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Abstract

The endoplasmic reticulum (ER) is responsible for the synthesis and folding of a large number of
proteins, as well as intracellular calcium regulation, lipid synthesis, and lipid transfer to other
organelles, and is emerging as a target for cancer therapy. However, strategies for selectively
targeting the ER of cancer cells are limited. Here we show that enzymatically generated crescent-
shaped supramolecular assemblies of short peptides disrupt cell membranes and target ER for
selective cancer cell death. As revealed by sedimentation assay, the assemblies interact with
synthetic lipid membranes. Live cell imaging confirms that the assemblies impair membrane
integrity, which is further supported by lactate dehydrogenase (LDH) assays. According to
transmission electron microscopy (TEM), static light scattering (SLS), and critical micelle
concentration (CMC), attaching an L-amino acid at the C-terminal of a D-tripeptide results in the
crescent-shaped supramolecular assemblies. Structure activity relationship suggests that the
crescent-shaped morphology is critical for interacting with membranes and for controlling cell
fate. Moreover, fluorescent imaging indicates that the assemblies accumulate on ER. Time-
dependent Western blot and ELISA indicate that the accumulation causes ER stress and
subsequently activates the caspase signaling cascade for cell death. As an approach for in-situ
generating membrane binding scaffolds (i.e., the crescent-shaped supramolecular assemblies), this
work promises a new way to disrupt membrane and to target ER for developing anticancer
therapeutic.
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Introduction

Organelle targeting has emerged as a promising strategy in developing effective and specific
cancer therapeutics.? By delivering a drug in its active form to the cellular compartment,
organelle targeting increases drug concentration at the target where the drug acts, thus
improving the effectiveness and reducing side effects.? The past few years have seen the
advance of strategies for targeting different organelles, including the nucleus, mitochondria,3
lysosomes,* and the endoplasmic reticulum (ER).> Among these subcellular targets, ER
targeting therapy has been little explored due to its complexity in cell signaling.8 As the
largest cellular organelle, ER is responsible for crucial biosynthetic, sensing, and signaling
functions in eukaryotic cells.”® Particularly, ER is responsible for the synthesis, folding, and
posttranslational modifications of proteins destined for the secretory pathway, which amount
to approximately 30% of the total proteome.® Disturbing the protein-folding capacity of ER
would result in ER stress, ultimately activating apoptotic signaling pathways and cell death.
Therefore, selective disrupting ER function in cancer cells is a promising new strategy for
anticancer therapies.19 However, current ER targeting small molecules, like tunicamycin and
thapsigargin, lack cell selectivity and exhibit severe neurotoxicity, thus hindering their
clinical applications.11 One way to target ER is to conjugate drugs to protein toxins (e.g.,
Shiga toxin) which allows the delivery of drugs to ER.1 However, such endocytosis-
dependent delivery still faces the difficulty in achieving endosome/lysosome escape.
Therefore, it is necessary to develop novel ER targeting strategies that have high specificity
against cancer cells. To meet this need, we decided to explore enzyme-instructed self-
assembly (EISA)1213 for ER targeting because EISA provides precise spatiotemporal
control.

EISA is a dynamic process prevalently utilized for regulating proteins in nature,14 and is
also applicable for small molecules. In fact, EISA of peptidesl, lipidsl®, carbohydrates,1” or
sterol18 has already shown great promise as a potential cancer therapy for selectively
inhibiting cancer cells. Because specific enzymes are enriched in cancer cells and localize at
certain subcellular locations, EISA localizes the supramolecular assemblies at the location of
the enzymes; the formed assemblies significantly reduce the diffusion and greatly increase
the diffusion-limited interaction.19 This unique advantage of EISA has made it an attractive
strategy to target different subcellular organelles, including the cell membrane,20 nucleus,?
and mitochondria,?2 for boosting accumulation and efficacy of small molecules. For
example, targeting mitochondria by EISA minimizes acquired drug resistance.?® These
results also support the development of EISA to selectively target ER in cancer cells, which
has yet to be examined.

This study shows that enzymatic supramolecular assemblies from a phosphotetrapeptide
(1P) disrupt cell membrane and target ER to result in cancer cell death (Scheme 1).
Following dephosphorylation by an ectoenzyme, alkaline phosphatase (ALP), 1P turns into
a tetrapeptide derivative (1). Assemblies of 1 form via non-covalent interactions, and self-
assemble into crescent-shaped aggregates on the cancer cell surface, and interact with lipid
membrane to directly disrupt the integrity of the cells. After being taken up by the cancer
cells, the assemblies of 1 accumulate at the ER and induce ER stress, which leads to cancer
cell death by activating caspase signaling cascade.24 Examining the analogues of 1P reveals

JAm Chem Soc. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Feng et al.

