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ABSTRACT: Tumorigenic risk of undifferentiated human induced
pluripotent stem cells (iPSCs), being a major obstacle for clinical application
of iPSCs, requires novel approaches for selectively eliminating undiffer-
entiated iPSCs. Here, we show that an L-phosphopentapeptide, upon the
dephosphorylation catalyzed by alkaline phosphatase (ALP) overexpressed
by iPSCs, rapidly forms intranuclear peptide assemblies made of α-helices to
selectively kill iPSCs. The phosphopentapeptide, consisting of four L-leucine
residues and a C-terminal L-phosphotyrosine, self-assembles to form
micelles/nanoparticles, which transform into peptide nanofibers/nanorib-
bons after enzymatic dephosphorylation removes the phosphate group from
the L-phosphotyrosine. The concentration of ALP and incubation time
dictates the morphology of the peptide assemblies. Circular dichroism and
FTIR indicate that the L-pentapeptide in the assemblies contains a mixture
of an α-helix and aggregated strands. Incubating the L-phosphopentapeptide with human iPSCs results in rapid killing of the iPSCs
(=<2 h) due to the significant accumulation of the peptide assemblies in the nuclei of iPSCs. The phosphopentapeptide is innocuous
to normal cells (e.g., HEK293 and hematopoietic progenitor cell (HPC)) because normal cells hardly overexpress ALP. Inhibiting
ALP, mutating the L-phosphotyrosine from the C-terminal to the middle of the phosphopentapeptides, or replacing L-leucine to D-
leucine in the phosphopentapeptide abolishes the intranuclear assemblies of the pentapeptides. Treating the L-phosphopentapeptide
with cell lysate of normal cells (e.g., HS-5) confirms the proteolysis of the L-pentapeptide. This work, as the first case of intranuclear
assemblies of peptides, not only illustrates the application of enzymatic noncovalent synthesis for selectively targeting nuclei of cells
but also may lead to a new way to eliminate other pathological cells that express a high level of certain enzymes.

■ INTRODUCTION
Having the unprecedented potential to generate a variety of
cell types for cell therapy, pluripotent stem cells (PSCs), such
as human embryonic stem cells (ESC) and human induced
pluripotent stem cells (iPSCs), promise to revolutionize
personalized medicine.1 Increased research efforts have
focused on the use of PSCs in clinical applications, such as
PSC-derived dopamine (DA) neurons for treating Parkinson’s
disease,2 differentiating PSC into cardiomyocytes3 or epicar-
dium cells4 for treating heart disease, the generation of insulin-
producing pancreatic beta cells from PSCs for treating
diabetes,5 photoreceptor progenitors derived from PSCs for
treating blindness,6 and PSC-derived retinal pigment epithe-
lium (RPE) for treating age-related macular degeneration
(AMD).7 Despite the rapid progress of iPSC technology,
considerable challenges remain to be met before safe clinical
applications of PSCs.8,9 Because a key feature of iPSCs is their
potential for infinite proliferation, one major safety concern of
iPSCs is their tumorigenicity.10 For example, undifferentiated
iPSCs exhibit comparable tumor producing potential with that
of HeLa cells in a rat model.11 Several studies even have shown
a small number of residual iPSCs may produce teratomas in
animals.12,13 Moreover, inefficient differentiation protocols,

variability of differentiation efficiency, or heterogeneity of iPSC
clones all can lead to residual or large numbers of
undifferentiated iPSCs after the differentiation procedure.14

Thus, it is necessary to eliminate the undifferentiated iPSCs
without harming differentiated cells in a cell mixture prior to
cell transplantation. Considerable efforts have been spent on
developing approaches to eliminate residual undifferentiated
iPSCs15−36 for the safe clinical applications of iPSC-based cell
therapy, but current strategies still have many drawbacks.
Therefore, it is still necessary to develop an innovative strategy
that is rapid (=< 2 h), effective, and general for eliminating
undifferentiated iPSCs in cell mixtures.
A prominent difference between iPSCs and differentiated

cells is that iPSCs overexpress (or upregulate) alkaline
phosphatase (ALP),37 but the differentiated cells do not.
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Thus, it is possible to selectively kill iPSCs by using enzyme-
instructed self-assembly (EISA),38−49 a molecular process that
integrates enzyme reactions and self-assembly and is known to
selectively kill cells based on overexpression of en-
zymes.46,50−52 In fact, Saito et al. recently reported selectively
eliminating iPSCs by EISA of D-phosphotetrapeptides.53

