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Hydrophobic peptide models derived from the a-helical transmembrane segment of the epidermal
growth factor receptor were synthetically modified with a flavin amino acid as a photo-inducible charge
donor and decorated with tryptophans along the helix as charge acceptors. The helical conformation of
the peptides was conserved despite the modifications, notably also in lipid vesicles and multibilayers.
Their ability to facilitate photo-induced transmembrane charge transport was examined by means of
steady-state and time-resolved optical spectroscopy. The first tryptophan next to the flavin donor plays a
major role in initiating the charge transport near the N-terminus, while the other tryptophans might
promote charge transport along the transmembrane helix. These artificially modified, but still naturally
derived helical peptides are important models for studying transmembrane electron transfer and the prin-

rsc.li/obc ciples of photosynthesis.

Introduction

Photoinduced charge separation and charge transport pro-
cesses in proteins belong to the most fundamental processes
in biochemistry." The most prominent examples are cyanobac-
terial, algal and plant photosystems, applying charge separ-
ation and charge transport to yield an electrochemical gradient
across membranes.” Moreover, cryptochrome blue-light photo-
receptors are responsible for biochemical photo-induced pro-
cesses, including morphogenesis and entrainment of circadian
rhythms,>* and photolyases are related enzymes that repair
UV-induced DNA damage.* The important feature of the latter
types of enzymes is that they harbour a flavin as a photo-indu-
cible chromophore and a redox-active cofactor.’ Flavins can be
photo-excited in the visible light range and have very distinct
and powerful redox properties in three different charge trans-
fer states. Hence, it is not surprising that riboflavin has also
become an important photo-redox catalyst in organic synthetic
chemistry.® Moreover, flavins are able to photo-induce charge
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transfer with the aromatic amino acids tryptophan and tyro-
sine as charge acceptors, which plays a major role in the gene-
ration of fully reduced flavins in DNA photolyases’ and in the
functional mechanism of cryptochromes.® In this context,
studying protein-mediated transmembrane charge transport is
an important research task.’ Herein, we present new flavin-
modified peptide models that are derived from the o-helical
transmembrane fragment of the human epidermal growth
factor receptor (EGFR, Fig. 1 and Table 1). The peptides were
modified with a flavin amino acid as a photo-inducible charge
donor (by generating an electron hole, acting as an electron
acceptor), and decorated with a row of tryptophans along the
helix as charge acceptors (i.e. electron donors). The ability of
these patterns to facilitate photo-induced transmembrane
charge transport was examined by means of stationary and
time-resolved optical spectroscopy.
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Fig. 1 lllustration of the functional peptide models for transmembrane

charge transport derived from the EGFR and modified with flavin (Fl,
green) as a photo-inducible charge donor and tryptophans (Trp, red) as
charge acceptors.
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Table 1 Sequences of the transmembrane model peptides EGFRwt—
EGFRg5, modified with the N-terminal flavin building block Fl (green)
and with Trp (red). The transmembrane region of the peptide EGFR,: is
underlined

