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The structure and reactivity of peptides can be influenced by their protonation state. Notably, protonation of
the backbone can induce structural changes, such as tautomerism, shifting from the stable keto form to the
enol form. This phenomenon, particularly in the backbone protonated peptide acetyl-pentaglycine, was
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examined using a combination of soft X-ray action spectroscopy at the nitrogen K-edge and theoretical
calculations based on density functional theory (DFT). We identified a resonance at 400 eV that can be clearly
attributed to ©*(C—=N) transitions, linked exclusively to the enol form, as no keto form structures could
replicate this resonance. These findings enhanced our understanding of the effect of protonation on the
structure of peptides and could be employed for future dynamic studies.
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1 Introduction

In biological media, the charge state of, e.g., peptides plays a
crucial role in determining their structure and reactivity. In
particular, protonation and deprotonation can alter the hydro-
gen bonding network among the amino acids, thereby affecting
the peptide’s folding and stability." Localizing the (de-)proto-
nation sites and evaluating their impact on the structure of
peptides is essential for advancing our knowledge of biological
processes and the relationship between structure and function.

For protonated peptides, the protonation usually occurs at
the nitrogen site of the N-terminus or at basic sites.>”> However,
when a peptide with a capped N-terminus does not contain a
basic side chain, the proton will likely bind on one of the amide
oxygen atoms.’ It has been shown that for a simple tripeptide,
triglycine, protonation on the backbone and protonation on the
nitrogen atom (N-terminus) can coexist.”” Being part of the
biological medium, peptides interact with an aqueous solvent,
which can influence the structure and act as a catalyst for
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proton transfer that could cause tautomerism of the peptide
structure from the most stable keto form to its enol form." In
peptides, proton transfer can favor the enol formation through
proton wiring keto-enol tautomerism.**?

Keto-enol tautomerism of a peptide bond, [-CONH-], is
defined by a proton migration from a carbon or nitrogen atom
to an oxygen atom, forming a C=N double bond and a C-OH
single bond, written as a [-C(OH)N-] form."*™** This process
has been extensively studied on B-diketone, acetylacetone,
phenyl-containing molecules, and peptides in the liquid and
gas phases by infrared (IR) spectroscopy, X-ray diffraction,
photoemission spectroscopy, and density functional theory
(DFT) calculations.”"*'*> In most cases, the keto tautomers
are more stable than their enol form by around 0.85 eV, with
calculated energy barriers indicating slow interconversions, >
and the enolization of the molecule is induced by the solvent or
by activation such as UV photoabsorption,*"**1%:20:23

The presence of enol bonds can be characterized using
spectroscopic methods. Enolization results in the appearance
of a new absorption band in the IR spectrum."”** Using X-ray
photoemission spectroscopy, it is possible to quantify the keto—-
enol tautomerism of a tripeptide (IGF) by measuring the ratio of
two experimental resonances at the nitrogen (400.3 eV and
401.7 eV) and oxygen (531.6 eV and 533.2 eV) K-edges.”® More-
over, soft X-ray absorption is element-specific, and spectro-
scopy in the energy region of the carbon, nitrogen, and
oxygen K-edges has been used to study the electronic structure
of biomolecular systems.**">® Near-edge X-ray absorption mass
spectrometry (NEXAMS) has been developed for studying larger
protonated biomolecules in the gas phase.”*”? In particular,
it has been demonstrated that NEXAMS is sensitive to the
protonation site of oligonucleotides and peptides.®*" It has
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Fig.1 Top: Chemical structure of acetyl-Gs protonated on the second
peptide bond oxygen atom (named P, in the following). Bottom: Chemical
structure of acetyl-Gs protonated on the second peptide bond oxygen
atom with an enol form on the first peptide bond (named P,E; in the
following). The four peptide bonds and the acetyl group that can be
protonated or subject to enolization are marked 1, 2, 3, or 4, and Ac.

been shown for peptide-like molecules that soft X-ray absorp-
tion techniques can be used to differentiate, at the N K-edge,
the electronic resonances of n¢_y and n¢_g excitations.*® From
an earlier study, it has been suggested for a pentapeptide,
methionine enkephalin, that the resonance of an enol form
of a peptide bond in a peptide should be observed at around
399.2 ev.*’

