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Differentiating histidine tautomeric states is critical for understanding their role in neurodegenerative
disease pathogenesis. Shifts in tautomeric equilibrium may contribute to driving protein misfolding and
aggregation, suggesting potential therapeutic interventions to mitigate disease progression. Using the
second-order restricted active space perturbation theory (RASPT2) method, this study proposes X-ray
absorption spectroscopy (XAS) as a viable approach for distinguishing histidine tautomeric states. Pristine
histidine exhibits distinct N K-edge spectral features depending on its tautomeric form. To improve

Received 17th April 2025,
Accepted 5th February 2026

tautomer discrimination, functionalization of histidine with various electron-donating or withdrawing groups
was explored to modify the electronic environment of the imidazole ring. Substituent effects induce shifts of
major peaks, enhancing spectral separability. This strategy highlights XAS labeling as a promising tool for
differentiating tautomeric structures in complex biomolecules and will provide novel insights into histidine’s
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Introduction

Histidine is an amino acid integral to various biological
processes, contributing to protein structure,’ enzymatic
catalysis,>® metal ion coordination,*® and buffer systems.® Its
imidazole side chain offers versatility, enabling non-covalent
interactions such as hydrogen bonding and metal ion coordi-
nation, as well as catalysis of acid-base reactions.”” A distinc-
tive trait that sets histidine apart from other amino acids is its
ability to tautomerize, wherein the imidazole proton relocates
between the two ring nitrogens (N; and N, Fig. 1a). This
process enables histidine to create distinct electronic and
structural forms to participate in diverse chemical reactions
and supramolecular interactions.® Tautomerism, a feature
observed in biomolecules such as nucleic acid bases,”'® and
amino acids,'" influences biochemical processes and has been
linked to neurodegenerative diseases like Alzheimer’s (AD),"
Parkinson’s (PD),"* and prion diseases."* According to the
amyloid hypothesis, a key factor in AD is the aggregation
of amyloid beta (AB) peptides, derived from the cleavage of
amyloid precursor protein (APP) by B- and y-secretases,'”®
where histidine residues may play a modulatory role.
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role in both biological and pathological processes, ultimately informing therapeutic discovery.

In the AP (1-40) sequence, histidine residues at positions 6,
13, and 14 influence aggregation pathways. Replica-exchange
molecular dynamics (REMD) simulations indicate that the §
tautomer preferentially stabilizes aggregation-prone conforma-
tions.”® This finding motivated the ’histidine tautomerism
hypothesis’, which postulates that specific tautomeric states
of histidine can modulate protein aggregation.>® Beyond AB (1-40),
this hypothesis extends to AB (1-42),>' tau proteins,*> and prion
proteins,™ suggesting that histidine tautomerism may represent a
unifying mechanism influencing the onset or progression of multi-
ple neurodegenerative diseases. A deeper understanding of how
different tautomeric forms, especially the § tautomer, stabilize or
destabilize aggregation-prone conformations could thus guide the
design of targeted therapies aimed at altering histidine tautomer-
ization to prevent or slow protein aggregation. This, in turn,
motivates approaches that can directly distinguish histidine tauto-
meric states.

While understanding histidine tautomerism is essential for
exploring its role in various biochemical and pathological pro-
cesses, achieving direct experimental differentiation remains
challenging due to the subtle electronic and structural differ-
ences between tautomers. Differentiating histidine tautomers
can provide critical insights into how tautomeric shifts influence
protein structure, aggregation, and function, as seen in neuro-
degenerative diseases like Alzheimer’s and Parkinson’s, where
these factors are relevant to disease progression and therapeutic
design. Current techniques, including low-temperature nuclear
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Fig. 1 Tautomeric forms of histidine (R = H) and its derivatives (R = CH3/
NH,/F) (a) and diagram of molecular orbital spaces for the & tautomer used
in the RASSCF/PT2 calculation for X-ray absorption spectroscopy (b). Each
nitrogen is denoted by color-delta nitrogen (N;, red), epsilon nitrogen
(Ng, green) and backbone amine nitrogen (N, blue), respectively. Five n
(anti)bonding orbitals mainly originating from the imidazole ring are
included in the active space for the ground state electronic structure
RASSCF calculations (c). Orbitals are ordered by energy level and a dashed
line separates bonding (bottom) and antibonding (top) orbitals.

