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Abstract

Here we reported the first case that enhancing self-assembling ability boosts anti-cancer efficacy
through simple and minimal modification of C-terminal of a D-tripeptide. By only 2% change of
the molecular weight, this facile approach increases the inhibitory activity over an order of
magnitude (ICgq from 431 to 23 pM) towards an osteosarcoma cell line.

The ideal cancer therapeutics should selectively kill cancer cells without harming normal
cells. Current chemotherapy for cancer treatment, however, still falls short of that goal. For
example, cisplatin (CDDP), a well-established clinical anticancer drug, causes
myelosuppression.} Another extensively used anticancer drug, paclitaxel, exhibits toxic
effect on the bone marrow.2 The recent success in immunotherapy relies on the actions of
antibodies,3 has yet to be extended to the tumors that express low level cancer specific
antigens.* These limitations call for paradigm-shifting approaches for the development
innovative chemotherapeutics of cancer treatment. To meet this need, we and others are
developing anticancer nanomedicine based on the enzyme-instructed supramolecular
assemblies of small molecules,® 6-2 which represents a new approach that departs from the
current dogma of tight and specific ligand-receptor interactions. For example, the assemblies
of small molecules even can inhibit cancer cells selectively.1% 11 These encouraging results
have led to the development of enzyme-instructed self-assembly (EISA),12 which selectively
generates assemblies of small molecules (e.g., small peptide derivatives® © or carbohydrate
derivatives®) /n-situ on cancer cells for killing the cancer cells. Despite these advancements,
the concentrations of those molecules required for inhibiting cancer cells still are quite high
(e.g., 300-500 uM).5-8 Thus, there is a need of an effective strategy to increase the efficacy
of self-assembling molecules for cancer inhibition.

Because it is the in-situ formation of supramolecular assemblies to kill cancer cells,11: 12 g
logical approach for increasing the inhibitory efficacy is to enhance the self-assembling
ability of the building blocks. Although elongating the peptides improves the self-
assembling ability of peptides,? it adds up the molecular weight, which thwarts the purpose
of reducing the therapeutic dosage. Thus, we choose to use a neutral small functional group
replacing the carboxylic acid group at the C-terminal of the peptides for enhancing the self-
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assembling ability of the peptides (Fig. 1). Despite the simplicity of this approach, it
receives little attention for designing self-assembling molecules.13 The results of this work
reveal that such a simple and minimal modification of C-terminal of a D-tripeptide
significantly enhance the self-assembling ability of the peptide, which increases their
efficacy of cancer cell inhibition over an order of magnitude, even results in a ICsg to be
comparable to that of cisplatin and more potent than carboplatin towards an osteosarcoma
cell line.1# 15 Using different C-terminal groups, we further confirm the correlation between
self-assembling ability and the inhibitory activity of the D-tripeptides. Moreover, this
modification preserves the exceptional selectivity of enzyme-instructed self-assembly for
inhibiting cancer cells. In addition, we confirm that the supramolecular assemblies on the
cancer cells induce cell necroptosis, a recently defined modality of cell death.1® This work
illustrates a facile strategy to explore self-assembling molecules for selectively killing cancer
cells via enzymatic reactions.

To prove the concept that enhancing self-assembling ability boosts inhibitory efficacy, we
choose a naphthyl-capped D-tripeptide derivative (4) as the parent compound. As shown in
Fig. 1, we select N-methylacetamine (-CONHMe), acetohydrazide (-CONHNH2), and
methylacetate (—COOMe) groups to replace the carboxylic acid terminal of 4 to result in D-
tripeptide derivatives 1, 2, and 3, respectively. Based on that phosphatase-instructed self-
assembly of 4 selectively kills cancer cells,-8 17 we choose to phosphorylate the D-Tyr in 1,
2, 3and 4 to generate the corresponding precursors, 1p, 2p, 3p and 4p. Being different in
structural and chemical properties, these C-terminal groups provide a set of representative
molecules to validate the molecular design in Fig. 1. From 4p to 1p, 2p, and 3p, the
molecular weights increase less than 2%. According to those structures, we combine solid
phase peptide synthesis (SPPS) and solution phase synthesis to produce 1p, 2p, 3p, and 4p
in fair yields (Scheme S1).

