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Abstract. Gas phase infrared dissociation spec-
tra of the radical cation, deprotonated and proton-
ated forms of the hormone melatonin, and its
complexes with alkali (Li*, Na*, and K*) and alka-
line earth metal ions (Mg®*, Ca®*, and Sr**) are
measured in the spectral range 800-1800 cm™".
Minimum energy geometries calculated at the
B3LYP/LACVP++** level are used to assign
structural motifs to absorption bands in the exper-
imental spectra. The melatonin anion is

deprotonated at the indole-N. The indole-C linking the amide chain is the most favored protonation site.
Comparisons between the experimental and calculated spectra for alkali and alkaline earth metal ion complexes
reveal that the metal ions interact similarly with the amide and methoxy oxygen atoms. The amide | band
undergoes a red shift with increasing charge density of the metal ion and the amide Il band shows a concomitant
blue shift. Another binding motif in which the metal ions interact with the amide-O and the tr-electron cloud of the
aromatic group is identified but is higher in energy by atleast 18 kd/mol. Melatonin is deprotonated at the amide-N
with Mg?* and the metal ion coordinates to the amide-N and an indole-C or the methoxy-O. These results provide
information about the intrinsic binding of metal ions to melatonin and combined with future studies on solvated
melatonin-metal ion complexes may help elucidate the solvent effects on metal ion binding in solution and the
biochemistry of melatonin. These results also serve as benchmarks for future theoretical studies on melatonin-
metal ion interactions.

Keywords: Melatonin-metal ion interaction, lon spectroscopy, Free electron laser, Infrared spectroscopy, Infra-
red multiphoton dissociation

Received: 18 March 2018/Revised: 24 June 2018/Accepted: 26 June 2018/Published Online: 13 July 2018

Introduction

Electronic supplementary material The online version of this article (https://
doi.org/10.1007/s13361-018-2020-0) contains supplementary material, which
is available to authorized users.

Correspondence to: Satrajit Chakrabarty;
e-mail: satrajit.chakrabarty@phys.chem.ethz.ch, Evan Williams;
e-mail: erw@berkeley.edu

M elatonin, or N-acetyl-5-methoxytryptamine (Figure 1), is
a hormone secreted by the pineal gland that carries out
several essential functions in the human body. Its biosynthesis
occurs through the uptake of tryptophan in pineal cells [1].
Melatonin plays a role in regulating sleep cycles [2], circadian
rhythm [3], and blood pressure [4] and can also act as an
antidepressant [5]. The amount of melatonin secreted decreases
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Figure 1. The melatonin molecule showing the numerical labeling of atoms used throughout the discussion. The four subunits of
the molecule highlighted are methoxy group (yellow), indole unit (green), methylene unit (blue), and amide group (red). The atoms
enclosed in the black boxes are the potential sites of protonation for which vibrational spectra were computed to compare to the

measured spectrum of [Mel + H]*

with age and often leads to sleep disorders in the elderly.
Supplemental melatonin is often used to aid sleep and adapta-
tion to altered day and night patterns. Endogenous melatonin is
also an antioxidant [6], and it assists in protecting nuclear
DNA, proteins, and membrane lipids by sequestration of su-
peroxide anions, hydroxide radicals, and metal ions that gen-
erate reactive oxygen and nitrogen species [7]. The detrimental
effects of several metal ions on the human body and how
melatonin administration can achieve reduced levels of these
ions and free radicals that the metal ions can generate has been
recently reviewed [8].

The extent to which melatonin interacts with metal ions in
aqueous solution has been investigated by adsorptive cathodic
stripping voltammetry. Metal ions that bind to melatonin to
varying extents include Fe**, Co**, Zn*", Cd*', Cu*', Li*, K,
and Na' [9-14]. Conversely, the interaction between Ca®" and
melatonin was reported to be unfavorable [13], although a
reason for this was not discussed. lon-ligand binding rules for
organometallics, such as the 18-electron rule, have been pro-
posed as a source for metal-dependent binding motifs. It is
possible that metal ions adopt an n°-hapticity chelation with
the m-electron cloud of the benzene ring [13], but the exact
binding motifs of metal ions with melatonin remain unknown.
Metal ions can interact with melatonin through a number of
coordination sites. The amide-O [15-19], the n-electron cloud
of the benzene ring in the indole group [20], and the methoxy-
O are most likely to coordinate with metal ions. Depending on
the size and charge of the ion, characteristic infrared absorption
bands of the different functional groups of melatonin are ex-
pected to undergo shifts in frequencies depending on the nature
of interaction with a metal ion and exhibit different intensities
compared to the bare molecule.

