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Abstract: Proton transfer (PT) is at the heart of fundamental natural biochemical reactions, e.g. in
bioenergetics, where proteins are the main proton mediators. PT between two specific points
requires a change in the proton motive force via alteration of acid-base properties. Nature solved
this problem primarily by modulating the protein structure during the PT process. Here, we
introduce a light-triggered proton donor-bridge-acceptor approach for inducing and visualizing
directional PT in biosystems, specifically peptides. To do so, we synthesize unnatural amino acids
containing a light-triggered proton donor and acceptor and place them at the ends of peptide
bridges that differ in their amino acid composition while creating a giant ApKa™ gradient between
them upon photoexcitation. Ultrafast optical spectroscopies allow for visualization of the PT
process across the donor-bridge-acceptor system and extraction of the PT kinetics. Our results
reveal the importance of side chains, peptide structure, and environment in promoting PT. We
show that helical structures can promote PT even with hydrophobic side chains, whereas titratable
0Xx0-amino-acids can promote PT via their side chains even in an aprotic environment. Our strategy
for inducing and visualizing the PT process across any desired pathway can be extended to various

peptide systems and into proteins, thus opening a new field of research.
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Introduction

Proton transfer (PT) is a ubiquitous fundamental biological reaction. Directional PT reactions are
commonly mediated by proteins in numerous biological processes, such as in photosynthesis and
respiration (1-3). Since PT is essentially an acid-base equilibrium, the PT directionality, i.e., the
proton motive force (PMF), is commonly modulated by a change in the protein structure during
the PT process. To date, the main experimental approach to probe directional PT across
biomolecules is to follow the end result of the PT process, which is usually the translocation of
protons across a proton channel/pump or an enzymatic process. In some cases, the biomolecular
PT process can be initiated with an external cue, such as with a light flash for light-gated proton
channels or by depolarizing the membrane for voltage-gated proton channels, which enables
following the kinetics of the PT process from start to end (4, 5). The use of point mutations,
chemical modifications, and inhibitors, together with the knowledge of the protein structure, has
resulted in the understanding of PT pathways within proteins (6-9). In mechanistic terms, it is
established that the PT pathway is comprised of specific amino acids that can participate in the
formation of hydrogen bonds together with networks of water molecules within the protein (6, 7,
10-12). Nevertheless, the existing experimental approach to studying PT in biomolecules limits
our ability to extract a generalized picture of the PT process from a desired point A to point B and
to measure the associated timescales, which are commonly obtained from computational
approaches (13-15). Here, we overcome this limitation by introducing a versatile donor-bridge-
acceptor (D-B-A) system to induce and investigate PT pathways across peptides and proteins in
space and time. We reveal the parameters needed for PT across peptides while deciphering the role
of the side chain, the structure, and the environment in this process.

Results and discussions

While D-B-A systems to induce and follow PT across biomolecules are non-existent, their
equivalent for electron transfer (ET) has been known for decades (16-18). To promote ET, an
artificial light-triggered electron donor/acceptor can be introduced to a model system, thus creating
a redox potential difference across the biomolecule upon excitation (Fig 1a). An analogous system
to promote PT requires a light-triggered alteration in ApKa as the PMF for the PT process between
donor (D) and acceptor (A), bridged by a biomolecule (Fig. 1b). This is the governing mechanism
of our new system that is based on molecular photoacids (PAs) and photobases (PBs) as D and A,
respectively. PAs and PBs are capable of excited-state proton transfer or capture, respectively,
stemming from a fundamental difference in pKa values between their electronic ground-state and
excited-state (19-21). In this study, we chose 7-hydroxycoumarinyl-4-acetic acid (7HC) as the PA
D and 6-aminoquinoline (6AQ) as the PB A, respectively (Fig. 1c), which were designed to have
similar excitation energies to initiate the PT process in a controlled manner (22-24). Upon
excitation, the acid-base properties of PAs and PBs are altered, resulting in a giant excited-state
pKa gap (ApKa >11, see below), which serves as the PMF for the PT across the bridge (Fig. 1c).
Here, we synthesized unnatural amino acids (UAAS) containing the PA and PB, thus enabling the
use of solid-phase peptide synthesis (SPPS) to incorporate the proton D and A at desired positions
within peptides. For the first exploration of our system, we chose to synthesize peptides that differ
in their amino acid composition, comparing the hydrophobic Ala residue to the titratable oxo-
amino-acid of Glu.
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Fig 1: Schematic of light-triggered ET and PT process: a) A schematic of a photo-induced ET
process across a bridge between an electron-donor and acceptor. b) The concept of photo-induced
PT between a D and A across a bridge. c) Transient changes in pKa between ground and excited
states in a D-B-A PT system and the molecular schemes of the D, A, and bridges used in this study.
d) Secondary structure simulations of the different D-B-A systems in different solvents (MeOH,
CHCIs, and H20) used in this study.

