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ABSTRACT: This paper describes the synthesis of fluorescent peptoids using the Ugi
multicomponent reaction (4CR). The four synthesized structures had their
photophysical properties evaluated and their potential as biomarkers established.
The peptidomimetics were used at very low concentrations (10 nM) to follow their
internalization in breast cancer cells and had their localization precisely determined.
One of the new peptoids displayed mitochondrial affinity and stained this important
organelle selectively. Co-staining experiments using MitoTracker Red confirmed the

localization inside live cells.

P eptidomimetics like peptoids are synthetic alternatives to
the use of naturally occurring peptides. Natural peptides
suffer from drawbacks such as proteolysis reactions and, in
many cases, a lack of bioavailability. Peptoids are in this sense
promising candidates for the replacement of many peptides,
especially considering their capability of mimicking biologically
relevant secondary protein structures.' The possibility of
incorporating a myriad of functional groups or substituents
on the peptoid structures also fosters interest in the synthesis
and biological application of these derivatives. The Ugi four-
component (multicomponent) reaction (U4CR) is an out-
standing tool for straight access to new peptoid libraries.” Some
synthetic peptoids obtained by the U4CR have been used as
photoaffinity scaffolds linked to small molecule probes,” such as
a pH-sensitive probe,* cyclic peptide analogues,” and others."*

Among some drawbacks to further the use of peptoid
derivatives, the lack of information about their subcellular
localization is hindering both a rational design and further
biological application of these derivatives. It has been described
that small chemical modifications afford Ugi adducts with a
huge biological behavior difference, therefore suggesting the
need for empirically guided optimization.” The knowledge of a
precise subcellular localization has been described as a prime
consideration in the design of new bioactive compounds for
cellular studies.” With the aim being cellular studies, the
molecule must be capable of transposing the cell membrane'
and selectively targeting a specific organelle or cell
component.l

The elegant synthetic strategy for incorporating fluorescent
tags into a promising bioactive compound allows us in principle
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to follow their dynamics and to determine their precise
subcellular localization inside (live) cells, as we have recently
highlighted.12 Because of our interest in the U4CR" (and
multicomponent reactions'*~'”) and bioprobes as selective live
cell fluorescence imaging probes,zo_23 we disclose herein our
findings after the incorporation of a fluorescent coumarin®*~>°
tag into four new peptoids synthesized using the U4CR applied
for live cell imaging experiments.

The new peptidomimetics (named P1—P4) were synthesized
using the well-established Ugi reaction (Scheme 1). After the
structures had been characterized, P1—P4 were used at a
nanomolar concentration (Very low concentration) to avoid any
interference with cellular homeostasis, aiming at disclosing
whether the new structures could transpose the cells’
membranes and at verifying any specific interaction (cellular
selectivity) inside the live cancer cells.

All compounds were obtained as expected and had their
photophysical properties determined (Figure S1 of the
Supporting Information). Table 1 summarizes the photo-
physical properties measured for P1—P4.

All compounds showed good stability in the excited state and
reasonable Stokes shifts. Large molar extinction coefficients
were observed for all compounds (log € of ~4.00). Figure S1
shows the standard photophysical data measured for the new
peptidomimetics. All R* values obtained for the microscopic
solvent polarity parameters (E;~)*” in the solvatochromic
method”™ plots are close to (but above) 0.60 (Figure SI),
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Scheme 1. Synthesis of the New Fluorescent Peptoids P1—P4 through the Ugi Reaction”
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“Note the incorporation of a fluorescent tag (coumarin derivative 1) in all structures.