The neutral melatonin molecule has been characterized by
various spectroscopic approaches. The conformers of neutral
melatonin in a supersonic jet have been characterized using
various two photon methods via electronic and vibrational
spectroscopy in the C—H stretch region [21]. More recently,

the rotationally resolved electronic spectra of two conformers
of neutral melatonin were reported [22]. Although a gas phase
IR spectrum of melatonin or its associated complexes have not
been measured in the amide I and amide II regions, previous IR
spectra measured in the condensed phase have been reported
for neutral melatonin between 100 and 3600 cm ™' [23, 24]. The
earliest reported IR spectrum of melatonin is available on the
NIST website [25]. Furthermore, the IR spectrum of melatonin
in KBr pellets was measured by Bayari et al. [23] and Singh
et al. [24] in the range between 100 and 4000 cm ™. The region
between 900 and 1700 cm™ ! is characterized by C-C, C—N, and
C=0 stretches and C—H and N—H bends. The spectrum is rather
complex due to several vibrational modes contributing to the
measured bands. Amide I and II bands are observed at 1624
and 1488 cm ™', respectively. (Note that Bayari et al. incorrectly
assigned the band at 1555 cm™" as the amide II band, possibly
due to the low level of theory used). The C-O stretching band
of the methoxy unit coupled to the CH; rocking motion occurs
at 1175 cm ', Dunbar et al. have reported on the infrared
multiple photon dissociation (IRMPD) spectra of metal ion
complexes with dialanine and trialanine [26]. They observed
a red shift of the amide I band and a blue shift of the amide 11
band for the polyalanine-metal complexes compared to bare
polyalanine, with larger shifts associated with stronger ion-
metal interactions. Similar trends are to be expected in the
spectra of melatonin metal ion complexes, provided the amide
group participates in binding the metal ions. Similar to the
observed shifting for polyalanine complexes, shifts in the mel-
atonin C-O stretching band can be used to identify metal ion-
melatonin interactions. The band associated with the indole
N-H in-plane bending has been observed at 1225 cm ™' with
weak intensity in the spectrum of neutral melatonin [24] and
is another characteristic vibration for identifying structural
changes. Other bands observed in the spectrum arise from
excitation of the indole ring C—C and C—N stretches as well
as C—H bends of the indole ring, methylene, amide, and
methoxy groups.
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The site of protonation in protonated melatonin has been
investigated earlier using different ionization methods and
collision-induced dissociation coupled with quantum chemical
calculations [27]. The different fragmentation pathways ob-
served were rationalized in terms of protonation occurring at
multiple energetically competitive sites including the C2, C5,
C7, and O30 atoms. Other protonation sites considered by
Bongiorno et al. were the N1 and O15 atoms, but quantum
chemical calculations indicated these sites are energetically
unfavorable. The most probable site identified is the C5 carbon
atom.

In the present study, we use IRMPD to spectroscopically
characterize both the protonation and metal binding sites for
melatonin. We have also measured spectra of cationic and
anionic melatonin, which are possible reaction intermediates
in the metal scavenging reactions of melatonin. Comparisons
of the experimental spectra to results from computations are
used to elucidate details about metal ion binding of melatonin.
The structural analysis presented in this work shows the func-
tional groups of melatonin that interact with metal ions, and
these results will serve as a reliable model to understand the
biochemistry of melatonin-metal systems in biological
systems.

