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PREP1-based peptides form amyloid-like aggregates endowed with an
intrinsic blue-green-red fluorescence with an unusual sharp maximum
at 520 nm upon excitation with visible light under physiological
conditions. The peptide PREP1[117-132], whose sequence does not
contain aromatic residues, presents a pH-dependent and reversible
fluorescence, in line with its structural transition from p-sheet rich
aggregates to a-helix structures. These findings further demonstrate
that the non-canonical fluorescence exhibited by amyloids is an
articulated phenomenon.

Non-covalent interactions play crucial roles in protein/peptide
functionality as they dictate folding and oligomerization. An
overwhelming number of investigations carried out in the last
three decades have demonstrated that non-covalent interac-
tions may also generate abnormally B-sheet rich structured
states, commonly denoted as amyloid-like assemblies, which
are believed to be the causative agents of a remarkable number
of neurodegenerative diseases.'™ The discovery that proteins
and peptides present a high propensity to adopt these states
has also been exploited to develop new biomaterials char-
acterized by intriguing mechanical and spectroscopic proper-
ties.” Interestingly, independently of their natural or synthetic
origin, amyloid-like peptides generally emit fluorescence with a
maximum in the blue field upon excitation with near-UV
radiation (~370 nm).°* Although the physicochemical deter-
minants of these spectroscopic properties remain quite elusive,
it has been recently shown that these assemblies can also emit
in the red and near-infrared region when excited with radiation
with wavelengths in the range 600-670 nm."?

In this scenario, we have recently found that the human
protein Pbx-regulating protein-1 (PREP1)'®™*® contains two
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cytotoxic amyloidogenic fragments, spanning residues 117-132
and 297-311."° The synthetic peptides corresponding to these
PREP1 portions (henceforth called PREP1[117-132] and PREP1
[297-311]) present all the hallmarks commonly associated with
amyloid-like assemblies.”” We associated the presence of these
potentially harmful regions with the unusual stability of the parent
PREP1 protein,'®?° which likely acts as a protective factor to avoid
the formation of toxic species.'® Intriguingly, the spectroscopic
characterization of the amyloid-like forms of PREP1[117-132] and
PREP1[297-311] in complex with Thioflavin T (ThT) indicated a
significant red-shift of the fluorescence emission peak.'® Indeed,
upon excitation at 450 nm, we observed a fluorescence emission
peaked at 500-540 nm that is some 20-40 nm red-shifted
compared to the canonical emissions of amyloid-bound ThT
(480-485 nm).>" To gain insights into this peculiar behavior, we
have analyzed the intrinsic fluorescence properties of peptides
PREP1[117-132], PREP1[297-311] and some mutated variants
(Table S1, ESIf). Using a freshly prepared solution of PREP1
[117-132], we initially assessed its propensity to form B-sheet rich
aggregates at neutral pH by circular dichroism (CD) (Fig. S1A, ESIt)
and dynamic light scattering (Fig. S1B, ESIt). Indeed, in line with
previous observations,'® the peptide forms high molecular
weight species that present a strong dichroic negative band at
~228-230 nm. Interestingly, these aggregates present an intrinsic
fluorescence emission covering the wavelength interval 500-600 nm
if excited at wavelengths within the range 400-480 nm. As shown in
Fig. 1A, a solution of PREP1[117-132] buffered at pH 7.0, shows a
sharp peak, whose maximum is centered at 520 nm independently
of the excitation wavelength in the range 400-480 nm (Fig. 1A). This
type of fluorescence is quite different from that commonly exhibited
by amyloid-like assemblies."”” Notably, the intensity of the peak
raised upon increasing the excitation wavelength with a sigmoidal
dependence (Fig. 1B). This observation is in line with the absorption
spectrum associated with the fluorescence emission that shows a
progressive increase in absorption, starting from 440 nm to 480 nm
(Fig. S1C, ESIt). To validate these unexpected observations, we
investigated the impact of some selected mutations on the supra-
molecular peptide aggregation and, therefore, on its spectroscopic
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Fig. 1 The intrinsic fluorescence of PREP1[117-132] B-sheet rich aggre-
gates. (A) Overlay of intrinsic fluorescence spectra of PREP1[117-132] in the
500-600 nm range upon excitation in the 400-480 nm range at pH 7.0.
(B) Peptide fluorescence emission at 520 nm as a function of the excitation
wavelengths. (C) Overlay of intrinsic fluorescence spectra of PREP1
[117-132] 11204 11254 L1294 11324 IN the 500-600 nm range upon excitation in
the 400-480 nm range at pH 7.0. (D) Overlay of intrinsic fluorescence
spectra at pH 3.0, at pH 3.0 after pH 7.0 exposure and vice versa.