The aim of this work is twofold: (1) record unambiguously
the electronic signature of a backbone protonated peptide,
therefore completing our previous work on protonated
peptides,” and (2) assess the change in electronic structure
induced by keto-enol tautomerism of a peptide bond as may be
induced by backbone protonation. To these ends, we per-
formed NEXAMS measurements at the nitrogen K-edge of
protonated acetyl-pentaglycine (denoted Ac-Gs in the follow-
ing), whose structure is shown in Fig. 1. Ac-G5 has no basic side
chain and a capped N-terminus; thus, we expect protonation on
an amide oxygen atom.® Moreover, it is expected that the proton
is not fixed on a specific oxygen atom but is mobile through the
peptide backbone;®” it could induce keto-enol tautomerism as
depicted in Fig. 1. This paper is divided as follows: first, the
experimental and theoretical methods are explained. Then, the
experimental NEXAMS spectrum at the nitrogen K-edge is
described and compared with its uncapped relative structure,
pentaglycine (Gs), which we have previously investigated.’ In
the last section, the potential structural candidates are dis-
cussed in light of the comparison between our experimental
and simulation results.

2 Methods

2.1 Experimental methods

Ac-G; was purchased from ProteoGenix (Schiltigheim, France)
at >95% purity and used without further purification. The
sample solution was prepared at 30 pM concentration in 1:1
water/methanol with 1% of formic acid to ensure protonation.

This journal is © the Owner Societies 2025

View Article Online

PCCP

The experimental spectrum was obtained during a measure-
ment campaign by coupling our home-built tandem mass
spectrometer to the P04 soft X-ray beamline at the PETRA III
synchrotron (DESY, Hamburg, Germany).** Briefly, the setup
relies on a high-fluence electrospray ionization (ESI) source to
introduce the ions into the gas phase. The electrosprayed ions
are transported by a heated capillary into the first pumping
stage, which hosts a radio frequency (RF) ion funnel to guide
and focus the ions. The ions continue through an RF octupole
ion guide to a quadrupole mass filter (QMS), where the ions of
interest are selected according to their mass-to-charge (m/z)
ratio. Then, a second RF octupole and a set of Einzel lenses
guide and focus the ions into an RF 3D ion trap, where they are
accumulated before irradiation with photons. To allow for
efficient trapping of the ions, their kinetic energy is cooled
down by collisions with a helium buffer gas, with a pressure in
the trap of around 5 x 10~° mbar. After irradiation with X-ray
photons for 2 seconds, all cationic products are extracted from
the trap and analyzed in a reflectron time-of-flight (Re-TOF)
mass spectrometer (m/Am = 1800). A schematic of the experi-
mental setup is shown in Fig. 2.

At the N K-edge, the photon-energy bandwidth was set to
250 meV. The photon-energy scans were performed by steps of
200 meV across the N K-edge (397-411 eV). A photodiode placed
downstream of the ion trap was used to record the photon flux.
The NEXAMS spectra obtained were normalized to the photon
flux and the precursor ion intensity to correct for ESI source
fluctuations. To account for all sources of background ions, the
data acquisition was divided into repeated cycles of three mass
scans. First, a mass spectrum of the ESI only was recorded to
measure the precursor ion intensity and fragments originating
from energetic collisions with the buffer gas and to evaluate the
precursor ion intensity for normalization. Second, the mass
spectrum resulting from irradiation of the trapped molecules
was recorded. For the third spectrum, the target ion beam is
blocked by applying a high voltage (typically 50 V) on the
electrode at the exit of the octupole, and the mass spectrum
resulting from the irradiation of the residual gas was recorded.
The mass spectrum resulting from the ESI and the one result-
ing from the irradiation of the residual gas were subtracted
from the mass spectrum resulting from the irradiation of the
trapped molecules. A series of hundred cycles was accumulated
to average over long-term fluctuations in the source and to
obtain the final mass spectrum, shown in Fig. S1 (ESIt).

