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Abstract: Polypeptides lacking aromatic residues can display in the aggregated state anomalous spectroscopic
properties, such as UV absorption and fluorescence emission. Despite the fundamental interest and potential
applications of this anomalous luminescence, our understanding of this phenomenon is still poor, and no soluble
model system or general design rules to obtain non-aromatic peptide luminogens are available. Here, we show
that short peptides derived from zwitterionic single a-helices (SAHs), formed exclusively by non-aromatic lysine
and glutamic acid residues are UV-active and luminescent at near-UV wavelengths in solution. We demonstrate
that their emission depends on the o-helical folding of the SAHs, which favors intramolecular through-space
interactions between the Lys/Glu side chains, leading to non-aromatic fluorescence (NAF). We also show that the
introduction of Trp or Tyr residues within the helical polyampholyte framework produces long-wavelength
luminescence, red-shifted from the characteristic emission of the aromatic residues in the sequence (Aexe = 525 nm;
Aem = 550 nmy).

Besides GFPs and proteins incorporating extrinsic chromophores, it is generally accepted that the UV/vis
absorption and fluorescence of proteins originates from the presence of aromatic residues in their sequence.'?
However, in addition to this conventional emission, researchers have reported fluorescence from peptides lacking
aromatic residues or prosthetic groups,® such as branched poly-lysine particles, concentrated solutions of lysine,*"
6 or amyloid assemblies,”® as well as long-wavelength emission from aggregates of aromatic amino acids,”'® and
peptide condensates.!' Unfortunately, the theoretical picture of this anomalous luminescence is still under debate
and there are several competing (although not necessarily mutually exclusive) theories to explain it. One of the
first rationalizations of the anomalous luminescence in protein aggregates was that the hydrogen bonds between
C=0 and N-H groups in the peptide backbone leads to electron delocalization and, consequently, to lower energy
transitions.'>"* Similarly, A. Hassanali points to the formation of short hydrogen bonds (SHBs) that hinder non-
radiative decay pathways associated with carbonyl stretching vibrational modes as the origin of NAF.'"*!* The
group of R. Swaminathan proposed that photoinduced charge transfer from electron-rich donors, such as
carboxylates, to the LUMO of electron-poor acceptors, such as protonated amines or the peptide backbone,
followed by charge transfer recombination gives rise to Protein Charge Transfer Spectra (ProCharTS) emission. '*!”
Finally, in 2019, B. Z. Tang proposed the clusteroluminescence or clusterization-triggered emission mechanism,
in which through-space electronic delocalization results from the physicochemical confinement of electron-rich
functional groups (e.g., C=0, C-O, C-N, C(=0)-N, etc.) or small aromatic moieties.'"

One of the biggest obstacles to the development of a unifying theoretical framework for NAF has been the focus
on B-sheet fibers, due to the inherent complications associated with the study of such aggregated systems, and the
lack of systematic studies in solution exploring the relationship between (poly)peptide sequence/structure and their
anomalous emission properties. Here, we report the NAF of a-helical peptides in solution and demonstrate that
the intramolecular interactions between the Lys/Glu sidechains induced by the a-helix folding is fundamental for
their near UV absorption and luminescence. We also report the emission in the visible light region of zwitterionic
SAHs doped with aromatic residues and the rational design of a coiled coil with long-wavelength NAF emission
in the green channel.

Earlier reports of NAF peptides provide useful insights to guide their design. Thus, in 2004, the group of R.
Swaminathan found that NAF absorption from Lys-rich proteins decreased significantly upon unfolding,
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suggesting that a robust peptide scaffold that can bundle the amino acid sidechains to induce through-space
interactions would induce the formation of emissive species.”’ The same group also showed in 2020 that the anionic
carboxylate and cationic ammonium sidechains of Lys/Glu residues behave as electronic charge acceptors/donors
supporting photoinduced electron transfer either from/to the polypeptide backbone or to each other producing
weak NAF emission.'”?' Likewise, in 2021 M. Guo demonstrated that increasing the ionic and hydrogen bond
interactions in NAF polymers promotes the assembly of emissive clusters with red-shifted emission,*” and recently,
the group of S. Mao reported long-wavelength molecular-level NAF from a cyclodextrin scaffold modified with
Trp residues,” suggesting that peptides featuring aromatic residues could produce practically useful NAF
photoluminescence.