magnetic resonance (NMR) and mass spectrometry (MS), have
provided valuable information on tautomeric molar ratios**?
and allowed differentiation through labeling,® though their
resolution of individual tautomeric states remains limited.
Notably, 2D IR spectroscopy has been employed to examine
the impact of histidine tautomers on AP aggregation, providing
indirect evidence of how tautomeric shifts influence peptide
aggregation.””*® However, 2D IR spectroscopy primarily reflects
changes in secondary or tertiary protein structure, rather than
directly probing tautomeric shifts within the histidine imidazole
ring. Addressing these limitations will require novel experi-
mental approaches or computational techniques that enable
direct and precise differentiation of histidine tautomers.
Although absorption spectroscopy is a powerful technique
for probing molecular electronic structure, it remains under-
utilized in this context. Previous efforts, such as Bermudez’s
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study using rotational spectroscopy,® have highlighted the
challenges of distinguishing histidine tautomers. Rotational
spectroscopy faces limitations due to its limited resolution and
its inability to perform the highly localized, element- and site-
specific analyses necessary to differentiate closely related tau-
tomeric states. Similarly, UV-visible (UV-vis) spectroscopy,
which probes electronic transitions of valence electrons, pro-
vides insights into molecular structure but lacks the element-
and site-specificity needed to resolve subtle electronic differ-
ences at individual atoms. In contrast, X-ray absorption
spectroscopy (XAS) offers a significant advantage by exciting
core electrons to unoccupied states at much higher energies. By
targeting core electron shells, XAS enables highly localized,
element-specific, and site-specific analysis, making it a well-
suited method for distinguishing histidine’s tautomeric states.
This capability positions XAS as a promising tool for advancing
our understanding of complex biomolecular systems.*® There-
fore, by leveraging XAS’s site specificity for core electrons, the
present study aims to address the challenges in resolving
closely related tautomeric forms.

In this study, we employed multi-reference electronic structure
theory to investigate the spectroscopic difference between tauto-
mers. We show that tautomers are spectrally distinguishable due
to the different core hole relaxation and screening induced by the
position of the proton. We further discuss how the functionalized
imidazole ring affects the spectroscopic features.

Methods

Electronic structure calculations

The pristine histidine and the derivatives with three tautomeric
forms were optimized at the B3LYP/aug-cc-pVDZ level by using
OpenMolcas software.* All optimized geometries are provided
in the SI.

To study the electronic structure of the histidine tautomers
and the derivatives, we employed a post-Hartree-Fock multi-
reference wave function approach in the form of state-averaged
restricted active space self-consistent field (SA-RASSCF) followed
by second-order restricted active space perturbation theory
(RASPT2) calculation, an extension of complete active space
self-consistent field (CASSCF), and second-order complete active
space perturbation theory (CASPT2). These methods can predict
core-excited final states with high orbital accuracy, and therefore,
they are widely used for X-ray spectroscopic simulations of small
molecular systems, particularly when compared to alternative
electronic structure approaches.**> For SA-RASSCF simulations
with 10 roots, we used active space (10, 1/9/0) for the pristine
histidine and (12, 1/11/0) for the derivatives, where the number
in parentheses refers to the number of electrons in the active
space, and the number of active orbitals in the RAS1/RAS2/RAS3
space, respectively. In the active space, n bonding (ngine) and

antibonding <rc’];mg) orbitals formed along the imidazole ring

are included (Fig. 1b and c). To accurately describe the core
electrons, we employed uncontracted basis sets of aug-cc-
pCVTZ**** on every nitrogen atom and aug-cc-pVDZ on the other
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atoms. We enforced a single hole in the core orbital to calculate
the core-excited state. RASPT2 calculations were done on top of
the RASSCF reference by implementing an imaginary shift of
0.2 a.u. to prevent the intruder state problem. Among the 10
calculated roots, only the converged states predominantly char-
acterized by single-electron excitations were selected for analysis,
as they are responsible for the near-edge features in the N K-edge
spectra. Canonical molecular orbitals obtained from RASPT2
calculations were visualized using an isovalue of 0.3 a.u.