Page 3

that attaching an L-amino acid at the C-terminal of a D-tripeptide causes the crescent-shaped
morphology of the assemblies. The crescent-shaped morphology of the assemblies is critical
for selectively inhibiting cancer cells because such a morphology results in membrane
disruption and leakage (Scheme 1). This work, for the first time, demonstrates a reaction-
based process for disrupting membranes in a spatiotemporally controlled manner, as well as
subcellular organelle (i.e., ER) targeting, which illustrates a new concept in controlling cell
fates via instructed-assembly.13

Results and Discussion

Molecule design and synthesis.

Scheme 1 shows the structure of the EISA precursor 1P, which consists of (i) a D-peptidic
backbone D-Phe-D-Phe as the self-assembling motif with excellent biostability, (ii) a D-
phosphotyrosine to serve as a substrate of ALP, (iii) an N-terminal capping 2-naphthylacetyl
group to enhance aromatic—aromatic interactions, and (iv) a positively charged L-
homoarginine residue to promote membrane interaction.2> Because ER is the largest
membranous structure inside cells (constituting more than half of the total membrane of a
cell?6), such a design allows ER targeting by the enzymatic assemblies to interact the ER
membrane. To examine the roles of side chain length and stereochemistry associated with
homoarginine, we design and synthesize precursor 2P and 3P as the controls of 1P (Scheme
S1). Specifically, 2P has an L-arginine with a side chain one methylene less than that of
homoarginine. As a diastereomer of 2P, 3P contains D-arginine to replace the L-arginine (in
2P). The designed precursors are synthesized via solid-phase peptide synthesis?” by using
Fmoc-protected amino acids and Fmoc-D-Tyr(PO3H5)-OH prepared by the N-Fmoc
protection?8 of phospho-D-tyrosine (Scheme S2). After high-performance liquid
chromatography (HPLC) purification, NMR spectra and LC-MS analysis (Figure S1-10)
confirm the structures and purities of the designed precursors.

Enzymatic self-assembly in vitro.

To examine the ALP instructed self-assembly of 1, we utilize high-resolution transmission
electron microscopy (HRTEM) to reveal the nanostructures in the solution of 1P and in the
hydrogel formed by treating 1P with ALP (Figure S11). As shown in Figure 1A, ata
concentration of 0.5 wt%, 1P forms uneven nanoparticles while the enzymatic
dephosphorylation (Figure S12) results in crescent-shaped assemblies with an average inner
diameter of 8.1 + 0.9 nm and a width of 5.2 £ 0.6 nm. Static light scattering (SLS) results
show that the solutions of 1P exhibit little SLS signal at the concentrations below 200 M
(Figure 1B), suggesting that 1P scarcely forms any assemblies at these concentrations. This
result agrees with that the critical micelle concentration (CMC) of 1P is about 272 pM
(Figure S13). After the addition of ALP, the SLS signal of 1P (20-500 uM) increases
significantly in a concentration dependent manner, agreeing with that the CMC of 1
(generated by treating 1P with ALP) is about 18.1 uM (Figure S13). Notably, the crescent
morphology persists when the concentration of 1 (generated by dephosphorylation 1P)
decreases (Figure S14), indicating that the morphology of the assemblies of 1 likely is
independent to the concentration of 1. These results, together with the TEM images, confirm
the formation of crescent-shaped assemblies by enzymatically converting 1P to 1.
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Selective anticancer activities.

Incubation of 1P with three ALP expressing cancer cell lines—cervical cancer cells (HeLa),
cisplatin-resistant ovarian cancer cells (A2780cis), and high-grade serous ovarian cancer
cells (OVSAHO)29:30reveals that 1P potently inhibits survival of HeLa, A2780cis, and
OVSAHO cells with an ICgq of 24, 49, and 54 pM, respectively. The I1Csq values (Figure 2)
largely correlate with the ALP expression levels on these cells.3? To evaluate the selectivity
of 1P, we also test its toxicity on a normal stromal cell line (HS-5),31 which expresses
relatively low level of ALP, and find that the ICsq of 1P on HS-5 cells is above 500 uM
(Figure 2). These results validate that the selectivity of 1P towards cancer cells mainly
originates from the ALP expression on cancer cells. Contrary to the high anticancer efficacy
of 1P, molecules of 1 exhibit minimal cytotoxicity to these three types of cancer cells, even
at a concentration of 500 uM (Figure 2), suggesting the importance of enzymatic
dephosphorylation in inducing death of the cancer cells. Moreover, the addition of
exogenous ALP, a PLAP inhibitor (L-phenylalanine),32 and a TNAP inhibitor (DQB)33
rescues the HeLa cells treated with 1P (200 pM), increasing the cell viability from 20% to
85%, 36%, and 51%, respectively (Figure S16). Additionally, the combination of the PLAP
inhibitor and the TNAP inhibitor increases the cell viability of HeLa cells from 20% to 71%,
(Figure S16), agreeing with the expression of both PLAP and TNAP in HeLa cells.30 These
results confirm that EISA process is the major contributor of the cancer cell death.