Time-of-flight
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_spectrometer

Photons

Quadrupole trap
mass filter
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Fig. 2 Schematic of our experimental setup used to record the NEXAMS
spectrum of Ac-Gs.
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2.2 Theoretical calculations

The X-ray absorption spectra of protonated acetyl-pentaglycine
candidates were calculated, assigning the resonances in the
absorption spectrum at the nitrogen K-edge. All calculations
were performed using the (time-dependent) density functional
theory (DFT) method, employing the TZVP Ahlrichs basis set®*
in combination with the B3LYP exchange-correlation func-
tional®® using the ORCA electronic-structure package.*®
Relativistic effects were considered using the zeroth order
regular approximation (ZORA).>” Based on the experimental
findings, we propose that Ac-Gs may undergo protonation at
the oxygen atoms of the peptide bonds and can also be present
in enol forms (see next section). Thus, we computed all possible
protonation sites and enol forms from an initial folded struc-
ture of Ac-Gs. This analysis identifies five possible protonation
sites (on all four amide oxygen atoms from the peptide bonds
and on the oxygen atom of the acetyl group) with four enol
forms for each protonation site. Structures having multiple
peptide bonds in enol forms were omitted, as they were less
stable than those with single enol tautomers, which were
already around 0.5 eV higher in energy than the keto inter-
convert forms. All structures were further optimized using DFT,
and their calculated absorption spectra at the N K-edge were
calculated using TDDFT. The final X-ray absorption spectra
were broadened using a Gaussian profile with a full width at
half maximum (FWHM) of 0.6 eV to account for the experi-
mental photon-energy resolution, the core-hole lifetime, and
the electronic broadening of the transitions.*®?° An energy shift
of 12.5 eV was applied to the calculated absorption spectra to
account for the difference between the experimental and the simu-
lated results. This shift was determined by matching the energy of
the experimental resonance at 401.7 eV (N 1s — m*(CONH) as
explained later) with its calculated representative.

3 Results and discussion
3.1 Absorption spectra at the nitrogen K-edge

Gs has been described in detail in our previous study on
peptide protonation.’ It has an unambiguous protonation site
located on the N-terminus, which makes G5 a good reference
model for this study as we expect backbone protonation to have
a different signature at the N K-edge.

The NEXAMS spectrum of Gs, shown in Fig. 3, shows a first
resonance at 401.6 eV stemming from the N 1s —» n*(CONH)
transitions within peptide bonds. A second resonance is
observed at 402.6 eV from N; 1s — 7*(CON;H) where N; and
N; are different nitrogen atoms in neighboring peptide bonds.
A broad feature located around 406 eV is due to several
transitions to c* orbitals, including N 1s — o*(NH;') from
the protonation site, here located on the N-terminus.®>%*°
Therefore, the signature of the protonation site of Gs is the
broad and intense feature at around 406 eV.

In contrast to Gs, Ac-Gs, shown in Fig. 3, exhibits a remark-
ably different spectrum. Unlike Gs, the spectrum of Ac-Gs
includes two additional features before the resonance at
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Fig. 3 Experimental absorption spectra of Ac-Gs (red) and Gs (black) at
the nitrogen K-edge. Note that Gs has been recorded at 210 meV
bandwidth and with 100 meV energy steps.” Both spectra have been
normalized on the intensity of the n*(CONH) resonance. An additional
offset in the y axis has been applied to the Ac-Gs spectrum for comparison
purposes. Four vertical dashed lines, at 400 eV, 401.7 eV, 403 eV, and
404.8 eV, mark the main resonant excitation bands of Ac-Gs.

401.6 eV: a low-intensity feature at 398 eV and the most intense
resonance at 400 eV. It is followed by a strong band at 401.7 eV
and two weaker bands centered at 403 eV and 404.8 eV. As in
the case of G;, we can attribute the resonance at 401.7 eV to
N 1s — n*(CONH) transitions within peptide bonds. The
N; 1s —» n*(CON;H) resonance present at 402.6 €V in the case
of Gs is not observed for Ac-Gs, although we cannot exclude that
these resonances are part of the band at 403 eV in Ac-Gs, thus
blueshifted by 0.4 eV compared to Gs. This band could also be
the result of a transition from an N 1s — o*(CH) excitation
from the backbone, as already observed for protonated
triglycine.” The resonance at 404.8 eV could be attributed to
N 1s - o*[NH) and N 1s — o*(CH) from the backbone as
suggested in the calculated X-ray absorption spectrum at the
nitrogen K-edge of triglycine protonated at a backbone amide
oxygen atom.’

