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ABSTRACT 

Non-covalent sulfur–aromatic ( 𝑆 ⋯ 𝜋) interactions play a crucial role in stabilizing the structure of proteins and have been 
associated with neurodegenerative diseases. We investigated the influence of the 𝑆 ⋯ 𝜋 interaction on the electronic structure 
and fragmentation behavior of sequence-isomer model peptides by means of ultraviolet photodissociation (UVPD) and near- 
edge x-ray absorption mass spectrometry (NEXAMS). The studies revealed distinct fragmentation behavior for one of the model 
peptides under both valence and core–shell electronic excitation, with characteristic fragmentation channels that serve as potential 
fingerprints of sulfur–aromatic interactions. Moreover, core–shell excitations at the carbon K-edge revealed significant shifts 
between the 𝑆 ⋯ 𝜋 peptide and the control peptides in the aromatic 𝐶1 𝑠 → 𝜋∗ 

𝐶= 𝐶 transitions, indicating changes in the electronic 
structure due to 𝑆 ⋯ 𝜋 interactions. Enhanced sampling molecular dynamics and quantum mechanical calculations reveal the 
influence of the sulfur orientation, providing insights into the fundamental nature of 𝑆 ⋯ 𝜋 interactions. 
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 Introduction 

he biological functions of proteins depend on the amino-
cid sequence and the 3D structure, which is stabilized by
ntramolecular interactions such as van der Waals forces [ 1 ].
hese noncovalent interactions are critical for protein folding
nd stability, ultimately determining the functional capacity
f proteins. Among these van der Waals bonds, interactions
nvolving sulfur atoms are prevalent in chemical and biological
ystems [ 2, 3 ]. One such noncovalent interaction in proteins
s the sulfur–aromatic ( 𝑆 ⋯ 𝜋) interaction, where the sulfur
tom of a methionine or cysteine residue interacts with the 𝜋-
his is an open access article under the terms of the Creative Commons Attribution License, which perm
ited. 
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electron cloud of an aromatic ring of a tyrosine, phenylalanine,
or tryptophan residue. Numerous studies and protein database
analysis indicated that this interaction contributes to stabilizing
the structure of at least one-third of all known proteins [ 4,
5 ]. This interaction was first identified in the late 1970s by
Morgan and coworkers, who demonstrated that the divalent
sulfur atom could engage in favorable interactions with aromatic
systems [ 6 ]. The sulfur aromatic interaction is driven by the
highly polarizable sulfur with its open 3p and empty 3d orbitals,
which facilitate the interaction with aromatic 𝜋 electrons [ 4, 7 ].
The bond energy of this interaction ranges from 1.0 to 2.0 kcal/mol
(0.04–0.09 eV), comparable to that of an ionic salt bridge [ 8, 9 ].
its use, distribution and reproduction in any medium, provided the original work is properly 
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TABLE 1 Peptide sequence of all studied samples. 

Peptide sequence Label 

Arg- Trp - Met - Gly- Gly- Gly- Gly- Gly- Gly- Gly RWMG7 

Arg- Trp - Gly- Gly- Met - Gly- Gly- Gly- Gly- Gly RWG2 MG5 

Arg- Trp - Gly- Gly- Gly- Gly- Met - Gly- Gly- Gly RWG4 MG3 

Arg- Trp - Gly- Gly- Gly- Gly- Gly- Gly- Met - Gly RWG6 MG 
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urther studies have shown that the sulfur–aromatic interaction
s most prominent at distances between 5 and 6 Å, although
he exact orientation of the sulfur atom relative to the aromatic
ing is still a subject of ongoing research [ 10 ]. Beyond their role
n protein stabilization, it has been suggested that by forma-
ions of multicenter three-electron bonds, the sulfur–aromatic
nteractions may also be involved in electron-hole transport
ithin proteins [ 11 ]. This highlights the biological relevance of
he sulfur–aromatic interaction, which is further emphasized
y its involvement in various pathologies. Neurodegenerative
iseases such as Alzheimer’s and Creutzfeldt–Jakob disease,
or example, have been linked to the oxidative modification of
ethionine residues [ 5, 12 ]. Oxidation of the sulfur atom can
isrupt the 𝑆 ⋯ 𝜋 interactions, leading to conformational changes
n proteins and ultimately a loss of function [ 13 ]. Moreover,
he sulfur–aromatic interaction is gaining increasing attention
n the fields of drug discovery and catalysis [ 4 ]. Understanding
he nature and strength of the interaction is essential for the
evelopment of targeted therapeutic strategies and innovative
rgano-catalysts. Therefore, a comprehensive understanding of
he sulfur–aromatic interaction is crucial for advancing our
nowledge of protein structures and the implications of these
nteractions in biological processes. 