Membrane interaction and disruption.

To examine the membrane-binding capability of the assemblies generated from catalytic
dephosphorylation of 1P, we perform liposome co-sedimentation assays3* with liposomes
containing phosphatidylinositol 4,5-bisphosphate (P1P,) at the concentration of 1%.3% While
1P itself binds poorly to the liposomes, the enzymatically formed assemblies of 1 exhibit
membrane-binding affinity with about 90% of 1 bound to the liposomes (Figure 3A). This
result suggests that the interactions between the assemblies of 1 and the cell membrane may
contribute to cytotoxicity.3¢ To test this hypothesis, we measure the leakage of the
cytoplasmic enzyme LDH into the culture medium, an indicative assay of plasma membrane
disintegration.3” We choose HeLa cells for the mechanistic studies because 1P potently
inhibits HeL a cells, a cell line that has served as a model of human cell biology for decades.
38 As shown in Figure 3B, 1P induces LDH release from the HeLa cells in a dose and time-
dependent manner. Specifically, when the concentration of 1P rises from 20 uM to 200 pM,
the percentage of released LDH increases from 2.1% to 12.2% and from 3.6% to 16.4% after
0.5 and 1 h incubation, respectively. These results, together with the liposome co-
sedimentation, confirm that the enzymatic assemblies of 1 disrupt the cell membranes.
Additionally, incubation of HeLa cells with 1P (200 uM) leads to the LDH release from the
HeL a cells within half an hour, suggesting that the disruption of cellular membranes occurs
rapidly.

To trace the dynamic interaction of 1P with the plasma membrane, we use time-lapse
microscopy to image changes in the HeLa cell membrane induced by 1P (200 uM) after
staining the cells with a membrane probe.3? Adding 1P to the HeLa cells rapidly changes the
plasma membrane dynamics and induces membrane curvature®® and tubulation, as
evidenced by the live cell imaging (Video S1). With the probe but without the addition of
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1P, the cells hardly exhibit tubulation.3° Specifically, after only 15 minutes of incubation,
curvature initiated from the edge of the plasma membrane (white arrows in Figure 4),
agreeing with the rapid membrane disruption and LDH leakage (Figure 3B). In addition, the
membrane tubules, formed via treating with 1P, grow with the increase of the incubation
time (pink arrows in Figure 4). Providing direct visualization of the dynamic changes of
plasma membrane, these results further confirm that 1P starts to transform into the
assemblies of 1 on cell surface, thus disrupting the cell membranes.

Crescent-shaped morphology is critical for membrane disruption and cancer cell

inhibition.

To understand how the molecular structure affect the anticancer efficacy and selectivity of
1P, we measure the inhibitory activities of the analogs of 1P on HeLa and HS-5 cells
(Figure 5). While 1P potently inhibits HeLa cells, precursor 2P, generated by using L-
arginine to replacing the L-homoarginine residue in 1P, exhibits less cytotoxicity (ICsg of
180 uM (Figure 5A)). The difference between the activities of 1P and 2P likely originates
from the difference between L-homoarginine and L-arginine, that is, the length of the side
chain. As a diastereomer of 2P, 3P is almost innocuous to HeL a cells even at 500 pM,
suggesting that the stereochemistry plays essential role in the activity of the assemblies. The
potency of the precursors at 24 h against HeLa cells follows the order of 1P > 2P > 3P. In
contrast to the case of HelLa cells, the ICsq values of the precursors against HS-5 cells are all
above 500 puM, likely resulted from the low ALP activity on HS-5 cells.30

