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Abstract

Recent studies have demonstrated that enzyme-instructed self-assembly (EISA) in extra- or
intracellular environments can serve as a multistep process for controlling cell fate. There is little
knowledge, however, about the kinetics of EISA in the complex environments in or around cells.
Here we design and synthesize three dipeptidic precursors (LD-1-SO3, DL-1-SO3, DD-1-SO3),
consisting of diphenylalanine (L-Phe-D-Phe, D-Phe-L-Phe, D-Phe-D-Phe, respectively) as the
backbone, which are capped by 2-(naphthalen-2-yl)acetic acid at the N-terminal and by 2-(4-(2-
aminoethoxy)-4-oxobutanamido)ethane-1-sulfonic acid at the C-terminal. On hydrolysis by
carboxylesterases (CES), these precursors result in hydrogelators, which self-assemble in water at
different rates. While all three precursors selectively kill cancer cells, especially high-grade serous
ovarian carcinoma cells (HGSC), by undergoing intracellular EISA, DL-1-SO3 and DD-1-SO3
exhibit the lowest and the highest activities, respectively, against the cancer cells. This trend
inversely correlates with the rates of converting the precursors to the hydrogelators in PBS buffer.
Because CES exists both extra- and intracellularly, we use kinetic modeling to analyze the kinetics
of EISA inside cells and to calculate the cytotoxicity of each precursor for killing cancer cells. Our
results indicate that (i) the stereochemistry of the precursors affects the morphology of the
nanostructures formed by the hydrogelators, as well as the rate of enzymatic conversion; (ii)
decreased extracellular hydrolysis of precursors favors intracellular EISA inside the cells; (iii) the
inherent features (e.g., self-assembling ability and morphology) of the EISA molecules largely
dictate the cytotoxicity of intracellular EISA. As the kinetic analysis of intracellular EISA, this
work elucidates how the stereochemistry modulates EISA in the complex extra- and/or
intracellular environment for developing anticancer molecular processes. Moreover, it provides
insights for understanding the kinetics and cytotoxicity of aggregates of aberrant proteins or
peptides formed inside and outside cells.
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Despite advances in cancer treatments such as surgery, chemotherapy and immunotherapy;,
cancer, as a class of diseases that induce abnormal cell growth, remains a public health threat
and is the number two cause of death globally.! Such a serious health problem requires the
further exploration of approaches for cancer treatment. Recognizing tight ligand-receptor
binding in the development of molecule-targeted chemotherapy as a likely cause of the
emergence of multidrug resistance in cancer therapy, we2-11 and several other labs2-16 have
been exploring molecular processes (e.g., peptidic self-assembly12: 17-42) for cancer therapy
by using enzymatic reactions to generate self-assembled molecular nanostructures (e.g.,
nanofibers and nanoparticles) for killing cancer cells. Our previous study revealed that the
intracellular enzyme-instructed self-assembly (EISA)*3:44 of dipeptidic derivatives, by
interacting with actin, significantly boosts the activity of cisplatin, a widely used anticancer
drug, against drug-resistant ovarian cancer cells.® However, there is little information on the
kinetics of intracellular EISA and the effects of precursor stereochemistry on intracellular
EISA. In this work, we examine the roles of the stereochemistry of dipeptidic precursors on
the efficacy of intracellular EISA, without involving cisplatin, for killing cancer cells. We
expect dipeptides of different stereochemistry to result in nanofibers with different
morphologies and different rates of formation, factors that should contribute to the
cytotoxicity of the nanofibers to cancer cells.

To test the above assumption, we design and synthesize three sterecisomers of
diphenylalanine precursors that are capped by 2-(naphthalen-2-yl)acetic acid at the N-
terminal and by 2-(4-(2-aminoethoxy)-4-oxobutanamido)ethane-1-sulfonic acid at the C-
terminal. These dipeptide precursors (LD-1-SO3, DL-1-SO3, DD-1-SO3) (Scheme 1), as the
substrates of carboxylesterases (CES),4>~48 lose the hydrophilic 4-oxo0-4-((2-
sulfoethyl)amino)butanoic acid motif to form hydrogelators (LD-1, DL-1, DD-1) (Scheme
1) upon addition of CES. At certain concentrations of the precursors, enzymatic formation of
LD-1, DL-1 or DD-1 results in supramolecular hydrogels, confirming that these precursors/
hydrogelators are suitable molecules for EISA. While the products, formed by cleaving ester
bonds, self-assemble to generate molecular nanofibers that exhibit slightly different
morphologies as the result of the different stereochemistries of LD-1, DL-1, and DD-1, the
cytotoxicity of the precursors is inversely correlated with the rates of converting the
precursors to the hydrogelators in PBS buffer. This trend is counterintuitive and differs from
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the results of pericellular self-assembly,> 9 49 thus warranting further elucidation kinetic
analysis for understanding the reaction-transport characteristics of intracellular EISA in the
cellular environment, an important feature of molecular processes that has yet to be
elucidated.>0

