOI: 10.1021/jacs.5b13541
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even when they have same number of phosphates. For example,
in the solutions of a-1p and c-1p, there are sporadic nanofibers
interwoven into aggregates, and for b-1p, only short nanofibers
with diameters of around 7 & 2 nm appear with relatively high
density. Similarly, a-2p and c-2p form the aggregates with
similar morphologies, but b-2p results in larger aggregates than
those of a-2p or c-2p. These results suggest that the backbone
of PFPYPFPY has higher tendency to self-assemble to form
nanoscale structures among these analogues. Adding ALP into
the six precursor solutions afford the hydrogelators, which self-
assemble in water to form nanofibers that act as the matrices of
the hydrogels (Figure 2). TEM images reveal that the hydrogel
networks, formed by the hydrogelator resulted from enzymatic
dephosphorylation of the precursors, are all composed of
uniformed nanofibers with similar diameters, as summarized in
Table 1.

To further determine the self-assembly properties of the
precursors and hydrogelators, we also examine them by
rheology and static light scattering. Figure 3A shows the strain-
and frequency-dependence of dynamic storage moduli (G') and
loss moduli (G”) of the hydrogels aforementioned. The values
of G’ of all six hydrogels are larger than those of their G”,
indicating that all the samples are viscoelastic materials. The
values of G’ of the hydrogels change little during the frequency
sweep (from 0.1 to 200 rad/s), suggesting that these hydrogels
have good tolerance to external shearing force. Overall, both
strain- and frequency-dependent G’ values of the hydrogels
formed by monophosphorylated precursors after ALP treat-
ment are larger than those of gels formed by diphosphorylated
precursors (Figure 3A). Since precursors with two phosphates
likely need longer time to turn into the hydrogelators
completely, the lower values of G’ suggest incomplete
dephosphorylation of the precursors consisting of two
phosphotyrosine residues (vide infra). In agreement with
TEM image results, the rheology of the hydrogel formed by
dephosphorylating b-1p shows stronger mechanical strength
than those of the hydrogels formed by dephosphorylating c-1p
or a-1p. The similar trend appears in the hydrogels resulted
from the treatment of a-2p, b-2p, or c-2p by ALP. These trends
indicate that the self-assembling property largely depends on
the molecular structures of the hydrogelators, and the backbone
PEPYPEPY favors self-assembly in water. Gelation test by
rheometer shows that precursors with one phosphate form
hydrogels much faster than their corresponding analogues that
possess two phosphates (Figure 3B). Due to that the backbone
of PFPYPFPY exhibits higher tendency to self-assemble, the
gelation point of b-1p emerges quickly—0.2 h after the
addition of ALP, followed by c-1p (0.3 h) and then a-1p (0.7
h). The dephosphorylation of a-2p, b-2p, and c-2p forms
hydrogels in the same order, taking 3.7, 2, and 2.5 h,
respectively. In general, the precursors with two phosphates,
requiring two dephosphorylation steps, take considerably
longer time to turn into hydrogels than those of mono-
phosphorylated precursors do. These results also agree with
static light scattering (SLS) data (Figure 3C), which shows that
the solution of b-1p exhibits strongest signal after ALP
treatment for 24 h, followed by c-1p, b-2p, a-1p, c-2p and a-2p.

Cellular Responses. To investigate how molecular
modification and the corresponding EISA affects the cellular
response, we use MTT cell viability assay to examine the
cytotoxicity of the precursors toward HeLa cells and Saos-2
cells, two cell lines known to allow EISA to form pericellular
nanofibers.''” Our results (Figure 4A) show the following: (1)
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Figure 3. (A) Rheological characterization of hydrogels formed by
different precursors (a-2p, b-2p, c-2p, a-1p, b-1p, and c-1p) treated
with ALP (1.0 U/ml). C = 0.5 wt %. The strain-dependent dynamic
storage (G') is taken at a frequency equal to 6.28 rad/s, and the
frequency-dependent dynamic storage (G’) is taken at a strain equal to
1.00%. (B) Time-dependent rheometry to show the gelation points
(that is, at the gel state, where storage modulus (G’) dominates loss
modulus (G”)) of different precursors treated with ALP (0.05 U/ml).
C = 0.5 wt %. (C) Static light scattering (SLS) shows the scattering
signals after the addition of ALP (1 U/mL) into the solution of
different precursors at different concentrations, pH = 7.4, detecting
angle = 30°.