Table 1. Photophysical Data (in different solvents) for P1—P4

peptoid” solvent Amax(abs) (nm)
P1 ethyl acetate 397
acetonitrile 405
chloroform 411
dichloromethane 412
ethanol 405
hexane 388
methanol 407
toluene 399
water 424
P2 ethyl acetate 396
acetonitrile 403
chloroform 411
dichloromethane 410
ethanol 405
hexane 388
methanol 407
toluene 400
water 428
P3 ethyl acetate 396
acetonitrile 405
chloroform 408
dichloromethane 409
ethanol 404
hexane 388
methanol 406
toluene 399
water 425
P4 ethyl acetate 396
acetonitrile 405
chloroform 407
dichloromethane 409
ethanol 404
hexane 388
methanol 406
toluene 398
water 423

“Quantum yields for P1-P4 of 0.20, 0.27, 0.12, and 0.67, respectively.

log ¢ (&) Amax(em) (nm) Stokes shift (nm)
4.00 (10050) 455 58
3.96 (9070) 465 60
3.71 (5170) 453 42
3.89 (7820) 460 48
3.80 (6260) 465 60
43544 (22620) 418 30
3.86 (7170) 469 67
3.79 (6180) 441 42
3.74 (5500) 473 49
3.69 (4960) 453 57
3.96 (9020) 464 61
3.48 (3041) 454 43
4.17 (14840) 460 50
3.90 (7988) 467 62
4.14 (13670) 417 29
3.91 (8150) 472 65
3.73 (5350) 444 44
3.17 (1470) 474 46
4.55 (35880) 455 59
3.99 (9900) 464 59
4.37 (23640) 452 44
4.37 (23670) 459 50
4.06 (11460) 467 63
3.76 (5750) 418 30
4.53 (33840) 470 64
4.38 (23830) 444 45
3.43 (2700) 471 46
4.67 (46910) 453 57
4.70 (49690) 467 62
4.56 (36570) 454 47
4.74 (54660) 457 48
4.36 (22990) 465 61
4.64 (43560) 418 30
4.63 (43080) 470 64
4.46 (28980) 445 47
3.26 (1800) 484 61

therefore indicating ICT stabilization from the excited state and
the difference in the polarity of the structures when comparing
ground and excited states. Photostability experiments (Figure
S2) under constant UV irradiation (365 nm) were also
performed, and P1—-P4 could sustain their fluorescence
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intensity for at least 2 h with no notable decrease in their
emission.

P1-P4 were therefore subjected to cellular experiments
using the MCF-7 (human breast adenocarcinoma) cell lineage
(live and fixed samples). One major challenge of bioimaging
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Figure 1. Fluorescence profile of MCF-7 cells incubated with P1—P3 (10 nM, blue emission). (I) Peptoid P1, (II) Peptoid P2, and (III) Peptoid P3.
Panels A and C show live and fixed cell samples, respectively. Panels B and D show the normal morphological aspects of the samples by phase
contrast microscopy. Yellow arrows show the fluorescent staining pattern (blue) that slightly spread through the cell cytoplasm with accumulation
near the cells’ nuclei. No fluorescent signal could be detected inside of the nuclei of the cells (N). Reference scale bar of 25 ym.

Figure 2. Fluorescence profile of MCF-7 cells incubated with P4 (10 nM, blue emission). (I) Panels A and C show live and fixed cell samples,
respectively. Panels B and D show the normal morphological aspects of the samples by phase contrast microscopy. Yellow arrows show the
fluorescent staining pattern (blue), which was concentrated in a restricted cellular region near the cells’ nuclei, that is, concentrated at the
mitochondria. No fluorescent signal could be detected inside of cellular nuclei (N). (II) Fluorescent profiles of MCF-7 cells incubated with peptoid
P4 and commercially available MitoTracker Red. Panels A and C show fluorescence patterns from cells incubated with peptoid P4 and commercially
available MitoTracker Red, respectively. The yellow arrows indicate the cytoplasm accumulation region of the same cells for both markers. (D) Panel
produced by the overlay (purple) of the blue (P4) and red (MitoTracker Red) fluorescence images from panels A and C to prove the accumulation
of P4 at the mitochondria. (B) Morphological aspects of the samples by phase contrast microscopy. The cells’ nuclei are shown as black voids

identified by the letter “N”. Reference scale bar of 25 ym.