We use multivariate data fitting to elucidate the kinetics of ester hydrolysis outside and EISA
inside the cells in order to evaluate the cytotoxicity of each precursor against cancer cells in
a quantitative manner. Since the interaction between the drug and the cell is a complex
process involving many different Kinetic steps and parameters, we identify three key
constitutive processes: (a) the exchange of the EISA molecules between the inside and
outside of the cells, (b) the chemical mechanism that leads to supramolecular assembly
through the action of the enzyme (e.g., CES), and (c) the interaction of the supramolecular
assemblies with the cancer cells, resulting in cell death. Fitting appropriate subsets of a
mathematical model on three separate sets of experiments allows the estimation of the
kinetic parameters (/.e., the transport coefficients of molecules in and out the cells (Kin/Kout),
the Michaelis-Menten constants (Ky), the hydrogelation rate constant (Kgs), and the killing
power of the assemblies (ki 2, [GCTy, C) associated with each of these precursors and
processes (Scheme 2)). Our results indicate that the stereochemistry of the precursors affects
the morphology of the nanostructures formed by the hydrogelators and the inherent features
of the EISA molecules largely dictate the cytotoxicity of intracellular EISA. As the kinetic
analysis of intracellular EISA, this work not only provides useful insights for understanding
the kinetics and cytotoxicity of pathogenic molecular aggregates formed during biological
processes, but also illustrates that the use of stereochemistry to enhance self-assembling
ability and to slow down extracellular hydrolysis of small molecules is an effective approach
for optimizing intracellular EISA.

RESULTS AND DISCUSSION

Molecular design

Synthesis

We choose diphenylalanine (FF) as the dipeptide backbone because of the self-assembling
ability of FF in water.>1-52 We connect 2-(naphthalen-2-yl)acetic acid (Nap) at the N-
terminal to increase the aromatic-aromatic interaction for further enhancing the self-
assembly of the peptide derivatives. To understand the effect of stereochemistry on
hydrolysis rate and self-assembly, we choose three stereoisomers of the diphenylalanine
backbone, L-Phe-D-Phe, D-Phe-L-Phe, and D-Phe-D-Phe. We omit the use of L-Phe-L-Phe
because proteases degrade Nap-L-Phe-L-Phe to Nap-L-Phe and Phe readily.>3 We install an
ester bond at the C-terminal of the dipeptide derivatives to make them suitable substrates for
CES. To ensure that the peptides are taken up by the cell for intracellular EISA, we also
further extend the C-terminal of the diphenylalanine by attaching a taurine group (2-
aminoethanesulfonic acid) (Scheme 1), because the taurine motif promotes the cellular
uptake of D-peptides.>*

Based on the chemical structures of the precursors and the corresponding hydrogelators in
Scheme 1, we apply both solid phase peptide synthesis (SPPS)>® and solution phase
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synthesis to generate the precursors (Scheme S1). After purification of the compounds by
high-performance liquid chromatography (HPLC) with an overall yield about 60%, LC-MS
and H-NMR spectra confirm the purities of these molecules (Figures S1-S3).

CES-catalyzed self-assembly

After we obtain LD-1-SO3, DL-1-SO3, and DD-1-SO3, we test their ability to serve as
precursors for EISA in PBS buffer. The precursors dissolve in PBS buffer to form clear
solutions (0.2 wt%). After the addition of 1 U/mL of CES, all of solutions turn into
hydrogels in 24 h (Figure S4). From LC-MS analysis of the hydrogels, we find that,
catalyzed by CES for 24 h, 87%, 91%, and 85% of the precursors LD-1-SO3, DL-1-SOs3,
DD-1-SOg3, respectively, become the hydrogelators LD-1, DL-1, and DD-1. Transmission
electron microscopy (TEM) of the hydrogels reveals that the nanofibers, acting as the
matrices of the hydrogels, exhibit different morphologies. Generated from EISA, the
hydrogel of LD-1 mainly contains helical nanoribbons with some straight nanofibers; the
hydrogel of DL-1 contains straight ribbons or narrow nanosheet-like structures with different
widths as matrices; and the hydrogel of DD-1 consists mainly of nanofibers with a diameter
of 8+2nm.