Peptide  Sequence # of Trp

EGFR,; NH,—GPKIPSIATGMVGALLLLLV —
VALGIGLFMRRRHIV-COOH

EGFRy;  NH,—FI-KIPSIATGMVGALLLLLV —
VALGIGLFMRRRHIV-COOH

EGFRp1  NH,—FI-KIPS-W-ATGMVG-W-LLLLLV 3
~W-ALGIGLYMRRRHIV-COOH

EGFRy2 NH,—-FI-K-W-PSIATG-W-VGALLL-W-LV 3
VALGIGLYMRRRHIV-COOH

EGFRp3  NH,—FI-K-W-PSIATG-W-VGALLL-W-LV 4
VALG-W-GLYMRRRHIV-COOH

EGFRp4 NH,-FI-K-W-PSI-W-TGM-W-GAL-W-LLL-W- 6
VAL-W-IGLYMRRRHIV-COOH

EGFRgp5 NH,—FI-K-W-PS-W-ATG-W-VG-W-LLL-W-LV- 7

W-ALG-W-GLYMRRRHIV-COOH

Results and discussion

As a representative model of an integral membrane protein, we
selected the transmembrane segment of the human epidermal
growth factor receptor (EGFR).'® Our 33 amino acid sequence
includes several residues from the extracellular juxtamem-
brane region (P®**'-1°*%), the hydrophobic a-helical TM-domain
(P®**-M°®%®), and parts of the adjacent intracellular juxtamem-
brane region (R°*°-v®"*). The resulting transmembrane model
peptides were modified at the N-terminus (amino acid position
641) to carry a redox-active isoalloxazine as the side chain. In
contrast to the previously published flavin amino acid derived
from r-lysine,"* here we followed a more convergent approach
for modifying peptides with chromophores using the Cu(i)-
catalyzed “click”-type azide-alkyne cycloaddition. The Fmoc-
protected flavin amino acid building block in the oxidized
form of the chromophore was obtained — similar to our pre-
vious approach for attaching pyrenes,"”> aminophthalimide®
and perylene bisimides'* — by Cu(i)-catalyzed cycloaddition of
the commercially available Fmoc-protected f-azido-i-alanine
and propargyl-substituted flavin (see the ESI and Fig. S1-
S77)."® The resulting amino acid building block was incorpor-
ated into the peptides EGFRy-EGFRg5 (Table 1) using stan-
dard Fmoc-based solid-phase peptide synthesis protocols
(Fig. S8-S157). The peptides were purified (>90%) by reversed-
phase HPLC and identified by MS (ESI-TOF). The wild-type
EGFRy, (G**°-v®"*) lacks the N-terminal flavin and serves as a
reference peptide to elucidate potential differences in the sec-
ondary structure caused by flavin modifications and other
amino acid modifications in EGFRg~EGFRg,5 (Table 1).
Excitation of the flavin gives the single state 'FI* with a
redox potential of E.q = 1.9 V vs. SHE (standard hydrogen elec-
trode), and the subsequent intersystem crossing gives the
triplet state *Fl1* with a redox potential of E.q = 1.7 V vs.
SHE.”” Both the states may serve as an excited electron accep-
tor for charge transfer'® in combination with the naturally
occurring amino acid tryptophan (Trp) as the electron donor.
Trp has a lower redox potential (Trp: E,, = 1.01 V vs. SHE) than
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the flavin excited states'” and is able to quench the triplet
state of the flavin unit. It is also well known to serve as a
natural charge acceptor for the photo-induced charge transfer
from flavins in DNA photolyases and as stepping stones for the
incoherent charge hopping through these enzymes.'® Such
charge transfer pathways through cryptochromes were eluci-
dated by Miiller and Brettel et al. using time-resolved transient
absorption spectroscopy.'® This important function of Trp for
peptide- and protein-mediated charge transfer was also exten-
sively characterized by Giese et al using poly-L-proline
scaffolds as spectroscopic models.>® Based on these results, we
replaced several natural amino acids in EGFRg1-EGFRg5 with
an increasing number of Trp residues to mediate charge trans-
port along the surface of these presumably o-helical model
peptides. The first Trp residue was placed either at position
646 in EGFRg1, which is approximately one helix turn away
from the flavin-modified N-terminus, or at position 643 in
EGFRg2-EGFRg5, which is closer to the N-terminus.
Fluorescence quenching studies (vide infra) revealed that posi-
tion 646 is too far away from the N-terminal flavin for efficient
charge transfer. Thus, the first Trp was retained at position
643 in all further peptide sequences, and 1 Tyr and 2-3
additional Trp residues were placed at every 7™ position in
EGFRp;2 and EGFRg3. By this sequence design, Trp residues
are oriented in proximity to each other at every second turn of
the o-helix. Even more Trp residues were incorporated into
EGFRp4 and EGFRg,5, such that every a-helix turn is occupied
by a potential stepping stone for charge transport.

To ensure that the artificial flavin-modified N-terminal
amino acid and more importantly the high number of Trp resi-
dues do not significantly alter the a-helical conformation or
the membrane-embedded alignment of the EGFR-derived TM-
domain, circular dichroism (CD) and oriented circular dichro-
ism (OCD) spectra were recorded.>' The CD spectra of EGFRyy
and EGFRg1-EGFRg,5 in MeCN/H,O (1: 1) show the character-
istic a-helical line-shape, with a maximum around 192 nm and
two negative bands at 208 nm and 222 nm (Fig. 2 and S167).
These spectra are very similar to those of the wild-type peptide
EGFR,,, confirming that neither the N-terminal flavin building
block nor the various Trp residues exert any significant pertur-
bation on the global a-helical secondary conformation. This is
a remarkable result in view of the high number of introduced
modifications in particular by the Trp residues in EGFRp4 and
EGFRg,5 that were all placed along one face of the helix. Next,
EGFR,; and EGFRg1-EGFRg5 were reconstituted in POPC
bilayers with a peptide-to-lipid (P/L) ratio of 1:50 (mol: mol),
by co-solubilization in a CHCl3/MeOH (1: 1) mixture and sub-
sequent drying/rehydration. Large unilamellar vesicles were
prepared from the peptide/lipid mixture in PBS buffer by extru-
sion. Although the CD spectra of these peptide-containing vesi-
cles show a poor signal-to-noise ratio due to light scattering,
they also confirm the a-helical secondary structure of the
modified EGFR peptides in POPC vesicles. According to the
CD spectra in solution, the peptides are found in their mono-
meric forms (the 208 nm band is lower than the 222 nm
band). In the liposomes, however, they are clearly bundled
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Fig. 2 (A) UV-Vis absorbance of EGFR,—EGFRf5 (0.04 mM) in

