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Spatiotemporal Control over Chemical Assembly in Living Cells by
Integration of Acid-Catalyzed Hydrolysis and Enzymatic Reactions

Xuejiao Yang, Honglei Lu, Yinghua Tao, Laicheng Zhou, and Huaimin Wang*

Abstract: Spatiotemporal control of chemical assembly in
living cells remains challenging. We have now developed an
efficient and general platform to precisely control the forma-
tion of assemblies in living cells. We introduced an O-
[bis(dimethylamino)phosphonoJtyrosine protection strategy
in the self-assembly motif as the Trojan horse, whereby the
programmed precursors resist hydrolysis by phosphatases on
and inside cells because the unmasking of the enzymatic
cleavage site occurs selectively in the acidic environment of
lysosomes. After demonstrating the multistage self-assembly
processes in vitro by liquid chromatography/mass spectrome-
try (LC-MS), cryogenic electron microscopy (Cryo-EM), and
circular dichroism (CD), we investigated the formation of site-
specific self-assembly in living cells using confocal laser
scanning microscopy (CLSM), LC-MS, and biological elec-
tron microscopy (Bio-EM). Controlling chemical assembly in
living systems spatiotemporally may have applications in
supramolecular chemistry, materials science, synthetic biology,
and chemical biology.

Introduction

Molecular self-assembly!! is a powerful strategy to con-
struct functional structures of macromolecules with suitable
folding and association in living cells. It is a widely used
bottom-up approach to fabricate sophisticated structures in
supramolecular chemistry, materials science, and medicinal
chemistry. To control and direct the assembly of building
blocks into functional nanostructures, external stimuli includ-
ing pH adjustment, organic solvent assistance, light irradi-
ation, sonication, and heating are usually employed.”! Al-
though exciting successes have been achieved in vitro, few of
these strategies have been applied in vivo through in situ self-
assembly, especially in living cells.

Enzymes are essential biomacromolecules that catalyze
chemical reactions in nature. In the living system, the location

[*] Dr. X. Yang, H. Lu, Y. Tao, L. Zhou, Prof. H. Wang
Key Laboratory of Precise Synthesis of Functional Molecules of
Zhejiang Province, School of Science
Westlake University, Institute of Natural Sciences
Westlake Institute for Advanced Study
18 Shilongshan Road, Hangzhou 310024, Zhejiang Province (China)
E-mail: wanghuaimin@westlake.edu.cn
Prof. H. Wang
Westlake Laboratory of Life Sciences and Biomedicine
School of Life Sciences, Westlake University
Hangzhou, Zhejiang (China)

@ Supporting information and the ORCID identification number for
one of the authors of this article can be found under:
https://doi.org/10.1002/anie.202109729.

Angew. Chem. Int. Ed. 2021, 60, 23797 —23804

© 2021 Wiley-VCH GmbH

and the activity of enzymes are precisely controlled to
maintain cellular functions, such as cell proliferation, differ-
entiation, migration, and aiding digestion and metabolism.
Inspired by the natural biochemical processes instructed by
enzymes,”) Xu and co-workers integrated an enzymatic
reaction and noncovalent synthesis to construct supramolec-
ular hydrogels in vitro and in vivo.! Over the last few years, it
has become increasingly apparent that enzymatically induced
self-assembly in living cells is an efficient strategy for
controlling cell behaviors.”*” For example, phosphatases
have drawn much attention, largely because of their over-
expression in cancer cells and low intrinsic substrate specific-
ity, thereby making them a well-explored enzyme for inducing
self-assembly.®) Xu and co-workers reported the first case of
using extracellular alkali phosphatase (ALP) to induce nano-
net formation around a cancer cell membrane for cancer cell
inhibition.”” Ulijn and co-workers utilized a carbohydrate
derivative to construct a hydrogel in situ by the cell-mem-
brane-bound ALPPY The Liang and Yang groups also
reported the intracellular formation of nanofibers by tandem
self-assembly that was initiated by extracellular ALPPef
Despite the achievements of using enzyme-instructed self-
assembly to construct nanostructures in living systems,
progress towards the precise formation of molecular assem-
blies has been limited and remains challenging,” because the
precursors required for intracellular self-assembly will inevi-
tably undergo hydrolysis by hydrolytic enzymes (e.g. phos-
phatase) with similar activities,””’ which results in nanostruc-
ture formation at unwanted times and in undesired locations.