All the six precursors inhibit both HeLa and Saos-2 cells in a
dose-dependent manner at the concentrations above certain
thresholds, indicating that enzymatic dephosphorylation leads
to the self-assembly of these D-tetrapeptidic derivatives on the
cell surface to kill HeLa and Saos-2 cells. (2) b-2p or b-1p
exhibits significantly higher cytotoxicity to both HeLa and Saos-
2 cell than their analogues (ie., a-2p, c-2p or a-lp, c-1p).
These results match with the TEM and rheological results that
the Nap-’F°YPFPY motif has the highest self-assembling
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Figure 4. (A) 48-h cell viability (determined by MTT assay) of HeLa
and Saos-2 cells incubated with different precursors at the
concentrations of 200, 300, and 400 uM in culture medium. The
initial cell numbers are 1 X 10* cells/well. (B) ICy, of different
precursors/hydrogelators against different cell lines after 48-h
incubation.

ability. (3) In general, Saos-2 cells are more vulnerable to the
six precursors compared with HeLa cells, largely because of the
significantly higher expression of ALPs on Saos-2 (vide infra,
Figure 6). (4) The precursors with one phosphotyrosine
residue (i.e., a-1p, b-1p, and c-1p) are more cytotoxic to HeLa
cells than those with two phosphotyrosine residues (i.e., a-2p,
b-2p, and c-2p), while the precursors with same backbones
(ie, b-1p and b-2p; c-1p and c-2p) show similar inhibitory
activities to Saos-2 cells, except that a-1p is more potent than a-
2p. These observations agree with the different levels of
expression of ALPs on the surface of HeLa and Saos-2 cells
(Figure 6). To be specific (Scheme 1), HeLa cells express less
ALPs on cell surface than Saos-2. For the precursors with two
phosphotyrosines, when one of the phosphates is removed by
ALP, the resulting intermediates can drift away due to relatively
good solubility rendered by the remaining phosphotyrosine
group before continuously interacting with ALP to lose another
phosphate and to result in self-assembly. For the mono-
phosphorylated precursors, self-assembly immediately occurs
on cell surface upon dephosphorylation by ALP, and then kills
cells. So it is reasonable that the precursors with two
phosphotyrosine exhibit reduced cytotoxicity, comparing to
monophosphorylated precursors, on HelLa cells. In the case of
Saos-2 cells, there is considerably high expression level of ALPs
on the cell surface, which quickly dephosphorylates the two
phosphotyrosine residues on a single molecule before they
diffuse away (Scheme 1). So mono- and diphosphorylated
precursors show almost same cytotoxicity toward Saos-2 cells.

To evaluate the generality that the EISA can selectively
inhibit cancer cells, we treated SK-OV-3, A2780cis (two drug-
resistant ovarian carcinoma cell lines), T98G cells (a glioblas-
toma multiforma tumor cell line) with the six precursors, using
the same procedure as that for the HeLa and Saos-2 cells. Our
results reveal that all the six precursors inhibit these cancer cells
above certain concentrations (Figure S3). As a control, we also
examined the cellular response of HS-S cell (an immortalized
normal stromal cell*®) upon the treatment of precursors, and
found that all of precursors hardly show any cytotoxicity
(Figure S3) to the HS-5 cells at the concentrations that they
exhibit significant cytotoxicities to the cancer cells. These
results confirm that EISA of these precursors can selectively
inhibit cancer cells over normal ones due to overexpression of
ALPs on the cancer cells.”” According to Figure 4B and Table
2, which summarizes the 48-h IC, of these precursors on
different cell lines, the ICs, values of monophosphorylated
precursors are generally lower than those of diphosphorylated
ones on HeLa, SK-OV-3, and A2780cis cells. This result can be
explained by that the intermediates with one phosphotyrosine
would drift away before self-assembling (Scheme 1, upper left).
The monophosphorylated precursors are less inhibitory to SK-
OV-3 cells than to A2780cis, indicating that different cells
exhibit different response to the precursors. Similar to the case
of Saos-2, T98G exhibits almost same response to the mono-
and diphosphorylated precursors, suggesting that the ALP level
on T98G surface is sufficient to dephosphorylate the second
phosphotyrosine before the intermediate diffusing way.
However, T98G is less vulnerable than Saos-2 to the six
precursors, suggesting higher level of ALP expression on Saos-2
than on T98G cells. The lower left panel of Scheme 1 illustrates
the case of Saos-2. By measuring the membrane-associated ALP
activities with pNPP assay (Figure S4), we found that the cells
with higher membrane ALP abundance are generally more
vulnerable to these precursors. These results not only reveal the
relationship among cellular responses, molecular structures, and
ALP levels, but also indicate that increasing the numbers of
enzyme active sites helps to amplify the selectivity in a situation
where molecules need to bypass some cells with relatively high
ALP expression to reach their targets.