MeCN:H,O (1:1) mixtures. (B) Fluorescence of EGFR,—EGFRg5
(0.04 mM) in MeCN:H,O (1:1) mixtures, dexe = 440 nm. (C) Circular
dichroism (CD) of EGFR,,+—EGFRg5 (0.1 mg mL™Y in MeCN : H,O (1:1).
(D) Circular dichroism of EGFR,—EGFR5 in POPC bilayers at a P/L ratio
of 1:50. (E) Oriented circular dichroism (OCD) of EGFR,+—EGFRg5
reconstituted in POPC bilayers at a P/L ratio of 1:50. The OCD spectra
(25 °C) were normalized to their negative peak at 225 nm (except for
EGFRf and EGFRp4) to illustrate the similar line shapes (deviations at
233 nm are due to the increasing number of Trp residues, and deviations
below 200 nm are commonly due to light scattering of the oriented
samples). The positive band at the diagnostic 4 = 208 nm supports the
upright transmembrane orientation for EGFRwt, EGFR;1-EGFRg3 and
EGFRg5. Only EGFRf and EGFRp4 show a slightly negative band at
208 nm indicating a more tilted transmembrane alignment, as illustrated
on the right side.

(the 222 nm band is lower than the 208 nm band). The pep-
tides were further examined in reconstituted membranes
using a designated Oriented CD method (OCD), which can
reveal the alignment of an a-helical peptide with respect to the
lipid bilayer, i.e. whether the helix is inserted in the transmem-
brane, obliquely tilted, or surface-bound.>® Macroscopically
oriented membrane samples were prepared by (i) spreading
the initial peptide-lipid solution onto a planar quartz glass
sample holder, (ii) removing the organic solvent by drying
overnight under vacuum, and (iii) full hydration of the sample
in a humidity chamber. The oriented spectra were normalized
to their negative peak at 225 nm to illustrate similar line
shapes, except for EGFRg4 and EGFRy5. The signals of these
two peptides start to deviate significantly from the other ones
due to the increasing number of Trp residues, which contrib-
ute per se a positive band around 233 nm.>” Nonetheless, the
diagnostic positive signal at a wavelength of 208 nm serves as
an indicator for the transmembrane alighment of peptides,**
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which fully supports the expected upright transmembrane
orientation for EGFR,;, EGFRy1-EGFRg3 and EGFRy5. The
model peptides EGFRg and EGFRg4 show a diminished nega-
tive band at 208 nm, indicating a somewhat tilted membrane
alignment of the peptides. By comparing the OCD signals with
the CD signals, a decrease in the negative band can be con-
firmed, which indicates a properly inserted transmembrane
orientation. For the peptides with the highest Trp content, a
positive OCD band at ~230 nm emerges which can also be
seen in the CD spectrum of the peptides EGFRp4 and
EGFRg,5. This band is in the absorption range of the Trps and
their contribution to CD or OCD spectra is non-linear (i.e. non-
proportional to the number of side chains). The observed OCD
and CD bands are a specific spectral signature of the Trps in
the local chiral environment of the peptides.