To synthesize the UAAs, we covalently attached 7HC and 6AQ to the side chain of Fmoc-
Lys(OMe)-NH, and Fmoc-Glu(OtBu)-COOH, respectively (Schemes S1-4). The final UAA
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versions of D and A are Lys-7HC and Glu-6AQ, respectively (Sl section 2). Following the
synthesis of the UAAs, the D-B-A systems were synthesized using SPPS (Schemes S6 and S7).
We synthesized two peptide bridges for this study (Fig. 1c): (Glu-Ala)s ((EA)4) and Alas ((A)s),
both in the presence and absence of the A; D-B-A and D-B configurations. As stated, the bridges
were chosen based on the involvement of titratable oxo-amino-acids in PT, while hydrophobic or
nonpolar side chains might hinder the process (15, 25). In the design, Ala was placed at alternate
positions to Glu to achieve a helical secondary structure suitable for the study.

To assess the structure of the peptide, we performed molecular dynamics (MD) simulations
in different solvents: water — an excellent proton donor/acceptor solvent; methanol (MeOH) — a
polar protic solvent that is a poor proton donor/acceptor; and chloroform (CHCI3z) — an aprotic
solvent. The MD results (Fig. 1d and Figure S19) indicated that in MeOH, both the (EA)s and (A)s
peptides (in their D-B-A configurations) adopt a mostly a-helical structure. In CHCls, the (EA)4
peptide possesses less proportion of an a-helix structure, whereas the (A)s peptide has a
predominant a-helical structure. In water, the (A)s peptide still has some percentage of an a-helical
structure, but the (EA)4 peptide loses its structure. The results in water are supported by circular
dichroism measurements (Figure S23), which could be performed only for the D-B-A peptides in
water due to the solvents’ cut-off absorption.

The protonated and deprotonated states of D and A have different peak positions in both
absorption and emission. The ground-state pKa values of the D and A UAAs (without Fmoc
protection), investigated by UV-Vis spectroscopy using aqueous acid-base titration, were found to
be 4.31 and 7.55 for D and A, respectively (Figure S24). The excited-state pKa~ values were
determined using Forster cycle calculations (26) and were found to be 11.12 and -0.32 for Glu-
6AQ and Lys-7HC, respectively, thus creating an enormous ApKa~ of 11.4 units between D and A
that serves as the PMF for PT across the bridge. Importantly, using fluorescence measurements
while exciting the D in its protonated form or the A in its deprotonated form allows an immediate
understanding of whether an excited-state PT process happened by observing the emissive species
of the D/A. At first, we validated using absorption that the D and the A are primarily protonated
and deprotonated, respectively, in all solvents (Figure S25). Switching to fluorescence
measurements, we found that only in water did the D and A undergo deprotonation and
protonation, respectively, while in MeOH and CHCl3, the D could not deprotonate, and the A could
not protonate (Fig. 2a and 2b for the D and A, respectively). To understand the kinetics associated
with the process, we recorded the time-resolved emission spectra (TRES) that were converted into
time-resolved area-normalized emission spectra (TRANES). The results revealed a sub-ns
deprotonation of the D (Fig. 2c-2e) and protonation of the A (Fig. 2f-2h), but only in water,
meaning that the D and A UAAs cannot undergo excited-state PT in both MeOH and CHCI; (the
TRES results are in Figures S26 and S27 for the D and A, respectively).

Two important control experiments were done to exclude the possibility of inter- and intra-
molecular PT between the D and the A in the absence of a bridge. To exclude intermolecular PT,
we performed a D vs A titration in MeOH, and no deprotonation/protonation of D/A was observed
even at high concentrations of A (Figure S28). To exclude intramolecular PT without the peptide
bridge, we covalently connected the D and A UAAs (SI section 2.5 and Scheme S5) where no
deprotonation/protonation of D/A was observed in MeOH or CHCI3 (Figure S29 and S30). At this
stage, it is essential to note that, while having both the D and A in the system, the fluorescence
measurements are primarily indicative of the D and are ‘blind’ to the A. This is due to the overlap
in peak positions of the D and A fluorescence spectra (Fig. 2a and 2b) and the much lower quantum
yield of the quinoline A with respect to the coumarin D (27-29).
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Fig 2: The fluorescence properties of the D and A UAAs. Normalized steady-state fluorescence
spectra for the (a) D and (b) A UAAs at different solvents. TRANES of the (c-e) D and (f-h) A
UAA:s at different solvents.