To better mimic aqueous experimental conditions, the
polarizable continuum model (PCM) as the conductor model
(C-PCM) implemented in OpenMolcas was used during geo-
metric optimizations and RASSCF/PT2 calculations.>® As
Y. Nishimoto reported that the combination of CASPT2 and
PCM can sufficiently predict a compound’s spectroscopic
properties,®® the solvent effect was considered by incorporating
nonequilibrium C-PCM in the RASSCF calculations.?” For the
case of RASPT?2 calculations, reaction field effects were added to
the one-electron Hamiltonian. Transition dipole moments
(TDMs) were computed from RASSCF wavefunctions by using
the restricted active space state interaction (RASSI) module
implemented in the OpenMolcas package.?®

X-ray absorption spectroscopy calculations

The intensity of the X-ray absorption spectra was obtained from
the imaginary part of the linear optical susceptibility ) with
respect to the absorption frequency w using the following
equation:*°

2
2|u |"w
(M — Sy TlTeel e
1) =3 )
e.g wegz — ((D + iFe)z

where ., is the transition frequency, p., is the TDM between
the ground state (g) and the core-excited state (e), and I'. is the
core-hole lifetime broadening. For the core electron excitation,
we used 0.5 eV of the core-hole lifetime broadening, which is
larger than that of valence excitation."®"! Spectra were gener-
ated at both the RASSCF and the RASPT?2 levels. Since RASPT2
accounts for dynamic correlation and therefore provides a
higher level of accuracy, all discussions are based on RASPT2
spectra.

Results and discussion
XAS of pristine histidine

Fig. 1a shows the three major tautomeric forms (3 tautomer
and ¢ tautomer) of zwitterionic or protonated (m) histidine
alongside their protonation sites (N; and N;), providing a
structural framework for analyzing tautomeric shifts. The back-
bone nitrogen (N,), which has a positive charge, also generates
a consistent K-edge peak with respect to tautomeric states that
is expected to be similar to the peak for ammonium in water.*>
In the molecular orbital diagram for the o tautomer, three
nitrogen 1s orbitals are ordered by energy above the oxygen 1s
orbitals, highlighting the distinct electronic environments of
the nitrogen atoms (Fig. 1b). The ¢ tautomer shows a similar
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diagram with the inverted energy level of N and N.. Since
histidine has an aromatic imidazole ring, the n* orbitals play an
important role as arrival orbitals for the transition of N 1s
orbitals.

The theoretical XAS for pristine histidine (Fig. 2) shows three
dominant peaks associated with N;, N, and N,, that are related
to Ty;,, Orbitals. Two nitrogen atoms of the imidazole ring for
the case of zwitterionic histidine can be regarded as unproto-
nated pyridinic (N, for & tautomer and Nj for & tautomer, N:)
and protonated pyrrolic (N(-H)) nitrogen, respectively, and will
produce well-resolved peaks.*? Initially, we focused on distin-
guishing the d and ¢ tautomeric states of the pristine histidine,
as these are the most prevalent forms under physiological
conditions. In the calculated spectra, there are two major peaks
originating from the imidazole ring’s N 1s — lnf{ing transitions
(red and green). The § tautomer’s N, peak at 401.1 eV is
separated from the ¢ tautomer’s N5 peak at 400.6 eV. Likewise,
the § tautomer’s N peak (403.9 eV) is separated from the e
tautomer’s N, peak (403.1 eV). These distinct peaks show the
possibility of two tautomers being spectroscopically distin-
guishable when probed by high spectral resolution X-ray
spectroscopy.** To find out the origin of this difference, we
investigated the characteristics of molecular orbitals involved
in the peaks (Fig. 3). The peaks from unprotonated pyridinic
nitrogens are observed at lower photon energies and associated
with excitations into a final state orbital with partial ng;,,
character (see left panel of Fig. 3). The higher ones are from
protonated pyrrolic nitrogens to mg;,, orbitals. We found that
the later ny;,, orbital can interact with the o orbital on the beta
carbon (Cg, see Fig. 1a), which connects the imidazole ring and
the backbone. This shows that the inequivalence between two
imidazole nitrogens gives rise to distinct features in core
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Fig. 2 Theoretical N K-edge X-ray absorption spectra of § (a) and ¢
tautomer (b) and & histidine (c) by RASPT2 in aqueous solution, respec-
tively. The XAS spectra along with their analysis correspond to source
nitrogen-delta (red) and epsilon (green), and backbone amine (blue)
nitrogen, respectively. N: and N(-H) denote the main pyridinic and pyrrolic
nitrogen peak, respectively.
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Fig. 3 Isosurfaces for the excited electron’s density from pyridinic (left)
and pyrrolic (right) nitrogen core excitation of & (top) and ¢ (bottom)
tautomeric histidine and corresponding excitation energy. The white dots
indicate the sites of excitation, which represent core holes.

