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Abstract

Phosphatases play an important role in cell biology, but there are few suitable probes for
selectively imaging phosphatase activity of live cells because the current probes require cell
fixation or exhibit considerable cytotoxicity. Here we show that conjugating a D-peptide to a
quinazolinone derivative generates cell-compatible, biostable probes for imaging phosphatase
activities inside live cells. Moreover, our results show that inhibiting ectophosphatases is a critical
factor for imaging intracellular phosphatases. As the first example of using selective inhibitors to
ensure intracellular function of molecular probes, this work illustrates a facile approach to design
molecular probes for profiling the activities of enzymes in spatial selective manner in a
complicated environment.
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This work reports a conjugate of D-peptide and quinazolinone as cell-compatible, biostable
imaging probes for imaging phosphatase activities inside live cells, which illustrates a facile
approach to design molecular probes for profiling the activities of enzymes in spatial selective
manners.
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Being controlled by kinase/phosphatase enzyme switch, protein phosphorylation/
dephosphorylation is the most common post-translational mechanism for modulating the
functions of proteins in a wide range of cellular processes.[!] Thus, phosphatases play key
regulatory roles in many physiological processes, including immune response,[?! pathogen
virulence,[3] cancer cell proliferation and metastasis,[4! and host-microbe interaction.[!
More specifically, phosphatases, which catalyze the hydrolysis of phosphorylated substrates,
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are necessary for embryogenesis, (6] bone formation,[”] and neuron signaling.[8] In addition,
certain phosphatases have associated with cancerst4l and have served as tumor markers(4al
for a number of cancers (e.g., pancreatic, ovarian, and testis).[°]

Despite the importance of phosphatases,[!: 10 the activity probes!*] of phosphatase remain
less developed.[12] Although there are several agents for detecting phosphatases, they still
suffer serious shortcomings. The conventional color assay (p-nitrophenyl phosphate (PNPP)
[13]), though being able to detect the presence of phosphatases, is unsuitable for live cell
imaging due to the lack of sensitivity. The fluorescent staining agent (ELF®97), which bases
on restricting bond rotation to generate fluorescent colloids,[24] still requires cell fixation
during the histological sample preparation,[*®! and is unsuitable for activity profiling of
phosphatases in live cells. The quinazolinone analogs of ELF®97 are unable to achieve
satisfactory results on live cells due to its irreversible nucleated crystallization,[16]
significant cytotoxicity, or poor spatial resolution.[1”] The recently reported D-peptide based
phosphatase probes are more suitable to imaging ectophosphatases[!8] than intracellular
phosphatases of live cells. But many phosphatases associated cellular processes occur
intracellularly such as phosphoprotein phosphatase (PPP) family of Ser/Thr protein
phosphatases and intracellular pTyr-specific phosphatases (PTPs) including PTP1B, SHP2,
and MEG2.[19] Therefore, there still are unmet needs to develop functional probes for
imaging the activities of intracellular phosphatases of live cells with high spatiotemporal
resolution. To address this previously overlooked problem, we decide to develop a new
approach for generating molecular probes that are selective for imaging intracellular
phosphatases.

Here we show that the combination of a quinazolinone and a D-tripeptide results a new type
of imaging probes that are cell compatible and bio-stable, preserve the sensitivity and
excellent imaging contrast of ELF®97, and eliminate the uncontrolled formation of
microcrystals without compromising the non-diffusiveness of the probes. Our results show
that these probes, working at a wide concentration range, are capable of imaging
phosphatase activities inside live cells when ectophosphatases are inhibited (Scheme 1).
Illustrating a simple strategy that incorporates D-peptides to generate non-diffusive,
amorphous, and biocompatible imaging probes for revealing the activities of intracellular
enzymes in complicated cellular environment in the presence of a proper inhibitor, this work
contributes to the development of activity probes of important enzymes.

Scheme 1 shows the design of the D-peptide conjugated molecular probes containing a
quinazolinone derivative that is based on ELF®97. As a good substrate for phosphatases,
ELF®97 has several unique merits, including significant signal changes, excellent photo
stability, and prompt responses. Upon enzymatic cleavage, ELF®97, from being soluble and
weakly blue-fluorescent, yields a bright green fluorescent precipitate.[14] However, the use
of ELF®97 requires the fixation of cells and is unsuitable for live cells. Moreover, the
dephosphorylation of ELF®97 results in uncontrolled crystallization that is detrimental for
achieving high spatial resolution within a single cell. To achieve live cell imaging, to target
exclusively intracellular phosphatases, and to eliminate uncontrolled nucleation of the
crystallization, we modify ELF®97 with a small D-peptide sequence (PPhe-PPhe-PTyr) to
yield precursor 1. In addition, we choose to use neutral small functional group for replacing
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the carboxylic acid group at the C-terminus of the peptides for enhancing their self-
assembling ability.[20] Such a design not only preserves the excellent fluorescence of
ELF®97, but also efficiently changes the crystallization to a self-assembly process since the

sequence of PPhe-PPhe-PTyr have been proven to be an excellent motif for self-assembly.
[20-21]

