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Abstract: Besides tight and specific ligand—receptor interac-
tions, the rate regulation of the formation of molecular
assemblies is one of fundamental features of cells. But the
latter receives little exploration for developing anticancer
therapeutics. Here we show that a simple molecular design of
the substrates of phosphatases—tailoring the number of
phosphates on peptidic substrates—is able to regulate the rate
of molecular self-assembly of the enzyme reaction product.
Such a rate regulation allows selective inhibition of osteosar-
coma cells over hepatocytes, which promises to target cancer
cells in a specific organ. Moreover, our result reveals that the
direct measurement of the rate of the self-assembly in a cell-
based assay provides precise assessment of the cell targeting
capability of self-assembly. This work, as the first report
establishing rate regulation of a multiple-step process to inhibit
cells selectively, illustrates a fundamentally new approach for
controlling the fate of cells.

This study reports targeting cancer cells by the control of the
rate of the formation of supramolecular assemblies. Molec-
ular-targeted therapeutics, which mostly relies on tight
ligand-receptor interaction or enzyme inhibition, has been
a key strategy for developing cancer drugs. However, recent
advances in cancer biology have revealed the great complex-
ity of cancers, such as redundant signaling pathways, adaptive
drug resistance, genomic instability, intratumoral heteroge-
neity, and tumor microenvironment.!' These conceptual
advances not only elucidate that the major root of drug
resistance in current cancer therapy is the reliance on specific,
tight ligand-receptor binding of only one or two molecular
targets (e.g., enzymes, receptors, or transcription factors), but
also underscore an urgent need of new approaches for cancer
therapy. Recognizing that cancer immunotherapy essentially
is a form of spatiotemporal controlled apoptosis in human
body and enzyme-instructed self-assembly (EISA) is an
inherent feature of apoptosis,” we have departed from the
dogma of specific ligand-receptor binding and are focusing on
integrating enzyme transformation (ET) and self-assembly
(SA)¥! to generate the fibrils of small molecules as potential
anticancer therapeutics.¥

Based on the development of enzymatic self-assembly and
hydrogelation/aggregation of small molecules,”! we have
employed alkaline phosphatases (ALP) to catalyse the
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formation of nanofibrils of small peptidic hydrogelators in
pericellular space of cancer cells, thus achieved selective
inhibition of cancer cells, including drug-resistant ones./* This
approach turns out to be general since the use of a phosphory-
lated carbohydrate! or phosphorylated nanoparticles'” as the
substrates of ALP for EISA also selectively inhibit cancer
cells. These results, undoubtedly, establish that EISA is able
to utilize “undruggable” enzymes, such as ALP"® for gen-
erating molecular nanofibrils to inhibit cancer cells. Despite
the promises of the ALP-based EISA for potential cancer
therapy, the ubiquitous presence of ALPs in human body
presents a unique challenge. As revealed by the studies of
mammalian ALPs”) being a type of ectoenzymes and present
in all tissues throughout the entire body for important
biological functions, ALPs exist in four typical isozymes—
placental alkaline phosphatase (ALPP), germ cell alkaline
phosphatase (ALPP2), intestinal alkaline phosphatase
(ALPI), and tissue non-specific alkaline phosphatase
(ALPL). Although ALPP overexpresses only on certain
cancer cells and not on normal cells, ALPL expresses on
normal cells.'”) While the apparent solution for selectivity is
to develop a substrate being dephosphorylated by ALPP only,
it would not be an easy task for two reasons. First, the inability
to develop a highly selective inhibitor for ALPP over ALPL
implies that ALPP and ALPL are indiscriminate to their
substrates. Second, there is little structural information of
ALPL, which makes the design of specific substrates difficult,
if not impossible. In addition, a single cell can co-express
different isozymes of ALP, albeit at different levels, further
complicating the situation. These facts demand a new strategy
for precisely targeting cancer cells in a desired organ or tissue,
particularly in the case of cancer cells overexpressing ALPL.