Although the different sequences of the tetrapeptides may
result in different self-assembled nanostructures to interact with
the cells, the cell viabilities are largely inverse proportional to
the intensity of the signal of SLS (Figure SS), further
supporting that the degree of self-assembly indeed correlates
with the effect of EISA on cell fate.

Notably, the corresponding hydrogelators (a, b, and c),
hardly inhibit any of the cell lines tested even at the
concentration as high as 500 uM, which completely differ
from the cytotoxicities of the six precursors. This result agrees
with that the nanofibers generated by EISA result in inhibition.
Moreover, the results in Figure 4 indicate that cellular

Table 2. 48-h IC;, (ug/mL) of Different Precursors/Hydrogelators against Different Cell Lines

compound a-2p b-2p c-2p a-1p
HeLa >483 217 >483 177
Saos-2 326 144 338 170
A2780cis >483 >483 >483 189
SK-OV-3 >483 >483 >483 283
T98G 357 367 360 327
HS-5 >483 >483 >483 354
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b-1p c-lp a b c

132 301 >500 >500 >500
132 283 >500 >500 >500
212 283 >500 >500 >500
407 372 >500 >500 >500
283 301 >500 >500 >500
310 >443 >500 >500 >500
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Figure 5. (A) Nuclei staining (by Hoechst 33342) of HeLa and Saos-2 cells treated with b-2p and b-1p (500 M) for 6 h. HeLa cells were stained
for 5 min, and Saos-2 for 10 min to guarantee a clear contrast in control images. Accumulated nanofibers on cell surface trap the Hoechst 33342 and
prevent this nuclei dye from entering cells. (B) Chemical structures of NBD-2p and NBD-1p (analogues of b-2p and b-1p), which turn into the
same hydrogelator after dephosphorylation. (C) Confocal microscopy images of HeLa and Saos-2 cells treated with NBD-2p and NBD-1p for 12 h.
Nuclei are stained by Hoechst 33342.
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responses of the six precursors are closely associated with
molecular structure, self-assembly ability, dephosphorylation
rate, and cell difference.

The Nanofibers Forming in Pericellular Space. The
distribution of Hoechst 33342 (a nucleus dye), upon the
formation of the pericellular hydrogel/nanonets on cells,
further validates the assumption in Scheme 1. As shown in
Figure 5A, after incubation with b-2p at 500 yM for 6 h and
then the addition of Hoechst 33342 for 5 min, HeLa cells show
the fluorescence in nuclei, behaving similarly to the control cells
(ie,, untreated HeLa cells). Being treated with b-1p (500 uM),
HeLa cells hardly show blue fluorescence in nuclei, agreeing
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with that the formation of pericellular nanofibers prevents or
delays the nuclei dye entering the cells. This result further
confirms that b-1p affords nanofibers faster than b-2p does on
HeLa cells, which is consistent with the observed difference in
the cytotoxicity of b-1p and b-2p. Contrasting to the case of
HelLa cells, Hoechst 33342 is unable to enter the Saos-2 cells
treated with either b-2p or b-1p at S00 uM for 6 h (Figure SA).
Moreover, after staining for 10 min, some nuclei dyes are even
trapped in the pericellular nanofibers. This observation differs
drastically from the staining of the untreated Saos-2 cells
(showing fluorescence in the nuclei) and indicates that b-1p
and b-2p result in almost the same density of self-assembled
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nanofibers due to high abundance of ALPs on Saos-2 cells. This
result also agrees with the same toxicity of b-1p and b-2p on
Saos-2 cells.