Scheme S1 shows the synthetic route based on the design. We use a multi-step synthesis to
generate the phosphorylated quinazolinone derivative (3), then use solid phase peptide
synthesis (SPPS)[22] to obtain intermediates (4) that contain carboxylic acid group at C-
terminus, and finally select methylacetate (-COOMe) or A-methylacetamide (-CONHMe)
group to replace the carboxylic acid terminus of 4 to result in D-peptide conjugated
quinazolinone derivatives, 1a or 1b, respectively. The difference of 1aand 1b is that laisa
substrate of carboxylesterases, but 1b is not.

As shown in the insets of Figure 1a, 1a (or 1b) forms a transparent solution. Transmission
electron microscopy (TEM) images show that the solution of 1a contains sparse nanofibers
(8 nm = 2 nm) while the solution of 1b produces aggregates (with the particle sizes of 8-19
nm) upon drying. After the addition of alkaline phosphatase (ALP), the solution of 1a
becomes a stable hydrogel, which exhibits bright green fluorescence under UV irradiation,
and the solution of 1b transforms to a viscous liquid that shows yellow fluorescence. As
revealed by TEM, the hydrogel contains dense nanofibers (diameter of ~8 nm), and the
viscous liquid consists of the mixture of nanofibers (diameter of ~8 nm) and aggregates
(particle sizes of 8-19 nm). Before the addition of ALP, static light scattering (SLS) (Figure
1b) of the solutions of 1a and 1b exhibits signals slightly higher than and almost the same as
that of PBS buffer, respectively. The intensities of the SLS signals increase drastically after
the addition of ALP to the solutions. These results confirm that soluble precursors 1a and 1b
become fluorescent and insoluble nanofibers or aggregates after the dephosphorylation
catalyzed by the phosphatases. The precursor 1a undergoes ALP catalyzed
dephosphorylation, but only reaches 50% conversion after 30 h when the concentration of
ALP is 0.1 U/mL (Figure 1c and S1). The incomplete dephosphorylation likely is resulted
from the incorporation of the precursors into the nanofibers. So the nanofibers consist of 1a
and 2a. The precursor 1b also dephosphorylated with the addition of ALP but only achieves
31% conversion after 30 h (Figure S2), corresponding with the TEM that exhibits a mixture
of nanofibers and aggregates.

After confirming that dephosphorylation of 1aresults in a fluorescent gel of 2a, we incubate
Saos-2 cells with 1a and monitor the change of the fluorescence in the cell culture. We
choose Saos-2 cells because they, overexpressing tissue non-specific alkaline phosphatase
(TNAP,[23] an ectophosphatase), offer a fine case to test the probes in a complicated
environment (i.e., extracellular and intracellular phosphatases co-existing). The time-
dependent fluorescence of 2a (Videos S1 and S2 in Sl) reveals the extracellular and
intracellular distribution of phosphatases without and with a TNAP inhibitor (2,5-
dimethoxy-N-(quinolin-3-yl) benzenesulfon-amide (DQB)[?4]). As shown in the fluorescent
images of live Saos-2 cells at different time points (0 min, 15 min, and 30 min (Figure 1d)),
the fluorescence of 2a appears in the cytoplasm, suggesting that the cells uptake 1a and the
intracellular phosphatases turn lato 2ato result in the fluorescence. Without the addition of
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any phosphatase inhibitor, beside the bright fluorescence in the cytoplasm, considerable
amount of fluorescent spots exist outside cells. While the intracellular fluorescence increases
moderately from 15 to 30 min, the amount of extracellular fluorescent particles increases
considerably. This result, besides agreeing with that dephosphorylating 1a generates
insoluble, fluorescent 2a, indicates that ectophosphatases (e.g., TNAP) or the phosphatases
in the culture medium exhibit different dynamics from intracellular phosphatases.
Considering that TNAP is overexpressed on Saos-2 cells, we treat the cells with DQB, the
TNAP inhibitor, 2 h before imaging, then co-culture the cells with 1a and DQB together
during imaging. As shown in Figure 1d, after the addition of DQB, extracellular
fluorescence reduces significantly, indicating that inhibiting ectophosphatases reduces the
dephosphorylation of 1a outside cells effectively. On the other hand, the intracellular
fluorescent increases over time, indicating that the inhibition of ectophosphatases improves
the accuracy of imaging the activity of intracellular phosphatase. Although the fibers and
aggregates in TEM images of dried samples indicate that the probes might self-assemble
before activation, the probe, in fact, dissolves well in water and culture medium at the
concentration used. From both of time-dependent and dephosphorylation process of 1a with
the addition of ALP (Figure 1c) and the time-dependent fluorescence of 1ain live Saos-2
cells within 30 min (Figure 1d), one can conclude that the activation of the probe is fast. In
addition, the fluorescence appears after dephosphorylation rather self-assembly. Because the
aggregation rate is relevant to phosphatase imaging in live cells, it is important to choose the
concentrations of the probes according to cell types or treat the cells with the probes of a
series of concentrations for rate determination.