Taking all these precedents together, we focused on the single a-helix (SAH), also known as the E-R/K a-helical
motif, as a simple peptide platform that could combine all these reported requirements to produce efficient NAF
emission. SAHs are formed by repeats of four consecutive anionic (Glu) and four cationic (Lys/Arg) residues that
support a stable a-helical conformation through a network of salt bridges in the absence of additional tertiary
interactions,”*** as shown in the helical net diagram in Figure 1a.?® Systematic structural studies of de novo E-R/K
peptides show that the zwitterionic SAH motif tolerates the incorporation of other residues,”’ making it a versatile
platform for the design of NAF peptides that combine charged Lys/Glu with other residues in structured a-helices.
Taken this together, we first synthesized a model SAH a-helix, (EsK4)4 using standard microwave-assisted solid-
phase peptide synthesis methods.***’

Since (E4K4)4 lacks any chromophore for UV quantification, we determined the concentration of its stock solution
by quantitative NMR spectroscopy. For this, we measured the intensity of the Ca hydrogens and compared it with
that of maleic acid used as an internal reference of known concentration (see Supporting Information for
details).***' As expected for a model SAH sequence, the peptide (E4K4)s displayed a circular dichroism spectrum
with a clear a-helical signature and, according to the intensity of the 222 nm band, about 36% helical content.**
Remarkably, (E4+K4)s exhibited a near-UV absorption maximum at 274 nm, and a broad shoulder at about 315 nm
Figure 1b, which is unexpected for a short sequence lacking any traditional chromophore. More importantly,
(E4K4)4 produced a distinct NAF long-wavelength emission band at 420 nm upon excitation at 320 nm, as shown
in the excitation-emission matrix in Figure 1c. This emission exhibited a quantum yield, ¢, of 0.022 £ 0.002 and
luminescence lifetime, t, of 4.42 + 0.12 ns, which are in the same range as those reported for other NAF
polypeptides.*'¢
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Figure 1. NAF emission of SAH peptides. a) Structure of the peptide (E4K4)s as proposed by RoseTTAFold

through the Robetta structure prediction service, **** and helical net diagram of the o-helix showing the stabilizin
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salt bridges as dashed lines. b) UV/Vis absorption spectrum of a 500 uM solution of (Es+K4)4 and c) Excitation-
Emission Matrix (EEM) of a 50 uM solution of (E4K4)4 in 10 mM HEPES buffer pH 7.5 buffer at 20 °C.
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Having observed NAF emission from the model SAH, (E4+K4)4, we wondered whether such emission would be
affected by the helical content, and thus we synthesized a longer SAH peptide, (E4sK4)o, and a control zwitterionic
peptide, (E2K»)s, known to adopt random coil configuration.” (EsK4)e gave a broad and intense band centered at
c.a. 414 nm upon excitation at 320 nm (t = 5.08 £ 0.02 ns) (Figure 2a), while the random coil peptide (E2K»)s
showed much weaker emission at long-wavelengths (Figure 2b). Indeed, plotting the NAF emission intensity
normalized by the number of residues against the calculated mean residue ellipticity shows a clear correlation
between them (Figure 2¢ and d), reinforcing the importance of the a-helical secondary structure and intramolecular
clustering of the sidechains for the formation of the emissive Lys/Glu clusters. This is consistent with the reduced
distance between the side chains between the Glu and Lys residues in the more compact and folded a-helical
conformation, which favors the formation of hydrogen bonds as well as through-space electronic interaction.
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Figure 2. Excitation-Emission matrices of 50 uM solutions in in 10 mM HEPES buffer pH 7.5 at 20 °C of peptides
a) (E4K4)o; b) (E2K»)s ; ¢) Circular dichroism spectra of 50 uM solutions of (E4K4)e (solid line), (E4K4)4 (dashed
line), and (E2K»)s (dotted line) in 10 mM HEPES bufter pH 7.5 at 20 °C; d) Correlation between the normalized
emission intensity of the NAF band at 420 nm with the calculated helicity of each peptide. Dashed line introduced
only as visual.