properties. This analysis was performed by collecting the fluores-
cence spectra of a previously reported mutated variant of PREP1
[117-132], PREP1[117-132 11004 11254 1120a 11324, i Which the replace-
ment of four hydrophobic residues with alanine induces the
unfolding of the peptide, as shown by the CD spectrum (Fig. S1D,
ESIt) and prevents aggregation.'” As shown in Fig. 1C, PREP1
[117-132]1150a 1125 L1208 11324 PYesents a radically different fluores-
cence profile compared to the parent peptide, as no emission
is observed in the region 500-600 nm upon excitation in the
400-480 nm interval. Accordingly, this peptide does not absorb in
the 400-480 nm interval (Fig. S1C, ESIt).

As PREP1[117-132] presents an intriguing pH-dependent
reversible structural transition from B-sheet to o-helix when
the pH is lowered at acidic values,'® we monitored the peptide
fluorescence as a function of the pH. We preliminary mon-
itored the PREP1[117-132] structural transition and its reversi-
bility. Indeed, we verified that the CD spectra at pH 3.0
obtained using freshly prepared peptide samples are similar
to those obtained by lowering the pH from 7.0 to 3.0 and vice
versa, despite the variation of the ionic strength associated with
the pH lowering or increase (Fig. S1A and Methods, ESI{). As
shown in Fig. 1D, the lowering of the pH from 7.0 to 3.0
abolished the fluorescence emission at 520 nm that was
restored when the pH was brought from 3.0 to neutrality.
Therefore, the data clearly show that the ability of PREP1
[117-132] to emit fluorescence radiation at physiological pH is
reversibly switched off and on by changing the pH of the
solution in line with the pH-dependent o-helix/B-sheet rich
structural transitions exhibited by this peptide.

We then evaluated the ability of PREP1[117-132] to also emit
the fluorescence in the near UV/blue and in the near-infrared
regions that is generally exhibited by amyloid-like peptides.'
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We therefore evaluated the PREP1[117-132] emission upon
excitation at 370 and 670 nm. The emission spectrum of the
peptide upon excitation at 370 nm showed two bands in the UV/
blue region, peaking at ~420 and 450 nm (Fig. S2A, ESIY).
A fluorescence signal centered at ~710 nm was instead
observed upon excitation at 670 nm (Fig. S2B, ESIt), in line
with a recently discovered behavior of the amyloid-like
assemblies.”® It is worth mentioning that the emission at
wavelengths >700 is not observed when the peptide is excited
using radiation in the 400-480 nm range (Fig. S3, ESIt).