Taking the advantage that ALP acts as an ectophosphatase
to form pericellular nanofibers of D-peptides,51 they have
shown that ALP overexpressed on iPSCs dephosphorylates the
D-phosphotetrapeptides (e.g., 1) into hydrophobic peptides,
which self-assemble on the cell surface to induce cell death.
They demonstrated that 2 h of the D-phosphopeptide
treatment eliminates iPSCs and prevents residual iPSC-
induced teratoma formation in a mouse tumorigenicity
assay.53 Although that work confirms EISA as a feasible
approach for selectively and rapidly eliminating residual iPSCs,
there are still drawbacks: (i) The D-phosphotetrapeptide
undergoes pericellular EISA,53 thus it is unable to utilize
intracellular ALP.54 (ii) The D-peptides, being proteolytic
resistant, self-assemble to form β-sheets, which is considered to
be amyloidogenic.55,56

Here, we show that an L-phosphopentapeptide (5), upon the
dephosphorylation catalyzed by ALP, rapidly forms intra-
nuclear peptide assemblies made of an α-helix and aggregated
strands to selectively kill iPSCs (Figure 1). Specifically, the
phosphopentapeptide, consisting of four L-leucine residues and
a C-terminal L-phosphotyrosine, self-assembles to form
micelles or nanoparticles, which transform into peptide
nanofibers or nanoribbons after enzymatic dephosphorylation
removes the phosphate group from the phosphotyrosine. The

concentrations of ALP dictate the morphology of the
pentapeptide assemblies. While a high expression level of
ALP (800 U/L) catalyzes the dephosphorylation of the L-
phosphopentapeptide to form nanoribbons, a normal ex-
pression level of ALP (100 U/L) for the dephosphorylation
results in nanofibers, depending on the time of incubation.
Circular dichroism indicates that the L-pentapeptide adopts an
α-helix and aggregated strand. Incubating the phosphopenta-
peptide with human iPSCs results in rapid killing of the iPSCs
(=< 2 h) due to the accumulation of the pentapeptide
assemblies in the iPSC nuclei. The phosphopentapeptide is
innocuous to normal cells (e.g., HEK293 and hematopoietic
progenitor cell (HPC)). Inhibiting ALP abolishes the intra-
nuclear assemblies. Mutating the L-phosphotyrosine from the
C-terminal to the middle of the phosphopentapeptides or
replacing L-leucine to D-leucine generates the phosphopenta-
peptides that undergo enzymatic self-assembly to form thin
nanofibers. These two phosphopentapeptides are unable to
result in intranuclear peptide assemblies for killing iPSCs.
Treating the L-phosphopentapeptide with cell lysates of normal
cells (e.g., HS-5) confirms the proteolysis of the L-
pentapeptides. Compared to the previous approach,53 there
are several significant advancements: (i) the L-phosphopep-
tides enter cells to undergo EISA to form intranuclear peptide
assemblies. (ii) L-Peptide nanoribbons made of peptide α-
helices minimize the risk of amyloidogenicity due to β-sheets.
(iii) After killing the iPSCs, the L-peptides undergo proteolysis
to form L-amino acids, thus minimizing side effects. This work,
as the first case of intranuclear assemblies of peptides,
illustrates the application of enzymatic noncovalent synthesis57

for selectively targeting nuclei of cells.

■ RESULTS AND DISCUSSION
Molecular Design and Synthesis. In the previously

reported study,53 the substrate for EISA is a D-phosphote-
trapeptide (1, Figure 2A), consisting of a 2-naphthylacetyl
group to enhance π−π interactions, a D-Phe-D-Phe-D-Phe as
the β-sheet forming motif, and a D-phosphotyrosine as the
trigger for ALP-catalyzed dephosphorylation. After enzymatic
dephosphorylation, 1 becomes 2. The self-assembly of 2 forms
β-sheets.53 Occurring on iPSCs, such a molecular process
selectively kills iPSCs.53 To minimize the formation of β-sheets
and to maintain the hydrophobicity for self-assembly in water,
we decide to use L-leucine (Leu) as the amino acid for
constructing the peptide backbone because leucine is known to
have high helix propensity.58 To visualize the location of the
peptide assemblies in a cellular environment after EISA, we
replace the 2-naphthylacetyl group with NBD (4-nitro-2,1,3-
benzoxadiazole, an environment-sensitive fluorophore) that is
particularly useful for revealing peptide assemblies in cells.59,60