To confirm that the source of this anomalous emission was indeed arising from the folded SAH peptides, we
performed a series of control experiments. For instance, the thermal unfolding of (E4K4)4 reduced the emission
intensity, highlighting the need of a well-folded helical structure to achieve NAF emission (Supporting
Information, Figure SX). Importantly, the emission intensity at 420 nm of (E4K4)s showed linear response with the
concentration, strongly suggesting that the emission is not the result of intermolecular aggregation processes
(Figure SX, Supporting Information). Furthermore, when we incubated a 50 uM solution of the peptide (EsK4)o
with Proteinase K, a broad spectrum subtilisin-related serine protease,’® and measured the emission intensity of
the mixture at 420 nm upon excitation at 320 nm, we observed a decrease in the emission intensity over time
(Figure 3a), and the decrease in the emission correlated with the reduction of the peak area corresponding to the
peptide measured by HPLC, as the peptide was progressively digested by the enzyme (Figure 3b). This result
strongly supports both the anomalous nature and the peptide origin of the emission, since any organic fluorophore
present in the sample as an impurity would not likely be affected by the protease.
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Figure 3. (E4K4)o peptide digestion with Proteinase K; a) Emission intensity at 420 nm at different times for a 50
uM sample of (E4K4)o (black circles) and another sample of the same peptide in the presence of Proteinase K
(white circles); b) HPLC of the mixture of (EsK4)o with Proteinase K after 0, 4, 8, and 20 h (from black to light
grey) demonstrating the decrease in the peptide peak at 4.2 min.

To shine some light on the origin of the anomalous NAF emission, we performed quantum calculations on different
conformations of (E4K4)s and (E2K»)s peptides in water. The secondary structures for these calculations were
generated with different deep-learning-based procedures to broaden the explored conformation space, namely,
RosettaFold and AlphaFold3 software,’’** as well as with AlphaFold3 augmented by side chain optimization via
the SCWRL4 software.* In addition, and for comparison, a-helix and extended conformations were also built with
the Tinker software suite,”’ and their the sidechain conformations were explored with a MonteCarlo procedure
with the Amber14SB forcefield which should yield improved side chain predictions.*’ These procedures yielded
31 different conformations which were first optimized with an eXtended Tight-Binding (xTB) Hamtilonian,* and
then screened at the M06-2X-6-31G(d,p)-water level in order to discriminate energetically between competing
conformations within each procedure. In all cases, but in the linear case, this consistently yielded similar a-helix
backbones. After the initial screening, 9 different models, one per generation procedure, were computed at the
M06-2X-6-311++G(d,p)-water level and analyzed, table M1. Note that similar results were obtained with the
WB97XD and CAM-B3LYP functionals and will not be discussed here.

Table 4. Normalized relative energies, HOMO and LUMO eigenvalues and corresponding gap computed with the
MO06-2X-6-311++G(d,p)-water level on conformations generated by the tinker suite, RosettaFold, AlphaFold3 and
AlphaFold3 with SCWRL4 side-chain optimization procedures. All values in eV but when noted.

Peptide  Model Conf. Norm. RE kcal/mol LUMO HOMO Gap
(E4K4)4 Amber FF, MC Linear 0.24 -0.2 -8.4 83
(E4K4)4 Amber FF Linear 0.38 -0.3 -8.4 8.1
(E4K4)4 RosettaFold a-helix  0.00 -0.2 -8.3 8.0
(E4K4)4 Amber FF, MC a-helix  0.14 -0.2 -8.2 8.0
(EaK4)4 AlphaFold3 + SCWRL4 a-helix  0.15 -0.2 -8.2 7.9
((EsK4)s  AlphaFold3 a-helix  0.12 -0.3 -8.1 7.8
(E4K4)4 Amber FF a-helix  0.18 -0.2 -8.0 7.8
(E2Ko)s AlphaFold3 + SCWRL4 a-helix  0.26 -0.5 -8.1 7.7
(E2K»)s AlphaFold3 a-helix  0.28 -0.5 -8.1 7.6