Due to the low solubility of the PREP1[297-311] peptide, its
biophysical characterization was performed following its con-
jugation with a polyarginine (R8) stretch (RSPREP1[297-311])
(Table S1, ESIt). Preliminarily, we evaluated the effect of the R8
tag on the conformation of the peptide by CD analysis. Like
the peptide without the R8,'® at pH 7.0 R8PREP1[297-311]
adopts a B-sheet rich state, showing a CD negative band at
~228-230 nm (Fig. S4A, ESIt), thus demonstrating that the R8
moiety does not impact the conformational preferences of the
peptide kept at pH conditions close to neutrality. However,
unlike the parent peptide, which forms B-sheet rich assemblies
in the entire 4.0-9.0 pH interval,"® RSPREP1[297-311] assumes
a random coil state at acidic pH as the CD spectrum presents a
strong minimum at 198 nm (Fig. S4A, ESI{). In R8PREP1
[297-311], the formation of aggregated B-sheet rich assemblies
at low pH values is likely prevented by the repulsive action
exerted by the positively charged arginine side chains present
in the tag. By studying the spectroscopic properties of the
peptide R8PREP1[297-311], we observed that at pH 7.0 it shows
a fluorescence emission peak at 520 nm upon excitation in the
440-480 nm range (Fig. 2A). On the contrary, no fluorescence
was detected at pH 3.0 (Fig. S5A, ESIt), demonstrating the tight
correlation between the structural and spectroscopic properties
of these fragments. On this ground, we also evaluated the
impact of the presence of the R8 stretch on the spectral proper-
ties of PREP1[117-132] and of its mutated variant PREP1
[117-132]1120a 11254, 1120a,1132a-  The  R8-conjugates RSPREP1
[117-132] and R8PREP1[117-132]11204 11254 1120a L1324 Were there-
fore synthesized and characterized (Table S1, ESIt). Somehow
surprisingly, at acidic pH, the presence of the R8 tag in
RSPREP1[117-132] prevents the formation of the helical state
detected in PREP1[117-132], as shown by the CD analysis
(Fig. S4B, ESIt). This observation may be explained by considering
the perturbation caused by the R8 on the salt bridges that possibly
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Fig. 2 Evidence for the intrinsic fluorescence of the R8BPREP1[297-311].
Overlay of the intrinsic fluorescence spectra of R8PREP1[297-311]
(A) R8PREP1[117-132] (B) and R8PREP1[117-132]I1122A,L125A,L129A,L132A
(C) upon excitation in the 400-480 nm range at pH 7.0.
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stabilize the a-helix of the parent peptide.”” On the contrary, the
R8 tag did not impact the peptide structure at neutral pH
(Fig. S4B, ESIt). The preservation of the B-sheet rich structure in
R8PREP1[117-132] is reflected in the peptide fluorescence proper-
ties. Indeed, as shown in Fig. 2B, RSPREP1[117-132] presents a
fluorescence emission in the 500-600 nm interval at pH 7.0, which
is not detected for RSPREP1[117-132] at pH 3.0 (Fig. S5B, ESI{). As
the untagged peptide, RSPREP1[117-132]11224 11254 L1294,L1324 ShOWS
an unfolded conformation at both pH 3.0 and 7.0 (Fig. S4C, ESIY)
and, accordingly, it does not show any intrinsic fluorescence at
these conditions (Fig. 2C and Fig. S5C, ESI).

We also investigated the intrinsic fluorescence emission of
these peptides at the solid-state by performing confocal fluores-
cence microscopy analyses. Peptides were dissolved in hexa-
fluoroisopropanol (HFIP) and allowed to dry on a glass surface
at room temperature before analysis. Large aggregates of
PREP1[117-132] are observed in bright-field microscopy without
excitation (Fig. 3A). The same sample exhibits a remarkable
fluorescence emission that peaked at 520 nm upon excitation at
488 nm (Fig. S6, ESIt). Moreover, confocal images of these
dried samples showed that the peptide emitted in the blue,
green and red fields following excitation at 405 nm (Fig. 3B),
488 and 555 nm (Fig. 3C and D), respectively. On the con-
trary, depositions of the non-aggregating peptide PREP1
[117-132]11224 11254, 11204,.1324  Performed under similar experi-
mental conditions do not form fluorescent aggregates (Fig. S7, ESIT).

A similar but distinct behavior was exhibited by the aggre-
gates formed by R8PREP1[117-132]. In this case, the red
fluorescence was virtually absent (Fig. S8, ESIt), whereas the
R8 variant of PREP1[297-311] showed an evident blue fluores-
cence with much weaker signals in the green and red fields
(Fig. S9, ESIY).

The presence of the R8 stretch, which is generally used to
facilitate the cellular uptake of peptides, provided us with the
opportunity to evaluate the aggregation propensity of RSPREP1
[117-132] and R8PREP1[297-311] in living cells. In particular, we
administered these peptides to a human lung epithelial cell line

Fig. 3 Intrinsic fluorescence of the solid aggregates of PREP1[117-132].
Bright-field (A) and fluorescent (B-D) confocal microscope images of a
dried film of PREP1[117-132]. Fluorescent images were obtained by excit-
ing in the UV spectral region of 4/,6-diamidino-2-phenylindole (DAPI)
(405 nm) (B), the green fluorescent protein (GFP) (488 nm) (C) and the
rhodamine (555 nm) (D). Scale bar: 90 um.
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Fig. 4 Detection in cells of the fluorescence emitted by the aggregated
peptide. Fixed-cell confocal microscopy images of A549 human lung
epithelial cells treated with the peptide R8PREP1[117-132] (panels A-D)
and R8PREP1[297-311] (panels E—H). Bright-field (A and E) and fluorescent
(B-D and F-H) confocal microscope images of cells incubated with
R8PREP1 peptides. Fluorescent images were obtained by exciting in the
UV spectral region of 4/,6-diamidino-2-phenylindole (DAPI) (405 nm) (B),
the green fluorescent protein (GFP) (488 nm) (C) and the rhodamine
(555 nm) (D) after 8 h of incubation. Scale bar: 45 um.