tudying these noncovalent interactions within biomolecular
ons in the gas phase guarantees the absence of solvent effects
nd other environmental influences, such as those present in
ondensed or liquid phase environments. Electrospray ioniza-
ion (ESI) with tandem mass spectrometry (MS) has proven
o be a powerful tool for the generation and analysis of gas-
hase biomolecular ions, enabling the investigation of protein
tructures [ 14 ]. Photodissociation techniques can complement
he structural information obtained from ESI-MS. For example,
ltraviolet photodissociation (UVPD) enables selective valence
xcitation to induce fragmentation, which provides insights into
he molecular structure [ 15–17 ]. Near-edge x-ray absorption mass
pectrometry (NEXAMS) extends this approach by targeting core
tomic levels, offering element-specific activation and deeper
nsights into the electronic structure of molecular systems. These
ass spectrometry-based action spectroscopy techniques have
een of growing interest in the past decade. NEXAMS in par-
icular has been successfully used to identify photodissociation
rocesses and structural features of peptides and proteins [ 18–
3 ]. Furthermore, previous studies have shown that noncovalent
nteractions, such as hydrogen bonds, can lead to characteristic
ignatures in x-ray absorption spectra [ 24–27 ]. 

otivated by these findings, the present study aims at identify-
ng a spectroscopic fingerprint associated with sulfur–aromatic
 𝑆 ⋯ 𝜋) interactions. We applied UVPD and NEXAMS to inves-
igate the influence of this noncovalent interaction on the
lectronic and geometric structure of biomolecular ions by prob-
ng the 𝜋𝜋∗ excitations and core-level resonances at the carbon
-edge, targeting aromatic groups. The influence of 𝑆 ⋯ 𝜋 inter-
ctions on the electronic structure of peptides in the gas phase
s investigated using custom peptides as synthetic models, in
hich the noncovalent interaction can be investigated in isolation
rom the complexity of larger biomolecules. The peptides consist
f 10 amino-acid residues and were designed to systematically
ary the 1D distance in the peptide sequence between the
romatic ring of tryptophan (Trp, W) and the divalent sulfur
of 9
of methionine (Met, M). However, due to the flexibility of the
peptide backbone and side-chains, this 1D sequence distance does
not necessarily correlate with the 3D spatial distance between
the residues. The choice of tryptophan was based on protein
structural analyses, which indicate a preference for methionine
to reside near tryptophan or tyrosine [ 28, 29 ]. To ensure a fixed
positive charge at the N-terminus and potentially enhance the
𝑆 ⋯ 𝜋 interaction [ 5, 30 ], arginine (Arg, R) was included in the
peptide sequence. Finally, glycine (Gly, G) residues were added
to create the desired distances between the aromatic ring and the
divalent sulfur, enabling a systematic study of the sulfur–aromatic
interaction with the four peptide samples given in Table 1 . 

2 Results and Discussion 

2.1 Ultraviolet Photodissociation (UVPD) 

A potential sulfur–aromatic interaction in our four model pep-
tides was examined using UVPD at 266 nm to excite the aromatic
amino acid, tryptophan [ 31 ]. This wavelength selectively excites
the highest occupied molecular orbital (HOMO)–lowest unoccu-
pied molecular orbital (LUMO) 𝜋𝜋∗ transition of the aromatic
side chain, allowing us to probe potential local interactions [ 32 ].
Details regarding the experimental method are provided in the
Experimental Section, and information on specific data treatment
is available in the Supporting Information (SI). 

The analysis of the obtained mass spectra (see Figure S1 ),
presented in the stacked bar plot in Figure 1 , reveals distinct
fragmentation patterns between the peptides. While the neutral
losses of NH 3 and H2 O exhibit similar intensities across all four
samples, the losses of sulfur-containing fragments show more
pronounced variations. Notably, the [ RWMG 7 + H] + sample, in
red, exhibits a unique fragmentation pattern characterized by the
prominent loss of SCH 3 and C3 H7 S , both originating from the
methionine residue. Moreover, the CH 3 loss is slightly enhanced
in the spectrum of [ RWMG 7 + H] + . These three specific fragment
losses are either absent or present at lower intensities in the
spectra of the three other samples, where the spacing between
the Trp and Met residues in the amino—acid sequence is larger,
suggesting a specific dissociation processes for [ RWMG 7 + H] + .
A similar behavior has been reported by Talbert et al., who
performed UVPD spectroscopy on 𝛼 - helical peptides containing
aromatic and sulfuric residues [ 33 ]. The authors have observed
CH 3 , SCH 3 and C3 H7 S losses from methionine after excitation
in the aromatic group, only when both residues were in close
spatial configuration, that is, one loop away in the helix. They
proposed that an efficient energy transfer mechanism occurs from
the aromatic to the sulfuric residue following 𝜋𝜋∗ excitation,
Chemistry – A European Journal, 2026
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FIGURE 1 Relative branching ratios of selected fragments of four 
model peptides, measured at 266 nm. For each fragment, intensities are 
summed across all samples and then used to normalize (see Supporting 
Information for more information). 

