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Abstract

Peptides and proteins, that have the tendency to form aggregates, are often discussed in
the context of Alzheimer’s, Huntington’s, or Parkinson’s disease. However, studying
aggregation processes is inherently challenging due to the due to the diversity of
aggregate size and geometry and the lack of control over the aggregation process in
space and time. Here, we present a small, synthetic peptide, for which aggregation can
be controlled reversibly with light within seconds. Specifically, by incorporating
photoswitchable unnatural amino acids into the sequence of a tryptophan zipper, we
could create the A3Tz5 peptide, which can switch its secondary structure between a -
hairpin and a B-sheet-like structure through photoisomerization. We provide a detailed
insight into the molecular interactions involved in this process by combining various
spectroscopies and microscopy techniques. With A3Tz5 in hand, we overcame the
limitation of spatiotemporal control in aggregation processes opening the door towards
disease relevant studies.

Introduction

Peptide and protein aggregation is observed in many pathological conditions, such as
Parkinson’s, Huntington’s, and Alzheimer’s disease. Thus, understanding the details of
aggregation mechanisms could be integral in treating and ultimately preventing these
illnesses.?2 However, studying protein aggregation is inherently challenging due to the
lack of control over it, and the complexity of the biomacromolecules.® To simplify the
molecular structures involved, truncated versions of aggregating proteins, such as
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Huntingtin,*®> Amyloid-R (AR),*® or the parathyroid hormone (PTH),>! are frequently
used as models.

Tryptophan zippers (Tzs), on the other hand, are a family of small, synthetic peptides.
They are designed to have a highly stable 3-hairpin secondary structure, kept in the folded
conformation by the -1 interactions of pairs of tryptophans (Trps) (Figure 1a).l>-%4
TrpZipl, a 12 amino acids peptide with the propensity to form disordered aggregates even
at low concentrations, has been used as a model to understand the process of 3-amyloid
plaque formation.®> Moreover, self-assembled nanofibers based on Tzs can be used to
obtain biocompatible hydrogels,'® and show antimicrobial activity supporting wound-
healing.1'® Interestingly, the two peptides only differ in the order of two amino acids in
the loop region of the hairpin: Swapping the glycine (Gly) and the asparagine (Asn) in
TrpZipl generates TrpZip2, which is better soluble and aggregates only in the matter of
weeks instead of minutes.®

As peptides are highly sensitive to minimal structural changes, it is possible to affect their
folding and thus their characteristics even through single point-mutations. By introducing
stimuli-responsive amino acids, a conditional change in structure can be achieved leading
to new synthetic model peptides, in which the aggregation propensity could be controlled.
Light is undoubtedly the external stimulus offering the highest spatiotemporal resolution,
addressing the issue of lacking temporal resolution in classical models. It has already
been successfully used to remove photolabile protecting groups (PPGs) or isomerize
photoswitches incorporated into peptides and proteins.?%-??2 For instance, light-induced
removal of a PPG on the gatekeeping Lys in A316-22 and in TrpZip2 led in both cases to
the disassembly of fibrils.1%:23

More frequently, photoswitches, i.e. molecules that isomerize back and forth between two
forms changing their characteristics, are used in peptidomimetics.?4#?®> Especially,
azobenzenes and stilbenes, which isomerize about a double bond between two
geometrically distinct forms, were previously explored as photoswitchable turn-mimetics
for B-hairpins and B-sheets.?%22:2526 For instance, introduction of an azobenzene moiety
as backbone mimic in the AR peptide determined its photoswitchable aggregation.
Specifically, when in its trans isomer, the switch induced the formation of fibrils, which
self-assembled in a cross-3 morphology similar to the native peptide, whereas the cis
form showed amorphous, non-amyloid aggregates.?’” The same azobenzene was
incorporated into the (RADA)4 peptide backbone, and analogously shown to promote self-
assembly into well-ordered fibers when in the trans form. In this case, the behavior could
be translated into the formation of a hydrogel. Irradiation with light, accompanied by
photoisomerization from the trans into the cis isomer, partially disrupted the fibers and
triggered gel-sol transition.?® Incorporation of a similar azobenzene photoswitch into
PTH2s5-37 in the trans configuration gave amyloid-like fibrils reminiscent of the parent
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structure, while the cis form assembled into amorphous aggregates.?® More generally,
incorporation of the chromophore close to the fibril-forming region in the center of the
peptide led to enhanced fibrillization in the presence of the trans isomer, while the
aggregation was slowed down by the cis azobenzene.*® A computationally optimized
azobenzene backbone mimetic was introduced in a polyQ-rich amyloidogenic peptide
with similar results. The peptide formed aggregates in the presence of both isomers,
however, only the cis form could replicate the typical polyQ amyloid structure, making the
compound an interesting tool for further mechanistic studies.3! Nevertheless, the systems
available so far are limited by incomplete photoisomerization or by the tendency of both
photoisomers to form aggregates of different morphology.