Following the above rationale, we design the phosphopep-
tide NBD-LLLpY (3). Although 3 is able to turn into 4 upon
dephosphorylation catalyzed by ALP, 4 only exhibits limited
self-assembling ability (Figures S11 and S12). Thus, we
increase the number of leucine in 3 to make NBD-LLLLpY (5,
Figure 2B). For further understanding the self-assembly of this
leucine-rich sequence, we also design two other phosphopen-
tapeptides, 7 and 9. We move L-phosphotyrosine from the C-
terminal to the middle of 5 to give NBD-LLpYLL (7). By
placing tyrosine between two dileucine motifs, we expect 8, the
corresponding pentapeptide of 7, would be less prone for α-
helix conformation because tyrosine is less prone to form a
helix than leucine.61 In another analog, we keep L-

Figure 1. Schematic representation of EISA of L-phosphopentapep-
tide (5) to result in intranuclear assemblies of 6.
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phosphotyrosine but replace the L-Leu in 5 by D-Leu. Such a
change results in NBD-llllpY (9, l represents D-Leu). 9 and its
corresponding pentapeptide (10) are heterochiral peptides,
which would help understand the effect of homochirality
contributing to the morphology of the peptide assemblies.
Based on the molecular design shown in Figure 2B, we use
solid phase peptide synthesis (SPPS) to make the phospho-
peptides (5, 7, and 9; Scheme S1). Briefly, after the reaction
between NBD-Cl and β-alanine to produce NBD-β-alanine62

and protecting L-phosphotyrosine by 9-fluorenylmethoxycar-
bonyl (Fmoc), the designed precursors are synthesized via
SPPS by using Fmoc-protected amino acids. After purification
by high performance liquid chromatography (HPLC), all the
precursors are confirmed by LC-MS and 1H NMR (Figures
S1−S10).
Enzymatic Self-Assembly in PBS. After obtaining all the

precursors via SPPS, we evaluate their behaviors for EISA in
vitro by using transmission electron microscopes (TEMs) to
examine the nanostructures formed before and after the ALP-
catalyzed dephosphorylation of precursors, 5, 7, and 9. At 400
μM and in phosphate buffered saline (PBS), 5 self-assembles
to form short nanofibers with the diameter of 9 ± 2 nm and a
few nanoparticles (Figure 3). The critical micelle concentration
(CMC) of 5 is 86.1 μM (Figure S13A). In the solution of 7
(400 μM) and 9 (400 μM), TEM images show nanoparticles
only, and the CMCs of 7 and 9 are 159.9 μM and 146.8 μM,
respectively (Figure S13C,E). These results indicate that,
among the three phosphopentapeptides, 5 exhibits a higher
self-assembling ability than 7 or 9 does. After the solution of 5
(400 μM) being incubated with ALP (0.5 U/mL) at 37 °C for

24 h, TEM shows that dephosphorylation of 5 results in
nanoribbons with the widths of 74 ± 13 nm. Figure S15 shows
the folded nanoribbons, indicating the self-assembly nano-
structures are more like nanoribbons than nanotubes. More-
over, the lack of features of nanotubes, such as circular cross
profiles, double layer of tubes, and the broken ends, in the
TEM images suggests that the morphology of the assemblies of
6 likely is curved nanoribbons. The CMC of 6 is 8.1 μM
(Figure S13B). Unlike the case of 5, dephosphorylation of 7 or
9 at 400 μM by ALP (0.5 U/mL) produces nanofibers with the
diameters of 6 ± 2 nm or 9 ± 2 nm, whose CMC is 87.4 μM or
25.8 μM (Figure S13D,F), respectively.
A key requirement for selectively eliminating iPSCs by EISA

is that the L-peptide nanoribbons only form on and in iPSCs,
which overexpress ALP, but not on and in the differentiated
cells that express a normal level of ALP. That is, L-peptide
nanoribbons should only rapidly form at a high level of ALP
but not at a normal level of ALP. Considering that the normal
level of ALP in serum is about 0.1 U/mL63 and an abnormally
high level of ALP can be 0.6−0.8 U/mL,64,65 we test EISA of 5
in the presence of different concentrations of ALP (from 0.1
U/mL to 0.8 U/mL) for 1 and 2 h (Figure 4). We choose to
focus on 5 because it selectively kills iPSCs (vide inf ra). One
hour after the addition of ALP in the solution of 5 (400 μM),
TEM shows that nanofibers form in the presence of 0.1 U/mL
ALP, and the mixture of nanofibers and nanoribbons forms at
0.2 and 0.4 U/mL ALP, with more nanofibers at 0.2 U/mL
ALP and more nanoribbons at 0.4 U/mL ALP. When the
concentrations of ALP are at 0.6 and 0.8 U/mL, TEM shows
dominantly nanoribbons. After 2 h of incubation of the