The broad resonance centered around 406 eV for G; and
containing N 1s — o*(NH;") transitions, is not observed in
Ac-Gs. As expected, Ac-G5 cannot adopt an NH;" protonated
form because of the acetylation of its N-terminus. The different
protonation sites for Ac-Gs result in a different fingerprint in its
NEXAMS spectrum. Instead, we expect the proton to be located
on one of the carboxyl groups of the peptide.® However, due to
the acetylation, Ac-Gs does not show the N 1s — o*(NH,)
transition in the unprotonated N-terminal at 403.4 eV that we
observed in backbone oxygen protonated triglycine.’

Finally, the resonance at 400 eV could be the signature of an
N 1s — 7m*(C=N) excitation, as was reported for peptide-like
molecules at around 399.5 eV*® and nucleotides at around
399.7 eV.>>"%2 Ac-G5 sequence contains no double bond
between a nitrogen and a carbon atom. A possibility for obser-
ving a ©*(C=N) excitation in Ac-Gs could be that some peptide
bonds adopt an enol form, coexisting with the keto form that is
considered more stable than any enol isomers.'* Dérner et al.
suggested that a resonance at 399.2 eV could be the signature of
an enol form in the protonated pentapeptide met-enkephalin.*®

This journal is © the Owner Societies 2025
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3.2 Comparison with theoretical spectra

In this section, we compare the NEXAMS spectrum with calcu-
lated X-ray absorption spectra of possible keto and enol
isomers of Ac-Gs to shed light on the origin of the resonance
at 400 eV. Ac-G; does not contain any basic side chain and has a
capped N-terminus, which suggests that the protonation site
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should be on an amide oxygen.® From the experimental spec-
trum, we postulated that the existence of an enol tautomer
might explain the resonance observed experimentally at 400 eV.
Therefore, we built and optimized the structure of all possible
enol and keto forms for each protonation site (PiE; P; with
i=Ac, 1, 2, 3, or 4 indicating the protonation site and E; with
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Fig. 4 Comparison of the experimental spectrum (in red) with the calculated absorption spectra of the different protomers and enol forms of Ac-Gs at
the TDDFT level of theory. The calculated spectrum of P4E; is not shown as a proton migration was observed during the calculation, and additional
calculations to explore this structure were beyond the scope of this work. In parentheses, the relative electronic energy (in eV) of each structure with

respect to the lowest-energy structure, Py, is given.
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j=Ac, 1,2, 3, or 4 indicating the position of the enol form), and
calculated their X-ray absorption spectra at the N K-edge. The
results of the calculations are shown in Fig. 4 and the XYZ
coordinates of every analyzed structure are given in the ESL

While optimizing the structure protonated on the acetyl
group, we observed a proton migration from the acetyl group
to the second peptide bond. This could be explained by a
transition state with the proton between the oxygen atom of
the acetyl group and the amide oxygen of the second peptide
bond. Therefore, this protomer was not further investigated.
Additional calculations beyond the scope of this work are
needed to explore this possible transition state.

The P,4E, structure is not shown either in Fig. 4 because we
observed a proton migration from the amide oxygen of the
fourth peptide bond to the acetyl group. Its absorption spectrum
at the N K-edge was still calculated and analyzed but did not
differ from the one of the other structures. We also considered
the formation of multiple enol forms, but these structures were
lying at least 2.5 eV higher in energy than the single enol
structures and thus were not further considered in the analysis.

All the computed absorption spectra are compared with the
NEXAMS spectrum and shown in Fig. 4. For each conformer,
the relative electronic energy with respect to the lowest-energy
structure (P,) is also indicated in Fig. 4. For Ac-Gs, depending
on the protonation site, the enol forms are 0.35 eV to 1 eV
higher in energy than their respective keto forms, the lowest-
energy one being P,E,.. This is consistent with the work of Wu
and Lien, who performed ab initio calculations on the tauto-
merization from keto to enol of acetylated derivatives and
predicted the enol form to lie ~1 eV higher in energy than
their respective keto form.'® Despite some structures having
relatively high electronic energy, we considered all keto forms
and their relative enol forms further.

