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The non-resonant X-ray emission spectroscopy of amino acids and a dipeptide have been studied using time-
dependent density functional theory (TDDFT) calculations at the nitrogen and oxygen K-edges. Comparison with
higher level calculations and experimental data shows that TDDFT with the CAM-B3LYP exchange—correlation
functional and (Z+1)6-311G* basis set provides an accurate description of the spectra. Calculations for model
a-helix and -sheet structures show the spectra to relatively insensitive to the structure of peptide bond, with the

greatest variation observed at the oxygen K-edge.

1. Introduction

Amino acids are the fundamental building blocks of nature and
combine together to form proteins, and this biological significance has
led to an interest in understanding their geometrical and electronic
structure. Spectroscopic methods are commonly used to probe the
structure of oligopeptides and proteins [1]. Despite offering much lower
resolution than solid-state X-ray diffraction, the fast timescales acces-
sible to these techniques allows processes such as folding and unfolding
processes to be studied [2,3]. Natural circular dichroism (CD) spec-
troscopy in the ultraviolet region is widely used in this regard since the
different elements of secondary structure, helix, -sheet and turn, have
characteristic spectral profiles [1].

In recent years, spectroscopic techniques using X-rays have emerged
as a powerful analytical tool driven by the increasing availability of
synchrotron sources and free-electron lasers. This raises the question of
whether spectroscopic measurements in the X-ray region are able to
distinguish between different elements of secondary structure. There
has been a number of studies on the X-ray absorption spectroscopy, or
more specifically the near edge X-ray absorption fine structure
(NEXAFS), of amino acids and small polypeptides [4-8]. It has been
found that, in general, these spectra are not sufficiently different for
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chemical identification [4]. This work has been extended to consider
protein secondary structure models, where it was concluded that there
are relatively small differences in the computed NEXAFS spectra at the
carbon and oxygen K-edges, with the greatest difference was predicted
to occur at the nitrogen K-edge [9]. Other computational studies have
considered X-ray natural circular dichroism (XNCD) of amino acids
[10-14], including using the static-exchange (STEX) approximation
[10] and the complex polarization propagation method in conjunction
with density functional theory (DFT) [11,13]. It has been shown that
XNCD has a greater sensitivity to the type of amino acid compared with
X-ray absorption spectroscopy, and the potential to be a better tech-
nique to fingerprint these compounds.

The focus of this work is X-ray emission spectroscopy (XES), and the
XES of glycine on the Cu(110) surface has been studied [15]. More
recent work has probed the XES and resonant inelastic X-ray scattering
(RIXS) of amino acids in aqueous solution [16-18] and the solid state
[19,20]. In particular, Weinhardt and co-workers have presented a
detailed characterisation of the XES and RIXS of amino acids. This in-
cludes a library of spectra for all proteinogenic amino acids [20], the
development of a building block model [18] and the study of peptides
[21].

In parallel with the advances in experimental measurements, there
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has also been developments in the calculation of X-ray emission spectra
using quantum chemical methods, such as Kohn-Sham density func-
tional theory (DFT) and time-dependent density functional theory
(TDDFT) [22,23]. These calculations can play an important role in
enabling the understanding and interpretation of experimental data. In
this Letter, we examine the accuracy of DFT-based methods for the si-
mulation of X-ray emission spectra of amino acids, in particular asses-
sing the relative accuracy of simulated spectra based upon DFT and
TDDFT calculations. Subsequently TDDFT is applied to study the XES of
polypeptides and fragments of protein secondary structure to in-
vestigate the dependence of the spectra on the structure of the peptide
bond.

2. Computational methods

Non-resonant XES measures the emission following ionisation of a
core electron, XES can also be performed under resonant conditions
where the emission from a core-excited state, rather than core-ionised
state, is measured. Within the framework of DFT, the transition energies
and the associated intensities can be determined directly from the
Kohn-Sham DFT calculation by approximating the transition energy as
the energy difference between the orbital energies of the neutral ground
state molecule