experiments is to use low concentrations of the tested peptoids
to avoid any cytotoxic effect. This is an important feature to
really aid in the collection of information regarding the
internalization processes and dynamics; otherwise, the peptoids
could induce cell death or changes in the cells’ morphological
structures, thus avoiding a precise study of their subcellular
localization, which is in turn of paramount importance for
depicting their cellular action. Peptoids typically display a
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cytotoxic effect up to micromolar concentrations, as recently
shown for some derivatives.”” ™' In this context, we have
conducted the cell viability (MTT assays) experiments (Figure
S3) using nanomolar concentrations (100 nM).

As depicted from Figure S3 (at low concentrations, 100 nM),
the synthesized peptoids showed no cytotoxic effect hence
validated for bioimaging assays at low concentrations. All cell
imaging experiments were conducted using only a concen-
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Figure 3. P4 and MitoTracker Red fluorescence emissions after photobleaching. The yellow rectangles are the regions of interest (ROI)
delimitation, and they have all the same area. No accentuate fading off in the fluorescence emission from P4 stain could be visually noted during the
experimental time period. Note that samples were not subjected to photobleaching. Reference scale bar of 25 ym.

tration for the peptidomimetics of ~10 nM, that is, a
concentration 10-fold lower than that used for the MTT assays
(Figure S3), to ensure no interference in the cellular processes
or morphological alterations of the cells aiming at a precise
subcellular localization and to depict their distribution
(dynamics). No photobleaching could be visually noted during
the experiment time period for all tested molecules.

Peptoids P1—P4 were then subjected to cell imaging
experiments. P1—P3 showed interesting results (Figure 1)
but with no actual cellular selectivity except for a tendency
toward mitochondria.

The fluorescence signals produced by peptoids P1—P3 were
found to be distributed in the cells’ cytoplasm. A trend of these
markers to accumulate at the perinuclear region was also
identified, as indicated by the arrows (Figure 1). The region
close to the nucleus is known to be rich in mitochondria,*
although no expressive cellular selectivity was noted during the
tests of P1—P3. The cells showed normal morphological
aspects (no morphological alteration) as observed by phase
contrast microscopy, thus suggesting no cytotoxic effects, in
accordance with the MTT experiments.

An interesting study of Vicent and co-workers showed that
some peptoid derivatives are co-responsible for effective
methods for improving the inhibition of mitochondrion-
mediated apoptosis.”’ The subcellular localization of P1—P3
seems to be in accordance with this proposition, especially
considering that P1—P3 accumulate close to the cells’ nuclei,
that is, a region with plenty of mitochondria, although overall
P1-P3 were also distributed in the cytoplasm.

Bioimaging experiments conducted with P4, however,
returned the most interesting results (Figure 2).

P4 showed a distinctive fluorescent pattern, that is, P4
afforded the most intense fluorescent signal when compared to
P1-P3 and accumulated near the cells’ nuclei in a sharply
defined region (Figure 2, I); i.e., the result is consistent with a
mitochondrion-specific stain. No fluorescent staining could be
detected inside the cells’ nuclei, which were represented as
black voids inside the cells. Although the peptoids had
dimensions that allowed for passive traffic through nuclear
pores, none of the four molecules could be detected inside the
cells’ nuclei. This result suggests no affinity between the tested
peptoids and the components of the nuclei. This result is also in
accordance with the importance of an empirically guided
optimization, because few modifications afforded huge differ-
ences in cellular selectivity.
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To ensure the mitochondrial localization of P4, co-staining
assays were conducted (Figure 2, II) using the commercially
available mitochondrial marker known as MitoTracker Red.
The experiment confirmed our previous finds that P4 is
selective for mitochondria and an intense purple emission may
be noted in the merged images (Figure 2, II-D). These results
demonstrate that P4 has arisen as a new peptoid selective to
mitochondria, permeable to the cell membrane with a sharp
distribution. Phase contrast images (Figure 2) were also
generated to verify the morphological aspects of the cells.
Once again, no morphological alterations in MCF-7 cells were
observed, as expected and in accordance with the cell viability
assays (Figure S3).