Figure 2. (A) Chemical structure of D-tetrapeptide in previous work.53 (B) Chemical structures of L-peptides and a D,L-peptide in this work.
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solution of 5 (400 μM) with ALP, TEM shows that
dephosphorylation of 5 results in nanoribbons when the
concentrations of ALP are 0.1, 0.2, 0.4, 0.6, and 0.8 U/mL.
Notably, by decreasing the concentration of 5 to 200 μM, a 1 h
treatment by 0.1 U/mL or 0.8 U/mL ALP results in
nanoparticles with the diameters of 404 ± 50 nm or the
nanoribbons (Figure S14), respectively. These results indicate
that the initial concentration of 5, the expression levels of ALP,
and the time of dephosphorylation control morphology of the
nanoscale assemblies of the L-pentapeptides formed by EISA,
similar to the case that the ratio of substrates and enzymes
controls the rheological properties of hydrogels made by
EISA.66 This feature is essential for using EISA to target cells
selectively.
Enzymatic Conversion. The morphological differences

shown in Figures 3 and 4 imply that the extent of enzymatic
reactions likely controls the self-assembly. Thus, we examine
the conversion of the phosphopentapeptides to their
corresponding peptides over time. We incubate 5, 7, or 9 at
the concentration of 100, 200, or 400 μM with 0.5 U/mL ALP
and measure their dephosphorylation ratio at different time
points (Figure 5). We choose the concentration of ALP to be
0.5 U/mL because iPSCs overexpress ALP37 and nanoribbons
of 5 formed within 1 h when the ALP is >0.4 U/mL (Figure
4). Figure 5A shows the half-lives of 5 at 100, 200, and 400 μM

are 27.3, 21.6, and 30.6 min, respectively. After 5 h of
incubation, 400 μM 5 results in a dephosphorylation ratio of
93.8%, indicating that the nanoribbons, formed after 24 h of
incubation of 5 with ALP (Figure 3, top row, right), mainly
consist of 6. Decreasing the ALP concentration to 0.1 U/mL,

Figure 3. Transmission electron microscopy (TEM) imaging of 5, 7,
and 9 (400 μM, PBS) and the corresponding 6, 8, and 10 formed by
adding ALP (0.5 U/mL) for 24 h.

Figure 4. Transmission electron microscopy (TEM) imaging of 5
(400 μM, PBS) after dephosphorylation by ALP (0.1, 0.2, 0.4, 0.6, or
0.8 U/mL) for 1 or 2 h.
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the half-life of 5 (400 μM) is 122.2 min, and the final
dephosphorylation ratio is 69.1% (Figure 5B). After 1 h of
incubation, 32.7% of 5 turns into 6, and long nanofibers were
observed (Figure 4, first row, left). After 2 h of incubation of 5
with 0.1 U/mL ALP, 49.6% of 5 becomes 6, and TEM shows
dominantly nanoribbons (Figure 4, first row, right).
Being incubated with 0.5 U/mL ALP, 7 has a slower

dephosphorylation rate than that of 5, and the half-lives are
127.0, 112.0, and 125.5 min at 100, 200, and 400 μM,
respectively (Figure 5C). After 5 h of incubation, the
conversion ratio of 7 to 8 is 61.5%, which results in nanofibers
(Figure 3, middle row, right). These results indicate that the
phosphotyrosine in the middle of the phosphopentapeptide
slows down the dephosphorylation catalyzed by ALP. More-
over, the assemblies of 7 likely hamper the interaction of
phosphotyrosine with ALP. Having D-leucine as the backbone
and L-phosphotyrosine at the C-terminal of the pentapeptide, 9
exhibits a similar dephosphorylation rate as that of 5, with the
half-lives of 24.6, 21.6, and 27.0 min at 100, 200, and 400 μM,
respectively (Figure 5D). After 5 h of incubation, the
conversion ratio of 9 to 10 is 93.3%, which results in
nanofibers (Figure 3, bottom right). These results and TEM in
Figure 3 suggest that the sequence of the pentapeptides also
controls the morphology of nanostructures after the enzymatic
reaction approaches completion.
Circular Dichroism. To understand the secondary