AE =€, — & (€D)]
with the oscillator strength given by
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where ¢, is a core orbital and ¢, is a valence orbital. This approach takes
no account of the orbital relaxation for the core-ionised state, but de-
spite of this approximation, it has been applied successfully in a variety
of applications, including the probing the chemical bonding of mole-
cules on surfaces [24,25], valence-to-core XES of transition metal
complexes [26,27] and the study of carbon nanostructures [28]. A semi-
classical Kramers-Heisenberg (SCKH) approximation that captures vi-
brational interference effects has been developed [29], and applied to
study liquids [30,31], and damped coupled-cluster response theory
methods have also been developed [32]. XES can also be determined
using TDDFT through the use of a reference determinant with a
core-hole [33], and this approach has been used to study the valence-
to-core XES of transition metal complexes [34-37] and water [38,39].
The advantage of this approach is that the core-hole relaxation is in-
corporated explicitly. This strategy of using a core-hole reference de-
terminant is not limited to TDDFT calculations and has also been
exploited within ADC [40] and EOM-CCSD formalisms [41]. An im-
portant consideration in these calculations is that the basis set is able to
describe the core-ionised state [42]. Recently is has been proposed that
the basis set be augmented through the addition of the core and valence
(not polarisation) basis functions for the element with one higher nu-
clear charge [43]. This is only necessary for the element being ionised,
and the resulting basis sets are termed (Z+ 1) basis sets.

For both neutral (uncharged) and zwitterionic forms of glycine, X-
ray emission spectra were computed for the nitrogen and oxygen K-
edges using DFT (i.e. via Egs. (1) and (2)) and TDDFT. The structure of
glycine was optimised at the B3LYP/6-31G* level, and for the DFT
spectra the long-range corrected CAM-B3LYP [44] and short-range
corrected SRC1rl [45] exchange—correlation functionals were used
with 6-311G* basis set. TDDFT spectra were computed using the B3LYP
[46] and CAM-B3LYP functionals and the (Z+1)6-311G* basis set,
where the additional basis functions were included only for the element
being ionised. In these calculations the maximum overlap method [47]
was used to maintain the core-hole during the DFT calculation. For
comparison, spectra were also determined using the EOM-CCSD method
with the (Z+1)6-311G* basis set. Further TDDFT/CAM-B3LYP calcu-
lations for alanine, cysteine and proline were performed using a similar
approach. All of the calculations on the zwitterionic forms of the amino
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acids used the polarised continuum model (PCM) [48] with a dielectric
constant of 78.39. Spectra have also been computed that include
averaging over structures generated from an ab initio molecular dy-
namics (AIMD) simulation of the core-ionised state. These calculations
sample 50 structures extracted at uniform time intervals from a 5 fs
(which reflects the typical lifetime of the core-ionised state [49]) AIMD
simulation using the CAM-B3LYP functional and (Z+1)6-311G* basis
set for the appropriate core-ionised state. Spectra have been generated
by convoluting the calculated transition energies and intensities with
gaussian functions with full-width at half maximum (FWHM) of
0.25 eV, which accounts for many factors such as shake-up and Auger
processes that are not described by the calculations. This FWHM is
chosen to provide a visual representation of the computed spectra and
has not been optimised to fit the experimental data.

3. Results and discussion

Despite its small size, the molecular structure of glycine shows a
complex behaviour. In the gas-phase the carboxylic acid (COOH) and
amino (NH;) groups are uncharged, which we refer to as the neutral
form, while in the solid state glycine exists as the zwitterionic form
(COO~ and NHY). In solution the charge state of the carboxylic acid
and amino groups depends on the pH of the solution. Figs. 1 and 2 show
the computed X-ray emission spectra for the zwitterionic and neutral
forms of glycine determined with a range of computational approaches.
The formally most accurate method used is EOM-CCSD/(Z+1)6-311G*
and the corresponding spectra are used as a benchmark to assess the
DFT-based calculations. The transition energies calculated using DFT
and TDDFT show a wide variation, from being systematically too high
to systematically too low. This is expected, and has been discussed
previously in the literature [27,33]. As a consequence, in Figs. 1 and 2
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Fig. 1. Calculated non-resonant X-ray emission spectra the zwitterionic form of
glycine at the nitrogen K-edge (left) and oxygen K-edge (right). (a) EOM-CCSD/
(Z+1)6-311G* (b) TDDFT-CAM-B3LYP/(Z+1)6-311G* (c) TDDFT-B3LYP/(Z
+1)6-311G* (d) DFT-CAM-B3LYP/6-311G* (e) DFT-CAM-SRC1r1/6-311G*.
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Fig. 2. Calculated non-resonant X-ray emission spectra the neutral form of
glycine at the nitrogen K-edge (left) and oxygen K-edge (right). (a) EOM-CCSD/
(Z+1)6-311G* (b) TDDFT-CAM-B3LYP/(Z+1)6-311G* (c) TDDFT-B3LYP/(Z
+1)6-311G* (d) DFT-CAM-B3LYP/6-311G* (e) DFT-CAM-SRC1r1/6-311G*.