Interestingly, light-responsive 3-hairpin mimetics have also been introduced to Tzs and
could be reversibly isomerized in solution.®? Here, the cis isomer serves as the turn
mimetic and allows for folding of the hairpin, while the thermodynamically favorable trans
isomer cannot adopt a fully folded hairpin structure.®232 When introducing a three-state
molecular switch based on a stilbene motif in the loop region, the trans form showed
sheet-like aggregates, while one of the two cis isomers could not be imaged by electron
microscopy.3* These studies indicate that Tzs might serve as a suitable platform to
develop fully reversible, light-controllable probes for disease-relevant aggregation studies
of peptides.

Reversibly light-responsive B-hairpin mimetics have, to the best of our knowledge, always
been based on photoswitchable turn mimetics. However, in Tzs, the B-hairpin structure is
strongly stabilized by Trp-Trp interactions (Figure 1a-b). Therefore, we decided to attempt
a destabilization of the secondary structure by substitution of the native Trp residues with
photo-responsive unnatural amino acids (UAASs). This way, an altered geometry of the
photoswitch upon light irradiation may generate a different steric environment in the
peptide, ultimately affecting the Trp-Trp pairing and thus the correct folding of the
structure. In this work, we replaced Trp residues in TrpZip2, to generate the first reported
light-modulated Tz through photoswitchable amino acid side chains (Figure 1c). We base
our UAAs on heteroaryl azobenzenes as they are reported to have optimal photoswitching
characteristics.®>3" In this way, we generate reversibly light-controllable tools to
investigate disease-correlated peptide aggregation with unprecedented spatiotemporal
resolution.
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Figure 1 — a. Chemical structure of TrpZip2, with the tryptophan residues (W1-Wa4) highlighted in blue, and
the pairing W1-W4 and W2-W3 indicated by grey lines. b. Pymol structure of the folded structure of TrpZip2,
with the tryptophan residues (W1-W4) highlighted in blue (pdb 1LE1).'? c. General scheme for the
photoisomerization from trans to cis and back of the three UAAs (left); structure of the photoswitchable
TrpZip with the incorporation of two photo-responsible UAAs in the sequence, in place of W1 and W2 (right)
and the pairing indicated by grey lines.

Results and Discussion

In our design, we envisioned that, upon replacement of the side chains directly
responsible for the stabilizing -1 interactions, the effect on the overall folding of the
peptide would be highly pronounced. To realize this, we selected azo-photoswitches as
lead compounds, due to their strong change in geometry from the planar trans into the
bent cis isomer. Our hypothesis was that the trans isomer would engage in Tr-11
interactions with the complementary Trp residue, while the cis form would lead to a
destabilization and loss of this interaction due to a steric clash, and ultimately induce the
disruption of the peptide secondary structure.

Photoswitchable Unnatural Amino Acids Synthesis and Characterization

First, we synthesized a small library of photoswitchable phenylalanine analogues to serve
as light-sensitive UAAs. As mentioned before, we decided to focus our attention on
heteroaromatic azo compounds, which attracted the interest of researchers only recently
due their close-to-quantitative isomerization and high photoswitching quantum vyields,
being considered superior compared to their homoaromatic analogues.3°38

We started the synthesis towards the heteroaryl-compounds Fmoc-PyrAzoF-OH (9),
Fmoc-MePyrAzoF-OH (10), and Fmoc-OxAzoF-OH (11) from the commercially available
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Boc-4-amino-L-Phenylalanine (Figure 2a). We began by treating the amino acid with
NaNO:2 under acidic conditions to generate the corresponding diazonium salt. This was
reacted in situ with 2,4-pentandione to result in the common diketone precursor 2,
adapting a reported procedure.®>3839 |n the following step, 2 was reacted with either
hydrazine, methylhydrazine, or hydroxylamine, to generate respectively the pyrazole
derivative (3), methylated pyrazole (4), and isoxazole (5). Subsequent Boc deprotection
of the N-terminus was conducted in DCM/TFA (1:1). Finally, to obtain SPPS-compatible
building blocks, Fmoc protection with Fmoc-OSu in a mixture of NaHCOs (aqg.) and MeCN
(1:2) was carried out.

Whereas the synthesis of the two pyrazole-derived photoswitches proceeded with overall
good vyields (50% over three steps for compound 9 and 80% for compound 10), the
synthesis of the isoxazole compound (11) proved less efficient, with an overall yield of
6% after three steps.
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Figure 2 — a. Synthetic pathway to the three photoswitchable amino acids, Fmoc-PyrAzoF-OH (9), Fmoc-
MePyrAzoF-OH (10), Fmoc-OxAzoF-OH (11). From compound 10, the reported peptide A3Tz5 was
synthesized via microwave-assisted (MA-) SPPS. b. Structure of Boc-MePyrAzoF-OH, the lead
photoswitchable amino acid in the series (top left); UV-Vis absorption spectrum reporting the
photostationary states of the amino acid dissolved in MeOH in a 50 pM concentration (top right);
photoswitching kinetics of Boc-MePyrAzoF-OH dissolved in DMSO in a 25 pM concentration (bottom left);
photoswitching kinetics of Boc-MePyrAzoF-OH dissolved in MeOH in a 50 pM concentration (bottom right).
All spectra were recorded at 20 °C temperature. c. General scheme for trans to cis photoisomerization of
the three photoswitchable amino acids (left); plot reporting the percentual absorbance at the respective Amax
for the three trans isomers of the amino acids over time upon irradiation with 365 nm light (right).
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Next, we investigated the photophysical and photochemical properties of both the three
Boc- and the three Fmoc-protected photoswitching heteroaromatic building blocks.
MeOH and DMSO were elected as solvents for the analysis to match the solubility of the
molecules, since the Fmoc-protected heteroazobenzenes show scarce solubility in more
protic solvents. An overview of all results is provided in Table 1 and Figure S1-7, while
we will focus on discussing the characteristics recorded for Boc-protected UAAs in the
next paragraphs, as more detailed analysis on them was possible due to higher solubility.