Finally, photobleaching experiments were performed to
compare the stability performance of P4 and MitoTracker
Red (Figure 3). As noted, P4 showed a performance superior
by far compared with that of the commercial dye (also see
Figure S$4).

The ROI (regions of interest, seen as yellow rectangles in
Figure 3) photobleaching results demonstrated that P4 was
considerably more resistant than MitoTracker Red. P4
emission fades gradually until the 4 h photobleaching time
point. Still, its emission was not extinct after 4 h, the value
retaining more than 50% of the fluorescence intensity at the
end of the assay (also see Figure S4). The MitoTracker Red
ROI analyses showed a gradual fluorescence fading off from 5
to 30 min. Afterward, its fluorescence emission was widely
reduced, reaching a very low level at the end of the assay
(Figure 3 and Figure S4). The MitoTracker Red fluorescence
emission became visually undetectable after the samples had
been photobleached for 4 h (Figure 3).

In summary, four new fluorescent peptoids were obtained
using the multicomponent Ugi 4CR. These peptoids allowed
for cellular studies with precise subcellular localization and
dynamic distribution in both live and fixed cells. All
peptidomimetics could be tested at the nanomolar scale (10
nM), avoiding any interference in the cellular processes,
avoiding any morphological alteration, and without any notable
cytotoxic effect. The results pointed to a possible mitochondrial
action of these peptidomimetics. P4 proved to be highly
selective for mitochondria, in accordance with the hypothesis of
mitochondrial action of other peptoid derivatives.”" All results
described herein thus opened up new avenues with plenty of
room for exploration with regard to cellular studies of
peptidomimetics, especially for peptoids from the U4CR. For
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the first time, fluorescent peptoids could be used at nanomolar
concentrations to determine their precise subcellular local-
ization, and one of them (P4) showed a high affinity for
selectively staining mitochondria with a performance by far
superior compared to that of the commercial dye (MitoTracker

Red).

B EXPERIMENTAL SECTION

General. All reagents and solvents are commercially available and
have been directly used without any further purification. NMR spectra
were recorded on a 14 T instrument using a S mm internal diameter
probe operating at 600 MHz for 'H and at 150 MHz for '*C. Chemical
shifts are expressed in parts per million and referenced to the signals of
the residual hydrogen atoms of the deuterated solvent (CDCly), as
indicated in the legends. High-resolution ESI(+)-MS analyses were
conducted in a triple TOF with internal calibration and direct solution
(1 ppm) infusion.

General Procedure for the Syntheses of P1—P4 (see Scheme
1). To 20 mL of methanol were added 1 mmol of the aldehyde and 1
mmol of benzylamine. The mixture was stirred for 1 h followed by the
addition of 1 mmol of the coumarin (acid) derivative and 1 mmol of
the isonitrile. The mixture was stirred at room temperature for 72 h,
concentrated under vacuum, and purified with a chromatographic
column [40:60 (v/v) CH,Cl,:AcOEt] to afford P1-P4.

P1: obtained in 70% yield (184 mg, amorphous solid); 'H NMR
(600 MHz, CDCl,) § 7.76 (s, 1H), 7.51 (br, 1H), 7.23—7.13 (m, 6H),
7.06—7.00 (m, SH), 6.53 (dd, 1H, 9.0 and 2.4 Hz), 6.43 (s, 1H), 6.32
(s, 1H), 3.49—3.41 (m, 2H), 3.36 (q, 4H, 7.0 Hz), 1.41—1.38 (m, 2H),
1.17 (t, 6H, 7.0 Hz), 1.67—1.64 (m, 2H), 0.96 (t, 3H, 7.3 Hz); *C
NMR (150 MHz, CDCly) 6 169.3, 167.1, 159.4, 156.8, 151.5, 143.8,
139.5, 134.5, 130.5, 129.8, 129.6, 128.3,128.1, 127.9, 127.5, 109.5, 97.2,
65.8, 45.0, 39.8, 314, 20.2, 138, 12.3; mp 193—194 °C; high-
resolution ESI(+)-MS caled for [C;,H;sN;0, + H]* 526.2700, found
526.2699; water solubility 0.2 mg mL™".