After obtaining the precursors, we examine the self-assembly ability of those four D-peptide
derivatives in water via enzymatic dephosphorylation of their corresponding precursors.
Using hydrogelation as a simple assay to test the molecular self-assembly in water,2 we find
that, at the concentration of 1 mM and pH 7.4, all the four precursors form transparent
solutions. After the addition of alkaline phosphatase (ALP, 3U/mL), the solution of 1p or 2p
turns into a hydrogel, the solution of 3p forms a suspension, and the solution of 4p becomes
more viscous (Fig. S5). This result suggests that 1, 2, and 3 possess higher self-assembling
ability than 4 does. Transmission electron microscopy (TEM) reveals that, after their
enzymatic formation, 1, 2, 3 and 4 self-assembles to result in nanofibers with the diameter of
10.6+2, 9.7+2, 17.4+2 and 6.2+2 nm, respectively (Fig. 2). Compared with 1, 2, and 3, 4
yields much thinner but uniform nanofibers, further indicating that 4 has relatively weaker
self-assembly ability. In addition, 3 self-assembles to form bundles of short nanofibrils,
which is consistent with the suspension after adding ALP in the solution of 3p. These results
confirm the higher self-assembling abilities of 1, 2, and 3 than that of 4.

To further examine the enhancement of self-assembling ability, we use rheometer to
compare the viscoelastic properties of hydrogels formed by 1, 2, 3 and 4 upon adding ALP
in the solutions of their corresponding precursors (0.5 wt%). As shown in Fig. 3A, the
addition of ALP into the solution of 4p causes the storage modulus (G’) to intersect with loss
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modulus (G”) at around 0.4 hours, indicating the gelation point of 4. However, immediately
after mixing ALP with the solution of 1p, 2p or 3p, G’ is greater than G” (i.e., G’ > G” at
t=0), indicating that 1, 2, or 3 already reaches its gelation point immediately after mixing.
These rheological results confirm that minimal C-terminal modification of 4 boosts the self-
assembling ability of the resulting short peptides. To further compare the self-assembling
abilities of 1, 2, 3, and 4 below their gelation concentrations, we use static light scattering
(SLS) to assess the self-assembly of those D-tripeptide derivatives before and after the
enzymatic dephosphorylation. As shown in Fig. 3B, the addition of ALP into the solution of
each precursor results in significant increase of SLS signals, indicating enzyme-instructed
self-assembly. The increases of the SLS signals depends on the concentrations of the
precursors. At 12.5 uM, SLS suggests the self-assembling abilities follow the order of 3> 1
> 4. At 25 uM, the SLS signals of 3p and 3 change little, suggesting that 3 starts to
precipitate, agreeing with the observation of suspension after adding ALP to the solution of
3p (vide supra); SLS signals of 2 increases more than that of 4 does, but still less than that of
1. This result indicates that the self-assembling abilities follow the order of 3>1>2> 4. At
50 pM, the SLS signal of 1p starts increasing, indicating 1p starts to aggregates. Besides
confirming that C-terminal modification increases the self-assembling ability of 4, these
results reveal the characteristics of each C-terminal motif in the process of enzyme-
instructed self-assembly, which is consistent with the trend of 1Cqq values (Fig. 4B).

Using sarcoma osteogenic (Saos-2) cells that overexpress alkaline phosphatase as a model
for human cancer cells and human marrow stromal cells (HS-5) as a model for normal
human cells, we test the anticancer efficacy and selectivity of 1p, 2p, 3p and 4p. While 4p
only inhibits Saos-2 cells at a high concentration (i.e., about 500 uM), 1p, 2p or 3p inhibits
Saos-2 at the concentration of 50 uM and above (Fig. 4A and Fig. S6). The 1Cqq values of
1p, 2p, 3p and 4p against Saos-2 cells are 36 uM, 97 pM, 37 uM, and 470 pM respectively
(Fig. 4B), demonstrating that the C-terminal modification lower the 1Cqq against Saos-2 cells
over an order of magnitude (from 470 uM of 4p to 36 uM of 1p). Since HS-5 hardly
overexpress ALP, 1p, 2p, 3p and 4p all show limited cytotoxicity (i.e., ICsq > 260uM (Fig.
S7) and 1Cgq > 500 pM) on HS-5 cells. Moreover, the ICsq of 1p (32 uM, 72 h) against
Saos-2 is only about one-sixth of the 1Csq of carboplatin (198 pM, 72 h),15 confirming that
1p can exhibit a higher anticancer efficacy than that of a clinical used drug. Moreover, our
study reveals that, at pH 8.0 and because of the hydrolysis of ester bond, the inhibitory
activity of 3p decreases, but the activity of 1p remains (Fig. S8). These results agree with the
self-assembling abilities of the D-tripeptides (Fig. 3B), thus validating C-terminal
modification as an effective approach for developing enzyme-instructed self-assembly of
short peptides for selectively inhibiting cancer cells.