structures of the L-phosphopentapeptide (5) in the assemblies
without dephosphorylation and L-pentapeptide (6, NBD-
LLLLY) in the assemblies formed by the dephosphorylation
of 5, we measure the circular dichroism (CD) spectra of 5 at
different concentrations before and after the addition of ALP.
The CD spectra of 5 at the concentrations ranging from 100 to
800 μM show a slight negative trough at 225−250 nm (Figure
6A, inset), which may be caused by discrete electronic
transition67 or a small amount of helix.68 The CD band is
weak because the phosphate group increases the solubility of 5,
thus disfavoring the formation of extensive peptide assemblies
that would enhance the CD signals. After the addition of ALP

(0.5 U/mL) in the solution of 5, dephosphorylation of 5
produces 6, which exhibits two positive CD bands at 204 and
229 nm, indicating the presence of α-helical conformation. The
molar CD intensity of the two CD bands starts to decrease
when the concentration is higher than 400 μM, agreeing with
the observation that 6, at high concentrations, aggregates to

Figure 5. Time-dependent dephosphorylation of 5 by (A) ALP (0.5 U/mL) and (B) ALP (0.1 U/mL). Time-dependent dephosphorylation of (C)
7 and (D) 9 by ALP (0.5 U/mL).

Figure 6. (A) Circular dichroism (CD) spectra of 5 (PBS) before and
after dephosphorylation by 0.5 U/mL ALP for 24 h (inset: magnified
CD from 190 to 300 nm). (B) The time-dependent CD spectrum of 5
(100 μM, PBS) being treated with 0.1 U/mL ALP (inset: the molar
ellipticity at 204 nm).
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form precipitates. For further understanding the conformation
of 6, we dissolve 6 in the mixture of trifluoroethanol (TFE)
and PBS (TFE/PBS = 1/1, pH 7.4), because TFE stabilizes
secondary structures.69 The CD spectra show a positive peak at
199 nm and two negative peaks at 217 and 233 nm (Figure
S17), which is the classical CD spectrum of the α-helix. Since
TFE favors the formation of α-helical conformation, we decide
to further examine the conformation of 5 and 6 by infrared
spectroscopy. The Fourier-transform infrared (FTIR) spectra
of 20 mM 5 and 6 (Figure S19) show the peak near 1453 cm−1

in the amide A/amide III region, which is caused by N−H
stretch modes. In the amide I range, the peak at 1655 cm−1 is
consistent with the α-helical conformation, and the peaks
around 1606 and 1619 cm−1 likely originate from aggregated
strands.70 An additional peak at 1672 cm−1 is mainly due to
TFA counterions bound to the peptide.71 Although a
pentapeptide is too short to observe a persistent secondary
structure, the dimer of 6 (Figure 1) would be a ten-peptide
sequence to allow the observation of an α-helix component.
We incubate 5 (100 μM) with ALP (0.1 U/mL) and measure
the CD spectra every 10 min (Figure 6B). The CD bands at
204 and 229 nm appear after a 40 min incubation (Figure 6B,
inset). At the time point of 40 min, about 24% of 5 is
hydrolyzed by ALP (Figure 5B). This result indicates that the
morphological switch (from the micelle to nanoribbon) or
significant self-assembly occurs when the ratio of [6] and [5] is
about 1/3 ([5] = 75 μM and [6] = 25 μM). Notably, although
NBD exhibits an absorption band in its UV−vis spectra
(Figure S16) at about 344 nm, there is little induced circular
dichroism (ICD) at that position. This result suggests that the
dipoles of NBD moieties arrange in an antiparallel direction in
the nanoribbons formed by 6 (Figure 1).
Figure 7A shows the CD spectra of 7, and the negative band