Experimental

The spectroscopic measurements were performed at the FELIX
Laboratory in Nijmegen, Netherlands [28]. The apparatus con-
sists of an electrospray ion source coupled to a 4.7-T Fourier
transform ion cyclotron resonance (FTICR) mass spectrometer.
A 2 mM melatonin, Mel, stock solution and 5 mM metal salt
solutions were prepared in 1:1 methanol/water mixtures.
Electrospray ionization of 1:1 mixtures of the melatonin and
the metal salt solutions were used to generate melatonin-metal
ion complexes in the gas phase. The melatonin radical cation,
Mel ™, was generated via electrospray ionization of a solution
containing melatonin and copper sulfate. The copper ion un-
dergoes efficient reduction to generate the melatonin radical
cation. Deprotonated melatonin, [Mel — H] , was obtained by
spraying 2 mM melatonin solution with 2% v/v 1 M KOH. The
protonated melatonin ion, [Mel + H]", was generated by adding
2% v/v 1 M HCI to the 2 mM solution of melatonin. For the
[Mel + Ca]*" complex, the initial melatonin-calcium salt solu-
tion was further diluted twofold with acetonitrile to suppress
formation of the [Mel, + Ca]** complex upon ionization. Upon
electrospray ionization of this solution, the complex
[Mel + Ca]*"(CH5CN) was generated. The complex fragmented
by loss of the CH3;CN molecule when irradiated with 10.6 pm
light from a CO, laser for 0.25 s to form [Mel + Cal*" in the
FTICR trap. This approach proved to be effective in generating
appreciable yields of the [Mel + Ca]*" complex.

The ions were accumulated in a hexapole ion trap for up to
5's. The ions were then transferred through octopole ion guides
to the FTICR cell, where ions of interest were mass selected by
stored waveform inverse Fourier transform and then irradiated
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with 1045 laser pulses from the FELIX free electron laser
(frequency, 600—1800 cmfl; pulse energy, 10-60 mlJ; band-
width, 0.5% of center frequency). Upon resonant absorption,
ions photodissociate and the photoproducts remain trapped
along with the remaining precursor ions. Multiple dissociation
channels related to loss of functional groups from melatonin
were observed for all ions except complexes of melatonin with
Na" and K, for which the only dissociation channel observed
was the loss of the metal ions. The photodissociation rate
constants (kjrvpp) are calculated from the relation: kjryvpp =
—(1 / ¢) - [In(3precursor ion abundance / Y (precursor and
product ion abundances))], where ¢ is the irradiation time. The
IRMPD spectrum is obtained by plotting kjrvpp as a function
of the photon frequency, with each data point being an average
of three to four measurements and being linearly corrected for
laser power fluctuations. For the complexes of melatonin with
Na" and K", the loss of the metal ions was the only fragmen-
tation observed and the abundance of these metal ions varied
significantly from scan to scan. Therefore, the IRMPD spectra
of these two ions were obtained by monitoring frequency
dependent depletion of the precursor ion.

Numbering for atoms in Mel that will be used throughout
the discussion is provided in Figure 1. The molecule has been
subdivided into four sections in order to facilitate discussion of
characteristic vibrations pertaining to the methoxy group (yel-
low), indole unit (green), methylene carbon atoms (blue), and
the amide group (red). The black squares around O15, C5, C7,
C8, C3, C2, N1, N22, and O30 indicate the atoms that have
been considered as potential sites of protonation.

Computational

Initial conformational searches were carried out using
MacroModel 9.1 (Schrodinger Inc., Portland, OR, USA) with
the OPLS2005 force field to generate up to 1000 structures.
These initial geometries were grouped into families depending
on similarities of the structures and a representative member of
each family was chosen for further analysis using ab initio
calculations. The chosen structures were geometry optimized
at the BALYP/LACVP++** level of theory using QChem v.
4.3.2 (Q-Chem, Inc., Pittsburgh, PA) [29]. Frequency calcula-
tions were done at the same level of theory using the optimized
geometries. The zero-point energy, enthalpy, and entropy cor-
rections at 298 K were calculated for these structures using
unscaled B3LYP/LACVP++** harmonic oscillator frequen-
cies. The calculated frequencies were scaled by 0.98 for com-
parison to the measured spectra of Mel ™", [Mel — H] ", and [Mel
+ H]". The calculated frequencies of Mel complexes with the
alkali metal and alkaline earth metal ions are scaled by 0.97 and
0.96, respectively. For Mel complexes with Mg2+, frequency
scaling factors of 0.96 and 0.93 were used for deprotonation at
amide-N and indole-N, respectively. The scaling factors were
chosen based on the frequency difference between the mea-
sured and calculated amide I bands. Although the correlations
between measured and calculated spectra are satisfactory in
most cases, computed band positions and intensities might
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differ from experimentally measured values because of several
factors. For example, anharmonic effects that are not taken into
account by harmonic calculations often lead to differences in
absorption frequencies and band intensities between experi-
mental IRMPD and calculated spectra. Moreover, multiphoton
dissociation is a nonlinear process that can lead to differences
between the experimental and calculated linear absorption
spectra. These differences have been discussed in details else-
where [30]. All calculated spectra were convolved with a full
width half maximum Gaussian profile of 25 cm™'. A conformer
for neutral melatonin was also geometry optimized at the same
level of theory. The resultant bond lengths in the optimized
structure compare well with experimentally determined values
from crystal structures [31, 32]. This geometry does not repre-
sent the global minimum in conformational space and is used
only to compare the bond lengths of this structure with opti-
mized geometries of the Mel-metal ion complexes for which
experimental IRMPD spectra were measured.