In order to investigate the intracellular uptake of the imaging probe more accurately, we
select HeLa cells as the model cells to avoid the influence of too much extracellular
fluorescence since it is known that expression of ectophosphatases on HeLa cells is less than
on Saos-2 cells.[180] We incubate HeLa cells with 1a at different concentration (i.e., 5, 10,
50, and 100 pM) for 4 h, and then switch to fresh live cell imaging solution. When the
incubating concentration is 5 or 10 pM, we can hardly observe any fluorescence, suggesting
the cellular uptake is less pronounced at such low concentration (Figure S3). It appears that
50 pM of 1ais sufficient to reveal the distribution of intracellular phosphatase because the
fluorescence increases only slightly with 1a at 100 pM (Figure 1e). We also measured the
photostability of 1a by irradiating the cells for 10 minutes and found that the fluorescence of
the probe hardly reduced. This observation (Figure S9) indicates the excellent photostability
of the assemblies of the probes. In the optimal condition, we next use confocal microscopy
to examine the intracellular localization of 2a in HeLa cells. As shown in Figure 1f, most of
the green fluorescence in the HeLa cells co-localize well with the fluorescence from
endoplasmic reticulum (ER) tracker, suggesting that intracellular phosphatases such as
PTP1B likely dephosphorylate 1a to form 2a. This result agrees with our previous report.[25]
As PTP1B is a phosphatase known to localize at the cytoplasmic face of the ER, we used an
inhibitor of PTP1B (CinnGEL) to co-incubate with the HelL a cells and 1a (Figure S10).
Increasing the concentration of CinnGEL results in weak fluorescence, confirming that
PTP1B is likely the major phosphatase for catalyzing the dephosphorylation of 1a and
activating the probes.
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We also apply 1a on other human cell lines, including four cancer cell lines (HepG2, MCF7,
VCaP, and PC-3 cells) and one normal cell line (HS-5), to compare the activities of
intracellular phosphatases (Figure 1g and S4). After 4 h of incubation with 1a, HepG2,
MCF7, or PC-3 cells only exhibit weak fluorescence, suggesting the lower activity of their
intracellular phosphatases than those of intracellular phosphatases of HeLa cells. Compared
with these cells lines, VCaP cells exhibit a little brighter fluorescence but still much weaker
than that on Saos-2 and HelL a cells. As a normal cell line, HS-5 cell hardly exhibits
fluorescence, indicating low activity of phosphatases inside the cells, consistent with the
results using commercially available ELF®97 (Figure S6). This result agrees with
dysregulation of phosphorylation and dephosphorylation in malignant cells.[26] To further
examine the distribution of the probes when they are incubated with Saos-2 and HeL a cells,
we use confocal microscopy to generate 3D constructions of the fluorescence. Figure 1h
shows that most of fluorescent puncta distribute through the cytoplasms, with a small
amount of extracellular fluorescence remains. This result further proves 1a is sensitive for
imaging phosphatases and selective to reveal the activities intracellular phosphatases. Our
study also shows that the probes exhibit slightly toxicity to HeLa and Saos-2 cells, but are
largely innocuous to HepG2 and HS-5 cells (Figure S11). This result suggests that
overexpressed ALP on HelLa and Saos-2 cells, indeed, is responsible for the conversion of
lato 2a and the subsequent inhibition of these two types of cancer cells.

Considering that the culture media contain soluble esterases,[27] we incubate HeLa, Saos-2,
HepG2, or HS-5 cells with the molecular probe 1b, to avoid the interference of esterase.
Being treated by 1b, Hela or Saos-2 cells exhibit bright fluorescence, which is comparable
to the fluorescence from the same cells treated 1a. There is hardly any fluorescence in
HepG2 and HS-5 cells after being treated by 1b (Figure 2a). This result suggests negligible
amount of esterases in culture media has minimal impact on 1a. However, the addition of
exogenous carboxylesterase (CES) (e.g., 1 U/mL) significantly decreased the fluorescence
when we incubate Saos-2 cells with the probe 1a, and the fluorescence become weaker
gradually with the amount of CES increasing (Figure S5). These observations further
support our design that using small neutral group to capping the C-terminals of the peptides
enhances their self-assembling ability.