l  

o  

p  

a  

p  

t  

o  

t  

e  

s  

a  

h  

b  

o  

s  

f  

c  

f  

T  

i  

w

2
S

W  

e  

a  

t  

o  

i  

d  

i  

f  

b  

o  

7  

FIGURE 2 Relative branching ratios for all fragments of four 
model peptides measured at 288 eV. For each fragment, intensities are 
summed across all samples and then used to normalize (see SI for more 
information). sc, side-chain fragment; im: immonium ion. 
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eading to specific C–S bond cleavages. Correspondingly, loss
f SCH 3 and CH 3 is attributed as the dominant fragmentation
athway, whereas C–C bond cleavages within the Met side chain
re considered as secondary fragmentation paths. The specific
hotodissociation pathways observed in the [ RWMG 7 + H] + pep-
ide can be interpreted in the same manner. Upon the absorption
f a 266 nm photon by the aromatic residue, energy is transferred
o the Met residue, where the sulfur atom acts as an acceptor, thus
nabling cleavage within the methionine side chain. The mass
pectra (see Figure S1 ) support the proposed mechanism, as the
bsolute intensities for the loss of SCH 3 and CH 3 are significantly
igher than those for the loss of C3 H7 S , indicating that C ─S
ond cleavage is the more dominant process. This process almost
nly appears to be possible in the [ RWMG 7 + H] + peptide, which
uggests that the spatial proximity of the Trp and Met residues is
avorable in the [ RWMG 7 + H] + peptide. We hypothesize that this
haracteristic fragmentation pattern can be used as an indicator
or an existing 𝑆 ⋯ 𝜋 interaction for the [ RWMG 7 + H] + peptide.
o provide more detailed information about the properties of this
nteraction and its impact on the electronic structure of peptides,
e conducted a comprehensive study using NEXAMS. 

.2 Near-Edge X-Ray Absorption Mass 
pectrometry (NEXAMS) 

e explored the influence of sulfur–aromatic interactions on the
lectronic properties of our model peptides by probing resonant
bsorptions at the carbon K-edge. Figure 2 presents the fragmen-
ation patterns of all four peptides acquired at an excitation energy
f 288 eV. A detailed description of the experimental technique
s provided in the Experimental Section. Information regarding
ata treatment, the mass spectra (Figure S2 ), and the list of
dentified fragments (Table S1 ) is provided in the SI. Overall, the
ragmentation pattern of all four samples is comparable. It can
e observed that the mass spectra are dominated by fragments
riginating from the arginine side chain, including ions at m/z
0, 88, 87, and 112. The fragment ion at m/z 130 is attributed to
hemistry – A European Journal, 2026
the dissociation of the tryptophan side chain Wsc1 . In addition
to the Arg and Trp fragments, the immonium ion of methionine
( m/z 104) and its side chain fragments Msc1 , and Msc2 ( m/z 61 and
75) were identified. Noticeable is that the [ RWMG 7 + H] + peptide
shows a lower intensity of Met-related fragments, Mim 

and Msc1 .
In addition to fragments originating from specific amino-acid
residues, we observed fragments resulting from peptide bond
cleavages, such as pbin , z1 , y1 , GG, and z2 ions ( m/z 56, 60, 76,
115 and 117). While we refer to standard peptide fragmentation
nomenclature [ 34, 35 ], including an , bn , and cn ions from the
N-terminus and xn , yn , and zn ions from the C-terminus, some
fragment assignments do not follow these conventions. These
include side-chain-specific ions as well as internal fragments,
which are defined in detail in the Table S1 provided in the SI.
The total ion yield for each peptide was determined by summing
the yields of all detected fragment ions presented in Figure 2 at
each photon energy. These total ion yield spectra are shown in
Figure 3 for all four peptides and three distinct regions, denoted
in the upper part of Figure 3 , could be identified: A (284.8–
287.5 eV), B (287.6–290 eV), and C ( > 290 eV). Region A in the
C K-edge spectrum is characteristic of C 1s → 𝜋∗ excitations in
aromatic residues. [ 18, 36 ] This region can be further sliced into
four distinct peaks, aligning with previous studies on Trp [ 37, 38 ].
These peaks correspond to specific electronic transitions within
the Trp residue. The first peak at 285.12 eV (a1) corresponds to the
excitation from carbons of the benzene ring of tryptophan’s indole
to the 𝜋∗ 𝑒2 𝑢 orbital [ 39 ]. The following two peaks, at 285.60 eV
(a2) and 286.02 eV (a3), are primarily attributed to excitations
involving carbon atoms within the pyrrole ring of Trp indole.
Specifically, the a2 peak is mainly associated with transitions
involving C = C carbons, while the a3 peak corresponds to
transitions involving C–N carbons, as discussed in previous
3 of 9
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FIGURE 3 Experimental carbon K-edge total ion yield 
spectra of [ RWMG 7 + H] + , [ RWG 2 MG 5 + H] + , [ RWG 4 MG 3 + H] + 