The UV-Vis absorption spectrum of Boc-PyrAzoF-OH shows the two characteristic bands
of an nm* (A = 410 nm) and mrm™* (A = 334 nm) transition. Irradiation with 365 nm light of a
sample initially kept in the dark showed the formation of the cis isomer, accompanied by
a decrease in the band around 330 nm, while irradiation with 455 nm regenerated the
original state to a large extent (Figure Sla). However, while recording the thermal
recovery of the trans isomer, we found that the thermal half-life was rather short (ca. 3 s,
MeOH at 20 °C; Figure S2).

Boc-MePyrAzoF-OH showed a similar band for the rm* transition (A = 337 nm) for the
trans isomer, which promptly disappeared upon irradiation with 365 nm, with a quantum
yield (QY) @ = 67% in MeOH, in favor of the absorption band around 450 nm (Figure 2b,
top right), characteristic for the cis isomer. Analysis of the 'H NMR after irradiation
showed a photostationary distribution (PSD) strongly favoring the cis form (PSD?3%° = 4:96
[trans:cis], Table 1, Figure S3). Once again, back-switching to the trans isomer was
effective upon irradiation with 455 nm light (PSD#® = 79:21 [trans:cis], Table 1, Figure
S3). While the trans to cis isomerization proceeded almost quantitatively, blue-light
illumination only resulted in the (re)generation of 79% of the trans isomer, which stands
in contrast to literature reports.38

The kinetic measurements of the two pyrazole derivatives showed a similar apparent rate
of light-induced trans-cis isomerization in DMSO (Figure S1b and 2b, bottom). Changing
the solvent to MeOH, the QY of the same process stayed above 50% for MePyrAzoF and
the thermal half-life of its metastable cis isomer was largely unaffected (ca. 400 min).
However, in the case of PyrAzoF, the thermal back isomerization in MeOH is so quick
that it impairs the trans to cis light-mediated switching (cf. SI).

Heteroaryl-azobenzenes based on an isoxazole scaffold were introduced only recently#°
and thus, the motif was to the best of our knowledge not yet considered for the synthesis
of light-responsive UAAs. The UV-Vis spectrum of Boc-OxAzoF-OH showed a
hypsochromic shift in the absorption band relative to the ™ transition (A = 325 nm)
compared to the ones of other heteroaryl-azo compounds (vide supra), whereas the
absorption band relative to the ntt* transition remained in the same range (A =398 nm).
The same behavior as for the other UAAs upon irradiation could be observed, with a rapid
decrease of the 1™ band upon exposure to 365 nm illumination with a QY of ca. 30% (in
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MeOH, cf. Table 1). The photostationary state (PSS) was observed at a 50 uM
concentration in MeOD showing a PSD3% of 59% trans (Table 1). Compared to the
azopyrazole-based building blocks, the photochemical isomerization rates appeared
slower under the same conditions (Figure 2b, bottom). Irradiation with 455 nm light
reverted the process, resulting in 77% trans (in MeOD, Table 1) at the PSS,

Table 1 — Overview of photophysical and photochemical properties of the Boc-protected and Fmoc-
protected UAAs.

o = =
= |8_|8_|8f| =7 |58|58 8 |8| 3
- = ..: = + = o . .. . - N
Amino Acids > |~E|~E 2 gg Su|Du| k| % Ex:
& |ET|ET|ED| g o laglas| E|E| ¢
- - - S G Nl 0| < < =
X = 2
MeOH ] [c] [c]
PyrAzoF (MeOD) 334 | 410 | 22.8 n.d. n.d. n.d.”o {229 1434 {3.2s
Bocl® |MePyrAzoF MeOH 337 | 399 | 19.7 67 4:96 |79:21|302 | 447 | 384
(MeOD) ' : :
MeOH . :
OxAzoF 325 | 398 | 19.3 30 42:58 | 79:21 | 307 | 422 | 930
(MeOD)
PyrAzoF | DMSO | 344 | 406 | n.d. 26 n.d. nd. {313 370 | n.d.
Fmoc® |MePyrAzoF| DMSO | 344 | 410 | n.d. 56 nd. | nd. | 310|440 | 424
OxAzoF | DMSO | 330 | 419 | n.d. 171 n.d. n.d. | 309|432 |4537

n.d. not determined; [a] samples were measured at a known concentration of 50 uM; [b] sample
concentration was calculated based on € value of the corresponding Boc-protected UAA due to scarce
solubility in DMSO; [c] thermal isomerization was too fast; [d] QY was calculated based on the € value of
the corresponding Boc-protected UAA.