Results and Discussion
Spectra of Mel ™, [Mel — H] ", and [Mel + H] "

The spectra of Mel™, [Mel — H], and [Mel + H]" are shown in
Figure 2(a)(c), respectively. At the high frequency end of the
spectra, an intense sharp band is observed in the spectra of Mel”
and [Mel — H]™ at 1678 cm'. Several overlapping bands are
observed in the spectrum of [Mel + H]" between 1540 and
1725 cm™ !, Between 1000 and 1540 cmﬁl, several intense bands
occur in the spectra of Mel™ and [Mel + H]', whereas the
spectrum of [Mel — H] has relatively weak although distinct
absorptions in this region. Below 1000 cm', only weak

(a) Mel

(b) [MeI-H]‘

Normalized rate constant

(c) [I\j/leI+H]+

.

T 1
1800

T T T d T T T J
800 1000 1200 1400
wavenumber / cm’!
Figure 2. IRMPD spectra of (a) Mel™, (b) [Mel — H]~, and (c)
[Mel + H]*. The dashed lines are added to facilitate comparison
of absorption bands between the three ions
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absorptions are observed in the spectra of Mel™™ and [Mel +
H]" and none are observed in the spectrum of [Mel — H]".

There are at least three overlapping bands in the spectrum of
[Mel + H]" between 1600 and 1800 cm ' compared to the
single intense peak at 1678 cm ™' in the spectra of Mel™" and
[Mel — HJ . Based on earlier literature [26, 33, 34], the band at
1678 cm™ ' is assigned to the amide CO stretch (amide I)
absorption. The absence of an absorption band that can be
clearly attributed to the amide I band in the spectrum of [Mel
+ H]" suggests that there is an interaction between the amide
group and the proton. The band maxima are listed in Table 1
with the rows corresponding to the motifs. The low intensities
or sometimes missing bands in the spectrum of [Mel — H]
could indicate the absence of structural motifs that are present
in Mel™ and [Mel + H]". Below 1500 cm ™', the spectra of
Mel"" and [Mel + H]" have bands whose absorption frequen-
cies differ by no more than 15 cm ™. Peak positions differ by
more than 50 cm™ ' below 1200 cm ' in the spectra of Mel ™,
[Mel — H], and [Mel + H]", making it difficult to make
comparisons in this spectral region.

Melatonin Radical Cation, Mel™~ Bond lengths of C23-030,
C23-N22 (amide group), C6-015, and C16-015 (methoxy
group) for neutral melatonin and all the ionic species for which
IRMPD spectra were obtained from the minimum energy iso-
mers calculated at the B3SLYP/LACVP++** level of theory are
listed in Table 2. The minimum energy structure of Mel " is
shown in Figure 3(a). In comparison to neutral Mel, the C23—
030 bond length in Mel ™" is slightly longer whereas C23-N22
is marginally shorter. The C6-O15 bond distance is 1.37 A for
Mel and 1.32 A in Mel™", which is closer to the value of a C=0
double bond. The O15-C16 bond length in Mel ™" is 1.45 A,
whereas that in Mel is 1.42 A. The shortening of the C6-O15
bond and concurrent increase in O15-C16 bond length can be
attributed to enhanced electron delocalization in Mel™ com-
pared to Mel.