The conformation energies reveal that RosettaFold yields the lowest energy minima, while extended conformations
are the less likely, followed by (E:K:)s, indicating that both these conformations are not the most
thermodynamically stable and unlikely to be substantially populated. Interestingly, an analysis of the HOMO-
LUMO gaps reveals how, the largest gap, 8.3 eV, corresponds to the linear conformation while the lowest, 7.6 eV,
is due to the (E2K»)s peptide. Overall, the HOMOs and the LUMOs energies vary around 0.4 eV while the gap
varies around 0.7 eV. Also, interestingly, the lowest LUMO, around —0.5 eV, corresponds to an (E,K»)s peptide.
This may arise from an electrostatic or conformation effect in the hetero amino acid boundary, i.e., EEKK and
KKEE, which are more prevalent in (E2K>)s than in (E4K4)4 sequence. In addition, the highest occupied and lowest
unoccupied orbital energies may be quite different, and no clear overall pattern can be seen, Figure MMF1. This
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reveals consistent variations in the frontier orbital energetics for all conformations within this study and indicate
a potential dependence on sidechain conformations revealing how sidechains should play a major role in the
HOMO and LUMO positions on the gaps for these molecules. In fact, generally, while the HOMOs showed
electron density residing in the peptide backbone, the LUMOs were found to have densities on lysine side chain
and its ammonium moiety, see, for instance, Figure MMF1 b and c.
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Figure 5. a) Occupied (bottom) and virtual (top) Kohn-Sham eigenvalues computed with the M06-2X-6-
311++G(d,p)-water level on conformations generated by the tinker suite, RosettaFold, AlphaFold3 and
AlphaFold3 with SCWRL4 side-chain optimization. b) LUMO, and c) HOMO orbital density on the RosettaFold
generated conformation. All energies are in eV.

Encouraged by these promising results, we synthesized a new sequence, (EsYK3Y)s, which incorporates Tyr
residues appropriately spaced every (i,i+4) residues to generate a continuous strip of adjacent aromatic side chains
along the a-helix to facilitate orbital overlap. As expected, (E3YK3Y)4 exhibited the normal Tyr emission band at
about 300 nm but, more importantly, it also displayed a clearly visible long-wavelength luminescence emission
band at 525 nm upon excitation at 495 nm and a remarkable quantum yield of 0.75 £ 0.04, and T =3.95 + 0.08 ns
(Figure 6a). Importantly, this combination of excitation/emission wavelengths closely matches those of the
commonly used dye fluorescein (Aexe = 498 nm / Aem = 517 nm) and can be monitored using the standard filter
combination found in most optical fluorescence microscopes for this tag. Unfortunately, this interesting emission
is lost if the peptides to aggregate, as seen in DLS experiments (Figure 6, and Supporting Information, Figure SX).
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Figure 6. Long-wavelength NAF emission of (E3YK3Y)s; a) EEM of (EsYK3Y)4 highlighting the normal emission
band from the Tyr residues (white arrow) and the NAF band at c.a. 517 nm (black arrow); b) EEM of aggregated
solutions of (E3YK3Y)s showing reduced NAF emission and short-wavelength emission from the aggregates. All
experiments were run at 50 pM concentration of the peptides in 10 mM HEPES buffer pH 7.5 at 20 °C.

https://doi.org/10.26434/chemrxiv-2024-d2455 ORCID: https://orcid.org/0000-0001-7500-985X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-d2455
https://orcid.org/0000-0001-7500-985X
https://creativecommons.org/licenses/by-nc-nd/4.0/

In summary, we report, for the first time, a rationally designed NAF peptide based on the zwitterionic SAH
platform and show the key role of the a-helical conformation for the NAF emission. Furthermore, we demonstrate
the effect of introducing aromatic residues within the zwitterionic SAH platform to generate green emitting NAF
luminogens. Current work is aimed at understanding the origin of the long-emission NAF band and develop these
systems as genetically encodable tags for optical fluorescence microscopy.
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