at 202 nm indicates an unordered structure.72 The
dephosphorylated product (8, NBD-LLYLL) shows significant
different CD troughs at different concentrations. When the
concentration is 100 or 200 μM, we observe a negative band
around 220−250 nm. When the concentration increases to 400
and 800 μM, the negative peak blue-shifts to 212 nm. Although
the ICD bands (300−350 nm) from NBD hardly show any
constant trends, the presence of the ICD band from NBD
indicates that NBD moieties no longer orient in a manner to
reduce dipole moments. Moreover, the CD signals of 8 are
significantly lower than those of 6, suggesting the insertion of
L-tyrosine between the two L-dileucines apparently weakens the
ability of self-assembly of 8. This observation agrees with that 8
only forms thin nanofibers, not nanoribbons.
As shown in Figure 7B, the CD spectra of 9 at the

concentration ranging from 100 μM to 800 μM show two
positive bands at 201 nm and around 223 nm, respectively,
which likely originates from an unordered structure.72 After the
dephosphorylation of 9 to generate 10 (NBD-llllY), a negative
band at 203 nm and positive bands around 220 nm and at 317
nm emerge. The negative band at 203 nm and positive band at
220 nm indicate the distorted α-helical conformation. The
ICD bands from NBD appear at 317 nm, suggesting that NBD
moieties arrange in a similar manner in the peptide assemblies
of 10 formed at different concentrations. The CD signals of 10
also are weaker than those of 6, indicating that heterochirality
disfavors self-assembly of 10. This observation also agrees with
that 10 only forms thin nanofibers.
Selectively Killing iPSCs. We incubate 5, 7, or 9 with

iPSCs and count the cells after trypan blue staining. Incubation

of 5 at the concentrations of 200, 300, and 400 μM with
iPSCs73 for 2 h results in the cell viabilities of 31.05 ± 3.20%,
18.50 ± 1.50%, and 6.96 ± 1.71%, respectively, confirming that
5 potently kills iPSCs (Figure 8A and Table S1). Such an

activity is sufficient to prevent teratoma formation by iPSCs.53

Unlike 5, the other two phosphopentapeptides, 7 and 9, hardly
exhibit cytotoxicity against the iPSCs at 400 μM (Figure 8A
and Table S2). The difference of the cytotoxicity coincides
with the significant different morphologies of the assemblies of
6, 8, and 10 formed by enzymatic dephosphorylation but
correlates less with the rates of enzymatic dephosphorylation
of the phosphopeptides. This observation suggests that rapid
formation of the nanoribbons made of 6 is critical for killing
iPSCs. To evaluate the cell selectivity of 5, we also test the
cytotoxicity of 5 against normal cells by incubating 5 with HS-
5 (bone marrow stromal cell) and HEK293 (embryonic kidney

Figure 7. Circular dichroism (CD) spectra of (A) 7 and (B) 9 (PBS)
before and after dephosphorylation by 0.5 U/mL ALP for 24 h.

Figure 8. (A) Cell viability of iPSCs after incubating with 5, 7, or 9
for 2 h, ** p < 0.01, *** p < 0.001. (B) Cell viability of iPS-derived
HPCs, HS-5 cells, and HEK293 cells after incubating with 400 μM 5
for 2 h.
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cell).74,75 As shown in Figure 8B, 5, at 400 μM, exhibits slight
cytotoxicity toward HS-5 cells, likely due to the high
expression of acid phosphatase inside HS-5.74 At 400 μM, 5
is innocuous to HEK293 cells (Figure 8B). The low-level
expression of ALP in HS-5 or HEK293 cells also indicates that
the selectivity of 5 toward iPSCs mainly originates from the
levels of ALP expression. We next test the cytotoxicity of 5
against iPS-derived HPCs. After 9−10 days’ differentiation, we
collect the HPCs released from iPSC spheroids and analyze the
hematopoietic lineage specific marker expression of harvested
HPCs by flow cytometry. About 97.6% of these HPCs were
CD31+ CD43+ double positive (Figure S20), indicating that
HPCs have high purity. After being incubated by 5 (400 μM)
for 2 h, the viability of the HPC cells is 96.8% (Figure 8B).
Moreover, significant morphology change (e.g., nuclei
becoming much darker) of iPSCs occurs after treatment by
5 (400 μM, 2 h, Figure S21), but there is no significant
morphology change on iPS-derived HPCs after the same
treatment (Figure S22). In addition, considering the inherent
heterogeneity of the iPSCs or the inherent heterogeneity of the
HPCs obtained from differentiation, the efficacy of 5 in Figure
8, in fact, confirms the efficiency and selectivity of 5 for
eliminating iPSCs. That is, Figure 8A shows 93% cell death,
agreeing with that the iPSCs generated from A21 are about
94% iPSCs in the total cell population (Figure S23). On the
other hand, Figure 8B shows 97% cell survival, agreeing with
that the HPCs derived from iPSCs contain about 98% HPCs
and 2% iPSCs in the total cell population (Figure S20). Thus,
the percentages of cell killing (Figure 8A) and cell survival
(Figure 8B) are consistent with the purity of iPSCs and HPCs
in the total cell population. These results indicate that 5, by
rapidly forming nanoribbons upon the dephosphorylation
catalyzed by ALP, efficiently and selectively eliminates iPSCs in
the mixed cell population made of iPSCs and non-iPSCs.
Intranuclear Assemblies. Because the fluorescence of