The lysosome has been recognized as an essential cellular
organelle (or recycling center) for the degradation and
recycling of extracellular and intracellular materials."") Un-
derstanding of the lysosomal function and dysfunction in
recent years has led to the suggestion that targeting lysosome
selectively emerges as a novel opportunity for treating
diseases. To demonstrate the concept, we aimed to take
advantage of the acidic environment of the lysosome to
remove the protecting group so that the acid phosphatase in
the lysosome could instruct the self-assembly of the resulting
hydrogelator spatiotemporally in the lysosome.

Here we reported an efficient and easily accessible
strategy to precisely control the location of molecular
assembly in living cells using multistage self-assembly. In this
approach, we employed an O-|bis(dimethylamino)phospho-
noltyrosine protection strategy!'!! to avoid undesired enzy-
matic hydrolysis at the cell membrane and cytoplasm. As the
hydrolysis of the P-N bond releases native phosphotyrosine
under acidic conditions (Scheme S1), the enzyme-induced
self-assembly would only be initiated in an acidic environ-
ment. Live cell studies show that the phosphoramidate group
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resists hydrolysis by ALP or other phosphatases at neutral
pH. After being taken up by endocytosis, the phosphodiami-
date building blocks undergo acid-catalyzed hydrolysis to
yield the native substrate of the acid phosphatase (ACP)
inside the lysosome to form oligomers,'?! which enables ACP
to specifically induce the formation of nanofibrous networks
inside the lysosome by removing the phosphate group. Thus,
as the first example of controlling site-specific nanofiber
formation through multistage self-assembly in living cells, this
study illustrates a general strategy to precisely control
nanostructure formation in living cells for the development
of functional higher-order structures.

Results and Discussion

On the basis of the above concept, we rationally designed
the precursor NBD-"WpPY (NMe,),’F°K(Ac)-NH, (Pro-1P-
NMe; Figure 1), which contains a phosphoramidate group for
preventing enzymatic hydrolysis of phosphotyrosine at un-
wanted sites (i.e. on the cell membrane or inside the
cytoplasm), a self-assembly motif consisting of tryptophan-
tyrosine-phenylalanine (WYF) to provide the hydrogen
bonding and aromatic—aromatic interactions. We chose the
sequence of WYF since WY is a favorable amino acid
composition at the protein—protein interface, which engages
in hydrogen bonding and m-m stacking.'¥! We utilized the
acetylation of lysine since the protecting group could decrease
the effect of electrostatic interactions. We also employed
chloro-7-nitrobenzo-2,1,3-oxadiazole (NBD),"¥ an environ-
ment-sensitive fluorophore, to visualize the cellular distribu-
tion of assemblies. Such a design allows the Pro-1P-NMe to
be deprotected under acidic conditions and subsequently to
release the precursor that is recognized by specific enzymes to
trigger self-assembly. To synthesize the designed precursors,
we first prepared tetrapeptide 1 through standard solid-phase
(Fmoc) peptide synthesis (SPPS) using Rink-amide resin. We
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obtained the desired product by reacting 1 with N,N,N',N'-
tetramethylphosphorodiamidic chloride in 50% yield after
purification by high-performance liquid chromatography
(HPLC) and confirmed its structure by LC-MS and NMR
spectroscopy (Scheme S1 and Figures S1, S2, and S15).