To meet the above need, we choose to use the rate of
molecular self-assembly to amplify the difference of the
expression level of ALPs in cancer and normal cells for
targeting cancer cells. As a demonstration of concept, we
select two cell lines (i.e., HepG2 (liver hepatocellular
carcinoma) and Saos-2 (osteosarcoma)) known to express
ALPL and design two kinds of substrates (i.e., monophos-
phorylated and diphosphorylated peptides, Figure 1) of
ALPL for regulating the rate of self-assembly. We choose
HepG2 and Saos-2 because the former acts as the model cell
of hepatocytes!'!! and the latter is known to overexpress
ALPL on membrane.”! Our antibody staining reveals that
HepG?2 cells, indeed, express less ALPLs than Saos-2 does.
Tailoring the rate of self-assembly is able to amplify such
a subtle difference in the expression of ALPL. As illustrated
in Scheme 1, the rate for generating the self-assembling
peptide (i.e., TPD) should be slower from the diphosphory-
lated substrates (i.e., TPD-2p) than from the monophos-
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Figure 1. Molecular structures of the tetrapeptide derivatives/precur-
sors with two or one phosphotyrosines (TPD-2p and TPD-1p) and their
fluorescent analogs (fTPD-2p and fTPD-1p). These precursors turn into
the self-assembling p-peptidic hydrogelators (i.e., TPD and fTPD) after
enzymatic dephosphorylation by alkaline phosphatase (ALP).

phorylated substrates (i.e., TPD-1p) because the former
requires dephosphorylation twice. Cell viability assays indi-
cate that, while TPD-2p and TPD-1p exhibit similar inhib-
itory activities against Saos-2 cells, TPD-2p is more cell
compatible than TPD-1p towards HepG2 cells. Moreover, the
fluorescent analogues of TPD-2p and TPD-1p (i.e., fTPD-2p
and fTPD-1p) confirm that the diphosphorylated substrate
results in little molecular assemblies on HepG2 cells, but
monophosphorylated substrate affords significant amount of
molecular assemblies on HepG?2 cells. These results establish
that it is feasible to achieve excellent targeting selectivity by
using the rate of molecular self-assembly to amplify the
difference of ectoenzyme expressions on different cells/
tissues. Besides being the first report of using rate regulation
of a multiple-step process to inhibit cells selectively, this work
illustrates a novel approach for developing therapeutics that
may pass by liver and target the tumor site (e.g., sites of
osteosarcoma) for selectively killing cancer cells.

We have validated that a small D-tripeptide derivative,
Nap-D-Phe-p-Phe-p-,Tyr, with the tyrosine phosphorylated,
selectively inhibits cancer cells due to the different expression
of ALPs between cancer (e.g., HeLa) and normal (e.g., HS-5)
cells.*“¢1%I Based on this result and that aromatic ring of
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tyrosine promotes self-assembly,*! we design a D-tetrapep-
tide derivative (TPD-1p, Figure 1) by inserting a tyrosine
between two phenylalanine residues of that D-tripeptide
derivative. Besides potentially retaining or even enhancing
the self-assembly ability of the p-tetrapeptide, the additional
tyrosine residue provides another site for phosphorylation,
which affords a diphosphorylated substrate (TPD-2p) for
ALP. We expect the ALP-catalysed formation of TPD would
be slower from TPD-2p than from TPD-1P. To directly
visualize the self-assembly behaviour of TPD generated from
these two types of precursors, we design fTPD-2p and fTPD-
1p (Figure 1) as the fluorescent analogues of TPD-2p and
TPD-1p by replacing the Nap motif with nitrobenzoxadiazole
(NBD), a fluorophore known to fluoresce brightly in assem-
bled state.*! After preparing the non-commercial starting
materials (e.g., Fmoc-phosphotyrosine and NBD-COOH
(Figure S1 in the Supporting Information, ST)) prior to solid
phase peptide synthesis (SPPS),'” we used SPPS for the
synthesis and high-performance liquid chromatography
(HPLC) for the purification and obtained the molecules
shown in Figure 1 in good yields (60-80%). LC-MS and
"H NMR confirm the purity and structures of these designed
molecules (SI)

Both TPD-2p and TPD-1p dissolve well in water to make
transparent solutions at physiological pH 7.4 at the concen-
tration of 500 um (the highest concentration used in cell
experiment) (Figure S2 A). The solubility of TPD-2p is better
than that of TPD-1p due to an additional phosphate. Trans-
mission electron microscopy (TEM) images of their solutions
after water evaporation show that both TPD-2p and TPD-1p
form few amorphous aggregates (Figure 2 A), suggesting that
the majorities are still oligomers or monomers that cannot be
visualized by TEM. Having the same peptide backbone,
either TPD-2p or TPD-1p results in the same self-assembling
molecule TPD after its complete dephosphorylation cata-
lyzed by ALP. This feature explains that treating the above
solutions with ALP (1 UmL™") leads to the same viscous
solutions (Figure S2 A) with same nanofibrils (d=15+2 nm)
in them (Figure 2A). TPD-2p takes longer time to be
completely dephosphorylated due to the second phosphate,
as evidenced by that TPD-2p takes longer time (Figure S2B)
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Scheme 1. |llustration of the use of the rate of molecular self-assembly (controlled by numbers of enzymatic site) to amplify the difference of the