electron excitation. The unprotonated pyridinic N K-edge
features exhibit only minor shifts between tautomers, making
a detailed qualitative interpretation difficult because arrival
state orbitals show similar mg;,, orbitals including no inter-

action between the backbone. In contrast, the pyrrolic N K-edge
peaks display systematic shifts, reflecting the relevance to the
excited electron’s density. The major origin of the core excita-
tion energy can be rationalized in terms of two competing
effects. First, direct core hole relaxation by the valence electron
density due to the reduced screening of the nucleus, which
serves as an attractive energy that induces stabilization of the
core level energy (N 1s energy in this study), resulting in a blue-
shift in the final spectra from increasing transition energy.
Second, polarization/screening arising from interaction
between the excited electron and the valence electrons effec-
tively reduces the core-hole potential and induces stabilization
of the final core-excited state, resulting in a red-shift in the
spectra.*® Direct core hole relaxation is not the primary cause,
because the core-level energy associated with the pyrrolic site is
nearly unchanged between tautomers. Therefore, the polariza-
tion/screening effect-i.e. differences in the excited electron’s
density (and resulting electron-hole interaction) must be domi-
nant in this case. In the & tautomer, the excited electron is
delocalized over the imidazole ring while retaining substantial
density near the core hole. This enhances the electron-hole
interaction and the polarization/screening of the valence elec-
trons toward the core hole, resulting in stabilization of the final
state. In the § tautomer, 6(C-C) or o(C-H) on Cg can interact
with the mg;,, orbital, resulting in hyperconjugation. This

means delocalization of ©* electrons to the backbone, reducing
electron density around the core hole (nitrogen) and further
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weakening screening. The pyrrolic peak therefore blueshifts in
the § tautomer. These features serve as reliable spectroscopic
markers for distinguishing histidine tautomers.

The backbone amine’s signals (blue shades in Fig. 2a and b)
are mainly attributed to o*(N,-H) with a relatively diffuse
character. These peaks remain consistent and distant from
the imidazole nitrogen peaks, making them negligible. For
the case of the m histidine, the Ny and N, peaks that come
from 1s to the final state exhibit partial ng;,, character and

largely overlap to produce one intense peak. N, produces a few
distinct peaks that come from o*(N,-H) (Fig. S9). This implies
that the protonated form can be easily distinguished from the
zwitterionic tautomer.

XAS of histidine derivatives

Even though the histidine itself shows a distinct spectrum by
its tautomeric form, we tried to simulate XAS for the histidine
derivatives to study the improvement of tautomer discrimina-
tion because about 0.5 eV of the difference sometimes becomes
not distinguishable due to peak shifting or broadening by
the adjacent metal ion, molecular vibration, or hydrogen
bonding.***” We modified the electronic environment of nitro-
gen atoms in the imidazole ring by functionalizing the delta
carbon (Cg) that is bonded to N, as this site directly influences
the electronic properties of N5 and N;. According to experi-
mental studies,*®>° substitution of a functional group into the
imidazole ring is one of the possible ways to achieve this.>"*>
Modifying Cs can cause asymmetric changes to N5 and N;
whereas modifying C., which is bonded to N;, causes symme-
trical changes to them, failing to improve spectral resolution.
We selected three groups—methyl (-CH;) amino (-NH,) and
fluoro (-F)—to study their influence on XAS, especially in the
imidazole ring (Fig. 1a).

For the methyl-substituted histidine (Fig. 4), for the pyridi-
nic N peaks, the § tautomer’s N, peak (400.6 eV, green) and &
tautomer’s N peak (400.2 eV, red) are observed whereas for the
pyrrolic N peaks, the & tautomer’s N peak (403.0 eV, red) and ¢
tautomer’s N, peak (403.3 eV) are produced. In the case of
amino-histidine, it shows similar patterns to the case of methyl-
substituted histidine, which are shown in the SI (Fig. S7). These
results show no improvement in distinguishing between
tautomers.