To characterize our designed multistage transformation,
we first assessed the stability of Pro-1P-NMe at physiological
pH values without or with the addition of enzymes. LC-MS
spectra show that there is no degradation of Pro-1P-NMe
after incubation for 72 h in aqueous buffer at pH 7.4 regard-
less of the presence of ALP or ACP (Figure 2A), which
indicates that the phosphoramidate group could serve as
a Trojan horse to protect phosphotyrosine against hydrolysis
by phosphatase. In contrast, ALP converts almost 100 % of
NBD-"WpPYPFPK(Ac)-NH, (1P) to NBD-"WPYPFPK(Ac)-
NH, (1) within 30 min (Scheme S2 and Figures S3, S4, S16,
and S22), in agreement with the previous report that
phosphotyrosine is a nonspecific substrate for phosphatase.™!
These results also suggest that Pro-1P-NMe is stable in
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Figure 2. A) HPLC spectra of Pro-1P-NMe before and after incubation
with ALP (3.0 UmL™") or ACP (0.1 UmL™") in aqueous buffer at
different pH values. B) Hydrolysis ratio of Pro-1P-NMe incubated with
ACP (0.1 UmL™") in aqueous solution at pH 5.0. The concentration of
Pro-1P-NMe is 200 um. The results were calculated from the HPLC
spectra (Figure S24).
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Figure 1. A) Molecular structures and B) illustration of multistage chemical reactions in vitro. C) lllustration of the site-specific construction of
nanofibers in living cells through multistage processes: i) cellular uptake of molecules; ii) acid-catalyzed hydrolysis of the P—N bond of Pro-1P-
NMe results in 1P which forms oligomers; iii) acid phosphatase in the lysosome further induced hydrolysis of 1P to 1; and iv) self-assembly of

1 into an entangled nanofibrous network.
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neutral environments (e.g. extracellular space, cell surface, or
cytoplasm) that express phosphatase. Considering the pH
range (6.5-6.8) in acid tumour environments!'® and lysosomes
(5.0-6.0), we also investigated the stability of Pro-1P-NMe in
an aqueous solution at pH 6.6. The results show that Pro-1P-
NMe is quite stable at pH 6.6 (Figure S23), thus indicating the
selective hydrolysis of Pro-1P-NMe in the lysosomal environ-
ment. Encouraged by these results, we next investigated the
molecular transformation of Pro-1P-NMe at pH 5.0. LC-MS
results reveal a new peak with a retention time of 3.96 min
(74.3 %), which corresponds to 1P (Figures2A,B and S24,
S25, Table S2), as evident by the MS spectrum. Moreover,
incubating above solution with ACP transforms 1P to
1 (46.0%, Figure S26), whereas ALP results in no hydrolysis
of 1P under the same conditions (Figure 3 A). To investigate
the influence of the concentration of ACP on the rate of
enzymatic hydrolysis we also used a higher concentration of
ACP (1.0 UmL™") in the hydrolysis experiment. The results
indicate that the enzyme remains active over the incubation
time, and the formed nanostructure could prevent hydrolysis
of the enzyme at the lower concentration of ACP (Fig-
ure S27). These results indicate that Pro-1P-NMe could
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Figure 3. Cryo-EM images of Pro-1P-NMe incubated in aqueous solu-
tion at A) pH 7.4, B) pH 5.0, and C) 72 h after the addition of ACP
(pH 5.0). Time-dependent TEM images of Pro-1P-NMe incubated with
ACP at pH 5.0 for D) 1 h, E) 5 h, and F) 24 h. The concentration of the
peptide and ACP is 200 um and 0.1 UmL™", respectively. The scale bar
in Figure 3A-F is 50 nm. Statistical average diameter of the nanofibers
G) in Figure 3B, and H) in Figure 3C.
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sequentially transform into 1P and 1 only in the presence of
ACP in an acidic environment, thus suggesting that we could
control the enzyme-instructed self-assembly at the site where
the enzyme exists.