Next, we followed PT across our two synthesized peptide bridges, (EA)s and (A)s. To test
our hypothesis and the role of the PMF in the PT process, we compared the results of a D-B-A
system having the PMF to a system composed of only D-B. As discussed, water is an excellent
proton acceptor/donor solvent. Accordingly, a plausible outcome is a fast PT between water and
D/A, with no role of the bridge. However, we found a clear change in the fluorescence spectra
even in water but only when having the D-B-A system (Figure S32), indicating a larger proportion
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of the protonated D, which will be ascribed to a geminate recombination process (vide infra).
Nevertheless, the most astonishing results were with MeOH and CHCls. As discussed, in MeOH,
the D alone could not deprotonate in the excited-state (Fig. 2a). Still, in the D-B-A system of both
peptide sequences, we could observe the deprotonation of the D in the fluorescence spectrum by
the emergence of the peak associated with deprotonated D (Fig. 3a and 3c). For the (A)s peptide,
only the D-B-A configuration showed a deprotonated D species, while the D-B control did not
(Fig. 3c), thus indicating the fundamental role of the PMF in driving the PT process for this peptide.
On the other hand, for (EA)4, we observed some deprotonation of D even in the D-B control (Fig.
3a), indicating that the bridge itself, composed of titratable amino acids, can serve as the PMF
initiating the PT process. In CHCIgs, the fluorescence measurements revealed the formation of
deprotonated D only in the D-B-A configuration for the (EA)4 peptide (Fig. 3b), whereas the (A)s
peptide did not show it (Fig. 3d). This finding already highlights the role of the solvent (polar
MeOH vs. non-polar CHCI3) and of the peptide’s structure in these solvents (see discussion below)
in the PT process.

Steady-state fluorescence
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Fig 3: The fluorescence properties of the peptides in D-B-A and D-B configurations. (a-d)
Normalized steady-state fluorescence spectra and (e-1) TRANES for the different peptide bridges
[(EA)4, and (A)g] in MeOH and CHCla.

Since the steady-state fluorescence spectra provide only the stationary averaged state of
the system, we conducted time-resolved fluorescence measurements. In water, the time-resolved
measurements revealed the source for the different emission spectrum of the D in the D-B-A
(Figure S33a) configuration compared to just the D in water (Figure S33b). They show (Figure
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S33) that the difference is not due to a change in the fast PT from the D, manifested in the early
ps-time scales (Table S2 for the extracted rates), but it results from a geminate proton
recombination process from the peptide bridge happening on the nanosecond time scale (further
discussion in Sl section 8.4). Such differences in the D emission in water (D vs D-B-A
configuration) highlight that even in water, the large ApKa" and the established PMF result in a PT
across the peptide and not ‘just’ PT to water. In MeOH (Fig. 3e-h), we observed the excited-state
deprotonation of the D for both (EA)4 and (A)s peptides in their D-B-A configuration (Fig. 3e and
39, respectively), while the (EA)4 peptide showed the deprotonation of the D even in the absence
of the A (Fig. 3f). In CHCIs (Fig. 3i-1), we have observed such deprotonation only for the (EA)a4
bridge and only for the D-B-A configuration (Fig. 3i).

From the time-resolved fluorescence measurements, we could directly observe the PT from
the D and the role of the bridge, solvent, and the presence of the A in the deprotonation process of
the D. However, as discussed, the fluorescence measurements do not provide direct evidence for
the protonation of the A during the PT process due to the overlap in the D and A emission spectra
and the low quantum efficiency of the A. Therefore, we have employed ultrafast transient
absorption (TA) spectroscopy in the UV-visible region to observe this process. Here, we used only
MeOH as a solvent since the solubility of the samples in CHCI3 was not sufficient to perform TA
measurements. At first, to assign the various measured signals to either the protonated or
deprotonated states of the D or A, we measured only the UAAs in their different states (Fig. 4a
and 4b for the TA spectra at 100 ps pump-probe delay and Figure S35 at different delays). For the
D (Fig. 4a), upon deprotonation, we observed a shift in the negative stimulated emission (SE) band
from 405 to 465 nm (consistent with the fluorescence spectra of D, Fig. 2a) and a change in the
positive excited state absorption (ESA) band at 350 nm. For the A (Fig. 4b), upon protonation, we
observed a red shift in the broad ESA band around 360 nm, a more intense broad SE band from
450 to 500 nm, and a sharper ESA band at 560 nm. Overall, the spectral shapes of the TA spectra
from deprotonated D and protonated A are distinctly different, although the SE peak positions are
very close. Since in both D and A, we observed a strong ESA signal around 330-370 nm masking
the ground state bleaching signals, we focused on the discussed SE (at 465 nm) and ESA (at 560
nm) signals to investigate the deprotonation and protonation processes of the D and A,
respectively.
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Fig 4: Real-time monitoring of PT using ultrafast TA spectroscopy: TA spectra of (a) D and
deprotonated D, (b) A and protonated A at 100 ps time delay after excitation at 300 nm. TA spectra
of (c) D-(EA)s and (d) D-(EA)s-A at different time delays after excitation. Kinetics of (e) D and
deprotonated D, (f) A and protonated A in D-(EA)s-A peptide. TA spectra of (g) D-(A)s and (h)
D-(A)s-A at different time delays after excitation.