To directly visualize the pericellular nanofibers on cells, we
designed and synthesized NBD-2p and NBD-1p by replacing
the Nap motif with NBD (Figure 5SB). The replacement of N-
terminal-capped motifs results in reduced self-assembly ability
and low cytotoxicity (Figure S6) of NBD-2p and NBD-1p, but
still allows their corresponding hydrogelators to form nano-
fibers in pericellular space of cells. According to Figure SC,
treating HeLa cells with NBD-2p (500 uM) for 12 h only leads
to faint yellow fluorescence inside the cells, likely due to
endocytosis, while the addition of NBD-1p into HeLa cell
culture results in strong fluorescence on the surface of the cells.
Contrasting to the case of HeLa cells, the addition of NBD-2p
or NBD-1p in Saos-2 cell culture leads to the same
phenomenon—significant fluorescence appears on cell surface
(Figure SC), which is obviously more fluorescent than that on
HelLa cell treated by NBD-1p. Because NBD-modified peptides
fluoresce intensely in self-assembled nanofibers,” the yellow
fluorescence reflects the amount of nanofibers formed by EISA
of NBD-2p or NBD-1p. These results, being consistent with
Hoechst 333342 staining results and cellular response on HeLa
and Saos-2, further verify the assumption illustrated in Scheme
1.

Two previous works visualized the self-assembled nanofibers
formed by EISA on cell surface by electron microscopy
(EM)."**" To provide direct evidence that the hydrogelators
self-assemble in fibrous structures on cell membrane, we use
TEM images of the freeze-drying sample to confirm the
formation of nanofibrils of the tetrapeptides (Flgure S7), using
the method described in our previous work.'®

Expression of the Isozymes of ALPs on Hela and
Saos-2 Cells. As ectophosphatases, ALPs have different
isotypes.*' Using antibody staining, we evaluated the expression
level of two types of isozymes of ALPs on HeLa and Saos-2
cells. As shown in Figure 6, HeLa cells express more PLAP than
Saos-2 cells while TNAP are more abundant on Saos-2 cells.
According to the staining, Saos-2 cells, in overall, express
significantly more ALPs on cell surface. This result, together
with the Hoechst 33342 staining and imaging results of NBD-
1p and NBD-2p on HeLa and Saos-2 cells, not only explains
the different cellular response of HeLa and Saos-2 cells, but
further supports the assumption illustrated in Scheme 1.

Cell Responses under ALP Inhibition. Since antibody
staining is unable to reveal the activity of ALPs on cancer cells,
we choose to inhibit ALPs and evaluate cell responses. On the
basis of the fact that HeLa cells express more PLAP** on their
surface than Saos-2 do, we used L-phenylalanine (L-Phe, an
uncompetitive inhibitor for PLAP™) to inhibit PLAP during
cell culture. As shown in Figure 7A, the cytotoxicity of all six
precursors against HeLa cell decrease significantly after the
addition of L-Phe (3 mM). Since L-Phe is cell compatible at 3
mM, the decrease of the cytotoxicity likely originates from the
inhibition of PLAP, which slows down the EISA process. This
result confirms that PLAP catalyzes the formation of hydro-
gelators a, b, or ¢, and their self-assembly on cell surface for
inhibiting the growth of HeLa cells. However, the addition of
(—)-tetraimisole (an uncompetitive inhibitor of TNAP*")
hardly rescues HeLa cells (Figure S8). This result indicates
that PLAP catalyzed EISA largely contributes the death of HeLa
cells. While the addition of (—)-tetramisole significantly
increases the cell viability of Saos-2 cells (Figure 7B), the

3820

Alexa Fluor® 488

PALP

Hoechst 33342

merge

bright field
-

HelLa

Saos-2

HelLa

Saos-2

Figure 6. Confocal microscopy images of HeLa and Saos-2 cells after
PLAP or TNAP antibody staining. Nuclei are stained by Hoechst
33342.