To investigate the multistage transformation of Pro-1P-
NMe and their corresponding self-assembly morphologies at
different stages, we performed cryogenic transmission elec-
tron microscopy (cyro-TEM). As shown in Figure 3, Pro-1P-
NMe hardly forms any observable nanostructures at pH 7.4—
we could only find a few dot-like structures in the TEM
images (Figures 3 A, S28). However, after incubating for 5h
in aqueous solution (pH 5.0), Pro-1P-NMe forms short and
discrete nanofibers (Figure S29). The short nanofibers be-
came longer as the incubation time increased to 10 h but the
morphology hardly changed with further incubation (moni-
tored at 24 h and 48 h), which indicates that the 1P obtained
from Pro-1P-NMe only forms sparse and tiny nanofibers.
After incubating for 72 h, the average diameter of the sparse
and tiny nanofibers is 3.7 nm (Figure 3B,G). To further
investigate the self-assembly of Pro-1P-NMe after the
addition of ACP, we examined time-dependent morphology
changes by negative-staining TEM. The results reveal the
growth of nanofibers at pHS5.0 upon addition of ACP.
Specifically, 1 h after the addition of ACP we can only
observe sparse nanofibers with diameters of 4.0 nm (Fig-
ures 3D and S30). The nanofibers grow to several micro-
meters in length and become entangled with each other to
form a nanofibrous network after 5 h co-incubation with ACP
(Figure 3E). The nanofibrous network keeps growing and
remains the same after incubation for 24 h (or longer) with an
average fiber diameter of 6.7 nm (Figures 3C, F, H and S31).
These results indicate that the self-assembly of Pro-1P-NMe
occurs concomitantly with the hydrolysis with ACP at pH 5.0
(Figure 2B), thus validating that the formation of the nano-
fibrous network can only be achieved by acid catalysis upon
addition of ACP. The difference in the nanofiber diameter
and density between these two stages suggested our system
had a multistage nature. The CD spectrum of Pro-1P-NMe
when incubated in aqueous solution (pH 7.4 and 5.0) exhibits
one negative and positive band located at 1 =190 nm and
208 nm (Figure S32). However, the signal intensity reduces
significantly and changes into one positive and two negative
bands at A =187 nm, 200 nm, and 228 nm during the ACP-
instructed self-assembly. The results reveal the transforma-
tion after acid-catalyzed hydrolysis, further demonstrating the
multistage self-assembly of Pro-1P-NMe.

To demonstrate the concept of controlling nanofiber
formation in cellular milieu, we chose human osteosarcoma
cells (Saos-2), which express high levels of extracellular
phosphatase, as a model cell line."”’ As shown in Figure 4 A,
the cells incubated with 1P exhibit green fluorescence on the
cell surface, which suggests that the phosphatase of the cell
surface hydrolyze 1P to form enzymatic assemblies, which is
further verified by HPLC (Figure S33). This result is also
consistent with the recent reports of using ectophosphatase to
induce molecular self-assembly on cell surfaces,"* which is in
agreement with the non-substrate specificity of phosphatase,
which limits its further applications. In contrast, we could only
observe the green fluorescence of assemblies in the lysosome

www.angewandte.org

An dte

Chemie

23799

85U017 SUOWILUOD SAIES1D 3|edljdde auy Aq pausenof a.e S ILe VO 8sn JO Sajnu oy Aeiq i auluO A1 UO (SUORIPUOD-pUe-swsl/wod Ao | Arelq Ul U0/ SdnL) SUORIPUOD pue Sl | 3U}38S *[5202/90/TT] uo Ariqiauliuo A|Im ‘AisAIUN a3 RsoM Ad 62260T202 91Ue/Z00T OT/I0p/W0d A8 IM Aeid 1 jpul|uo//Sdny WOy popeojumoq ‘v ‘T20eC ‘€LLETZST


http://www.angewandte.org

23800 www.angewandte.org

Lyso Tracker

Hoechst 33342 Merge

~B—Pro-1P-NMe
~A-1p
. n
E O1eh
2 | @1 24h
— o
A | -
A:x \
o \\;
0 5 10 15 20 25 102 10 10t 10® 10®
Incubation Time (h) FL1-A :: B§25-FITC-A
Poo 05h 400 1h 400 2h [l Biank
Pro-1P-NMe
300 300 300 Chlorpromazine|
= = s EIPA
Amiloride
S,00 S,00 4
0% 0% 320" Hydrochloride
(8] (8] (8]
100 100 [/ 100
9. o " T - v Ok g T - "
2 3 4 5 .6 2 3 4 5 .6 2 3 4 5 6

10 10° 10 10° 10 10 10 10 10° 10 10° 10 10 10° 10

FL1-A :: B525-FITC-A FL1-A :: B525-FITC-A FL1-A :: B525-FITC-A

Figure 4. CLSM images of Saos-2 cells incubated with A) 1P (100 pm)
and B) Pro-1P-NMe (100 pm) for 4 h and C) 3D construction from (B).
Scale bar is 5 um. D) Percentage of the molecular species in cells after
incubating Pro-1P-NMe with Saos-2 cells for different times. E) Flow
cytometry results of Saos-2 cells incubated with Pro-1P-NMe (100 pum)
for 1h, 4 h, 16 h, and 24 h. F) Flow cytometry analysis of Saos-2 cells
treated with Pro-1P-NMe (0.5 h, 1 h, and 2 h) in the absence or
presence of the different inhibitors (chlorpromazine (50 pum), EIPA