and [ RWG 6 MG + H] + and the fitted Gaussian peaks performed for 
[ RWG 4 MG 3 + H] + . The experimental spectra are normalized to the 
maximum intensity of the C 1s → 𝜋∗ 

𝐶 𝑂𝑁 𝐻 
resonance (peak b1, 288.20 eV). 
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tudies [ 40, 41 ]. The broad shoulder observed between 286.50
nd 287.60 eV (a4) likely results from overlapping transitions,
otentially involving all residues, including C 1s → 𝜎∗ 

𝐶𝐻 
∕𝜋∗

 38 ], C 1s → 𝜋∗ 
𝐶= 𝑂 , C 1s → 𝜎∗ 

𝐶 𝐻 𝑆 
[ 42 ], as well as contributions

rom Rydberg states. In region B, the most intense peak at
88.20 eV (b1) arises from C 1s → 𝜋∗ 

𝐶 𝑂𝑁 𝐻 
transitions in the peptide

ackbone [ 43 ]. This dominance can be attributed to the relatively
arge size of the 10-amino-acid peptides, which contain a higher
bundance of peptide-bond functional groups compared to the
mount of Trp, Met, and Arg residues. The subsequent peak at
pprox. 288.70 eV (b2) stems from transitions involving arginine
esidues, as indicated by previous studies on arginine [ 44 ]. The
esonance at 289.45 eV (b3) can be assigned to the C 1s → 𝜎∗ 

𝐶𝐶 

ransition in glycine moieties, consistent with the findings of
lekan et al. [ 42 ]. In region C, we added a step function (c) to
he fit of the spectra to account for the C 1s ionization edge of the
odel peptides at approximately 290.20 eV. 

he analysis of the total ion yield spectra shows features originat-
ng from electronic transitions in all four types of residue present
n the peptides. Although the peptide sequence contains a major-
ty of Gly residues, the total ion yield spectra still exhibit distinct
eatures associated with individual residues such as Trp, Met,
nd Arg. This is in alignment with previous studies showing that
ven small spectral contributions from individual residues can
e identified in the overall ion yield spectrum [ 45 ], underscoring
he sensitivity of the technique to specific residue characteristics.
hile comparing the total ion yield spectra across all four
amples, the qualitative resemblance of the spectra indicates a
igh degree of structural similarity between the peptides despite
eing sequence-isomers. Therefore, a more sensitive approach is
equired to distinguish potential differences between the isomers
nd ultimately provide a spectroscopic fingerprint of a sulfur–
romatic interaction at the carbon K-edge. To that end, we
nalyzed the partial ion yield spectra of various fragments. 

y analyzing the partial ion yield spectra for side-chain fragments
f arginine (Rsc2 , m/z 70), tryptophan (Wsc1 , m/z 130), and
ethionine (Msc1 , m/z 61), we aimed at gaining deeper insights
nto the local environment of specific amino-acid residues. To
ocus on the region characteristic of aromatic residues (region
 in the C K-edge spectrum, see Figure 3 ), Figure 4 shows the
of 9
partial ion yield in the range between 284.5 and 287.5 eV. While
the partial ion yield spectra for the Arg and Trp fragments show
no significant differences compared to the total ion yield across
all four samples, the Msc1 fragment of [ RWMG 7 + H] + exhibits
a significant energy redshift of ∼100 meV in the C 1s → 𝜋∗ 

𝐶= 𝐶 
resonance related to the benzene moiety of the tryptophan side
chain, from 285.15 eV (black vertical dashed line) to 285.05 eV
(red vertical dashed line). In contrast, the other three samples
show the transition for Rsc1 , Wsc , and Msc1 centered at 285.15 eV.
This suggests that the [ RWMG 7 + H] + peptide creates a unique
local environment in which the sulfur-containing methionine
side chain perturbs the electronic structure of the tryptophan
residue (see Figure 4 , left schematic). Although the C 1s →
𝜋∗ 
𝐶= 𝐶 transitions are localized on Trp, the resulting redshift is

only observed in a methionine fragment. We propose that this
may indicate that the specific perturbation of the electronic
structure due to the 𝑆 ⋯ 𝜋 interaction is maintained up to
the point of fragmentation, allowing it to be observed in the
resulting Met fragment. Additional insight into the suggested
interpretation about the observed phenomenon is provided in the
theoretical section. 