Because the precursors (1P, 2P, and 3P) share similar molecular structures except the C-
terminal residue, we further characterize the morphologies of their enzymatic assemblies
(i.e., the assemblies of 2 and 3 made from dephosphorylation of 2P and 3P, respectively).
HRTEM reveals that slight variations in the C-terminal residues of the precursors (1P, 2P,
and 3P) lead to significant differences in the morphologies of their assemblies after
enzymatic dephosphorylation (Figure 6A, Figure S18). The precursor 2P forms uneven
nanoparticles, which transform into short crescent-shaped nanofibers with width of 11 + 1.0
nm via EISA (Figure 6A, Figure S18). While precursor 3P self-assembles to form short
nanofibers (6.2 nm) and amorphous aggregates (Figure S18), the addition of ALP to the
solution of 3P results in long, uniform nanofibers with a diameter of 8.6 £ 1.5 nm (Figure
6A). These results indicate that the L-amino acid residue at the C-terminal of the D-
tripeptide is essential for forming crescent-shaped assemblies.

Despite the difference in the morphologies of the assemblies of precursors (or
hydrogelators), the self-assembling abilities of 2P and 3P are close (Figure 6B), and are
comparable to that of 1P. Specifically, the CMC values of 2P and 3P are 283 uM and 302
UM, respectively. After being generated by the ALP treatment, 2 and 3 exhibit CMCs of 19.3
and 19.8 uM, respectively. The close CMC values of the dephosphorylated molecules (1, 2,
and 3) suggest that their self-assembling ability are close, thus excluding the possibility that
the difference in anticancer efficacy originate from the self-assembling ability of the EISA
molecules.1# Therefore, the different supramolecular morphologies likely contribute to the
observed difference in anticancer activities of the precursors.
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To assess how the supramolecular morphology affects bioactivity of EISA, we evaluate the
membrane-binding properties of the assemblies using the liposome co-sedimentation assays
since EISA on cell membrane plays crucial role for determining its bioactivity.1* As shown
in Figure 7A, 91 %, 72%, and 43% of the enzymatic assemblies of 1, 2, and 3 bind to the
liposomes, indicating that the membrane binding ability of these assemblies follows the
order of 1> 2 > 3. Additionally, the results of LDH assay (Figure 7B) show that the LDH
release from the HeLa cells increases when the incubation time of 1P (or 2P) increases. But
3P hardly induces the LDH leakage from HeLa cells. The amount of LDH release, after
treating with the precursors, follows the order of 1P > 2P > 3P. This result strongly
correlates the cytotoxicities with the membrane disruption abilities of the assemblies. Since
the precursors share the similar molecular structures and charge distributions, their different
membrane interactions are likely due to their supramolecular structures. These results
suggest that supramolecular morphology of EISA contributes to the anticancer activity
through the membrane disruption.

Distribution of the assemblies inside cells.

To visualize the distribution of the enzymatic assemblies inside the cells after the cell
membrane loses integrity, we design and synthesize F1P (Scheme S1), a fluorescent
analogue of 1P, by replacing the naphthyl group at the N-terminal with an environment
sensitive fluorescent dye 4-nitro-2,1,3-benzoxadiazole (NBD).#! Dephosphorylated by ALP,
F1P turns into F1, which also forms crescent-shaped assemblies (with an average width of
5.1 £ 2 nm, Figure S20). Because NBD has a higher quantum yield in a hydrophobic
environment,*2 EISA of F1P induces significantly bright fluorescence for visualizing the
distribution of enzymatic assemblies in live cells and real-time.