Based on the photochemical and photophysical measurements, Fmoc-OxAzoF-OH was
the least attractive building block for designing light-sensitive peptides, as both the speed
and extent of photoswitching was less ideal compared to the pyrazole-derivatives.
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By comparison of the rate of light-induced trans to cis isomerization of the three UAASs,
we can see that, by irradiation with a 365 nm LED, the most favored isomerization is the
one of MePyrAzoF, as it shows the highest observed photoisomerization kinetics (Figure
2c for the Boc-protected one; full isomerization was achieved in a comparable timeframe
for the Fmoc-protected MePyrAzoF in DMSO under the same irradiation conditions as
per the Boc-protected precursor, see Figure S6). This can be attributed to two main
reasons, namely the good overlay of the 1T absorption band with the emission profile of
the 365 nm LED, and the higher photoisomerization quantum yields of MePyrAzoF
compared to the other UAAs. This important observation makes MePyrAzoF the most
ideal candidate for the introduction into a peptide strand and its subsequent repeated
photoswitching, as prolonged irradiation times with UV light could ultimately induce harm
to the peptide.

Peptide Synthesis

After the synthesis and characterization of the three photoswitchable UAAs, we
proceeded with peptide synthesis focusing on the most promising building block,
MePyrAzoF. Therefore, we designed a peptide with two modifications, specifically the
substitution of residues W1 and W2, with MePyrAzoF units (Figure 3). This way, we aimed
at disturbing the 1-11 interactions in both tryptophan pairs upon light irradiation, while not
generating a fully synthetic photoswitch-photoswitch pair. To do so, we tested and
optimized a protocol for microwave assisted solid phase peptide synthesis using an
automated peptide synthesizer (details see Sl).

: DIC."nym']ADIF‘EA x
+HOBI H H
LE]F N\)L\,[r A \)LN»TNJ\ N \)l\NH
O. 0 YNII
*\ Cleavage Tl |
TEATIPSMIllQ N NH., NH,
MePyrAzoF K&V-—' ﬁ-ﬁ'“ﬂ
A3Tz5

Figure 3 — Incorporation of MePyrAzoF in positions 2 and 4 of TrpZip2, to obtain the reported A3Tz5
photoswitchable peptide.

Z—Z

For peptide coupling, the amount and concentration of Fmoc-MePyrAzoF-OH was
modulated, as the non-trivial synthesis of the Fmoc-protected building block afforded only
modest amounts. The optimized protocol was carried out on the synthesizer on a 25 pmol
scale using a Rink Amide resin (0.37 mmol/g loading) as solid support. All natural amino
acids were dissolved in DMF in a 0.2 M concentration. In the case of Fmoc-MePyrAzoF-
OH, it was dissolved in a 1:5 DMSO/NMP mixture to better solubilize it, and its final
concentration was reduced to 0.075 M. All amino acids were coupled twice with standard
DIC/Oxyma activating conditions (with the addition of DIPEA to the Oxyma solution). The
natural amino acids were used in a five-fold excess, while we reduced the equivalents of
the photoswitchable building block to a three-fold excess. For deprotection, a 20% v/v

https://doi.org/10.26434/chemrxiv-2025-jclbt ORCID: https://orcid.org/0000-0001-8130-883X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2025-jclbt
https://orcid.org/0000-0001-8130-883X
https://creativecommons.org/licenses/by-nc-nd/4.0/

solution of piperidine in DMF was used, spiked with the addition of 0.1 M HOBt to reduce
the insurgence of aspartimide formation. Standard microwave conditions as
recommended by the manufacturer of the synthesizer were applied for the coupling and
deprotection steps (see table S1).

After SPPS, the resin was collected and the peptide was cleaved from the solid support
(TFA/TIPS/MIllIQ, 95:2.5:2.5 v/vilv), and product formation was confirmed via ESI-MS.
The crude material was purified by RP-HPLC. The final peptide, A3Tz5, was obtained
after purification in a modest 12% yield, with the main side-product being identified via
ESI-MS as the mono-substituted photoswitchable tryptophan zipper, likely due to the
lowering of photoswitch equivalents.

Circular Dichroism Analysis

After synthesis and purification of the peptide, we performed circular dichroism (CD)
spectroscopy measurements to investigate whether the substitution of Trp residues with
our photoswitchable UAAs could lead to any modification in the secondary structure. To
have a valid reference, we first synthesized and analyzed the native TrpZip2. The peptide
has a specific CD fingerprint, with a characteristic exciton signal in the 200-250 nm region
deriving from the 11-11 interactions between its two tryptophan pairs (Figure 4a), making it
straightforward to confirm whether the secondary structure would be affected by our
modification or not.*?