In addition to the structural insights gained from the x-ray
absorption spectra, the quantitative analysis of the mass spectra
provides further information on the fragmentation processes.
It has been shown that following photoexcitation and Auger–
Meitner decay, electronically excited peptide cations predomi-
nantly undergo internal conversion followed by intramolecular
vibrational energy redistribution, leading to statistical fragmen-
tation [ 21, 46 ]. As mentioned above, we observe a high number of
fragments originating from the arginine side chains (see Figure 2 ),
which can be attributed to the high basicity of the arginine side
chain. The high proton affinity of the guanidino group and the
stabilization resulting from the delocalized electron density leads
to a strong binding of the proton to the arginine side chain. As
demonstrated by Dongre et al. [ 47 ] in the context of collision-
induced dissociation (CID), this fixed charge results in a higher
energy barrier for fragmentation. It is worth noting, however, that
the high energy deposited upon x-ray absorption can be enough
to overcome this energy barrier [ 46 ]. Nevertheless, peptide bond
cleavages in the frame of the “mobile-proton” model [ 48 ] are less
favorable, and protonated arginine-related fragments are more
likely to form. Indeed, the overall fragmentation pattern observed
in our study is consistent with the expected influence of fixed
charge in CID experiments, as most of the observed fragments
can also be found within CID experiments [ 49 ]. 

Nevertheless, as discussed in the UVPD section, a specific
fragmentation pattern was observed for [ RWMG 7 + H] + upon
valence excitation of the aromatic system. Extending this analysis
to the x-ray data, we aimed to identify potential variations in
the fragmentation behavior associated with core–shell excitation
of carbon atoms within the aromatic system. A comparative
analysis of the methionine-related side-chain fragment, Msc1 , and
the immonium ion, Mim 

, is a useful indicator for understanding
the fragmentation patterns of our peptide samples. Indeed, the
fragmentation processes leading to the formation of the side-
chain fragments may not exhibit the same statistical distribution
as those observed in the formation of the immonium ion that
is formed through cleavages of the CO-NH and C𝛼-CO bonds of
the peptide backbone at the methionine residue. As discussed
Chemistry – A European Journal, 2026
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FIGURE 4 Left: Energy level diagram for aromatic carbon 1 𝑠 → 𝜋∗ photoexcitation. The diagram focuses on changes in the 𝜋∗ orbital, while 
potential alterations of the occupied (HOMO) orbitals are not taken into account (solid horizontal lines: occupied states; dashed horizontal lines: 
unoccupied states; not to scale). Right: Partial ion yield for Rsc2 ( m/z 70, C4 H8 N 

+ ), Wsc1 ( m/z 130, C9 H8 N
+ ), and Msc1 ( m/z 61, C2 H5 S

+ ) fragments. 
Black vertical line at 285.15 eV highlights the excitation from carbons of the benzene ring of Trp to the 𝜋∗ orbital and red vertical line at 285.05 eV 

highlights the energy redshift of the C 1s → 𝜋∗ 
𝐶= 𝐶 resonance in the case of the [ RWMG 7 + H] + peptide observed in the Msc1 fragment. 

FIGURE 5 Influence of the sulfur–aromatic interaction on the 
fragmentation pattern. Ratios between normalized partial ion yields of 
Msc1 and Mim 

for all samples. Top: measured upon C 1s → 𝜋∗ 
𝐶= 𝐶 excitation 

(285.1 eV) and bottom: C 1s → 𝜋∗ 
𝐶 𝑂𝑁 𝐻 

excitation (288.2 eV). 
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arlier, the fixed charge increases the likelihood of statistically
avored Arg fragments. In our x-ray absorption experiment, the
table Met immonium ion is consistently observed, regardless of
here the photon is absorbed by the system. In contrast, side-
hain fragments often originate from more direct and specific
ond cleavages within the side chain of the amino acids [ 36, 50 ].
o identify the behavior of the side chain and the immonium ion
f Met, we show in Figure 5 , the fragmentation ratio of Msc1 ∕Mim
pon a) C 1 s → 𝜋∗ 