NBD increases drastically from an unassembled to assembled
state, we are able to use confocal laser scanning microscopy
(CLSM) to reveal the cellular location of the peptide
assemblies formed after dephosphorylation catalyzed by ALP.
After incubation with 5 at 400 μM for 2 h, the iPSCs exhibit
strong NBD fluorescence in nuclei and much weaker
fluorescence in cytoplasm and on the membrane except for a
few puncta (Figure 9). Moreover, the bright field image shows

black nuclei, as observed by an optical microscope (Figures 9
and S21). The blackness in nuclei overlaps well with the strong
fluorescence. In addition, even stronger fluorescence and
blackness exhibit in nucleoli (Figures 10 and S26), indicating

that the EISA of 5 targets and aggregates in iPSC nuclei,
especially in nucleoli. To understand how dephosphorylation
affects nucleus-targeting, we incubate iPSCs with 5 (400 μM)
and an inhibitor (2,5-dimethoxy-N-(quinolin-3-yl)-
benzenesulfonamide (DQB), 5 μM) of tissue nonspecific
alkaline phosphatase for 2 h and examine the cells by CLSM,
which shows little fluorescence in cells (Figure S24). The
results confirm that the nucleus-targeting mainly originates
from the ALP-catalyzed dephosphorylation. The nucleus-
targeting is also related to the concentration of 5; with
decreasing the concentration to 200 μM, there is hardly any
fluorescence in the cells (Figure S25). This result indicates that
self-assembly to form micelles/nanoparticles of 5 is crucial for
the nuclear-targeting. Decreasing the treatment time to 1 h
leads to weaker fluorescence and light blackness in the nuclei
(Figure S26) in fluorescent and optical modes, respectively.
Nevertheless, the nuclei still exhibit strong fluorescence,
confirming nuclear accumulation of 6. We also incubate
iPSCs with 7 or 9 at 400 μM for 2 h. The incubation by 7 for 2
h leads to no fluorescence inside the cells (Figure S24). As to
the iPSCs treated by 9 for 2 h, most of the cells exhibit no
fluorescence inside the cells, several of them show NBD
fluorescence on the membrane, and a few of them exhibit
fluorescent puncta in the nuclei (Figure S24), which indicates a
slight inhomogeneity of the iPSC populations in terms of the
expression level of ALP.
To trace the dynamics of the formation and distribution of 5

inside iPS cells, we use time-lapse CLSM to image the changes
of the fluorescence in the iPSCs incubated by 5 (400 μM)
(Figure S27 and video 1). We pick one cell as a representative
case (Figure S28, in the red dashed square) for analysis. After a
6 min incubation, fluorescent puncta appear on the membrane
(as pointed to by a yellow arrow), likely originating from the
aggregates of assemblies of 5 and those of 6 generated by the
dephosphorylation catalyzed by ALP. This observation
indicates that, as a surfactant-like peptide,76 the assemblies of
5 first adheres to the cell membrane and then is hydrolyzed by
ALP to form 6. After a 24 min incubation, fluorescence starts
to grow in the cytoplasm. Considering the LLLLY motif
constitutes the transmembrane domains of 18 human
membrane proteins (Table S3), we speculate that the affinity
of 5 or 6 to the membrane allows the assemblies of the mixture
of 5 and 6 to interact with cellular membranes for facilitating
nuclear localization. At about 28 min of incubation,

Figure 9. Confocal laser scanning microscopy (CLSM) images of iPS
cells after being treated by 5 (400 μM) for 2 h.