Next, we measured the TA spectra of the (EA)4 peptide following excitation at 300 nm.
The TA spectra at different time delays for D-(EA)4 and D-(EA)s-A are shown in Fig. 4c and 4d,
respectively. At early delays, D-(EA)s shows a similar pattern as that of the D, with a SE signal
peaking around 405 nm, whereas D-(EA)s-A is a superposition of the TA spectra of D and A, both
excited by the 300-nm pump pulse. However, at longer delays, only the D-(EA)s-A exhibits a
broad and prominent dip, reminiscent of a negative signal, around 450-500 nm. Moreover, this is
accompanied by a sharper ESA band around 560 nm, present only in the protonated A spectra,
confirming the PT to the A. To extract the timescales of deprotonation of the D and protonation of
the A, we performed evolution-associated spectra analysis of the individual D, A, deprotonated D,
and protonated A (the fitting data at selected time delays are shown in Figures S36 and S37 and
the fitting procedure is explained in the S1)(30). Due to the dominance of the A signals in the fitting
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at longer time scales, the signals of the D could be fitted only for very short timescales. The fitting
results for the D-(EA)s-A peptide clearly show that the D starts to deprotonate within one
picosecond together with a rapid (~20 ps) protonation of the A (Fig. 4e and 4f, respectively).

While switching to the TA measurements of the (A)s peptides (Fig. 49 and 4h for the TA
spectra at different time delays for D-(A)s and D-(A)s-A, respectively), we can make two important
observations. The first one is the lack of the ultrafast decay of the 350 nm band for D-(A)s (Fig.
49), in contrast to the results of D-(EA)4 (Fig. 4c). This observation serves as an indication for the
lack of the D deprotonation in D-(A)s, which is in line with our fluorescence measurements. The
second observation is that the TA spectra for D-(A)s-A exhibit a broad dip around 450-500 nm,
which is not present in D-(A)s, and is highly similar in shape to the one of D-(EA)s-A (Fig. 4d).
As discussed, this signal is attributed to the SE from deprotonated D and protonated A, which
validates the PT from D to A through the (A)s peptide bridge. Due to the poor signal-to-noise of
the data for the (A)s peptides (owing to their poor solubility), we could not perform the evolution-
associated spectra analysis. Nonetheless, qualitatively, we see similar time scales of the TA decay.

The main remaining question to be answered is: How come the D-(A)s-A peptide in MeOH
supports PT from D to A, taking into consideration the hydrophobic nature of the Ala side chain?
To answer this question, we will refer to the peptides’ structure, as estimated using MD. The only
structural feature of the (A)s peptide that can support PT is its polar backbone, which can
participate in hydrogen bonding. Accordingly, the estimated a-helical structure of the D-(A)s-A
peptide can result in a pathway for PT from D to A. However, the observation of PT for the D-
(A)s-A peptide only in MeOH and not in CHClIs, although the peptide adopts an a-helix structure
in both solvents (Fig. 1d), suggests that the structure is not enough, and there is a need for the polar
MeOH molecule to bridge-in between the polar moieties of the peptide backbone to facilitate PT
across the peptide.

Conclusion and outlook

In this research, we introduced a D-B-A system to induce and probe PT across peptides using
UAA:s that serve as the light-triggered proton D and A. By comparing the PT across a peptide
containing titratable oxo-amino-acids to a peptide with hydrophobic residues in different solvents
we revealed some expected and some surprising findings. The expected one is that titratable amino
acids can support PT across a peptide segment. Nevertheless, we further proved that PT across
titratable amino acids can occur not only in a polar environment but even in a pure aprotic
environment. Using ultrafast measurements, we revealed that the peptide-assisted PT process is
happening on the picosecond time scale. In nature, PT across proteins commonly has much slower
time scales due to the necessity of maintaining PT directionality, which is usually due to a slower
structural change of the protein. In contrast, in our new model system, the large PMF from the
excited D to A dictates directionality, and the PT across the peptide segment can be directly
explored. The most surprising finding is that hydrophobic peptides can also support PT while
having a PMF, whereas the a-helical structure and the polar environment (solvent) are suggested
to be essential. In such conditions, the polar solvent can bridge between the polar backbone of the
helix and facilitate PT. While discussing the inner pathways within proteins, the polar environment
can consist of polar (non-titratable) residues. For a future outlook, the next immediate step will
consist of incorporating these UAAs into proteins, which will allow initiating and visualizing PT
pathways within them, a project we are working on nowadays.
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