After using enzymatic hydrogelation to establish that the molecules we designed serve as
precursors/hydrogelators for EISA, we examine the self-assembly of the hydrogelators at
lower concentrations after adding CES to solutions of the precursors, because the precursors
exhibit cytotoxicity at concentrations much lower than the concentrations needed for
gelation (vide infra). As shown in Figure 1, we choose three concentrations (200, 100 and 50
uM) for each of the precursors, which dissolve in PBS buffer to form transparent solutions.
After addition of CES to each solution for 24 h to convert the precursors to the
corresponding hydrogelators, we use TEM to examine the reaction mixtures. For the
enzymatic conversion of LD-1-SO3 to LD-1, TEM shows a considerable quantity of twisted
nanoribbons (with a pitch of 130 + 10 nm) at the precursor concentration of 200 uM, plus
some nanoparticles. When the precursor concentration drops to 100 pM, the nanoribbons
become narrower to form twisted nanofibers with a new, shorter pitch (72 £ 4 nm). There are
hardly any nanofibers, but rather nanoparticles (700-900 nm in diameter) in the TEM when
the concentration of the precursor is 50 uM. While the addition of CES to DL-1-SO3 (200
UM) results in short nanoribbons, there are hardly any nanoribbons remaining, except some
very short nanofibers mixed with many nanoparticles, when DL-1-SOg is present at 100 uM.
When the concentration of DL-1-SO3 drops further to 50 uM, TEM shows that the addition
of CES generates nanoparticles of diameter 320-510 nm. Unlike the cases of LD-1-SO3 or
DL-1-SOg3, adding CES to DD-1-SO3 (200 uM) produces relatively high-density twisted
nanofibers (10-12 nm diameter) with indeterminate pitch. At 100 uM of DD-1-SOg, the
amount of EISA-generated nanofibers decreases, and the twisted nanofibers (11 + 2 nm in
width) exhibit a well-defined pitch (43 + 2 nm). When the concentration of DD-1-SO3 is 50
UM, there are still some fiber-like structures, together with nanoparticles (about 60 nm
diameter) after CES-catalyzed hydrolysis. Among the three hydrogelators, DD-1 appears to
have the highest self-assembling ability. For example, at 100 uM, solutions of both LD-1 and
DD-1 contain fiber-like structures, while DL-1 solution contains only aggregates. In
addition, solutions of DD-1 contain fiber-like structures at concentrations as low as 50 UM.
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On the other hand, DL-1 shows the weakest self-assembling ability; its 200 uM solution
contains only a few short nanoribbon like-structures. These results provide useful
morphological information about the assemblies of these stereoisomers formed by the EISA
process.

Circular dichroism

Rheometry

Cytotoxicity

To gain further understanding of the molecular conformations of the hydrogelators in the
hydrogels, we measure the circular dichroism (CD) of the hydrogels. Peaks from 200 nm to
250 nm originate from m-rt* and n-w* transitions of amide groups. The hydrogel formed by
LD-1 shows a strong positive peak at 247 nm while the hydrogel formed by DL-1 exhibits a
negative peak at 234 nm (Figure S5). LD-1 and DL-1 are enantiomers, but the CD spectra of
the hydrogels are slightly unsymmetrical, which likely originates from inclusion of CES in
the hydrogels, which makes the hydrogels diastereromeric. Additionally, the secondary
structure formed by the self-assembly process can be different because the rates of the
enzymatic reactions probably differ for LD-1-SO3 and DL-1-SO3 (vide infra). While the CD
spectra of the hydrogels of LD-1 and DL-1 indicate the presence of alpha-helical-like
structures, the CD spectrum of the hydrogel formed by DD-1 shows both positive (220 nm)
and negative peaks (237 nm), suggesting beta-sheet like structures. These results indicate
that the stereochemistry of the hydrogelators indeed dictates their secondary structure in the
assembled state.

From rheological measurements on the hydrogels formed by the three precursors after the
addition of 1 U/mL of CES for 24 h, we compare the viscoelastic properties of the
hydrogels. The storage moduli (G”) of all three hydrogels are larger than their loss moduli
(G”), and both G” and G” are independent of frequency, which confirms the viscoelastic
features of the hydrogels (Figure S6). In addition, we obtain the maximum storage moduli
from a strain sweep. As shown in Figure S6A, the hydrogel of DL-1 exhibits the highest
maximum storage modulus at 58 Pa. The maximum storage modulus of the LD-1 hydrogel
is 51 Pa, slightly lower than the DL-1 hydrogel. The maximum storage modulus of the
hydrogel of DD-1 is the smallest among the three hydrogels (13 Pa). These maximum
storage moduli are consistent with the extent of the hydrolysis catalyzed by CES. We also
measure the critical strain values at which the storage modulus G” starts to drop drastically
due to breakdown of the matrices of the hydrogels. The values of critical strain of the
hydrogels formed by LD-1, DL-1 and DD-1 are 3.2%, 2.6% and 4.8%, respectively. The
DD-1 hydrogel shows the highest critical strain, indicating that it is the most resilient among
the three hydrogels. The critical strain value of the DL-1 hydrogel is the lowest, suggesting
that this hydrogel is more rigid than the other two. These results imply that the
stereochemistry of hydrogelators affects the viscoelasticity of the hydrogels. The resilience
of the hydrogels also reflects the self-assembling ability of the hydrogelators.