As the methyl group is a o-donating group, it induces a few
changes in the XAS spectra. Unprotonated pyridinic N peaks are
only slightly shifted, whereas for protonated pyrrolic N peaks,
the shift direction differs with the population of excited elec-
trons in Fig. 4 (black boxes). Pyrrolic N peaks of substituted
histidines show a hyperconjugation path along not only the
backbone but also the substituent. In the & tautomer, the
excited electron shows predominant delocalization along
the backbone carbon by hyperconjugation. In the ¢ tautomer,
the excited electron density delocalizes along the substituent.
This implies that there are two competitive hyperconjugation
paths introduced by substitution. Our results show that delo-
calization to the methyl group rather than the backbone

This journal is © the Owner Societies 2026
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Fig. 4 Theoretical N K-edge X-ray absorption spectra of methyl-
substituted & (a) and & tautomer (b) and = histidine (c) by RASPT2 in
aqueous solution, respectively. The main pyrrolic peaks’ corresponding
isosurfaces for the excited electron’s density are shown (black boxes). The
white dots indicate the sites of excitation, which represent core holes. For
other details, see the caption of Fig. 2.

increases the excitation energy. As hyperconjugation exists
between the imidazole ring and the methyl group, the ng,,,
electron can delocalize toward the methyl group. Although the
methyl group is a stronger o-donor than the backbone, it does
not provide an efficient screening channel.’>** This will
weaken the polarization/screening effect, which leads to a
blueshift in the & tautomer. The amine-substituted histidine
also shows similar character (Fig. S11).

Besides, in fluoro-substituted histidine (Fig. 4), the pyridinic
N peaks (400.9 eV for § tautomer and 400.8 eV for ¢ tautomer)

6 "

a) F-Hid N: N(-H)
4- —
Z‘Jk/\ ©

4 N(-H)

Intensity (x107) (arb. units)
e n

8 400 402 404 406 408 410
Photon Energy (eV)

Fig. 5 Theoretical N K-edge X-ray absorption spectra of the fluoro-
substituted & (a) and € tautomer (b) and = histidine (c) by RASPT2 in
aqueous solution. The main pyrrolic peaks’ corresponding isosurfaces for
the excited electron’s density are shown (black boxes). The white dots
indicate the sites of excitation, which represent core holes. For other
details, see the caption of Fig. 2.
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and pyrrolic N peak for the & tautomer (402.6 eV) undergo a red-
shift, whereas the pyrrolic N peak for the € tautomer (404.6 eV)
exhibits a blue-shift like previous cases, but the magnitude of
the shift is much higher in the ¢ tautomer’s N, peak. As fluorine
is regarded as a strong ¢ acceptor, it can stabilize the core hole
energy level in both the § and & tautomers alike. In terms of the
polarization/screening, since fluorine shows high electronega-
tivity and low polarizability, more delocalization of excited
electrons toward the fluorine means large reduction of the
screening effect. As the € tautomer shows more electron density
around the fluorine, this induces a dramatic blueshift of the
pyrrolic peak with respect to the 6 tautomer. In other words, a
larger charge displacement from the imidazole ring to the
fluorine in the ¢ tautomer causes the signature blue-shift.”®
Our Mulliken charge analysis of the initial and final state
rationalizes this phenomenon (Table S3).

This substitution study reveals that inducing changes in the
electronic environment along the imidazole ring causes shifts of
existing N K-edge peaks; in particular, some substitutions can
enhance tautomer discrimination. The magnitude of interaction
between the imidazole ring and the backbone/substituent gov-
erns the polarization/screening effect; therefore, fluorine, a
strong c-acceptor, induces a noticeable difference between the
d and e tautomers (Fig. 5).

Conclusions

In summary, we propose N K-edge X-ray absorption spectro-
scopy (XAS) for distinguishing histidine tautomeric forms. Our
computational analysis shows that the XAS spectra of pristine
histidine show spectral features that differentiate its tauto-
meric states, originating from the different electronic structure
between the pyrrolic or pyridinic nitrogen of the imidazole ring.
While substitutions perturb electronic structures, particularly
in the imidazole ring, when considering the polarization/
screening effect, fluorine induces a pronounced shift of the
pyrrolic N peak and makes it easier to distinguish the § and €
tautomers. This approach opens new possibilities for using XAS
to study biomolecules, particularly in biological and pathologi-
cal mechanisms where histidine tautomerism plays a crucial
role, such as enzymatic catalysis and protein aggregation. By
enhancing our understanding of histidine’s tautomeric states
under diverse physiologically relevant conditions, this method
could inform therapeutic strategies and advance drug develop-
ment for neurodegenerative diseases.
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