Figure 8 shows the time-lapse images of the generation and distribution of the enzymatic
assemblies in cellular environment (also see Video S2). At 0 min incubation, F1P slightly
fluoresces to give a dim background in the cytosol of HelLa cells. At this moment, a few
slightly brighter spots (indicated by the orange arrow) appear on the cell surface. These
results confirm F1P being outside the cells at 0 min. At 10 min, the number of fluorescent
spots on cell surface increases; a membrane blebbing#3 (pointed by the white arrow) starts to
grow near the fluorescent spots. This result suggests membrane disruption of HelLa cells,
which corresponds with LDH results (Figure 3B). From 20 to 30 min, the number of
fluorescent spots on the cell surface increases, and the membrane blebs grow. The generation
and growth of fluorescent assemblies on plasma membrane further confirms that the EISA
process occurs on cell surface. Additionally, these enzymatic assemblies adhere to the cell
membrane and barely diffuse (pink arrow in Figure 8), agreeing with their high membrane
binding affinity (Figure 3A). At 40 min, besides the fluorescence dots emerge on cell
membrane, the cytoplasm begins to exhibit weak fluorescence. The fluorescence intensity
inside the cells is similar to that of the medium, indicating that the molecules in cells are
mainly F1P at 40 min. From 50 min to 60 min, the fluorescence intensity in the cytoplasm
increases significantly, and the fluorescence spots on cell surface continue to grow. At 70
min, the cytoplasm of the cells exhibit bright fluorescence, suggesting that F1P transforms
to F1, and F1 assemblies and accumulates inside the cells. These results confirm that (i) F1P
enters the cells; (ii) EISA of F1P/1P occurs both on and inside the HeLa cells. To delineate
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the role of enzyme specificity, we replace the phosphotyrosine in F1P with a phosphoserine
to generate precursor F4P (Scheme S1), which only exhibits weak fluorescence on cell
surface and few puncta inside HeLa cells (Figure S21). This result suggests that intracellular
tyrosine phosphatases (e.g., PTP1B on ER*4) also likely catalyze the dephosphorylation of
F1P. In contrast to the case of HelLa cells, F1P scarcely shows fluorescence on HS-5 cells,
(Figure S22) further confirming the selective generation of enzymatic assemblies on cancer
cells.

Targeting endoplasmic reticulum.

To investigate the ER targeting of enzymatic assemblies, we use ER-tracker to co-stain with
F1P in live HelLa cells. After incubating with F1P for 1 h, the green fluorescence from the
assemblies of F1 co-localizes well with the red fluorescence from ER-tracker (Figure 9).
The Pearson’s R value of co-localization®® is 0.71 from 20 cells, indicating that most of the
assemblies accumulate on ER. Additionally, we also find some green fluorescent dots adhere
to the HeLa cell membrane. These results, together with live cell image (Video S2), indicate
that the EISA process first occur on cell surface to generate enzymatic assemblies. After
F1P or assemblies of F1 enter cells, they accumulate on ER.

Because ER is the major site of protein synthesis and processing,® the accumulation of
enzymatic assemblies may induce ER dysfunction.*6 To test this assumption, we use time-
dependent Western blot to examine the expression of the markers of ER stress. Our results
(Figures 10 and S23) confirm that treating HeLa cells with 1P leads to increased levels of
ER chaperon protein Bip, sensor protein IRE1a, and UPR mediator CHOP.47 We speculate
that Bip goes down and up likely because Bip is short-lived and metabolized through N-
terminal arginylation under cellular stresses.*® Calnexin, another chaperon protein for
assisting protein folding,*° slightly decreases after 12 h treatment of 1P, which is likely due
to the degradation of calnexin during apoptosis.4® Incubating with 1P activates the IRE1la
pathway in HelLa cells, as evidenced by the increased expression of XBP-1 and phospho-
INK(Figure S23).59 Moreover, 1P also induces the phosphorylation of PERK and elF2a in
HeLa cells, (Figure S23) indicating the activation of PERK signaling.>! The addition of the
antioxidants (N-acetylcysteine), which reduces ER stress,>? significantly increases the
viability of HeLa cells treated with 1P (Figure S24). Together with that prolonged ER stress
leads to cell apoptosis,®3 these results suggest that EISA of 1 acting through the branch of
IREla and PERK to induce ER stress is one of the mechanisms contributing to the cell
death. Moreover, EISA of 1 also induces the activation of caspase-8 (Figure S23), agreeing
with the model that ER stress leads to activation of caspase-8.%* In addition to HelLa cells,
1P also induces the ER stress and activates caspase 8 on A2780cis cells, as revealed by the
Western blot results (Figure S25).

To further explore the signaling molecules involved in apoptosis pathways, we use PathScan
apoptosis multi-target sandwich ELISA®® to detect the changes of their expression. Time-
dependent ELISA results (Figure S26) show that caspase-3 and active poly (ADP-ribose)
polymerase (PARP) significantly increase after treating HelLa cells with 1P for 24 h,
suggesting that 1P induces the death of HelLa cells through intrinsic signaling pathways,
including caspase cascade and downstream PARP signaling.
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Conclusion