𝐶= 𝐶 excitation (285.1 eV) and b) C 1s → 𝜋∗ 
𝐶 𝑂𝑁 𝐻

xcitation (288.2 eV). At 288.2 eV, the fragment ratios between
hemistry – A European Journal, 2026
sequence-isomers are approximately 1, indicating comparable
formation of Met side-chain and immonium ion fragments across
all four peptides. This consistent behavior is expected, as the
excitation of the peptide bonds leads to energy redistribution
throughout the entire peptide, enabling the formation of both
Msc and Mim 

fragments. However, upon 𝐶1 𝑠 → 𝜋∗ 
𝐶= 𝐶 excitation,

a significant increase in the Msc1 ∕M im 

ratio is observed for
[ RWMG 7 + H] + . This indicates a preferential formation of methio-
nine side-chain fragments over the methionine immonium ion
when core excitation occurs at the aromatic group. This high
Msc1 ∕M im 

ratio observed for the C 1s → 𝜋∗ 
𝐶= 𝐶 transition is

essentially due to the very low yield of the Mim 

fragment, which
suggests that, in addition to the observed Msc1 fragment, smaller
methionine side-chain fragments are produced (e.g., SCH 3 , S,
CH 3 ...) but not measured as they fall outside the accessible m/z
window in these measurements. This observed trend is similar
to our previous findings on methionine enkephalin (MetEnk)
[ 36 ]. The comparative analysis of the fragment ratio between
MetEnk and leucine enkephalin (LeuEnk) revealed an increase
in the relative yield of methionine-related side chain fragments
( m/z 75), coupled with a decrease of Mim 

ions upon C 1s → 𝜋∗ 
𝐶= 𝐶 

excitation in the aromatic rings (phenylalanine and tyrosine)
of the peptide. The [ RWMG 7 + H] + peptide exhibits a strikingly
similar trend (higher Msc1 ∕M im 

ratio), supporting the hypothesis
that the fragmentation process upon C 1 s → 𝜋∗ 

𝐶= 𝐶 excitation does
not mainly involve global charge or energy migration along the
peptide backbone. Instead, it proceeds via a direct charge or an
energy transfer from the tryptophan side chain to the methionine
side chain, leading to the production of the Msc1 (and smaller
side—chain fragments). This process is likely favored in conform-
ers where the two chemical groups are in close spatial proximity,
stabilized by a noncovalent sulfur–aromatic interaction. 

We have demonstrated that the [ RWMG 7 + H] + peptide exhibits
distinct dissociation behavior upon both UV and x-ray absorption.
Our results indicate that the close spatial proximity of methionine
and tryptophan influences the fragmentation pattern and can
5 of 9

ative C
om

m
ons L

icense



FIGURE 6 Left: Zoom in the methionine and tryptophan spatial arrangement of three example conformations of [ RWMG 7 + H] + , selected from 

REMD-sampled dominant populations, Struc. 2 (red), Struc. 3 (gray), and Struc. 5 (green). Right: Convolution of the DFT/ROCIS x-ray absorption 
lines for six structures, with the lone pair pointing toward the ring (red), away from the ring (green), and intermediate lateral orientation (gray). The 
convolutions were broadened using a pseudo-Voigt profile with a 0.5 eV FWHM and shifted by 11.4 eV to align the peptide bond resonance near 288 eV. 
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esult in a shift in the C 1s → 𝜋∗ 
𝐶= 𝐶 transition observable in

pecific fragments. These findings suggest that [ RWMG 7 + H] +
an serve as a model system for studying sulfur–aromatic
nteractions, as evidenced by its unique behavior under both
alence and core–shell excitation. We have now identified a
istinct spectroscopic fingerprint of the sulfur–aromatic interac-
ion under gas-phase conditions. This highlights the capability
f NEXAMS to sensitively probe such interactions in isolated
iomolecules. The observed fragmentation behavior and elec-
ronic shifts serve as indicators of the noncovalent 𝑆 ⋯ 𝜋

nteraction. 

o further support and extend the experimental observation,
eplica exchange molecular dynamics (REMD) simulations
 51 ] were performed to identify representative structures of
 RWMG 7 + H] + , analyzing the spatial proximity between the
ulfur (Met) and aromatic ring (Trp). A detailed description of
he theoretical methods is provided in the SI. Potential energy
urface analysis identified the most populated [ RWMG 7 + H] +
onformations as those with a sulfur–aromatic distance ranging
rom 3.8 to 7.7 Å (see Figure S4 ). Therefore, the identified 𝑆 ⋯ 𝜋

nteraction motifs are based on geometric criteria, specifically
he distance between the Met sulfur atom and the Trp aromatic
ing, similarly to previous PDB analyses [ 5, 13 ]. We focused on
tructures exhibiting different orientations of the sulfur lone pair
elative to the aromatic ring, identifying two distinct extremes:
riented toward the ring and away from the ring (see Figure 6 ).
s shown in Figure 6 , the C 1s → 𝜋∗ 