Upon dissolution of A3Tz5 in PBS buffer, we observed a singular behavior. A3Tz5
generated large, yellow aggregates visible to the naked eye (Figure S7a). We decided to
record a CD spectrum of the initial sample kept in the dark, which showed a peculiar
fingerprint (Figure 4b). A positive band, which we associated with the ntt* transition of the
trans isomer of the photoswitch, was visible between 400 and 500 nm. Furthermore, in
the region between 300 and 190 nm, which is usually characterized by defined bands
used to identify peptide secondary structures, new unknown signals were observed. In
particular, the only one that could be reconducted to a known secondary structure motif
was the one between 190 and 250 nm, with a clear minimum at 218 nm, indicating that
the peptide has a pronounced B-sheet content. Furthermore, the intensity of the signal
was very low, which we attributed to the fact that most of the peptide was not in solution.
Notably, B-hairpins are reported to aggregate into B-amyloid-like structures.*! We
assumed that this could be the same for A3Tz5, as this would explain both the CD
signature and the macroscopic aggregates observed in the cuvette.

https://doi.org/10.26434/chemrxiv-2025-jclbt ORCID: https://orcid.org/0000-0001-8130-883X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2025-jclbt
https://orcid.org/0000-0001-8130-883X
https://creativecommons.org/licenses/by-nc-nd/4.0/

TrpZip2
100 uM in PBS pH 7.4

o

s
@
1

CD [mdeg]
g

-254 |

| e o
. o
=ou

T T T 1
200 300 400 500
Wavelength [nm]

109 A3Tz5 Dark ——— 101
b . 100 umn P8S pH 7.4 c . A3Tz5 365 nm

W

100 uM in PBS pH 7.4

CD [mdeg]
(=]
1

CD [mdeg]

-5 QSQ'N:"I(
Ay 7

T T T T T 1
200 300 400 500 200 300 400 500

Wavelength [nm] Wavelength [nm]
Dark s
104 A3Tz5 455 nm 10+ 365 nm =—-
. 100 uM in PBS pH 7.4 e - 455 nm =
§ \ 100 uM in PBS pH 7.4
—_ G AN A
| = z
g 04 B O—ﬂ\u‘ - \ M
- 3 1\
E £ / g
o = ‘
O 104 3 4104 w
20— T T 1 204 T T T T T 1
200 300 400 500 200 300 400 500
Wavelength [nm] Wavelength [nm]

Figure 4 — CD Spectroscopy — a. CD spectrum of native tryptophan zipper TrpZip 2 recorded at 20 °C,
dissolved in PBS buffer (pH 7.4, 10 mM) in a 100 uM concentration. The characteristic exciton signal with
a maximum at 227 nm and a minimum at 212 nm indicates a folded B-hairpin structure. b. CD spectrum of
a 100 uM sample of A3Tz5 dissolved in PBS (10 mM) kept in the dark, with the two UAAs in trans
configuration; c. CD spectrum of the A3Tz5 sample after 15 min of irradiation at 365 nm, with the two UAAs
in cis configurations; d. CD spectrum of the A3Tz5 sample after 15 min of irradiation at 455 nm with the two
UAAs in trans configuration; e. Overlapped CD spectra of the A3Tz5 sample (previa irradiation, irradiated
at 365 nm, irradiated at 455 nm, repeated cycles). All spectra were recorded at 20 °C.

We decided to irradiate the sample with 365 nm light to investigate whether we could still
photoswitch the MePyrAzoF residues in the peptide and in this way disrupt the
aggregates. After 15 minutes of illumination with a 365 nm LED, we observed the
complete dissolution of the yellow aggregates and the simultaneous yellowing of the
solution (Figure S7b). We promptly recorded a CD spectrum of the sample, and this time
we could identify the characteristic fingerprint of a B-hairpin structure (Figure 4c). This
finding would indicate that the cis isomer of the photoswitch is able to interact with its
complementary Trp residue in the zipper structure, which goes against our original
hypothesis. Furthermore, a band at around 300-330 nm emerged. A similar band has
been previously reported in literature and has been attributed to a modification in the
angle of interaction between a 3-methyl-indole Trp residue and an unmodified pairing
Trp.*? The positive band in the 300 nm region would be derived from an increased
overlapping of the five membered rings of the indoles. In our case, we could assume that
the methyl-pyrazoles in position 2 and 4 are at a similar angle when in their cis form,
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broadly overlapping with the five membered rings of W3 and Wa. This change in geometry
and its respective CD band emerging would support the hypothesis that the
photoswitchable UAA is able to collaboratively interact with its Trp partner.

We then irradiated the sample once more, this time with 455 nm wavelength light, to see
whether we would reform the macrostructures of the original sample. After 15 minutes of
blue light irradiation, we could clearly observe the fading of the yellow hue in the solution,
accompanied by the formation of fibril-like colorless macrostructures, once again clearly
visible to the naked eye (Figure S7c). After performing CD analysis on the sample, we
were presented with yet a new spectrum, with a maximum at 280 nm, and an intense
minimum at 212 nm (Figure 4d). This new fingerprint, to the best of our knowledge, does
not correspond to any reported peptide secondary structure. To verify whether this was
indeed a stable structure, we performed cycles of light irradiation at 365 and 455 nm and
recorded a CD spectrum each time. As shown in Figure 4e, the two secondary structures
attributed to trans-A3Tz5 (at PSS*%°) and cis-A3Tz5 (at PSS3%°) were stable over multiple
repetitions.

Ultimately, what we could gain from a qualitative analysis of the CD spectra was that
A3Tz5 presents at least three different secondary structures which give origin to different
states. While the trans isomer of the photoswitchable UAAs is always associated with the
formation of macrostructures, the cis isomer seems to promote the correct folding of the
peptide into a B-hairpin-like structure, thus inducing dissolution into the buffer.