(5 um), and amiloride hydrochloride (50 pum)). Each experiment was
repeated three times.

of Saos-2 cells after treating with Pro-1P-NMe (4 h), as
evident from co-localization with lysosome tracker (Fig-
ure 4B, C, red color). Time-dependent HPLC analysis (Fig-
ure S35 and Table S3) of the molecular transformation in cells
reveals that Pro-1P-NMe could be recognized easily by acid
phosphatase in acidic lysosomes after transforming to 1P
through acid-catalyzed hydrolysis. We collected the cell lysate
and quantified the relative conversion in cells after incubating
Pro-1P-NMe with Saos-2 cells for different times. The results
show that Pro-1P-NMe transforms into 1P and 1 incremen-
tally, with 45.3% conversion after 24 h (Figure 4D). In
addition, time-dependent CLSM experiments showed that
the fluorescence from the self-assembled molecules increased
gradually (Figure S34), which suggests that the accumulation
of the assemblies in the lysosome is a time-dependent
enzymatic process rather than a spontaneous self-assembly
in the lysosomes. We also observed fluorescence in the
cytoplasm, which indicates that the assemblies could escape
from the endosome as the incubation time increased. More-
over, the fluorescent assemblies in the lysosome can also be
passed to the new divided cells (Figure S36), which further
demonstrate that the cell division was not influenced by the
self-assembly of Pro-1P-NMe in the lysosome. To further
investigate the time-dependent cellular accumulation of
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assemblies, we also used flow cytometry to characterize the
fluorescence of assemblies in live cells. The results show that
the intensity of the fluorescence from assemblies increases
gradually over time (Figure 4E), thus suggesting the time-
dependent formation of assemblies inside cells.

Furthermore, we also studied the endocytosis pathways of
Pro-1P-NMe by flow cytometry (Figure 4F). Chlorproma-
zine, a clathrin-mediated endocytosis inhibitor, hardly affects
the cellular uptake of Pro-1P-NMe during the tested period
(2 h). However, the addition of EIPA and amiloride hydro-
chloride (macropinocytosis inhibitors) reduces the uptake of
Pro-1P-NMe by about 55% and 56 %, respectively. These
results indicate that Pro-1P-NMe mainly undergoes micro-
pinocytosis-mediated endocytosis.

We also used the nonspecific ACP inhibitors!'”) NaF and
Na;O,V for co-incubation with Pro-1P-NMe. The results
show that both inhibitors significantly impede the formation
of nanofibers in living cells (Figure 5 A-D), as evident by the
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Figure 5. CLSM image of Saos-2 cells incubated with A) Pro-1P-NMe
and in the presence of B) NaF and C) Na;O,V. The concentrations of
Pro-1P-NMe, NaF, and Na;O,V is 100 um, 20 um, and 20 um, respec-
tively. The scale bar is 5 um. D) The fluorescence intensity of Pro-1P-
NMe incubated with phosphatase inhibitors NaF and Na;O,V. E) Cyto-
toxicity of Pro-Nap1P-NMe and Nap1P against Saos-2 cells after 48 h.
Naphthylacetic acid was used instead of NBD to test the cytotoxicity.
F) Molecular structures of Pro-Nap1P-NMe and Nap1P. CLSM images
and 3D construction of Saos-2 cells after incubating with G) culture
medium and H) Pro-1P-NMe for 4 h. F-actin is stained with phalloidine
(red). The scale bar is 10 um.
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reduction in the fluorescent intensity to 63.2 % (for NaF) and
61.6% (for Na;O,V), respectively. We next investigated the
biocompatibility of our strategy to Saos-2 cells. Since Pro-1P-
NMe and 1P contain fluorophore-NBD, the absorbance of
NBD could interfere with the absorbance of MTT, thus we
synthesized analogues of Pro-1P-NMe and 1P by replacing
NBD by a naphthtyl group (Nap) to yield Nap-"Wp°Y-
(NMe,),"FPK(Ac)-NH, (Pro-NaplP-NMe) and Nap-
PWpPYPFPK(Ac)-NH, (NaplP; Figures S5-8, S17, S18).
The MTT results show that the ICs, value of Pro-NaplP-
NMe is higher than 500 um against Saos-2 cells, while Nap1P
exhibits much higher cytotoxicity, with a ICs, value of 51.8 um
(Figure S37). The CCK-8 assay—a more reliable assay to
evaluate cell viability—further demonstrated the influence of
Pro-Nap1P-NMe on cell fate. At a higher concentration of
Pro-Nap1P-NMe (500 um), the cell viability is comparable
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with the control group (treated with culture medium), while
the ICs, value of NaplP against Saos-2 cells is 82.6 um
(Figures SE, F, S38). Moreover, after treating Pro-1P-NMe
for 4 h and 24 h, the F-actin of Saos-2 exhibits stretched thin
actin filaments (Figures 5 G,H, S39), which indicates Pro-1P-
NMe does not influence the cell morphology. These results
together suggest the biocompatibility of our strategy for site-
specific self-assembly in living cells. This is very important,
since most of the phosphorylated peptides enter cells poorly
and could only self-assemble on the cell surface where they
show cytotoxicity, which hinders their further application in
exploring biological functions of tyrosine phosphorylation at
specific locations.