the spectra have been shifted in energy to align with the EOM-CCSD
spectra and we focus on the ability of the DFT-based methods to de-
scribe the spectral profile correctly, with the understanding that a
constant energy shift can be applied to align the spectra with experi-
ment.

For both the nitrogen and oxygen K-edge, the spectra computed
directly from the DFT calculation using the CAM-B3LYP and SRC1rl
functionals show the greatest deviation from the EOM-CCSD spectra,
and overall provide a poor description for both neutral and zwitterionic
forms. The spectra predicted by the two functionals, which are very
different in nature, are similar to each other suggesting that the source
of the observed discrepancy is the approach for determining the tran-
sition energies and intensities rather than the functionals themselves. In
particular for the zwitterionic form the calculated intensity is low for
the higher energy bands in the nitrogen K-edge spectra, which is not
consistent with experiment (see later). This has also been observed in
previous calculations [17], although this was improved through the
consideration of effects of molecular dynamics along the core-ionised
trajectory.

The nitrogen and oxygen K-edge spectra computed using TDDFT
show a closer agreement with the EOM-CCSD spectra. This is perhaps
not surprising since there is a much greater similarity in the approaches
to determining the spectra. A closer examination of the spectra for the
two functionals shows that there is little variation between the calcu-
lated spectra at the oxygen K-edge, while there is significant differences
for the nitrogen K-edge where CAM-B3LYP provides a significantly
better description of the EOM-CCSD spectra. This is consistent with
recent work that found CAM-B3LYP to give accurate spectra for a range
of organic molecules in a comparison with experimental data [50]. In
particular, for the nitrogen K-edge of the zwitterionic form CAM-B3LYP
and EOM-CCSD methods predict high intensity for the higher energy
bands, in contrast to the B3LYP spectrum. The agreement between
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Fig. 3. Calculated TDDFT/CAM-B3LYP non-resonant X-ray emission spectra the
zwitterionic forms of (a) proline, (b) cysteine, (c) alanine and (d) glycine at the
nitrogen K-edge (left) and oxygen K-edge (right).

CAM-B3LYP and EOM-CCSD for the neutral form is slightly poorer than
for the zwitterionic form, however, the discrepancy is primarily asso-
ciated with the predicted intensities rather than the relative energy of
the bands.

It is also important to compare the computed spectra with experi-
mental data. Experimental measurements have been reported for the 20
most common proteingenic amino acids in their solid zwitterionic forms
[20], and as a consequence we focus on the zwitterionic forms of the
amino acids. The calculations on glycine suggest that the TDDFT/CAM-
B3LYP approach provides a good description of the EOM-CCSD spectra.
This is significant since the lower computational cost of TDDFT means
that this approach can be readily applied to study larger systems. Fig. 3
shows computed TDDFT/CAM-B3LYP spectra for glycine, alanine, cy-
steine and proline. The resulting spectra show that at the oxygen K-edge
there is little variation between the spectra for the different amino
acids. This is consistent with the experimental observations and reflects
the nature of the COO~ group which is relatively unaffected by the
changes in the amino acid structure. For the nitrogen K-edge there are
only small variations in the spectra for glycine, alanine and cysteine,
but there is a significant change for proline which results from the
changing nature of the bonding to nitrogen in proline, where the amino
group is part of the heterocycle, in contrast to the other amino acids.

Fig. 4 shows a direct comparison for glycine and proline of the
computed TDDFT/CAM-B3LYP spectra with experimental spectra,
which have been adapted from reference [20]. In this comparison ex-
perimental spectra for the solid state are compared with spectra com-
puted for a single molecule with the PCM describing the extended en-
vironment, so some variations may be expected, however, these
differences are expected to be small [21]. An energy shift has been
applied to the computed spectra to align the most intense bands with
experiment, which results in a shift of —4.8 eV for nitrogen K-edge and
—7.4 eV for the oxygen K-edge spectra.