NMR Analysis

To get a more detailed insight into the structural features of the photo-peptide and its self-
assembly properties, we performed solution state NMR studies, using a modified setup
for in-situ sample illumination*3-4° to follow the photo-switching process (see sections 1.4.
and 5. of the Sl). The presence of large aggregates (>20 kDa) in solution or peptides
being in the solid state in the trans configuration prior to irradiation became immediately
evident by the lack of signal in solution state 'H-NMR (Fig. 5a, black spectrum).
Subsequent in-situ irradiation with a 370 nm LED, which should promote trans to cis
isomerization of the UAA residues, solubilized the photo-peptide and defined signals
could be identified (Figure 5a, purple spectra). Importantly, the process was reversible by
irradiation with 455 nm light, and disappearance of signal from the *H-NMR spectrum was
observed, likely due to the formation of larger aggregates and possible precipitation
(Figure 5a, blue spectra). We repeated the photoswitching between solution and solid
states several times (Figure 5a and b) and, like in CD-spectroscopy (vide supra), obtained
the same spectra after each cycle, indicating a high reproducibility of the same 3D
structures of A3Tz5.

Both, in this and in other analytical techniques (cf. CD-spectroscopy above or microscopy
below), promoting the initial sample into the dissolved state proceeded slower than from
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the solid-state generated through irradiation with 455 nm (see rate constants in Table S6).
We presume that this is due to a structure of comparably higher order being formed upon
slow aggregation, compared to the morphology of the aggregates formed upon 455 nm
irradiation (cf. CD spectra above and microscopy below).

Notably, when we exposed the sample of A3Tz5 in the dark to prolonged irradiation with
370 nm light to solubilize a maximum amount of material, we did not succeed to convert
the full amount of A3Tz5 peptide into liquid-state NMR observable species. In all cases
the peptide concentration estimated from the 'H-NMR integrals was significantly lower
than the nominal peptide concentration estimated from the weighed peptide mass (see
concentrations in Table S4). The maximum liquid-state NMR detectable fraction of the
peptide remained between 13% and 23% of the full amount of peptide in the sample, so
the majority of the compound remained in larger aggregates (>20 kDa) or in the solid.

In addition to this, the NMR data collected features clear indications for self-aggregation
of A3Tz5, including the dependence of chemical shifts, line-widths, and relaxation
parameters on the peptide concentration (Figure 5d-e and Figure S11 and Tables
S5 & S6). The most striking change is observed in the H relaxation time constants (T1
and T2) of the samples with 1 mM and 5 mM A3Tz5 concentration: Between 1 mM and
5 mM, the peptide seems to transition from the “fast/intermediate tumbling limit”, to the
“slow tumbling limit",*64’ as apparent from T1 times (see Tables S5 & S6). At 1 mM
concentration, T1 times vary across the different chemical shift ranges, which is indicative
of rotational diffusion in solution faster than the Larmor-frequency (z, < (2w 700 MHz) !
in this case, with 7. being the rotational correlation time), whereas a five-fold increase in
concentration suffices to obtain practically uniform T1 times across the full peptide, which
is indicative for rotational diffusion much slower than the Larmor-frequency (z. >
(2m 700 MHz)™1). This points at a strong increase of the aggregate size in the single-digit
mM concentration range.

As a consequence of aggregation, relaxation parameters are unfavorable for collection of
signal assignment spectra. Amongst the 2D correlation spectra collected (see Figures
S13 - S16), only NOESY spectra provided correlations into the backbone. In all other
cases only sidechain correlations were observed. This points at a notable rigidification of
the backbone during self-aggregation. Due to the spectral quality obtained, only TOCSY
and NOESY spectra provided useful information for *H-signal assignment. Despite this
limitation, it was possible to assign a large fraction of the 'H-residues with confidence
(66% — 85%, see Table S7). During assignment, only a single set of *H-signals was found
for A3Tz5. This indicates that amongst the four configurational isomers expected due to
switching of the photoswitchable groups,*® only one isomer forms species that are
sufficiently small to be detectable by solution-state NMR. The other three configurational
isomers seem to precipitate or to form large aggregates.

To interrogate the fold obtained, we collected NOESY experiments with sufficient signal-
to-noise to identify inter-residue NOE contacts. Indeed, in particular in the methyl region
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of the sidechains, inter-residue NOE contacts can be identified, indicating spatial
proximity between the photoswitchable sidechains (residues 2 & 4 MePyrAzoF) and the
tryptophan sidechains (residues 9 & 11 Trp). Specifically, all three methyl groups in the
1,2,4-trimethylpyrazole-moieties of both MePyrAzoF residues show clear NOE contacts
to 11 Trp Hs and to 11 Trp Hz1. In addition to the contacts between the aromatic residues,
NOE cross-peaks are also clearly observed between 3 Thr (CHsy) and 11 Trp Hs as well
as between 3 Thr (CHz,) and a *H at 7.09 ppm (9 Trp Hs, 9 Trp Hy1 or 11 Trp Hee, Figure
5e and f), clearly supporting a fold with close contact of the respective aromatic residues.
Together with our earlier observation of an excitation signal in CD-spectroscopy, which
indicated the presence of a B-hairpin structure, the results from the NMR experiments
strongly corroborate a folded conformation of the photo-peptide when the UAA residues
are in the cis forms, likely due to m-1r-interactions of the aromatic residues.