P2: obtained in 35% yield (100 mg, amorphous solid); 'H NMR
(600 MHz, CDCl;) 6 7.75 (s, 1H), 7.52 (br, 1H), 7.23—7.21 (d, 1H,
12.0 Hz), 7.09—7.00 (m, SH), 6.70—6.67 (m, 2H), 6.60 (d, 1H, 12.0
Hz), 6.57 (d, 1H, 12.0 Hz), 6.34 (s, 2H), 5.85 (s, 2H), 3.47—3.41 (m,
2H), 3.36 (q, 4H, 7.0 Hz), 1.66—1.61 (m, 2H), 1.45—1.38 (m, 2H),
1.17 (t, 6H, 7.0 Hz), 0.96 (t, 3H, 7.3 Hz); *C NMR (150 MHz,
CDCl,) 5 169.2, 167.0, 159.4, 156.8, 147.3, 147.2, 143.7, 139.4, 129.8,
129.6, 128.4, 1282, 127.6 124.5, 110.9, 107.8, 101.0, 65.3, 45.1, 39.9,
314, 202, 13.8, 12.3; mp 200—201 °C; high-resolution ESI(+)-MS
caled for [Cy3HyN3Og + H]™ §70.2599, found 570.2598; water
solubility 0.2 mg mL™".

P3: obtained in 82% yield (215 mg, amorphous solid); 'H NMR
(600 MHz, CDCl,) 6 7.72 (s, 1H), 7.20—7.15 (m, 6H), 7.07—7.00 (m,
6H), 6.52 (dd, 1H, 9.0 and 2.4 Hz), 6.31 (d, 1H, 2.6 Hz), 6.29 (s, 1H),
3.36 (q, 4H, 7.3 Hz), 1.47 (s, 9H), 1.17 (t, 6H, 7.2 Hz); 3C NMR
(150 MHz, CDCL,) § 168.5, 167.0, 159.1, 156.8, 151.4, 143.6, 139.6,
134.7, 130.5, 129.7, 129.6, 128.2, 128.0, 127.8, 127.4, 109.1, 97.0, 66.2,
51.9, 44.8, 28.7, 12.3; mp 209—210 °C; high-resolution ESI(+)-MS
caled for [C;,HyN;0, + H]' 5262700, found $26.2706; water
solubility 0.5 mg mL™".

P4: obtained in 56% yield (160 mg, amorphous solid); 'H NMR
(600 MHz, CDCl,) 6 7.70 (s, 1H), 7.19 (d, 1H, 8.8 Hz), 7.07—7.02
(m, 6H), 6.70—6.67 (m, 2H), 6.60 (d, 1H, 8.8 Hz), 6.52 (dd, 1H, 9.0
and 2.4 Hz), 6.31 (d, 1H, 2.2 Hz), 6.20 (s, 1H), 5.85 (q, 2H, 1.5 Hz),
3.36 (q, 4H, 7.0 Hz), 147 (s, 9H), 1.16 (t, 6H, 7.2 Hz); *C NMR
(150 MHz, CDCl,) & 168.5, 167.0, 159.2, 156.8, 151.5, 147.3, 143.6,
129.7, 128.4, 127.6, 124.5, 117.9, 110.9, 109.2, 107.9, 101.0, 97.0, 65.9,
51.9, 44.9, 28.7, 12.4; mp 227—228 °C; high-resolution ESI(+)-MS
caled for [C3H3N3;Og + H]™ §70.2599, found $70.2599; water
solubility 0.5 mg mL™".
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