We test the cytotoxicity of these precursors on high-grade serous ovarian cancer (HGSC)
cell lines (KURAMOCHI, OVSAHO, JHOS-2 and JHOS-4),56 cervical cancer cells (HeLa),
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as well as bone marrow stromal cells (HS-5, a normal cell line with low expression of
CES®7). We summarize the 1Csq and 1Cqq values of these molecules in Figure 2A and 2B,
respectively. The ICsq values of LD-1-SO3z on the cancer cell lines are around 50 pg/mL
while its IC5q on a normal cell line (HS-5) is above 80 pg/mL. Similarly, the ICgq values of
LD-1-SO3 on cancer cells are around 73 pg/mL, much lower than the 1Cqq for HS-5 cells,
136 pg/mL. The IC5q and 1Cqq values of DL-1-SO3 on the cancer cell lines are about 80 and
110 pg/mL, respectively, while the 1Cgq and 1Cqq values on HS-5 are 117 and 172 ug/mL,
respectively. DD-1-SO3 shows the highest cytotoxicity, with 1Cgq and 1Cqq values on cancer
cells of 24 and 29 pg/mL, respectively. DD-1-SO3 also shows excellent selectivity—ICsgg
and ICqyq against HS-5 cells are 58 and 68 pg/mL, respectively. Figure 2C summarizes the
viability of cancer cells and normal cells treated with 73 pg/mL of LD-1-SO3, DL-1-SO3 or
37 pug/mL of DD-1-SO3 for 48 h. After treatment with LD-1-SOg, all the cancer cell lines
show cell viability below 30%, while HS-5 shows cell viability above 60%. DL-1-SOg kills
more than 40% of cancer cells; notably about 80% of HeLa cells are dead. On the other
hand, more than 90% of HS-5 cells are still alive after treatment with 73 pg/mL of DL-1-
SO3. DD-1-S03 thus shows even better selectivity at 37 pg/mL dosage. While the viabilities
of HGSC cells are less than 10%, more than 70% of HS-5 cells remain viable after the
treatment with DD-1-SO3. The overall trend is that DD-1-SOs is the most cytotoxic
molecule against the ovarian cancer cells among the three precursors, and DL-1-SO3 shows
the lowest cytotoxicity. These results also confirm that all three precursors selectively kill
cancer cells, particularly HGSC cells.

Inverse correlation of hydrolysis rate and cytotoxicity of the precursors

After we evaluate the cytotoxicity of the precursors, we test the enzyme catalytic rate by
adding 0.1 U/mL of esterase to 500 M solutions of the three precursors. We use HPLC to
quantify the compositions of the solutions during 36 h incubation at 37 °C, and summarize
the decrease of precursors with time (Figure 3A). Surprisingly, more than 60% of DD-1-SO3
remains, while only about 34% of DL-1-SO3 remains in the solution after 36 h. About 55%
of LD-1-SO3 is converted to LD-1 by the esterase after 36 h. These results confirm that
DD-1-S0g is the most stable, while DL-1-SO3 is the most easily hydrolyzed by esterase
among the three precursors. To examine the relationship between the hydrolysis rate and the
cytotoxicity of these precursors, we plot the ICgq values (against JHOS-4 cells) and half-life
time (ty/2) of the precursors (Figure 3B). Notably, the precursor having a longer half-life
shows a smaller ICsp. DD-1-SOj3 is the most cytotoxic molecule among the three, though its
hydrolysis catalyzed by esterases is the slowest. DL-1-SO3 shows the highest hydrolysis rate
and the lowest cytotoxicity.

Esterase inhibitors

The trend shown in Figure 3B for intracellular EISA is opposite to that for extracellular
EISA,8 implying that these three precursors start hydrolyzing before they enter the cells. To
examine whether CES is present in the culture medium, we dissolve 6-carboxyfluorescein
diacetate (6-CFDA), which is a substrate for esterase, in the fresh culture medium or PBS
buffer. As shown in Figure 4A, without addition of 6-CFDA, all of the culture media and
PBS buffer barely show any fluorescence. However, after being incubated with 6-CFDA, the
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culture media (DMEM, DMEM/F12 and MEM) show about a 1000-fold increase in
fluorescence, while the PBS buffer hardly shows any increase. This result confirms that the
culture media used for the cell viability experiment contain soluble esterases. The esterases
in the culture medium certainly catalyze the hydrolysis of the precursors, which not only
explains the effectiveness of DD-1-SOs3, but also underscores the unique advantage of using
D-peptide-based precursors to slow down extracellular hydrolysis, thereby promoting
effective intracellular EISA.

The esterases in the culture medium are analogous to the esterases in the blood, so our
preparation offers a simple model system to explore approaches for enhancing intracellular
EISA. Considering that there are more esterases inside cells than in serum, it would be
reasonable to use esterase inhibitors to minimize the premature hydrolysis of the precursors
before they enter the cells. Thus, we check the cytotoxicity of the precursors together with
several CES inhibitors on OVSAHO cells and HeLa cells. We use the inhibitors at
concentrations that are innocuous to the cells. As shown in Figure 4B and Figure S7, after
treatment with LD-1-SO3 and the CES1 inhibitor troglitazone (10 pM), the viability of
OVSAHO cells changes little. When BNPP (100 uM), an irreversible CES inhibitor, is used
to treat OVSAHO cells together with LD-1-SOg, cell viability is decreased. When OVSAHO
cells are treated with LD-1-SO3 and the CES2 inhibitor loperamide (10 uM), the viability of
OVSAHO decreases considerably. When we use LD-1-SO3 combined with both troglitazone
and loperamide (10 uM each) to treat OVSAHO cells, the cells show much lower viability.
The use of the above-mentioned inhibitors to combine with DL-1-SO3 or DD-1-SOg results
in an overall trend that the addition of CES2 inhibitors alone or together with CES1
inhibitors causes a significant decrease of the viability of OVSAHO cells. Co-incubation of
BNPP (a non-specific CES inhibitor) with the precursors also decreases cell viability,
although it is less effective than the CES2 inhibitors. The addition of CES1 inhibitors barely
changes the viability of OVSAHO cells, indicating that CES1 inhibitors are unable to rescue
OVSAHO cells. In Figure 4C and Figure S8, we show the results of treating HeLa cells in
the same way as the OVSAHO cells. The CES2 inhibitor causes the highest decrease in cell
viability. The nonspecific CES inhibitor (BNPP) also helps decrease the viability of HeLa
cells, while addition of a CES1 inhibitor has little effect on HeLa cells. The results in Figure
4 confirm that CES inhibitors help inhibit the esterases in culture medium, increasing the
amount of precursors in the culture medium, thus allowing more molecular precursors to
enter the cells for intracellular EISA.