a. A e.
o
T
WM L/ ®
365 nm irradiation for 10 min —_
| [T
" I @ .é ] &
450 nm irradiation for 6 min o @ g@%m < =
L =
365 nm irradiation for 9 min ©
I - & -
- — m - Il @ =
450 nm irradiation for 6 min u
h (=]
ww -2
365 nm irradiation for 30 min
s . L 1l | Ll | @ '3
as prepared in the dark 9 ?g
10 8 6 4 2 5('H) [ppm] [o
™~
b. 5 mM A3TZ5 ©) ®
b
1.00 [ o3
1 < @ T =D =
0.504 LR - oo - EETETNEND ©
L@
] d -
0.00
T T T
® © ® 7.4 7.2 7.0 5('H, F2) [ppm]
C. 1 mM A3Tz5

Q.

apparent A3Tz5 concentration [mM]

0.10

0.004

200 uM A3Tz5
0.02

0.01

0.00

0 10 20

30 40 50 60

time [min]
Figure 5 — NMR Spectroscopy — a. *H-NMR spectra of A3Tz5 obtained with in-situ illumination in the
NMR. The spectra shown were taken at time points A —F, marked in Panel b., in a series of spectra
collected with alternating sample irradiation with 370 nm or 455 nm light. Spectra were collected with the
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sample with a nominal 5 mM A3Tz5 concentration, using water suppression.*® b. — d. Apparent A3Tz5
concentration estimated from the *H spectrum integrals measured in series of water-suppressed *H-spectra
measured with in-situ illumination. Periods of irradiation with 370 nm or 455 nm light are highlighted in
magenta or blue, respectively. A transparent background signifies no irradiation. Monoexponential fits to
the measured integrals are shown as purple or blue lines, and fitting values are summarized in Table S4.
To reduce the integral offset originating from a non-zero baseline due to water suppression, the averaged
spectra before irradiation were subtracted from all spectra prior to integration. Panels b., c. and d. were
collected for samples with nominal A3Tz5 concentrations of 5 mM, 1 mM and 200 uM, respectively. e.
Excerpt of a NOESY experiment showing the methyl-to-aromatics correlation region for A3Tz5. The full
spectrum is shown in Figure S13b. Data was collected with continuous irradiation at 370 nm, using the
sample with a nominal 5 mM A3Tz5 concentration and a 200 ms mixing time. To facilitate the identification
of inter- -residue NOE contacts which may indicate spatial proximity between the A3Tz5 and the Trp
residues, residues 2 — 4 are marked in yellow, whereas labels residues 9 — 11 are marked in blue. f.
Mapping of selected intra-residue NOE contacts between residues 2 — 4 and residues 9 — 11. All NMR data
shown was collected at 15 °C, and all NMR samples were prepared in PBS buffer (pH 7.4, 10 mM, 8% 2H)
containing 0.094 mM TSP-da.

Light and Electron Microscopy

Following the CD measurements, and the observation of stable macrostructures visible
with the naked eye, we decided to attempt further visual investigation through different
microscopy techniques. We began by recording the photoswitching of an A3Tz5 sample
(200 uM in PBS buffer at pH 7.4) by use of a digital light microscope. We zoomed into the
sample to a final magnification of 200x, and we proceeded to irradiate the sample first
with 365 nm light for about 30 minutes, after which we could observe complete dissolution
of the large, yellow aggregates. We then alternatively irradiated with a 455 nm LED and
a 365 nm LED light for a total of ca. 40 repetitions, with an average irradiation time of 10
seconds with UV light, and 20 seconds with blue light. We video recorded the process
(see Supporting Information) showing that the formation and dissolution of the fibrillar
macroaggregates is reproducible over numerous irradiation cycles, and fully reversible in
the timespan of 30 seconds (Figure 6a).

To better understand the nanostructure of the aggregates, we proceeded to image A3Tz5
via Cryo scanning electron microscope (SEM) and Cryo transmission electron microscopy
(TEM). All samples were prepared by dissolving an aliquot of peptide into PBS buffer at
pH 7.4 to a final concentration of 50 uM. CryoSEM imaging was performed on all three
states of the sample (dark, 365 nm, 455 nm), but did not prove reproducible in the case
of the 455 nm irradiated one. What we could observe in the dark sample (Figure 6b, top)
was the presence of large, apparently disordered aggregates with dimensions averaging
around 50 um. CryoSEM imaging of a second sample, irradiated with 365 nm, shows
disappearance of such aggregates (Figure 6b, bottom), supporting the information
gained with CD and NMR spectroscopy which suggests a higher grade of dissolution of
the peptide. Multiple attempts were carried out to provide CryoSEM imaging of a third
sample, irradiated with 455 nm light, but results have not been reproducible.