Figure 10. (A) The final fluorescent image of time-dependent CLSM
of iPS cells treated by 5 (400 μM). (B) The increase of mean
fluorescent intensity of the areas in (A).
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fluorescence appears in the nucleus. Moreover, the nuclei
shrink after the assemblies emerge in the nuclei. In addition,
the nuclei also show nuclear blebbing.77 The shrinkage of
nuclei and nuclear blebbing likely associate with iPSC death
(Figure S27). To further examine the dynamics of EISA-
formed peptide assemblies in iPSCs at different times, we
monitor the increase of fluorescence in two cells, whose nuclei
are A and B (Figure 10A), respectively, over 2 h. Figure 10B
shows the mean fluorescence intensity in the two nuclei and
their nucleoli. The mean fluorescent intensity in Nucleus A
starts to increase at 28 min and levels off after 110 min. As for
Nucleus B, the mean fluorescent intensity keeps increasing
from 38 min. The increases of the fluorescence in the nuclei
and nucleoli are synchronous. These results suggest that the
assemblies made of 5 and 6 first self-assemble on the
membrane after ALP dephosphorylation to form fluorescent
puncta, and then the assemblies enter the cells and quickly
enter nuclei. The assemblies inside the nuclei or near nuclear
membrane induce the nuclear blebbing and the shrinkage of
nuclei, which likely contributes to the cell death.
Degradation of the L-Pentapeptide. As an L-peptide, 5

should be proteolytically susceptible to proteases, especially
after it is converted to 6. Thus, we test the stability of 5 in the
lysate of HS-5. We prepare cell lysate from 5 million HS-5 cells
resuspended in 1 mL and then incubate it with 200 μM of 5.
All of 5 disappears (transform to 6), and only about 20% of 6
remains after 2 h of incubation. After a 4 h incubation, only
6.01% of 6 remains (Figure S29). This result agrees with that 5
hardly inhibits HS-5 cells and confirms that (i) 5 or 6, as an L-
peptide, is susceptible to proteolysis, and (ii) because it can be
proteolytically hydrolyzed, 5, after killing iPSCs, likely would
lead to less side effects than D-peptides (e.g., 2) to
differentiated cells in the cell mixtures.

■ CONCLUSION
In summary, we report an L-leucine-rich phosphopentapeptide
(5) that rapidly and selectively kills iPSCs by generation of
intranuclear peptide assemblies via ALP-catalyzed enzymatic
self-assembly. Because the morphological change of the
peptide assemblies is controlled by the level of ALP and
concentration of the precursors, EISA of 5 is able to control
cell fates according to both levels of enzyme expression and
precursor concentrations. Unlike molecules that localize in
nuclei by positive charge,78 the L-leucine-rich phosphopeptide
bears negative charges. Although the exact pathway for 5
entering the nuclei of iPSCs remains to be elucidated, we
speculate that the assemblies of 5 likely cluster ALP on the cell
surface to facilitate cellular uptake. Then, further dephosphor-
ylation by ALP leads to their endosomal escape before entering
the nuclei of iPSCs. Such an unconventional mode of cellular
uptake of phosphopeptide assemblies is recently demonstrated
by overexpressing ALP on HEK293 cells.79 Moreover, the
shrinkage of nuclei and nuclear blebbing suggest that the rapid
formation of nuclear assemblies of 6 may generate local
oncotic pressure to contribute to the iPSC death. In addition,
we speculate that the nuclear accumulation of 6, without
involving canonical nuclear location sequences,80 implies a
possible new mechanism for nucleocytoplamic transport. The
results from the control compounds (7 and 9) indicate that
both the rate of the enzymatic reaction and the molecule
structures (e.g., sequence and stereochemistry) control the
morphology of the resulting peptide assemblies. Although the
effect of 5 on function of normal cells and iPSC-derived cells

remains to be determined, the rapid degradation of 5 or 6 as
unassembled L-peptide by HS-5 cells (Figure S29) suggests
that the long-term effects of the 5 or 6 likely would be minimal.
While EISA has frequently resulted in the peptide assemblies
made of β-sheets, the exploration of α-helical peptides for
EISA received less attention. This work illustrates the potential
of enzymatic noncovalent synthesis for generating peptide
assemblies of α-helices because a considerable amount of
studies has already established a useful pool of peptides for
generating helical assemblies of peptides71,81,82 and there is
rich information on the transmembrane domains of proteins.
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