To gain insight into the mechanism of cell death caused by intracellular EISA, we use
ELISA59.60 to detect the expression levels of six key signaling molecules of the cell death
pathway61:62 in HeL a cells treated with the three precursors at 50 uM for up to 36 h. As
shown in Figure 5A, after treatment with 50 uM LD-1-SOs3, there is about a 2.5-fold
increase in the amount of active-PARP®3 in HeL a cells after 36 h of incubation. Also, the
amount of active-caspase3 increases slightly after 24 and 36 h of incubation. For HeL a cells
treated with DL-1-SO3, the level of active-PARP in HeLa cells starts to increase after 24 h of
incubation and shows about a 3.5-fold increase after 36 h (Figure 5B). When HeLa cells are
treated with 50 uM DD-1-SOs, the relative amounts of active-caspase3 and active-PARP
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increase significantly (Figure 5C). Active-PARP shows about a 7-fold increase and active-
caspase3 shows about a 5.5-fold increase, which are higher than the increase of these two
signaling molecules in HeLa cells treated with LD-1-SO3 and DL-1-SO3. The level of
phospho-Bad also increases slightly after 24 h treatment with DD-1-SO3. These results
suggest that HelL a cells treated with LD-1-SO3 undergo PARP- and caspase-dependent cell
death, and that DL-1-SOg3-treated cells undergo PARP-dependent cell death. Besides the
activation of PARP and caspase3%* in them, the HeLa cells treated with DD-1-SO3 also
exhibit an increase in phospho-Bad,%° suggesting that DD-1-SO5 likely results in cell death
via an intrinsic cell death signaling pathway.

F-actin staining
In order to examine the effect of intracellular self-assembly on the dynamics of actin
filaments, we use Alexa fluor 633 phalloidin® to stain the actin filaments of HeLa cells
treated with the precursors. As shown in Figure 6, we treat the HeLa cells with 50 uM LD-1-
SO3, DL-1-SO3, and DD-1-SO3 or culture medium for 20 h. Compared with the HeLa cells
in the control group, HeLa cells treated with LD-1-SO3 show much less well-defined long
actin filaments that extend throughout the cytoplasm. There are some short actin filaments
and some red dots inside the cells. Similarly, after treatment with DL-1-SO3, actin filaments
inside the HelL a cells also change. There are hardly any long actin filaments that can form
the network of the cytoskeleton, but the actin filaments are slightly shorter than those in the
HeL a cells treated with LD-1-SO3. Similar to HeLa cells treated with LD-1-SO3 and DL-1-
SO3, DD-1-SO3-treated HeLa cells exhibit few well-defined actin filaments. Here there are
more red dots and many fewer short actin filaments present inside the cells compared to the
LD-1-SOg3-treated cells. These results confirm that intracellular assemblies of these
hydrogelators disrupt actin filaments in the cells, which likely contributes to cell death.
DD-1-SO3 and DL-1-SO3 show the most and least obvious actin disruption, respectively, in
agreement with the relative cytotoxicities of the precursors and further supporting the notion
that intracellular EISA is a powerful process to interfere with actin dynamics, thereby killing
cancer cells.®’

Kinetic analysis

To quantitatively understand the kinetics of the EISA process, we fit the key reaction
parameters for EISA occurring outside and inside the cells.67="3 To this end, we developed a
mathematical model to simulate the mean-field kinetics of the physical, chemical and
biological processes involved in our system and summarized in Scheme 3. The general set of
ordinary differential equations constituting our model in dimensionless form reads:
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Here ¢, sM, pM, gM, s, pC and g€ are dimensionless variables respectively representing the
population of cancer cells and the concentrations of precursors, free hydrogelators in
solution and hydrogelators in the assemblies (gel). The superscripts M and C designate
species in the extracellular medium (M) and inside the cells (C), respectively. The model
contains 15 parameters, which we divide into 4 groups:

. Group 0: S, Co, Kg, Kg, Kgs. Parameters that we can directly measure or estimate
from the literature.

. Group 1: kzzs K, C. Parameters related to the chemical reactions occurring
within each compartment.

. Group 2: 8M, 85, ki, Kout. Parameters related to the transport between the media
(M) and cells (C) and to the different enzymatic concentrations in the two
compartments.

. Group 3: k0, o, [GC]y,. Parameters characterizing the cytotoxicity of the

intracellular gels.