To gain information regarding the nanostructure of the different states we further
investigated the samples by CryoTEM imaging. In this case, the grid loaded with the dark
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sample showed no presence of nanostructures (Figure S8). We attributed this to the fact
that the majority of the peptide is involved in the formation of the macroaggregates imaged
via CryoSEM, which are too big to be observed by CryoTEM. In the case of the sample
irradiated with 365 nm light, we once again were presented with an empty grid (Figure
6¢, top) which we could attribute this time to the fact that most of the peptide is in solution,
thus too small to be observed by CryoTEM imaging. Last, we imaged the sample
irradiated with 455 nm light, and in this case, we could observe the formation of long,
regular, and ordered double stranded fibrils (Figure 6c, bottom). Further investigation of
the samples through 2D averaging over 2000 images confirmed the presence of fibrillar
structures, which presented as either single filaments or double stranded filaments
(Figure 6d).

a.

Figure 6 — Microscopy — a. Light microscope recording of the photoswitching ability of A3Tz5 and
consequent self-assembly. From the yellow aggregates of the sample previa irradiation (left), to a clear
solution after irradiation with 365 nm light (middle), to the reversible formation of stable aggregates upon
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irradiation with 455 nm light (right). b. CryoSEM imaging of an A3Tz5 sample kept in the dark (magnification
200x, top) and CryoSEM imaging of an A3Tz5 sample after irradiation with 365 nm light (magnification 69x,
bottom); c. CryoTEM imaging of an A3Tz5 sample after irradiation with 365 nm light (magnification 64kx,
top); CryoTEM imaging of an A3Tz5 sample after irradiation with 455 nm light (magnification 64kx and
165kx, bottom); d. CryoTEM 2D averaging of the A3Tz5 sample irradiated with 455 nm light.

Ultimately, CryoSEM and CryoTEM imaging allowed us to understand the (hano)structure
of our photoswitchable aggregates. In particular, we could confirm that the geometry and
shape of the aggregates in the dark state and after irradiation with 455 nm look
significantly different, with the latter looking extremely ordinate and fibrillar at least in the
nanoscale, and that irradiation with UV light (365 nm) seems to dissolve the peptide,
leading to oligomeric hairpin structures in solution.

Conclusions

In conclusion, we presented, to the best of our knowledge, the first ever reported
tryptophan zipper with light-controlled UAA-tryptophan pairs. With this new system we
were able to effectively photoswitch in real time the secondary structure of the peptide
between one soluble and folded B-hairpin, and one aggregating B-sheet-like form.

From the three photoswitchable UAAs synthesized and studied, we selected Fmoc-
MePyrAzoF-OH as the light-responsive core with the most desirable properties, including
high QY and PSD, and sufficient thermal stability of the metastable form, for the final
construct. The microwave-assisted, automated SPPS of the A3Tz5 peptide was
successfully carried out, and two photoswitchable UAAs featuring a phenylazopyrazole
motif were incorporated into a Tz to generate the corresponding UAA-tryptophan hetero
pairs. We characterized the structure of A3Tz5 in the dark and the photochemically
generated states from the molecular to the microscopic scale, to obtain a full picture of its
light-controllable behavior combining UV-Vis, CD, and in-situ irradiation NMR
spectroscopy, and different imaging techniques. We observed that upon dissolution in
PBS buffer, the peptide aggregates into disordered macrostructures of ca. 50 pm
(CryoSEM) visible to the naked eye, with a [B-sheet character observed via CD
spectroscopy. NMR analysis proved that in this state, the vast majority of the peptide is,
indeed, in the solid state. A possible explanation for this structure is the abrupt exposure
to the solvent, which does not allow time for an ordered structure to be formed.

Upon irradiation with UV light, we could observe an almost complete dissolution of the
aggregates, and in this state, CD also shows a tendency of A3Tz5 towards folding into a
B-hairpin, suggesting that the positive interactions between the photoswitches and the
corresponding Trp residues are achieved while the UAAs are in their cis configuration.
This finding is supported both by the presence of the characteristic exciton signal in the
CD spectrum and by the 2D NMR studies showing interactions between the methyl
groups of the photoswitch with the indole ring of the tryptophan moiety. Both CD and NMR
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analysis suggest that the folded peptide assembles into a soluble, oligomeric form
resulting in structures too small to be imaged by CryoSEM or CryoTEM.

Furthermore, irradiation with 455 nm light and accompanied cis to trans isomerization led
to the formation of a new macrostructure with a strikingly distinct CD fingerprint compared
to initial aggregates formed in the dark. CryoTEM confirmed the presence of large fibrils
that have a defined and ordered nanostructure with twisted single or double filaments.
We hypothesize that the comparably slow increase in concentration of the unfolded
peptide with UAAs in trans configuration allowed for a controlled supramolecular self-
assembly of the peptide into the fibers, potentially supported by intermolecular
interactions between the trans UAAs. Importantly, the nanofilaments are formed and
unformed over numerous cycles of light irradiation, and the general structure does not
seem to be altered by repeated switches.

To our best knowledge, this is the first system that switch between a discrete 3-hairpin
structure and fibrillar -sheet nanostructures by point mutation of tryptophan residues and
thus modulation of the 1-11 interactions between amino acid residues in the sequence.
Our approach allowed us to achieve unprecedented fast response times generating and
dissolving fibrillar nanostructures with a recorded time of 30 seconds to achieve a full
cycle. We can envision that this novel system could be applied for the investigation of
pathological peptide aggregation leading to a deeper understanding of its mechanism and
eventually open the door for the development of new therapies.
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