Steady-state fluorescence and fluorescence quantum yields
were measured to obtain information on the charge transfer
processes. The peptide EGFRy contains no Trp residues as
charge acceptors, hence it will serve as a fluorescence refer-
ence. It shows a quantum yield of 0.13 in MeCN:H,O (1:1)
and 0.17 in POPC vesicles, which are our reference values
without significant charge transfer contributions from any
amino acid side chains. Surprisingly, the fluorescence
quantum yield of EGFRg1 in MeCN: H,O (1:1) is nearly the
same, although this peptide bears the nearest Trp residue just
5 amino acids (designed to be one helix turn) away from the
flavin chromophore. This N-terminal region is located outside
the membrane and non-helical (see Table 1 for the transmem-
brane regions of EGFRwt). It is not clear whether the
N-terminus might have partially unravelled, but it is clear from
our results that the first Trp as the charge acceptor must be
placed closer to the flavin moiety, in order to efficiently induce
charge transport along the transmembrane peptide. This con-
dition was realized in EGFRg2-EGFRg5, with just a single
lysine residue in between the N-terminal flavin and the first
Trp. Accordingly, the fluorescence of EGFRy2 is quenched to a
quantum yield of 0.05 in MeCN: H,O (1:1) and 0.08 in POPC
vesicles. Additionally, the irradiation (5 min) of the peptides
EGFR,,, and EGFRg2 using a 365 nm LED (Fig. S227}) revealed
that the fast charge separation between Fl and Trp in the
peptide EGFRg2 protects its chromophore from photobleach-
ing. The steady-state fluorescence quenching is further
enhanced for EGFRp3 in MeCN:H,0 to 0.04, respectively,
which indicates an influence of the additional Trp residue on
the charge transport along the helix. In POPC vesicles,
EGFRp;3 shows a similar value within the higher experimental
error. Overall, the data for EGFR-derived model peptides in
POPC vesicles show the same trends as in the organic solvent,
except for EGFRp1. Here, the fluorescence is quenched com-
pared to that for EGFRy. This observation suggests that the
peptide conformation in vesicles generates a better alignment
of the flavin moiety relative to the Trp side chains, thus
enabling a more efficient charge transport between flavin and
the first Trp. Even more quenching is observed for EGFRp4
and EGFRg5, with a quantum yield of 0.03 in MeCN: H,O
(1:1) and 0.03-0.04 in POPC vesicles, due to the additional

This journal is © The Royal Society of Chemistry 2024
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number of Trp residues in these peptides. In particular, the
second Trp at position 647 and 646 is closer to the first Trp at
position 643. The latter observation indicates charge transport
from the flavin at least to the second Trp residue in these pep-
tides. The steady-state fluorescence measurements, in
MeCN: H,0 (1:1), show that the number of Trp residues in
EGFRy3-EGFRg5 correlates with the extent of fluorescence
quenching. In POPC vesicles, the same trend is observable,
although the experimental errors for the fluorescence
quantum yields are higher. This observation indicates that
even the Trp residues beyond the first and second Trp are
involved in the charge transport, thereby providing a continu-
ous channel along the helix surface for charge transport across
the lipid bilayer of the POPC vesicles.

The absorption spectrum of the peptides is typical for
flavin systems, with two characteristic band peaks at 360 and
445 nm.* Introducing additional Trp units into the peptide
sequence does not significantly change the position or the
shape of this moiety. Time-resolved absorption measurements
were carried out for EGFRg and the Trp modified systems
EGFRg2-EGFRg5. The corresponding contour plots and tran-
sient absorption (TA) spectra are provided in the ESI (Fig. S16
to S2071). Our analysis begins with EGFRy (Fig. 3 left), as the
reference system, lacking Trp side chains, i.e. without charge
acceptors. The TA data exhibit characteristic temporal evol-
ution of flavins, featuring two excited state absorption (ESA)
bands at 500 nm and 700 nm, along with negative pump-
induced response including ground state bleach (GSB) at
around 430 nm and a stimulated emission (SE) at 550 nm.
These observations align well with the TA spectra of flavin
derivatives reported®® and our previous investigations of flavin-
modified amino acids with a different peptide secondary struc-
ture as a reference (polyproline helix instead of o-helix).*?
Global analysis identifies the primary feature as the lifetime of
the first singlet excited state, exceeding 1.2 ns — the maximum
delay achievable with our setup. This time constant is also
evident for the Trp-modified peptides EGFRg2-EGFRy5 (for
EGFRg2 see Fig. 3 right, for EGFRp3-EGFRy,5 see Fig. S227).
However, an additional broad ESA emerges starting at 500 nm
and extending to longer wavelengths with a time constant of
approximately 2 ps (see z; in Table 2). Notably, this band is
clearly dependent on the presence of Trp. Based on the refer-
ence absorption spectra for all possible flavin and Trp radical
intermediates reported by Brettel et al.®® we assign the ESA

A*10°

Alnm Alnm

Fig. 3 Decay-associated difference spectra (DADS) after biexponential
fitting of EGFRE, (left) and EGFRg2 (right) following 400 nm fs excitation.
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Table 2 Fluorescence quantum yields @ in MeCN:H,O = 1:1 and in

POPC vesicles from steady-state experiments in comparison with the ;
in MeCN : H,O = 1:1 from global fits of time-resolved measurements