A 1007
] HelLa
N Bl - Lphe
] B + L-phe
g 60
2
E
S 40
%
(5}
20
0
B 1%
56.] Saos-2
Il - tetramisole
804 B + tetramisole
70+
2
2
-}
©
s
3
[3)
~ 0%)

a-1p

b-1p c-1p

Figure 7. Viability of (A) HeLa and (B) Saos-2 cells incubated with six
precursors (500 M) with or without different phosphotase inhibitors
for 48 h; [L-phe] = 3 mM; [levamisole] = 1 mM.

addition of L-Phe into Saos-2 culture hardly rescue the Saos-2
cells at all (Figure S8). This result agrees with that the majority
of the phosphatases on the membrane of Saos-2 are TNAP
(Figure 6). Notably, as shown in Figure 7B, (—)-tetramisole
generally saves more Saos-2 cells treated by diphosphorylated
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precursors than monophosphorylated ones, which further
confirms the inhibition mechanism illustrated in Scheme 1.
Because the inhibition of ALPs on cell surface effectively
reduces the numbers of active phosphatases, it is reasonable
that there are more significant reductions of the cytotoxicity of
diphosphorylated precursors than those of the monophos-
phorylated precursors.

To further confirm the critical role of the membrane-bound
ALPs (ie., endogenous ectophosphatases), we add ALP (5 U/
mL), as an exogenous, soluble enzyme, together with these
precursors into the HeLa and Saos-2 cell culture. As shown in
Figure S9, the addition of the soluble ALP abrogates the
cytotoxicity of the precursors to a certain extent. This result
therefore proves that the dephosphorylation of the precursors
by the membrane-bound ALPs on the cell surface, indeed,
localize the self-assembly of the hydrogelators on the cell
surface to form nanofibers in the pericellular space to inhibit
the cancer cells.

The Modality of Cell Death. To unravel the mechanism of
cell death induced by pericellular nanofibers formed by EISA,
we examine the effect of a pan-caspase inhibitor (i.e., zZVAD-
fmk (45 uM))’" and a necroptosis inhibitor (i.e., Nec-1 (50
UM)),” respectively, on the cytotoxicity caused by b-1p (the
most effective one) on HeLa and Saos-2 cells. zZVAD-fmk, a cell
permeable irreversible caspase inhibitor with no cytotoxic
effects, obviously ameliorates the cytotoxicity of b-1p against
HeLa cells but hardly shows any effect on Saos-2 cells. On the
contrary, Nec-1, significantly suppresses the inhibition of b-1p
on Saos-2 cells but aggravates the situation in case of HeLa cells
(Figure 8). These results indicate that the nanofibers formed by
b-1p after EISA largely result in apoptosis of HeLa cells and
necroptosis of Saos-2 cells.
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Figure 8. Dose-curves show that (A) pan-caspase inhibitor (Z-VAD-
FMK) suppresses the cytotoxicity of b-lp on HeLa cells while
necroptosis inhibitor (Nec-1) aggravates the inhibition and (B) Z-
VAD-FMK has no effect on the toxicity of b-1p on Saos-2 cells but
Nec-1 ameliorates the inhibition.
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Rates of Dephosphorylation. To examine the relation-
ship between enzymatic dephosphorylation rate and cellular
response, we also evaluate the rate of enzymatic dephosphor-
ylation process, using *'P NMR at the gelation concentration
(i.e.,, 0.5 wt %, ALP = 0.02 U/mL). Unlike 3P NMR obtained
in DMSO (Figure S2), which shows two peaks for the two
phosphates on a single molecule when enlarging the scale, *'P
NMR is unable to distinguish the two phosphates of a-2p, b-2p,
and c-2p when the solvent is Tris buffer. According to time-
dependent *'P NMR spectra (Figure S10) of the reaction
mixture, the dephosphorylation of a-2p or a-1p almost
completes within 24 h, though that of a-2p is slightly slower,
likely due to two phosphates on a-2p. The dephosphorylation
rates of c-2p and c-1p are slower than those of a-2p and a-1p,
followed by those of b-2p and b-1p. The dephosphorylation
rates of these precursors at gelation concentrations follow the
opposite trend to their cytotoxicity against cancer cells, which
likely originates from the strong tendency of self-assembly of b.
Even a small portion of precursors, for example, of b-1p, are
dephosphorylated, the mixture tends to self-assemble to make
the solution viscous, which decreases the diffusion of molecules
and enzymes and retards the dephosphorylation process. This
observation, indeed, agrees with the strong self-assembling
tendency of PFPYPFPY suggested by TEM and rheology data
(vide supra).