In conclusion, we demonstrate the selective ER targeting of cancer cells by generating
supramolecular assemblies via enzymatic reactions on and in the cancer cells. Interacting
with cellular membranes, the crescent-shaped supramolecular assemblies disrupt plasma
membrane integrity to enable the assemblies accumulate on the ER, thus inducing cancer
cell death through ER stress. This result is consistent with that toxic forms of amyloid-
related aggregates of proteins bind to membranes®® and induce ER stress as a major
mechanism of cytotoxicity in neurodegenerative diseases.>” Utilizing enzymatic reactions
and reduced diffusion, EISA enables spatiotemporal control of the generation and cellular
distribution of the cytotoxic assemblies, thus providing a new strategy to regulate amyloid-
like aggregates for treating cancer. Although this work employs short peptides, EISA
promises a new strategy to manipulate peptidomimetic molecules that undergo self-
assembling.>8 The use of ALP as the enzyme to confer selectivity to cancer cells may also
complement to immunotherapy because overexpression of ALP associates with
immunosuppression.>® Besides controlling the cell behavior using EISA that exhibit high
affinity to membrane, this work extends the concept of generating functional assemblies
through instructed-assembling, which promises new applications of supramolecular
chemistry®0 in live systems.51
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Figure 1.
(A) HRTEM image of nanostructures formed before and after adding ALP (1 U/mL) to the

solution of 1P (0.5 wt%, scale bar = 50 nm). (B) Intensity of static light scattering (SLS) of
the solutions of 1P (20-500 uM) before and after adding ALP (1 U/mL) for 12 hinpH 7.4
PBS buffer (light scattering angle = 30 degrees).
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Figure 3.
(A) The liposome binding capability of 1P (20 uM), with or without the treatment of ALP.

(B) Time dependent LDH release from the HeLa cells treated with 1P at different
concentrations. Data in both (A) and (B) obtained by triplicate measurements (n = 3) and
presented as mean + SEM.
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15 min 18 min 21 min

Figure 4.
Time-lapse microscopy images of live HelLa cells after incubation with 1P (200 puM) for 15

to 30 minutes, showing the dynamic disruption of cell membrane (arrows). Before
incubating with 1P, the membranes of HeLa cells were stained with an active membrane
probe3? (10 uM) for 1 h.
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JAm Chem Soc. Author manuscript; available in PMC 2019 August 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Feng et al.

540
538 -
536 - .
534 -
£ sa2
£ 5301
528 - .
526 -
524 T T T T
1 10 100 1000
Log conc
540
| 2P + ALP CMC 19.3 uM
538 -
536
_ 534-
E
£ 532
4Em- .
528 -
s 0/
1 10 100
Log conc

Figure®6.

540

+ ALP

Page 16

538 4
536 4
534 4
5324

(nm)

530 4

A

528 4
526 -

524

3P CMC 302 pM

1 10 100
Log conc

1000

3P + ALP CMC 19.8 pM |

Log conc

100

(A) HRTEM images of the nanostructures formed by adding ALP to the solutions of 2P
(left) and 3P (right) (0.5 wt%, scale bar = 50 nm); (B) CMCs for 2P and 3P, without or with

the treatment of ALP.
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Figure7.

(A) The liposome binding capability of 1P, 2P or 3P (20 uM) after the treatment of ALP;
(B) Time dependent LDH release of HeL a cells after treated with 1P, 2P or 3P at 200 uM.
Data in both (A) and (B) obtained by triplicate measurements (n = 3) and presented as mean
+ SEM.
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20 pm

Figure 8.
Time-lapse microscopy images of live HelLa cells incubating with F1P (200 uM) for 0 to 70

minutes, showing the in-situ generation of assemblies of F1P on cell membrane (pink
arrow), membrane disruption (white arrow), and real time distribution in the HeLa cells.
Before incubating with F1P, the nuclei of HeLa cells were stained with Hoechst 33342.
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Figure9.
Confocal laser scanning microscopy images of HelL a cells treated with F1P (200 uM) for 1

h, and then stained with ER-tracker. Scale bar is 10 pm.
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Figure 10.
Western blot analysis of ER-stress marker (Bip, CHOP) after treating HeL a cells with 1P

(50 uM) at different time (i.e., 0, 3, 6, 12, 24 or 36 h).
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Scheme 1.
Ilustration of EISA assemblies to disrupt cell membrane and to target ER and molecular

structure of an EISA precursor.

JAm Chem Soc. Author manuscript; available in PMC 2019 August 01.



	Abstract
	Introduction
	Results and Discussion
	Molecule design and synthesis.
	Enzymatic self-assembly in vitro.
	Selective anticancer activities.
	Membrane interaction and disruption.
	Crescent-shaped morphology is critical for membrane disruption and cancer cell inhibition.
	Distribution of the assemblies inside cells.
	Targeting endoplasmic reticulum.

	Conclusion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.
	Figure 10.
	Scheme 1.