Comparing the calculated spectra of the all-keto structures
(P4, P,, P53, and P,) with the experimental NEXAMS, we can see
that the resonance at 400 eV is not reproduced in the calcula-
tions. The first resonance of the all-keto structures appears at
401.6 eV and has contributions from N 1s — m*(CONH)
transitions in the peptide bonds and from the protonation site
according to the analysis of the TDDFT calculations. At higher
energy lie the different o*(NH) transitions. We can already
conclude that if we may have keto forms of Ac-Gs contributing
to the experimental spectrum, it is not the main isomer present
under our experimental conditions.

In Fig. 4 are also shown the calculated spectra for all the
structures having an enol form, for the different protonation
sites of Ac-Gs;. Each of the calculated enol forms shows the
resonance at 400 eV and the resonance at 401.6 eV, in good
agreement with the experimental spectrum. The second reso-
nance at 401.6 eV is, for all enol forms, due to N 1s — ©*(CONH)
excitation from the peptide bond or the protonation site of the
peptide. For some enol forms (P,E,, P,E;, P,E;, P,E4, P;E;, P3E,,
and P,E,), the calculated spectra show a resonance around
403 eV, that could be attributed to different c*(NH) transitions over
the backbone and the acetyl group, but no N; 1s — n*(CON;H)
type transitions.
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By analyzing the various electronic transitions responsible
for the band at 400 eV across all enol forms, we concluded that
it primarily arises from N 1s — n*(C=N) transitions within the
enol peptide bond. Additionally, there is a contribution from
the N 1s — n*(CONH + H') transition associated with the
protonation site of the peptide bond. However, for the structure
P;E,, the 400 eV resonance is solely attributed to N 1s — ©*(CONH)
transitions, along with N 1s — 7n¥(CONH + H') contributions from
the protonation site. This allows us to attribute unambiguously the
first resonance of the experimental spectrum at 400 eV to the
signature of the enol form in Ac-Gs.

Conclusions

In conclusion, we explored protonated acetyl-pentaglycine by
X-ray absorption mass spectrometry at the N K-edge. By compar-
ing it with the NEXAMS spectrum of protonated pentaglycine
from our previous study,” we observed that the Ac-Gs spectrum
does not exhibit the resonance that can be attributed to a
protonated N-terminus at 406 €V but possesses a resonance at
400 eV that was not observed for Gs. Our work allowed us to
unambiguously assign this resonance to the enol form of a
peptide bond in Ac-Gs. The attribution of this resonance to an
N 1s — *(C=N) transition is in agreement with previous work
for peptide-like molecules and nucleotides.*®*"*> The presence
of the enol form for acetyl-pentaglycine under our experimental
conditions could be further confirmed with the support of
TDDFT calculations. For all possible protonation sites, we could
conclude that the calculated absorption spectra of their all-keto
forms did not fit the experimental spectrum; the all-keto forms
could not explain the presence of the resonance at 400 eV.
However, the computed enol forms for every protonation site
reproduced the resonance at 400 eV, and we could assign this
resonance to N 1s — 1*(C=N) transitions from the enol forms.
From our computational and experimental results, we could not
locate the exact position of the enol form in the studied protonated
peptide; further exploration of the possible structures and transi-
tion states would allow us to gain more insight into the enol form
formation in Ac-Gs. As already suggested,'®"" enol formation can
be assisted by the surrounding solvent or water molecules in the
liquid phase, thus probing the influence of a few water molecules
on the structure of Ac-Gs could shed light on the position of the
enol forms. Our present work does not answer the question of
the origin of the keto-enol tautomerism in Ac-Gs. Noteworthy, the
backbone protonation alone cannot explain the enolization as, for
example, the X-ray absorption spectrum at the nitrogen K-edge of
backbone protonated triglycine did not show such resonance at
400 eV.’ Finally, further work at X-ray free-electron laser facilities
would allow to study the dynamics of the UV-induced keto-enol
tautomerism in UV pump-soft X-ray probe experiments.
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