The parameters So, Co, kg, and kg respectively are: the initial concentration of precursor; the
volume fraction of tumor cells to the total volume; the rate constant of cell doubling; and the
rate constant of gelation. The definition of the other parameters is given in the caption of
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Table 1. The precise definition of these quantities, as well as the systematic derivation of the
above equations can be found in Section 3 of the Supporting Information.

We use the above model to estimate the values of the control parameters from our
experimental data. Our aim is to compare the values for the DL-1-SOs3, LD-1-SO3 and
DD-1-SOg3 stereoisomers and to understand the reason behind their different cytotoxicity
(see Table 1). Whereas the parameters in Group 0 are derived from our experiments or the
literature, we use a numerical fitting procedure to obtain the values of the other parameters.
Our approach is to fit Group 1, Group 2 and Group 3 in this order, on datasets coming from
ad hoc experiments.

In order to fit group 1 we measure and analyze the kinetics of assembly in the absence of
cancer cells, by measuring the hydrolysis rates of the three precursors. We choose three
initial concentrations for each compound (500, 200, and 100 pM) to incubate together with
esterase (0.1 U/mL) at 37 °C for 36 h, and analyze and plot the percentages of the remaining
precursors. To understand at which concentration the compounds start to self-assemble, we
determine the CMC (critical micelle concentration) of the three precursors and the
hydrogelators (Table S1). We also measure the CMC of mixtures of precursors and their
corresponding hydrogelators at different ratios (1:3, 1:1 and 3:1) to check if the coexistence
of precursor and hydrogelator affects the CMC values (Figure S9). The CMC measurement
shows that the precursors always have higher CMCs than their corresponding hydrogelators.
The existence of precursors in the solution has little effect on the overall CMC (/.e., CMC
values of the mixtures of precursors and hydrogelators). Though it is hard to test
intracellular CMCs in live cells, previous study suggests that CMC in cell lysates is about 10
times lower than that in PBS buffer.”#7> To clarify if the hydrolysis of the three precursors
by esterase is reversible and to check if the esterase catalyzes ester bond formation, we co-
incubate the hydrogelators (initial concentration 500 uM) with 4-oxo-4-((2-
sulfoethyl)amino)butanoic acid as well as esterase (0.1 U/mL). We check the composition of
the mixtures by LC-MS after 48 h incubation. The results (Table S2) indicate that the
esterase appears ot to catalyze the reverse reaction of hydrolysis, and the hydrolysis process
of the three precursors by the esterase is irreversible. Based on this fact, the deviations of the
trend of the hydrolysis curves from simple Michaelis-Menten kinetics can be explained by
assuming that there are some precursor molecules trapped in the assemblies of the
hydrogelators.

For group 2, we quantify the intracellular and extracellular concentrations of the precursors
as well as the hydrogelators after incubating 100 uM precursor with HelLa cells for 1, 2, 4, 8
and 12 h. These time intervals are smaller than the doubling time of the cells (about 24 h):
this treatment allows us to assume constancy of the cell population, so that we can neglect
the contribution of terms associated with cell proliferation and death and use the chemical
constants previously found for group 1 for the cell-free process. After collecting cell lysates
and culture medium following incubation, we obtain intracellular and extracellular
concentrations of the precursors and hydrogelators by analyzing the cell lysates as well as
the culture media using LC-MS (Table S3 and S4). All of the measurements of CMCs,
intracellular concentrations, and extracellular concentrations are repeated for three times.
The calculated standard deviations indicate that the measurements are reproducible.
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Finally we fit the only remaining unknown kinetic constants in group 3 (i.e., k°, o and
[GC]y,) — the ones associated with the killing power of each assembly — from viability data
of cell cultures exposed to different concentrations of precursor during 72 h.

Detailed information about the fittings is also provided in section 3 of the supporting
information (Figure S9-S14, Table S7). The model is quite successful in reproducing the
trends in the experimental data. One interesting thing to notice is that although the DD-1-
SOg stereoisomer produces the smallest concentrations of intracellular gel (see center row of
Figure S14), it is nevertheless the quickest and most effective in killing the tumor cells. This
apparently counterintuitive result is due to the fact that the killing efficacy is higher for
DD-1-SOg3 than LD-1-SO3 than DL-1-SO3 (see bottom row of Figure S14 or Figure 7). The
overall killing efficacy of a gel can be estimated by considering the shape of ki ([G®]) or,
alternatively, at the values of the three parameters defining it: the maximum Kkilling power
(or the top plateau of the S-shaped curve), k,; the slope at the jump from 0 to maximum
killing power, o; and the threshold at which the jump happens, [G];,. The overall killing
power is greater when the [G], is small and the value of k0 is large. The role played by the
slope o depends on the location of the jump [GC]y.. If the jump occurs at a high value of
[GC], a smaller o will ensure a higher killing efficacy for a wider range of gel concentrations
before the jump; if, however, the jump occurs at a low value of [G®], a larger o will ensure
that the maximum killing power is achieved sooner after the jump. Figure 7 and Table 1
demonstrate that the maximum Killing power is larger for DD-1-SO3 than for LD-1-SOs3
than for DL-1-SOs. The jump in ki ([G€]) occurs for DD-1-SOs first, for LD-1-SO3 second
and for DL-1-SOg3 third, while the slopes of the DD-1-SO3 and LD-1-SO3 curves are
comparable. This makes the DD-1-SO3 stereoisomer the most potent among the three,
followed by LD-1-SO3 and then DL-1-SO3, which is likely because of the different
morphologies formed by the corresponding hydrogelators. The high killing efficacy of
DD-1-SOg is also likely due to that self-assembling ability of the hydrogelators also play
critical role for intracellular EISA killing cancer cells, in addition to the contribution of
morphological differences of the nanofibers.