To directly investigate the formation of the assemblies in
a cellular environment and visualize their cellular location, we
employed Bio-TEM to image the high-pressure frozen and

Figure 6. Electron microscopy images of filament formation by peptides inside the cells. Bio-EM image of A) a whole Saos-2 cell (untreated), B) a
representative Saos-2 cell treated with 1P (50 pm, 24 h), and C) a representative Saos-2 cell treated with Pro-1P-NMe (100 pm, 24 h). The red and
purple boxes show the corresponding higher-magnification electron micrographs.
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freeze-substituted Saos-2 cells. Compared with the case of
untreated cells (Figure 6 A), 1P-treated Saos-2 cells exhibit
bundles of nanofibers (Figure 6B), which spread from the
outer plasma membrane to the inner plasma membrane. We
hardly observe any filament formation inside the cells (Fig-
ure S40). In contrast, entangled filaments appear abundantly
inside the cells after treatment with Pro-1P-NMe (Figures 6 C
and S41). Interestingly, most intracellular fibers are in
proximity to lysosome or inside the lysosome. To further
validate the intracellular formation of nanofibrous assem-
blies, we collected the cell lysate of samples treated with Pro-
1P-NMe or untreated and analyzed them by TEM. The results
show that aggregates of the nanofibers formed in the Saos-2
cells treated with Pro-1P-NMe (Figure S42) and has a similar
morphology to those observed in Bio-TEM images. These
results further demonstrate the self-assembly of Pro-1P-NMe
inside the cells. To the best of our knowledge, this is the first
direct observation of controlling filament formation inside the
lysosome by enzymatic hydrogelation. These results, which
agree with the observation from the CLSM experiments,
strongly support our concept (Figure 1C).
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To further demonstrate the importance of acid-catalyzed
hydrolysis in multistage self-assembly in vitro and in living
cells, we designed a nonhydrolyzable analogue—the diethyl
phosphonate modified peptide NBD-"WpPY(OEt),"F°K-
(Ac)-NH, (Pro-1P-OEt; Scheme S3 and Figures S9, S10,
and S19). After obtaining Pro-1P-OEt, we first tested the
stability of Pro-1P-OEt under physiological conditions in vi-
tro. The LC-MS spectra show that there is no degradation of
Pro-1P-OEt after 72 h incubation in aqueous buffer at pH 7.4
and pH 5.0 regardless of the presence of ALP or ACP
(Figures 7A,B and S43), which indicates that Pro-1P-OEt is
a suitable nonhydrolyzable analogue of Pro-1P-NMe. We
next incubated Saos-2 cells with Pro-1P-OEt using the same
procedure as for Pro-1P-NMe. As shown in Figure 7D, we
only observed strong green fluorescence on the cell surface
(Figure 7D), which differs from the results seen with 1P and
Pro-1P-NMe. The distribution of Pro-1P-OEt is not homo-
geneous around the cell surface. To better understand the
reason for this phenomenon, we investigated the self-assem-
bly of Pro-1P-OEt under physiological conditions. The TEM
images revealed that the Pro-1P-OEt could self-assemble into
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Figure 7. A) Molecular structures of Pro-1P-OEt and 1P. B) HPLC spectra of Pro-1P-OFEt after incubating with ALP (3.0 UmL™") and ACP

(0.1 UmL™") in aqueous solution at different pH values. The molecular weight of the peak marked with an asterisk is shown in Figure S43.