@y in MeCN : 71 in ps in & ” in POPC
Peptide H,0=1:1 MeCN:H,0=1:1 vesicles
EGFRy 0.13 —a 0.17
EGFRg1 0.13 —a 0.10
EGFRg2 0.05 1.46 0.08
EGFRy3 0.04 1.52 0.08
EGFRp4 0.03 1.99 0.03
EGFRg5 0.03 1.87 0.04

“No CT. ?Due to scattered light, the accuracy is lower than for @ in
MeCN:H,O0=1:1.

band at 500-650 nm to the Trp radical cation that gives spec-
troscopic evidence for the charge transfer in the peptides
EGFRg; 2-EGFRg 5. It is important to note here that we
observed the Trp radical cation, and not the deprotonated Trp
radical, because the latter has different spectral characteristics
and its absorption is more blue-shifted with a broad
maximum at 510 nm. It is often observed that protonated
intermediates exhibit red-shifted spectra compared to their
deprotonated counterparts, as exemplified by the Trp
radical.’ In contrast, the decay of the spectral feature,
reflected by 7,, is found to be much faster (tens of ps com-
pared to hundreds of ps or longer). This discrepancy provides
an opportunity for further investigations of such model
systems. Previous studies by Bialas et al.>* examining a similar
flavin/tryptophan system in a-helical peptide bundles reported
triplet state formation with an ESA band at 520-600 nm after
800 ps to 1 ns, making triplet state formation within 2 ps in
our peptides improbable. Moreover, the spectral signature of
radical formation differs, exhibiting a slightly blue-shifted
maximum and a ps timescale.?® Based on these spectroscopic
differences and the ps dynamics, we assume that the CT in our
modified peptides EGFRg2-EGFRg5 is induced by the singlet
excited state of the flavin. This charge transfer on the ps time-
scale was not observed by Bialas et al. in their peptide helix
bundles,** because the distance between the flavin (in position
9) and the Trp (in position 13) was too big (3 intervening
amino acids) for CT, similar to our peptide EGFRg 1 (4 inter-
vening amino acids) in which we could not get any spectro-
scopic evidence for CT, too. It has been recognized that biexpo-
nential fitting may inadequately capture all relevant processes
such as vibrational cooling,®® internal conversion/conical
intersection,> intersystem crossing,>**¢ radical formation®®
and redox states, among others.”’” Consequently, a more
detailed investigation, potentially complemented by other
techniques such as femtosecond fluorescence upconversion
and multiple state analysis, is warranted.>®

Experimental

All experimental methods and additional data are provided in
the ESL.}
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Conclusions

In conclusion, we have designed a series of new peptides,
based on the EGFR transmembrane helix, which enable elec-
tron-transport along a dedicated path of Trp side chains across
the lipid bilayer. This functional design was achieved by label-
ing the peptides with a flavine-modified amino acid at the
N-terminus, which can initiate photo-induced charge separ-
ation. Several tryptophan units are decorated along the helix as
charge acceptors, to serve as potential stepping stones for the
charge transport. Notably, the helical conformation of the
EGFR-derived peptides was conserved, despite the flavin and
tryptophan modifications. The transmembrane charge separ-
ation was evidenced by both steady-state fluorescence and
time-resolved laser spectroscopy. The close distance between
the flavin and the first Trp in EGFRg2 (compared to EGFRg1)
is an important structural prerequisite for efficient charge sep-
aration in these a-helical peptides. Both in MeCN: H,O (1:1)
and in POPC vesicles, the number of Trp residues in EGFRg2
to EGFRg5 correlates with the fluorescence quenching from
steady-state experiments and the charge transfer lifetimes
determined by the time-resolved measurements. These experi-
ments indicate that also the second Trp residue and those
beyond are involved in charge transport and thus provide a
designated pathway for charge transport. The similarity of the
spectroscopic results from MeCN : H,O and unilamellar POPC
vesicles shows that these structurally designed transmembrane
peptides have the potential to transport charge across the lipid
membrane. Using advanced time-resolved spectroscopy, the
charge-separated state was identified from the singlet state of
the excited flavin and from the fingerprint of the Trp radical
cation. Remarkably, the transient data of this Trp radical
cation in the charge-separated states, as derived, correlate
reasonably well with the fluorescence quantum yields. Taken
together, these well-designed, yet naturally derived a-helical
peptides are valuable models for not only studying specific
transmembrane charge transfer, but also to develop artificial
photosynthesis in general.
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