To establish the essential role of enzymatic self-assembly of the D-tripeptide for their
inhibitory activities, we co-incubate ALP inhibitors with the precursors during cell viability
assay. We use two kinds of ALP inhibitors: levamisole for selectively inhibiting the activity
of tissue-nonspecific alkaline phosphatase (ALPL),18 and L-phenylalanine (L-Phe)
selectively for placental alkaline phosphatase (ALPP).1® As shown in Fig. 4C and Fig. S9,
levamisole increases the cell viability of the Saos-2 cells treated by 1p (50 uM), 3p (50 uM),
or 2p (200 pM), while L-Phe is unable to rescue the cells. These results agree with previous
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reports that levamisole largely inhibit the enzyme activity of phosphatase in Saos-2 cells,20
confirming the importance of enzyme reaction in forming localized supramolecular
assemblies of the D-tripeptide for cancer inhibition. In addition, with the help of Congo red
—a dye for beta-sheet like, self-assembled nanofibers, we are able to visualize the
nanofibers mainly formed in pericellular space of Saos-2 cells after treating the cells with
the precursors 1p, 2p or 3p (Fig. S11). This imaging results support localized enzyme-
instructed self-assembly. Using a pan-caspase inhibitor (zZVAD-fmk)?! and a necroptosis
inhibitor (Nec-1)22, we further evaluate the modality of the death of Saos-2 cells resulted
from the self-assemblies of the D-tripeptides (Fig. 4D and Fig. S10). Notably, Nec-1
significantly protects Saos-2 cells from the death caused by 1p, 2p and 3p, suggesting that
the cell death largely involve necroptosis. On the other hand, zZVAD-fmk only slightly
protects cells from 1p (20 uM), 2p (50 uM), and 3p (20 uM), indicating that the death of
Saos-2 cells less relies on apoptosis when the precursor concentrations are relatively low.

In conclusion, this work illustrates C-terminal modification of short peptides as an effective
approach to modulate the self-assembly of the peptides, thus providing a new dimension for
exploring enzyme-instructed self-assembly for controlling the fate of cell. Moreover, the
approach illustrated here should be useful for increasing the self-assembling ability of other
self-assembling peptides and peptide conjugates.?? In addition, this work illustrates that a
simple control of molecular structures can have profound impact on multiple length scales,
from nanometers to microns, which would help explore emergent properties of
supramolecular assemblies in cellular environment, a new frontier of supramolecular
chemistry. Because cell death caused by 2p/2 differs from that of 1p/1 or p/3, different C-
terminal modifications likely result in subtle differences in supramolecular assemblies. This
observation warrants further investigation since it may provide new insights on the use of
supramolecular assemblies for inhibiting cancer cells.
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1: X=HNMe, Y=OH 1p: X= HNMe, Y=OPO;H,
2: X=NHNH,, Y=OH 2p: X= NHNH,, Y=OPO,H,
3: X=0OMe, Y=OH  3p: X= OMe, Y=OPO;H,
4: X=OH,Y=OH  4p: X=OH, Y=OPO;H,

C-terminal

modification

Sel'-assemblyl

Fig. 1.
A) Molecular structures of self-assembling short peptides 1, 2, 3 and 4 and the

corresponding precursors 1p, 2p, 3p and 4p that are enzyme substrates; B) Illustration of C-
terminal modification enhancing self-assembly.

Chem Commun (Camb). Author manuscript; available in PMC 2017 May 07.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Feng et al.

Page 7

Fig. 2.
TEM images of the nanostructures formed by adding ALP (3 U/mL) into the aqueous

solution (1 mM, pH7.4) of (A) 1p, (B) 2p, (C) 3p, and (D) 4p after 24 hrs, respectively (scar
bar 100 nm).
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A) Storage modulus (G’-solid symbol) and loss modulus (G”-open symbol) as a function of
time for 0.5 wt % of 1p, 2p, 3p and 4p catalyzed by ALP (0.05 U/mL) at pH7.4. Inset:
enlarged time sweep between 0 to 2000 seconds; B) Intensity of static light scattering (SLS)
of the solutions of 1p, 2p, 3p and 4p (12.5-50 pM) before and after adding ALP (2 U/mL)
for 24 hours at different concentrations in pH7.4 PBS buffer (light scattering angle = 30

degree).
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Fig. 4.

A) Cell viability (log-dose response curves) for sarcoma osteogenic (Saos-2) cells treated
with 1p, 2p, 3p or 4p. B) ICqq values (48 h) of 1p, 2p, 3p, and 4p against Saos-2 and HS-5
cells. C) The cell viability of Saos-2 cells treated with 1p (50 pM), 2p (200 uM), or 3p (50
UM) in the presences of different ALP inhibitors (L-Phe and levamisole). Cells were treated
for 48h; [L-Phe] = 1 mM; [levamisole] = 1 mM. D) The cell viability of Saos-2 cells treated
with 1p, 2p, or 3p (100 uM) in the presence of a pan-caspase inhibitor (zZVAD-fmk) or a
necroptosis inhibitor (Nec-1). Cells were treated for 48h; [zZVAD-fmk] = 45 uM; [Nec-1] =
50 uM. All cell viability test are done in triplicate (n = 3).
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