The opposing trends between the results in Figure 4 and
Figure 9 prompt us to evaluate the dephosphorylation process
at the concentration used in cell culture (i.e., S00 gM) in PBS
buffer for better understanding the different cytotoxicities
exhibited by different precursors. For a-2p, b-2p and c¢-2p, the
dephosphorylation of either of the two phosphotyrosines
produces the intermediate P1 or P1’ (Figure S11). We would
expect that enzyme shows different affinity to two phosphates
at different positions on the precursors. However, according to
Figure 9A, B, C, the curves of these intermediates, which goes
up first and decays later, hardly show significant difference,
suggesting that ALPs dephosphorylate the phosphotyrosine
regardless its position on the precursors. In the case of
monophosphorylated precursors (ie., a-1p, b-1p, and c-1p),
ALPs dephosphorylate these precursors at almost the same rate,
indicating that the structure difference barely affects enzymatic
dephosphorylation (Figure 9D, E, F). These results, on the
other hand, suggest that the different cytotoxicity of a-1p, b-1p,
and c-1p largely originates from the self-assembling abilities of
a, b, and ¢, which depend on their molecular structures.

B CONCLUSIONS

In summary, we designed and synthesized a series of D-
tetrapeptide precursors containing one or two enzymatic
dephosphorylation sites (i.e., phosphotyrosine) and evaluated
their inhibitory activities on several representative cells lines.
Besides establishing that EISA is a fundamentally new multiple-
step process for selectively inhibiting cancer cells, our results
reveal several key insights related to the structure—activity
relationship (SAR) of EISA for killing cancer cells. (1) The
increase of the number of phosphotyrosine, though improving
the aqueous solubility of the precursors, hardly improves the
inhibitory activity of EISA. This result suggests that it is critical
to generate the self-assembling molecules quickly for inhibiting
cancer cells. (2) The relatively high activities of b-1p and b-2p
imply that the phenylalanine residues on the same side of
peptidic backbone apparently result in more effective self-

assembly. (3) The modality of cell death caused by EISA
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Figure 9. Time-dependent curves for dephosphorylation process of
the precursors (A) a-2p, (B) b-2p, (C) c-2p, (D) a-1p, (E) b-1p, (F)
c-1p, after incubation with ALP (0.1 U/mL) at 37 °C. The precursors
gradually turn into hydrogelators after enzymatic dephosphorylation
by ALP. The precursors dissolve in PBS (PBS) buffer at a
concentration of 500 uM.

depends on the cell types, which implies it may depend on the
isozymes of ALPs. However, the detailed cell death
mechanism® remains to be elucidated. (4) By varying the
numbers of enzyme action sites on the peptides, one should be
able to tune the cytotoxicity against different cancer cells by
controlling the self-assembling process. (5) Most importantly,
the observation of the apparently counterintuitive results—
precursors significantly inhibit the cancer cells, while hydro-
gelators remain innocuous—confirms that EISA, as a multiple-
step process, accounts for the selective inhibition of cancer
cells. Since ALP may play a key role in cell survival via
purinergic signaling pathway,* this work illustrates a facile way
to turn a cell survival signaling into a cell killing process by
simply engineering the molecules for dephosphorylation and
taking advantage of the ALPs overexpressed on cancer cells. In
a more broad perspective, the approach illustrated in this work
should be applicable for the exploration of supramolecular
assemblies in cellular environment by using other enzymes*’
and other well-established self-assembling molecules and
systems.47
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