CONCLUSION

In summary, the investigation of stereochemical isomers of the building block for
intracellular self-assembly supports the notion that intracellular self-assembly catalyzed by
intracellular CES is an effective approach for killing HGSC cells (Scheme 4). All of the
three precursors show excellent selectivity against HGSC cells and HeLa cells. It is
noteworthy that DD-1-SOs is the slowest to be converted into the corresponding
hydrogelator DD-1 among the three molecules, but exhibits the highest cytotoxicity. This
result highlights the complexity of the extracellular as well as intracellular environment
when the enzymes are unequally present outside and inside cells. Besides confirm the
importance of self-assembling ability, this work underscores the advantages of using D-
peptides for intramolecular EISA, since D-peptides have excellent stability in the cellular
environment, which is a critical factor for the development of potent precursors of
intracellular EISA against cancer cells. More importantly, the use of a CES2 inhibitor
drastically increases the inhibitory activity of DL-1-SOs3, not only suggesting the
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combination of enzyme inhibition and enzyme reaction for precisely targeting cancer cells,
but also implying that regulating the activity of CES2 in serum may become part of the
treatment. The intracellular EISA also has potential applications such as being applied in
combination therapy. Our previous research indicated that DD-1-SO3 could significantly
boost the activity of an anti-cancer drug, cisplatin.® Moreover, this work provides useful
insights for understanding the cytotoxicity of the molecular aggregates of aberrant peptides
that cause neurodegenerative diseases. For example, cytotoxic peptides usually result from
extracellular and intracellular hydrolysis of proteins. Results summarized in Table S5
indicate that the concentrations of the esterase inhibitors inside cells are too low to be
detectable. The use of an inhibitor of proteolytic enzymes that is unable to enter the cell
rapidly may aggravate the disease. Though proteases may play a role in the hydrolysis of the
precursors, the incubation of proteinase K with the precursors is unable to produce the
hydrogelators (Table S6). This result also agrees with the previous report that D-amino acids
reduce the susceptibility of small peptides to proteolysis.”® Thus, this work underscores the
need for perspectives and approaches to develop drugs for treating neurodegenerative
diseases.

METHODS

TEM measurement

MTT assay

We first placed 5 UL of sample solutions on glow discharge thin carbon-coated copper grids
(400 meshes, Pacific Grid-Tech) and incubated for 30s at room temperature. Then we
washed the grid with ddH,0 for three times. Finally we stained the sample-loaded grid with
three successive drops of UA (uranyl acetate) and allowed it to dry in air.

The cytotoxicity was determined by the viability of cells by MTT assay. The cells were
seeded in exponential growth phase in a 96-well plate at a concentration of 1 x 10% cell/well
with 100 uL of culture medium supplemented with 10% fetal bovine serum (FBS), 100
U/mL penicillin and 100 pug/ml streptomycin. The cells were allowed to attach to the wells
for 24 h at 37 °C, 5% CO,. The culture medium was removed, and 100 pL culture medium
containing compounds (immediately diluted from fresh prepared stock solution of 10 mM)
at gradient concentrations (0 UM as the control) was placed into each well. Culture medium
was regarded as the control. After culturing at 37 °C, 5% CO», for 24 h, 48 h and 72 h, 10 pL
of 5 mg/mL MTT ((3-(4,5-DimethylthiazoL-2-yl)-2,5-diphenyltetrazolium bromide) was
added to each well, and the plated cells were incubated in the dark for another 4 h. 100 pL of
SDS-HCI solution was added to each well to stop the reduction reaction and to dissolve the
purple formazan. After incubation of the wells at 37 °C overnight, the absorbance of each
well at 595 nm was measured by a microplate reader.

Measurement of CES activity

To examine whether CES is present in the culture medium, we dissolved 6-
carboxyfluorescein diacetate (6-CFDA), which is a substrate of esterase, in the fresh culture
medium or PBS buffer. After 30 min incubation of 6-CFDA in the culture medium at 37 °C,
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we determined the fluorescence by using a microplate reader equipped with 485 nm
excitation and 535 nm emission filters.