expression level of ALPs in different cell lines.
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Figure 2. A) TEM images and B) static light scattering signals of the
solutions of different precursors (TPD-2p, TPD-1p and fTPD-2p, fTPD-
1p) before and after ALP treatment. [precursor] =500 um, pH 7.4,
[ALP]=1 UmL"", in PBS buffer. The scale bar is 100 nm.

to form a solid hydrogel (1.5h) than TPD-1p does (0.5 h)
(0.5wt%). fTPD-2p (or fTPD-1p) exhibits similar behavior
as TPD-2p (or TPD-1p) (Figure 2A), except that replacing
the Nap motif by NBD group slightly decreases the self-
assembly ability. TEM images reveal similar nanofibrils (d =
4+2 nm) in their solutions after ALP treatment. Static light
scattering (SLS) signals of the solutions of different precur-
sors before and after the addition of ALP confirm that all the
four small molecules hardly self-assemble before enzymatic
dephosphorylation, but form aggregates/nanofibrils after
ALP treatment, because the signals of the solutions of
precursors are almost the same with that of PBS buffer and
dramatically increase after the addition of ALP.

Despite that Western blot"®! indicates a significantly
higher ALPL expression in Saos-2, it represents the enzyme
amount in cell lysate, mainly from the cytosol. We thus use
antibody staining to confirm the different ALPL levels on the
membranes of HepG2 and Saos-2 cells. According to the
results in Figure 3, Saos-2 cells, indeed, express extremely
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Figure 3. A) Confocal microscopy images of HepG2 and Saos-2 cells
after ALPL antibody staining. Nuclei are stained by Hoechst 33342.
B) Fluorescence quantification of ALPL antibody staining of HepG2
and Saos-2. The values are normalized so that of Saos-2 equals to 1.
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high level of ALPL, as the whole cell membrane emits bright
green fluorescence visualized by confocal fluorescence mi-
croscopy. Fluorescence quantification of the antibody staining
indicates at least 5 times more ALPL on Saos-2 cell
membrane than HepG2 cells. The expression level of
ALPLs on HepG2 cell surface is moderate, compared with
that of Saos-2 cells. This result justifies our choices of HepG2
and Saos-2 cells for proving the concept outlined in Scheme 1.

To verify that TPD-2p amplifies the difference of the ALP
expression levels in different cell lines for targeting cancer
cells, we use TPD-2p to treat HepG2 and Saos-2 cells, and use
TPD-1p as a control. After treating HepG2 and Saos-2 cells
with TPD-2p or TPD-1p at different concentrations, the cell
viabilities at different time (i.e., 24, 48, and 72 hr) (Figure 4
and Figure S3) show that TPD-2p and TPD-1p exhibit similar
cytotoxicity on Saos-2 cell, with the 48hr-ICs, values of 130,
150 pwm, respectively, but TPD-2p is less cytotoxic than TPD-
1p on HepG2 cells (with the 48hr-ICy, value of 300, 180 puM,
respectively). More specifically, as shown in Figure 4 A, by
adding a second phosphate on the molecule of TPD-1p to
obtain TPD-2p, we successfully enhance the selectivity for
targeting Saos-2 cells over HepG2 cells, from 30% cell
viability difference to 48 % cell viability difference, 1.6-fold
enhancement, at the concentration of 200 puMm, and 1.56, 1.82,
1.90 fold enhancement at the concentration of 300, 400,
500 pmMm, respectively.