C) HPLC spectra of the cell lysate and the supernatants of the culture medium of Pro-1P-OEt-treated Saos-2 cells. CLSM images and 3D
construction of Saos-2 cells incubated with D) Pro-1P-OEt, E) Pro-2P-NMe, and F) Pro-3P-NMe for 4 h. The concentration of Pro-1P-OEt, Pro-2P-

NMe, and Pro-3P-NMe is 100 um. The scale bar is 5 um.

23802 www.angewandte.org

© 2021 Wiley-VCH GmbH

Angew. Chem. Int. Ed. 2021, 60, 2379723804

85UB017 SUOWWOD BAIEs.D d(dedl|dde auy Aq pausenob afe sappife YO ‘8sn J0 Sa|ni 1o} Areid18U1JUO AB|IAN UO (SUORIPUOD-PUB-SWUBYLLID"AB | IM A1 1[BUTIUO//SANY) SUORIPUOD PUe SWiB | 8U} 89S *[G202/90/TT] uo Ariqiauluo MBI ‘AiseAIuN 8xepsom Ad 622601202 @I1Ue/00T OT/I0p/wod A8 | im Azeiq 1 jpul|uo//:SAny woiy papeojumoq ‘v ‘TZ02 ‘€LLETCST


http://www.angewandte.org

GDCh
~~

short and thin nanofibers (Figure S44). Considering the poor
solubility of Pro-1P-OEt in aqueous solution, we speculated
that the short nanofibers precipitated on the cell surface and
could interact with the hydrophobic domain of the cell
membrane in a nonspecific manner, thereby resulting in
nonhomogeneous aggregates on the cell surface. We also used
LC-MS to quantify the molecular species in the cell lysate and
supernatants of the culture medium after incubating Pro-1P-
OEt with Saos-2 cells. In the supernatants of the culture
medium, the molecules of Pro-1P-OEt remain unchanged
(Figure 7 C), which is consistent with the enzymatic hydrolysis
experiments in vitro. Moreover, we could barely observe the
molecular composition in the cell lysate because of the low
concentration of Pro-1P-OEt inside the cells. These results,
together with previous investigations of Pro-1P-NMe, suggest
the crucial role of the acid-catalyzed process in precisely
controlling the enzyme-instructed self-assembly in living cells.
Furthermore, to demonstrate the universality of our
strategy we synthesized NBD-"WPFpPY(NMe,),"K(Ac)-
NH, (Pro-2P-NMe) and NBD-pY(NMe,),"WPFPK(Ac)-
NH, (Pro-3P-NMe; Figures S11-S14, S20, and S21), then
investigated the cellular distribution of these peptides inside
the Saos-2 cells. The CLSM images show that the variation of
the sequence led to a similar phenomenon. As shown in
Figure 7E, F, the green fluorescence of the assemblies was co-
localized with the red fluorescence from the lysosome tracker,
thereby demonstrating the robust nature of our strategy.
These results, together with the above observations, suggest
the critical role of the phosphoramidate group in the
formation of enzyme-controlled assemblies in living cells.

Conclusion

In summary, this work describes an acid-activatable
chemical approach to control enzymatic self-assembly in vitro
and in live cells in a spatiotemporally controlled manner. The
integration of acid-catalyzed hydrolysis and enzyme-induced
self-assembly could be applied to any scenarios in which the
phosphoramidate group is hydrolyzed under acidic conditions
that express ACP. In addition to the formation of nanofibers
inside the lysosome of Saos-2 cells, Pro-1P-NMe exhibits
similar activity towards the PC-3 cell line, which overex-
presses ACP. Time-dependent CLSM and Bio-TEM experi-
ments clearly verified the formation of nanofibers in the
lysosome of PC-3 cells (Figures S45-S47). Analysis of the
molecular transformation in cell milieu also demonstrates the
multistep self-assembly pathway of Pro-1P-NMe in PC-3
cells, thus implying the general utility of our strategy for the
site-specific formation of molecular assemblies inside living
cells. The established design strategy detailed herein would
also be applicable to other systems for controlling nano-
structure formation in specific locations, whereby the acid-
catalyzed motif as well as the types of enzyme could be
replaced.™2"!
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