CMC measurements

A series of precursor or hydrogelator solutions were prepared in pH 7.4 PBS buffer and
incubated together with Rhodamine 6G (5 uM). The absorbance from 520 to 540 nm was
measured by using a Biotek Synergy 4 hybrid multi-mode microplate reader, and A,y Was
determined.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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LD-1-SOs3 ~ DL-1-S0s DD-1-SO3
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Figure 1.
TEM images of samples formed 24 h after adding CES (1 U/mL) to solutions of LD-1-SOg,

DL-1-SO3 and DD-1-SO3 at 200 uM, 100 uM, and 50 uM. All are in PBS buffer, pH = 7.4.
Scale bar = 100 nm.
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(A) IC5q and (B) ICgq values of the precursors LD-1-SO3, DL-1-SO3 and DD-1-SO3 against
KURAMOCHI, OVSAHO, JHOS-2, JHOS-4, HelLa and HS-5 cells on the second day; (C)
Cell viability of KURAMOCHI, OVSAHO, JHOS-2, JHOS-4, Hela and HS-5 cells treated
with 100 uM (73 pug/mL) of LD-1-SO3, DL-1-SO3 or 50 uM (37 ug/mL) of DD-1-SO3 for

48 h.
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Figure 3.

(A) Decrease of the amount of precursors with time after their incubation with 0.1 U/mL of
esterase at 37 °C. The precursors were dissolved in pH 7.4 PBS buffer at a concentration of
500 uM; (B) ICsq values (against JHOS-4) and ty/, values of LD-1-SO3, DL-1-SO3 and
DD-1-SOs.
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Figure 4.

(A) Fluorescence of medium and PBS buffer with and without addition of 6-CFDA (final
concentration of 6-CFDA is 25 uM). (B, C) I1Csq (48 h) of LD-1-SO3, DL-1-SO3 and DD-1-
SO3 alone or together with troglitazone (10 uM), loperamide (10 uM), BNPP (100 uM) or
mixture of troglitazone (10 pM) and loperamide (10 pM) (B) on OVSAHO cells and (C) on

Hel a cells.
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Change of relative amount of apoptosis signal molecules over time in HeLa cells treated
with 50 uM of (A) LD-1-SOj3, (B) DL-1-SO3, (C) DD-1-SOs3.
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Alexa Fluor 633 Phalloidin Hoechst Merge

DD-1-S03

Control

Figure 6.
Fluorescence images of HeLa cells stained with Alexa Fluor 633 Phalloidin (F-actin) and

Hoechst (nuclei) after treatment with 50 yM LD-1-SO3, DL-1-SO3, and DD-1-SO3 or
culture medium (control) for 20 h. Scale bar = 10 pym.
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intracellular gelator concentration [G€] (uM)

Values of the killing rate constants of the three stereoisomers DL-1-SOs3 (dark blue), LD-1-
SO3 (dark red) and DD-1-SO3 (dark green) as a function of the intracellular gelator

concentration [GC].
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Scheme 1.
Chemical structures of the precursors and the corresponding hydrogelators.
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Scheme 2.

Extracellular hydrolysis and cancer cell death caused by intracellular EISA.
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Scheme 3.
Schematic view of the network of physical, chemical and biological interactions between the

molecules and cells in the system.

Note: ki and kg transport rate constants; kq: HelLa cell doubling rate constant, which is
4.81x107* min™%; kq: gelation rate constant which is 10% min™%; kg: dissociation rate
constant of a gel; kirp: rate constant of trapping process; ke, catalytic rate constant;

ki ([G€): killing rate constant; ks: forward rate constant; k,: reverse rate constant. S stands
for precursor, P stands for free hydrogelators in solution; G stands for hydrogelators in the
assemblies. The superscripts M and C designate species in the extracellular medium and
inside the cells, respectively.
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Relationship between the rates of enzymatic conversion of the precursors and the cancer cell
inhibitions caused by intracellular EISA.
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Rate and equilibrium constants calculated by multivariate data fitting.

Constant | DL-1-SO; | LD-1-S0, | DD-1-SO;

Kgs (MM™L) | 1.31x10! | 2.19x10! | 4.52x10!

Ko (mMM-minl) | 2.63x1072 | 2.78x1071 | 6.38x1073
K (MmM) 20.3 311 6.58
C 0.96 1.13 1.98
Kin (Min1) 5.06x1072 | 5.06x1072 | 5.06x1072
Kout (Min2) 0.79x1072 | 0.79x1072 | 0.79x1072
&M 0.83 0.83 0.83
& 15.7 15.7 15.7
kO (min™1) 2.11x1073 | 2.97x1073 | 6.29x1073
o (MM 0.48 1.24 3.69
[GC]i; (MM) 2.99 2.29 1.30

Kgs: equilibrium constant for the gelation process; kcat catalytic rate constant; Kv: Michaelis-Menten constant; C: gel-specific constant

Page 29

representing the average number of empty sites in the gel structure per molecule of hydrogelator available for the inclusion of one precursor; kin

and koyt: transport rate constants; M. ratio of enzyme concentration in the culture medium to enzyme concentration used in the hydrolysis

experiment; € ratio of enzyme concentration in the cell to enzyme concentration used in the hydrolysis experiment. [Gc]tr (a threshold value),

kko (a plateau value) and o (slope) of the killing efficacy curve. Known parameters: kg: HeLa cell doubling rate constant which is 4.81x10~% min

'1; kg: gelation rate constant which is 109 min~1,
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