Initially we consider the spectra computed based upon the single
ground state molecular structure. The oxygen K-edge spectra are in
good agreement with the experimental data for both glycine and pro-
line. The largest discrepancy is for the peak labelled 3 which is too low
in energy and only appears as a small shoulder in the experimental
data. The molecular orbitals associated with the observed bands are
shown in the Supporting Information. The intense band that dominates
the experimental spectra comprises two components from orbitals with
oxygen lone pair or 7 character at the carboxylic group, but crucially
these orbitals have atomic p-orbital character around the oxygen atoms
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Fig. 4. Experimental and calculated TDDFT/CAM-B3LYP non-resonant X-ray
emission spectra the zwitterionic forms of (a) nitrogen K-edge glycine, (b)
oxygen K-edge glycine, (c) nitrogen K-edge proline and (d) oxygen K-edge
proline. Upper spectra: experiment adapted from reference [20], middle
spectra: calculated spectra including molecular dynamics and lower spectra:
static (single structure) calculated spectra. An energy shift of —4.8 eV for ni-
trogen and —7.4 eV for oxygen have been applied to the calculated spectra to
align them with experiment.

consistent with the large intensity for the transition to the oxygen 1s
orbital.

The nitrogen K-edge spectra are more complex with a large number
of transitions contributing to the broad band observed in experiment.
However, in general the calculations predict bands that align with the
distinct features observed in experiment. The peak labelled 1 corre-
sponds to orbitals that are predominantly localised on the carboxylic
acid group, and there is some evidence of a weak feature in the ex-
perimental spectra at this energy. For glycine, bands 2 and 5 are the
most intense and arise from o and 7-type orbitals localised on the
amino group. Also shown are spectra that incorporate the nuclear
motions that occur on the femtosecond timescale in the core-ionised
state. This leads to a relatively small change for the oxygen K-edge
spectra, but larger changes are observed for the nitrogen K-edge leading
to an improved agreement with the experimental data.

Diglycine represents a simple system that contains the peptide bond.
Fig. 5 shows the computed nitrogen and oxygen K-edge TDDFT with
CAM-B3LYP spectra for the zwitterionic form of diglycine along with
the experimental data from reference [21]. To align the calculated
spectra with experiment energy shifts of —6.6 eV and —7.3 eV have
been applied for nitrogen and oxygen, respectively. The agreement
between the computed spectra and experiment is very good. Fig. 5 also
shows the contribution to the spectra from the different nitrogen and
oxygen atoms. For this purpose the two oxygen atoms of the COO™
group are treated together. The most intense peak at the nitrogen K-
edge is associated with the nitrogen atom of the peptide bond. This
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Fig. 5. Experimental and calculated TDDFT/CAM-B3LYP non-resonant X-ray
emission spectra the zwitterionic form diglycine. Upper spectra: experiment
adapted from reference [21]. The total computed spectrum and the contribu-
tions from the different nitrogen and oxygen atoms (indicated by an asterisk)
are shown. An energy shift of —6.6 eV for nitrogen and —7.3 eV for oxygen has
been applied to the calculated spectra to align them with experiment.

band arises from a 7 orbital on the peptide group that has a node be-
tween the carbon and the nitrogen, these orbitals are shown in the
Supporting Information. The peptide nitrogen also contributes a peak at
higher energy from orbitals that have o character around the nitrogen
atom. Two peaks (2 and 4) from the amino nitrogen are also evident in
the spectrum. The orbitals associated with these peaks are similar in
character to the orbitals that lead to the two most intense peaks in the
spectrum for the zwitterionic form of glycine. For the oxygen K-edge
spectra, the calculations show that both carbonyl and carboxylic acid
group oxygens contribute to the dominant intense feature observed in
the spectrum and the transitions arise from oxygen lone pair and 7
orbitals.

The biological significance of amino acids lies in their role in the
structure of proteins. Previous computational studies have examined
the near-edge X-ray absorption spectroscopy of different elements of
protein secondary structure [9]. The computational cost of the TDDFT
approach used here allows the study of quite large systems, and Figs. 6
and 7 show calculated spectra for model a-helix and 8-sheet structures.
The a-helix contains ten glycine residues with /¢ angles of —57° and
—48° and the computed spectra only considers core-ionisation occur-
ring on the four central residues. The -sheet structure has been ex-
tracted from the agitoxin protein (PDB code: 1AGT) with the side chains
removed, and transitions associated with the end residues are not in-
cluded. These structures are considered in isolation and the effects of
solvent are not included. However, these calculations provide some
insight into the sensitivity of XES to the structural variation of the
peptide bond that occurs in the different elements of protein structure.