𝐶= 𝐶 transition exhibits a
hift depending on the sulfur orientation: a redshift of up to
00 meV in the C 1s → 𝜋∗ 

𝐶= 𝐶 transitions is observed when the
ulfur lone pair moves from the orientation away (green structure
of 9
and dashed line) to toward the aromatic ring (red structures
and plain lines), while transitions associated with the peptide
backbone (around 288 eV) remain mostly unaffected. Moreover,
we could identify conformer structures with intermediate sulfur
orientations that cannot be clearly classified as pointing toward
or away from the aromatic ring (see Figure S5 in the SI for
the intermediate structure). In Figure 6 , Struc. 3 and 4 (gray
dotted lines) represent calculated spectra for structures with more
lateral orientation but still in the distance range of 4.7–5 Å,
respectively. Both structures follow the trend of the redshift. The
trend indicates that the proximity of the methionine residue near
the tryptophan side chain significantly influences the electronic
transitions within the aromatic group. This is consistent with
the experimentally observed redshift of the C 1s → 𝜋∗ 

𝐶= 𝐶 tran-
sitions. Similar studies have shown a spatial dependence of the
electronic transitions in 𝜋–𝜋 stacking interactions, where the
distance between aromatic side chains was found to influence
intermolecular resonant energy transfer [ 52–54 ]. Extending this
idea to sulfur–aromatic interactions, our results indicate that
within the 𝑆 ⋯ 𝜋 interaction, the orientation of the sulfur atom
with its lone pair directed toward the aromatic ring (see Figure 6
Struc. 1 and 2, red lines) has a more pronounced redshift over
geometries orienting the lone pair lateral (Struc. 3 and 4, gray
dotted lines) or away from the ring (Struc. 5 and 6, green dashed
lines). To better understand the origin of the observed redshift, we
performed an atomic contribution electronic transition density
analysis [ 54 ] in the calculated x-ray absorption spectra for each
structure in the first intense peak (between 284.9 and 285.8 eV).
These transitions are solely assigned to C 1s → 𝜋∗ 

𝐶= 𝐶 excitations,
primarily involving carbon atoms of the benzene ring of the
Trp side chain. However, in the analysis of the C 1s → 𝜋∗ 

𝐶= 𝐶 
Chemistry – A European Journal, 2026
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ransitions, the atomic contribution of sulfur as an acceptor is
ot observed, since internal conversion by a nonradiative spin–
ibronic mechanism is not considered [ 55 ]. The specific charge
ransfer carbon and sulfur is expected to be quantified in the
eaker C 1 s → 𝜎∗ 

𝐶 𝐻 𝑆 
transitions above 287.1 eV combined with the

ydberg states [ 42 ]. Nevertheless, sulfur–aromatic interactions,
s well as contributions from other atoms, can still perturb the
lectronic C 1s → 𝜋∗ 𝐶 = 𝐶 transitions in the first excited states
nd induce the redshift via, for example, orbital hybridization. 

lthough the exact mechanism by which the 𝑆 ⋯ 𝜋 interaction
ffects the C 1s → 𝜋∗ 

𝐶= 𝐶 transitions remains unclear, a potential
echanism is that the sulfur–aromatic interaction perturbs the
nergy levels of the aromatic side chain by altering orbital
ybridization, changing the energy level of the excited state of
he Trp residue ( 𝜋∗ orbital) and thereby reducing the energy of
he electronic transitions (see Figure 4 , left schematic). More
etailed information on excited-state charge transfer involving
ulfur–carbon orbital coupling could be observed by analyzing
ulfur L- and K-edge absorption spectra, including spin-orbit
oupling effects. Further experimental studies, such as UV
pectroscopy across the 𝜋𝜋∗ transition of the aromatic group,
ould infer whether the HOMO–LUMO gap exhibits changes, and
easurement of the valence photoionization threshold would
llow the accurate measurement of the HOMO binding energy
nd thus assess any changes in the HOMO energy level induced
y the 𝑆 ⋯ 𝜋 interaction. 