We carry out a preliminary study to understand the mechanism of the uptake of the probes.
As shown in Figure 2b, we first incubate HeLa cells with 1a at 4 and 37 °C, respectively.
The fluorescence in cell milieu reduces significantly at 4 °C, suggesting that the uptake is an
energy-dependent process. Then we use inhibitors of different endocytotic processes to
determine the possible pathways of cellular uptake. We use methyl-p-cyclodextrin (Mp-CD)
for inhibiting lipid raft-dependent endocytosis, chlorpromazine (CPZ) for clathrin-mediated
endocytosis, ethylisopropylamiloride (EIPA) for macropinocytosis, and filipin 111 for
caveolae-mediated endocytosis. We find that only the addition of MB-CD results in
significance decrease of fluorescence, suggesting that the probes likely mainly enter the cells
via lipid raft-dependent endocytosis. We also carry out the same experiments using Saos-2
cells and find that the addition of MB-CD results in moderate decrease of fluorescence
(Figure 2c). These results indicate that the lipid raft-dependent endocytosis of HeLa cells
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differs from that of Saos-2, though the exact origin of such a difference remains to be
elucidated.

In conclusion, the D-peptide conjugated molecular probes containing a quinazolinone
derivative are suitable for selectively imaging intracellular phosphatases of live cells.
Moreover, our results confirm the designed molecular probes not only preserving the
sensitivity and excellent imaging contrast of commercially available ELF®97, also
eliminating the uncontrolled formation of microcrystals without compromising the non-
diffusiveness of the probes. Because the molecular probes are suitable for activity profiling
of phosphatases in live cells (i.e., it omits cell fixation), and yield reproducible results, they
will provide a facile means to target intracellular phosphatases for understanding the
characteristics of the intracellular phosphatases, especially their activities. It should provide
useful insights for developing applications based on enzymatic reactions, such as instructed-
assemblies[t1c: 25. 27-28] for molecular imaging and cancer therapy, screening intracellular
phosphatases inhibitors using cell assays, and understanding of the biochemical
underpinnings of intracellular phosphatases (e.g., PTPs) regulation in both health and
disease tissues. Future work will extend to use other sequences conjugated probes to
increase the specificity of intracellular phosphatase probes.
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Figurel.
(a) TEM images of the solutions of 1a and 1b (0.5 wt%) without or with the addition of ALP

at physiological pH (pH = 7.4) in PBS buffer (insert: corresponding optical images; [ALP] =
1 U/mL; bar = 100 nm). (b) Static light scattering (SLS) signals of the solutions of 1a and
1b before and after the treatment of ALP at the concentration of 100 uM ([ALP] = 1 U/mL).
(c) Time-dependent dephosphorylation process of the precursor 1a with the addition of ALP
at 37 °C in PBS buffer ([1a]g = 200 uM, [ALP] = 0.1 U/mL). (d) Fluorescent confocal
microscopy images show the fluorescence emission in Saos-2 cells with the treatment of 1a
at the concentration of 250 pM for 0 min, 15 min and 30 min, respectively. [TNAP inhibitor]
=5 uM; scale bar = 20 um. (e) Fluorescent confocal microscopy images show the
fluorescence emission in HeLa cells with the treatment of 1a at different concentrations (50
UM and 100 pM) for 4 h, respectively. (f) Fluorescent confocal microscopy images of HelLa
cells treated with 1a at the concentration of 50 uM for 4 h and then stained with endoplasmic
reticulum (ER) tracker. Pearson’s /R value is 0.725 from 30 cells. Scale bar = 50 um. (g)
Fluorescent confocal microscopy images show the fluorescence in different cell lines
(HepG2 and VCaP) with the treatment of 1a at the concentration of 50 uM for 4 h,
respectively. Scale bar = 50 um. (h) 3D construction of HeLa and Saos-2 cells with the
treatment of 1a at the concentration of 50 uM for 4 h, respectively.
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L),

Filipin 1l

Figure 2.
(@) Fluorescent confocal microscopy images show the fluorescence emission in different cell

lines (HeLa, Saos-2, HepG2 and HS-5) with the treatment of 1b at the concentration of 50
UM for 4 h, respectively. Scale bar = 50 pm. Fluorescent confocal microscopy images show
the fluorescence emission in (b) HeLa and (c) Saos-2 cells with the treatment of 1a at 37 °C
and 4 °C, or with the treatment of 1a plus MB-CD, CPZ, EIPA and filipin 11l at 37 °C for 4
h, respectively. [1a] = 50 uM, [MB-CD] = 5 mM, [CPZ] = 30 uM, [EIPA] = 50 pM, [filipin
[11] =5 pg/mL. Scale bar = 50 pm.
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Scheme 1.
Schematic illustration of conjugating a D-tripeptide to the motif of a phosphatase probe (i.e.,

a quinazolinone derivative) that generates a cell-compatible, biostable, and non-diffusive
functional probe for selectively imaging intracellular phosphatases.
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