The nitrogen K-edge spectrum for the a-helix shows one intense
band which corresponds to the transition from a 7-orbital localised on
the same residue as the core-ionised nitrogen atom. This transition is
similar to the one observed for diglycine. This peak will contain ana-
logous contributions from all of the residues, which may occur at
slightly different energies in a real helix. This is illustrated in Fig. S7 in
the Supporting Information which shows the separate contributions to
the calculated spectra from the core-hole located at the different ni-
trogen atoms. At lower energies are several weaker bands. The peak
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Fig. 6. Calculated non-resonant X-ray emission spectra for a model a-helix at the (a) nitrogen K-edge and (b) oxygen K-edge. Representative molecular orbitals
associated with the labelled peaks are shown, where the star indicates the site of the core-hole in the initial state. An energy shift of —6.6 eV for nitrogen and

—7.3 eV for oxygen has been applied to the calculated spectra.

m-orbitals localised on the same residue as the site of the core ionisa-
tion. Again the weaker peaks that lie at lower energies arise from
transitions from neighbouring residues, this includes 7-orbitals and
orbitals associated with the hydrogen bonding N-H group.

The nitrogen K-edge spectrum for the §-sheet is qualitatively similar

labelled 2 arises from a transition from the 7 orbital on a neighbouring
residue, while the remaining bands arise from transitions from oxygen
lone pair orbitals on the same residue or on hydrogen bonded oxygen
atoms. A similar analysis can be applied to the oxygen K-edge spectrum.
The intense peaks (1 and 2) correspond to transitions from lone pair and
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Fig. 7. Calculated non-resonant X-ray emission spectra for a 3-sheet at the (a) nitrogen K-edge and (b) oxygen K-edge. Representative molecular orbitals associated
with the labelled peaks are shown, where the star indicates the site of the core-hole in the initial state. An energy shift of —6.6 eV for nitrogen and —7.3 eV for

oxygen has been applied to the calculated spectra.
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Fig. 8. Comparison of the calculated non-resonant X-ray emission spectra for
the a-helix and g-sheet at the (a) nitrogen K-edge and (b) oxygen K-edge. An
energy shift of —6.6 eV for nitrogen and —7.3 eV for oxygen has been applied
to the calculated spectra.

to the one for the a-helix. The intense peak arises from a transition from
a m orbital localised on the residue which is the site of the core-ioni-
sation and the weaker peaks at higher energies are associated with
transitions from orbitals on neighbouring residues. The separate con-
tributions to the total spectrum from the core-hole localised on dif-
ferent atoms is shown in the Supporting Information. The oxygen K-
edge spectra for the 3-sheet shows some notable differences compared
with the a-helix, with the lower energy peaks having significantly
greater intensity. For this structure, all of the transitions arise from
orbitals on the residue that has been core-ionised. A direct comparison
between the spectra for the a-helix and -sheet is shown in Fig. 8. This
shows very little variation in the spectra a the nitrogen K-edge, but
greater variation in the higher energy bands at the oxygen K-edge.

4. Conclusions

The X-ray emission spectra of amino acids, a dipeptide and model
a-helix and f-sheet structures have been simulated using DFT-based
approaches. Comparison with higher level calculations and experiment
shows that TDDFT with the CAM-B3LYP exchange—correlation func-
tional and (Z+1)6-311G* basis set provides the most accurate de-
scription of the spectra of the methods studied. This approach has been
applied to study model a-helix and f3-sheet structures in order to probe
the sensitivity of the spectra to the geometric structure of the peptide
bond. The calculations show that the spectra for the a-helix and f-sheet
are dominated by intense bands arising from transitions from orbitals
that are localised on the residue that is the site of the core-hole, and
transitions from orbitals on neighbouring residues lead to weaker peaks
at lower energies. At the nitrogen K-edge there is no significant varia-
tion between the calculated spectra for the a-helix and S-sheet struc-
tures, while at the oxygen K-edge there is some variation in the

Chemical Physics Letters 757 (2020) 137860

intensity of the bands at higher energies.
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