(A549) (at 5.0 uM in the culture medium). As shown in Fig. 4, a
bright fluorescence is emitted in the blue, green and red fields for
both peptides. The detected fluorescence was much higher than that
observed at the solid-state (Fig. S8 and S9, ESIf). No fluo-
rescence was detected when cells were treated with RS8PREP1
[117-132]120a 1125A 1120811324 (Fig. S10, ESI}).

The progressive characterizations of amyloid-like aggregates
carried out in the last decades have unraveled unexpected and
interesting properties that go well beyond their peculiar struc-
tural organization. A remarkable number of studies have shown
that these assemblies, independently of their natural or syn-
thetic origin, frequently present some spectroscopic properties
whose underlying physicochemical determinants remain still
quite elusive.®** In particular, they can emit a blue fluores-
cence upon excitation with near-UV radiation (~370 nm). Very
recently, it has been shown that these assemblies are also able
to emit at much higher wavelengths extending to the red and
near-infrared region when excited with radiation with wave-
lengths in the range 600-670 nm."”> We show here that the
peptides PREP1[117-132] and R8PREP1[297-311], extracted
from the sequence of the homeobox protein PREP1, in addition
to these emissions, also present a strong fluorescence emission
in the green region (maximum at 520 nm) upon excitation with
visible light (wavelength 440-480 nm). Notably, when
PREP1[117-132] is stained with the dye ThT,'® the maximum
emission is detected at 520 and not at 480 nm, the wavelengths
typically observed for ThT.*"** This finding demonstrates that
the intrinsic fluorescence of the peptide overcomes that pro-
duced by the amyloid-bound ThT. Interestingly, peptide fluores-
cence is observed in very different contexts, including buffered
solution, solid-state, and living cells. Also, the green fluorescence
exhibited by the peptide upon aggregation in living cells overlaps
with that exhibited by the GFP protein® (Fig. S11, ESI). Therefore,
the design and interpretation of immunofluorescence experiments
relying on green fluorescence impose caution when using peptides
with a propensity to form amyloid-like aggregates to avoid
misinterpretations.

This journal is © The Royal Society of Chemistry 2021
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We have exploited the peculiar structural versatility of pep-
tides, which can adopt different structural states, establishing a
strict relationship between the B-sheet rich structure and the
fluorescence emission. Indeed, we show that the reversible
structural transition exhibited by PREP1[117-132] passing from
neutral to acidic pH is an effective molecular switch to turn on
and off the fluorescence emitted by the peptide. This finding is
particularly intriguing considering the recent interest in rever-
sible and non-reversible amyloids and their roles in functional
or pathological processes.>>>”

To the best of our knowledge, although fluorescence emis-
sions with maxima in the region 480-500 nm have been
reported for cyclic and/or aromatic oligopeptides upon
temperature-induced aggregation,®®?° the ability of soluble
amyloid-like assemblies to absorb visible radiation and to emit
green-red fluorescence, with a maximum at 520 nm, has been
reported only for a phenylalanine-based peptide conjugated
with a PEG moiety (PEG24-F6).>° Worth noting, in the case of F6
adducts, the fluorescence could be only detected using a
specific PEG conjugation, as similar F6 compounds containing
other PEG moieties were not fluorescent in the green region.>°
It is also worth mentioning that the peptide PREP1[117-132]
presents significant and distinctive features because it does not
contain conjugated bonds nor aromatic and fluorescent resi-
dues (Tyr, Trp, and Phe). In this scenario, the present findings
demonstrate that amyloid-like systems may exhibit other rele-
vant spectroscopic properties in addition to the blue and the
near-infrared fluorescence emission and that their fluorescence
emission is an articulated process whose interpretation
requires extensive efforts.
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