 Conclusion 

hrough our study of the 𝑆 ⋯ 𝜋 interaction in protonated model
eptides, ([ RWMG 7 + H] + has proven to be an excellent sys-
em for studying the sulfur–aromatic interaction. It exhibits a
nique mass spectral signature upon photoabsorption in both
he UV and soft x-ray regions. In particular, we have shown the
mpact of the 𝑆 ⋯ 𝜋 interaction on the electronic structure, and
ur results demonstrate that the 𝑆 ⋯ 𝜋 interaction significantly
lters the electronic structure of the aromatic side chain, which
s highlighted by the redshift observed in the C 1 s → 𝜋∗ 

𝐶= 𝐶 
ransitions at the carbon K-edge. These observations provide
aluable information about the geometrical arrangement and
he resulting changes in electronic structure associated with the
 ⋯ 𝜋 interaction. Thus, we identified a distinct spectroscopic
ingerprint that serves as an indicator of the 𝑆 ⋯ 𝜋 interaction.
n addition, our theoretical simulations not only support the
xperimental findings but also propose that the orientation of
he sulfur atom with the lone pair directed toward the aromatic
ing has a more pronounced effect. Hence, we could show that
ur combined experimental and theoretical approach proves
o be sensitive to minor changes induced by intramolecular
oncovalent interactions, allowing us to extract insights about
onformational motifs and their electronic structure. The detailed
athways by which this interaction alters the peptide elec-
ronic structure continue to be studied. Further theoretical and
xperimental investigations are required to fully elucidate the
ature and strength of this interaction and its impact on the
pectroscopic properties of peptides containing sulfur–aromatic 
otifs. 
hemistry – A European Journal, 2026
4 Experimental Section 

All peptide samples with sequences RWMG 7 , RWG 2 MG 5 ,
RWG 4 MG 3 , and RWG 6 MG , used in this study were synthesized
by ProteoGenix (Schiltigheim, France), with a purity of 95%, and
were used without further purification. Sample solutions were
prepared at a concentration of 30 𝜇M in a 1:1 mixture of water
and methanol. 

4.1 Ultraviolet Photodissociation (UVPD) 

The experiments were conducted using a modified hybrid
quadrupole-orbitrap Q-Exactive mass spectrometer (Thermo
Fisher Scientific, San Jose, CA, USA) equipped with a HESI ion
source. The instrument was further modified by fitting a silica
window on the rear of the higher-energy collisional dissociation
(HCD) cell to enable laser irradiation of trapped ions [ 56, 57 ].
Electrospray ionization (ESI) was performed in positive ion mode
with a spray voltage of 4500 V and a flow rate of 5 𝜇L /min to
introduce the synthesized samples. The sheath gas and auxiliary
gas (nitrogen) flow rates were set to 20 and 15 (arbitrary units),
respectively, with a HESI vaporizer temperature of 250 ◦C . The
ion transfer capillary temperature was also set to 250 ◦C . The S-
lens radio-frequency (RF) level was set to 55 (arbitrary units).
The orbitrap resolution was set to 140 000. The automatic gain
control (AGC) target was 5 ×106 , and the maximum injection time
was set to 100 ms. An m/z window of 3.0 Th was applied for
precursor isolation. A BrillantB Nd:YAG laser (Quantel, Les Ulis,
France) was coupled to this setup to perform UVPD of the ions
inside the mass spectrometer. The 4th harmonic at 𝜆 = 266 nm
was used with a repetition rate of 20 Hz. The laser beam was
cleaned using lenses and diaphragms and was injected into the
HCD cell using two dichroic mirrors. The laser energy irradiating
the ions was 5 mJ per pulse. For UVPD, the HCD parameters
were optimized to prevent CID, with the collision energy set
to 3 eV and irradiation times to 1000 ms, depending on the
experiment. 

4.2 Near-Edge X-ray Absorption Mass 
Spectrometry (NEXAMS) 

The experiments were carried out at the UE52 PGM Ion Trap
beamline of the BESSY II synchrotron (HZB Berlin, Germany)
[ 58 ]. Electrospray ionization (ESI) was employed in positive ion
mode to introduce the synthesized samples into the gas phase.
The ions were then focused into a beam using a radio-frequency
(RF) ion funnel and guided through an RF hexapole ion guide to
a quadrupole mass filter, which selectively filtered the ions based
on their mass-to-charge ratio ( m/z ). Following mass selection, the
ions passed through a 90 ◦ bender to prevent neutral molecules
from entering the interaction region. The selected ions were
accumulated and stored in a cryogenic linear RF ion trap, where
they were cooled using helium buffer gas. The trap temperature
was maintained between 10–20 K during the experiments. Once
the ions were accumulated, they were irradiated with soft x-ray
photons for 100 ms, co-linearly to the RF trap axis. A specific
photon energy range was measured by scanning the carbon
7 of 9
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-edge, spanning from 283 to 292 eV with a bandwidth of 100
eV, using slits set to 200 𝜇m and a step size of 50 meV. A
hotodiode placed downstream of the linear ion trap was used
o record the photon flux. The resulting cationic products from
hoton absorption were analyzed using a reflectron time-of-flight
ass spectrometer. Due to the instrument design, the detection
f photoproducts was limited to a small m/z window of 50–
50, a range that was chosen because it encompassed the most
ntense fragments. 
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