The above results agree with the significantly higher
ALPL expression on Saos-2 cells (Figure 3) and support the
concept illustrated in Scheme 1. That is, the dephosphoryla-
tion of TPD-1p generates TPD for immediate self-assembly,
but the dephosphorylation of TPD-2p first results in inter-
mediates (TPD-1p and TPD-1p’, SI), which are more soluble
and diffuse more freely than TPD, before the second
dephosphorylation to form TPD. High ALPL level on Saos-
2 cells warrants rapidly dephosphorylate TPD-2p to TPD
before the intermediates diffuse away. So TPD-2p and TDP-
1p exhibit almost same inhibitory activities to Saos-2 cells.
However, in the case of less ALPL on HepG2, dephosphor-
ylation of TPD-1p forms TPD that self-assembles immedi-
ately to result in the nanofibrils on cell surface to cause cell
death, but dephosphorylation the TPD-2p firstly generates
the intermediates (TPD-1p and TPD-1p’) (Figure S4), which
can drift away due to their good solubility before continuously

Angew. Chem. Int. Ed. 2016, 55, 57705775
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Figure 4. A) 48-hour cytotoxicity of TPD-2p and TPD-1p on HepG2 and
Saos-2 cells at different concentration. The viability differences
between the two cell lines are labelled as well. B) 48-hour cell viability
of HepG2 and Saos-2 cells incubated with TPD-2p and TPD-1p

(300 um) with or without ALPL inhibitors (DQB, 2 um) for 48 h. The
initial cell number is 1x10* cells/well.

interacting with ALPL to lose another phosphate and then
self-assemble. So TPD-2p is more cell compatible than TDP-
1p.

To further confirm the ALPL-catalyzed dephosphoryla-
tion is responsible for the observed cell inhibition, we
incubate HepG2 and Saos-2 cell by TPD-2p and TPD-1p
together with ALPL inhibitor!™¥ (2,5-dimethoxy-N-(quinolin-
3-yl)benzenesulfonamide, denoted as DQB and at 2 um). As
shown in Figure 4B and Figure S3, the presence of ALPL
inhibitor, DQB, significantly reduces the inhibition of Saos-2
and HepG?2 cells. Obviously, DQB rescues more Saos-2 cells
than HepG2 cells (e.g., 50% vs. 20% ) for both TPD-2p and
TPD-1p. These results not only validate the critical role of
ALPLs for instructing the self-assembly of small D-peptide
derivatives to inhibit cancer cells, but also agree with the
different ALPL expression levels on Saos2 and HepG2 cells.
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The replacement of N-terminal-capped motifs results in
reduced self-assembly ability and reduced cytotoxicity (Fig-
ure S5), but still allows their corresponding self-assembling
molecules fTPD to self-assemble and form nanofibrils in
pericellular space of cells. According to Figure 5, treating

bright field
fTPD-1p

Integrated Density

fTPD-1p
10JfTPD-2p

Figure 5. Confocal microscopy images and the corresponding fluores-
cence quantification of A) HepG2 and B) Saos-2 cells treated with
fTPD-2p and fTPD-1p at the concentration of 500 um for 12 hours.
Nuclei are stained by Hoechst 33342.

HepG?2 cells with fTPD-2p (500 um) for 12 hours only leads to
faint yellow fluorescence in the cells, likely due to endocy-
tosis, while the addition of fTPD-1p into HepG2 cell culture
results in strong fluorescence on the surface of the cells.
Contrasting to the case of HepG2 cells, the addition of fTPD-
2p or fTPD-1p in Saos-2 cell culture leads to the similar
result—significant fluorescence on cell surface (Figure 5),
which is more fluorescent than that on HepG2 cell treated by
fTPD-1p. Because NBD-modified peptides fluoresce
intensely in self-assembled nanofibrils,*! the yellow fluores-
cence reflects the amount of nanofibrils formed by EISA of
fTPD-2p or fTPD-1p. Quantification of the yellow fluores-
cence in pericellular space of HepG2 and Saos-2 cells treated
by fTPD-1p and fTPD-2p is highly consistent with cell
viability results, which is also supported by antibody staining
of ALPL. Moreover, treating the Saos-2 and HepG2 cells with
fTPD-2p or fTPD-1p together with ALPL inhibitor DQB
(10 um) for 4 hours prior to imaging, we observe obvious
difference between the cells with and without DQB even by
naked eyes (Figure S6). Confocal fluorescence images further
confirm the inhibitory effect (Figure S7). These results
indicate that ALPL catalysed self-assembly to generate the
strong fluorescence, agreeing with the cell viability data
discussed above.

The direct measurement of the formation rate of the self-
assembling molecules in a cell-based assay (SI) provides more
accurate assessment of the cell targeting capability of self-
assembly. Specifically, we treat the solution of TPD-2p and
TPD-1p (500 pm in PBS buffer, pH 7.4) with the cell lysate of
HepG?2 or Saos-2 (~500 pg total protein) and examine the
amount (%) of each component at different time points by
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In conclusion, this work demonstrates a simple strategy to
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rate to amplify the difference in enzyme expressions on
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