A comparison of the measured spectrum of Mel"™ and the
calculated spectrum of the minimum energy conformer is
shown in Figure 3(a). The calculated frequencies are generally
consistent with the experimental spectrum although there are
noticeable differences. The match between the experimental
and calculated spectra is not better for higher energy structures.
The calculated amide I band is only 5 cm™" to the red of the
measured one at 1678 cm ™. The calculated band for the indole
N-H in plane bend occurs at 1575 cm ™", shifted to the blue of
the band in the experimental spectrum by 20 cm . The width
of the band in the experimental spectrum peaking at 1474 cm™ '
suggests it could have contributions from two vibrations close
in energy. The calculated spectrum predicts the amide II band
at 1517 cm ™" and symmetric bend of the methoxy hydrogens at
1481 cm™'. The calculated band at 1434 cm ™" lies only 10 cm ™'
to the blue of the experimental band at 1424 cm ™' and can be
attributed to the coupling of the methoxy hydrogen symmetric
bend to the indole CH in plane bend motions. The calculated
band at 1374 cm™', which lies only 9 cm ™! to the blue of the
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Table 1. Absorption Band Maxima in cm™ Observed in the Spectra of Mel™, [Mel — H]™ and [Mel + H]"

Mel" [Mel - H] [Mel + H]*
1678 1678 1600-1800
1557 1575 1575

1474 1491 1478

1425 Weak absorption 1438

1366 - 1366

1327 1327 1317

1299 - 1290

1259 Weak absorption 1259

Each row groups bands in the spectra of the three ions that likely arise from similar structural motifs. Missing bands are indicated with a dashed line. In case of [Mel +

H]", multiple overlapping absorptions are observed in the range in the first row

measured band in this region, occurs due to a combination of
indole N1-H10 and C-H, methylene C-H,, methoxy C—Hj;
bends, and C15-06 stretch. There are multiple absorptions in
the region between 1200 and 1345 cm™'. The calculated spec-
trum predicts several intense absorptions that are energetically
close and hence only show up as a single band in the calculated
spectrum upon convolution. Absorption in this region can be
attributed to methylene C—H, and indole C5-H12 bends and
the shoulder to the red of this band can be attributed to the
amide III vibration, which is combination of N22—-H29 in plane
bending with C23-N22 stretch. The bands between 900 and
1200 cm ™' are mostly C—H and N—H in plane bend motions
coupled to C—C stretches. Of particular interest is the relatively
broad and weak feature at 970 cm ™' which matches quite well
with the calculated band. This band is due to the excitation of
the methoxy C16—015 stretch. This stretch appears at 1235 cm
“!in the calculated spectrum of neutral Mel. The redshift in the
band position is consistent with the increase in the C16-015
bond length upon formation of the radical cation. The bands
below 900 cm™' can be attributed to ring deformation modes
and indole C—H out of plane bend.

Deprotonated Melatonin, [Mel — H]™ The two possible sites
in Mel at which proton loss is likely to occur are the amide-N
(N22) and the indole-N (N1). The minimum energy conformer
for deprotonation at amide-N is 58.6 kJ/ mol higher in energy
than its indole-N counterpart. Therefore, the structure

corresponding to deprotonation at indole is used for compari-
son with the experimental spectrum of [Mel — H]
(Figure 3(b)). The amide I band is easily identified at
1678 cm ™' in both computed and experimental spectra. A weak
absorption is observed in the experimental spectrum at
1573 cm . The closest match in the calculated spectrum is
the band at 1600 cm ™" that is due to the coupled indole in plane
C—C stretches and C—H bend motions. The amide II band is
observed experimentally at 1491 and at 1531 cm ' in the
calculated spectrum. There are several vibrations that contrib-
ute to the broad shoulder to the red of the amide II band. From a
comparison with the calculated spectrum, this band can be
attributed to C—H bend motions of the amide methyl (C24),
methylene, indole, and methoxy groups. The sharp band at
1328 cm ' in the measured spectrum matches with the calcu-
lated band at 1350 cm™" corresponding to coupled C—H bend
motions of the different units in the [Mel — H] ion. The amide
111 vibration is calculated to appear at 1275 cm ™', which is in
good agreement with the peak at 1250 cm ™' in the experimental
spectrum. The methoxy O—C stretch is at 1213 ¢cm™ ' in the
calculated spectrum and matches well the broad feature at the
same frequency in the measured spectrum. This band has some
contribution from coupling of the amide N22-H bend and
methylene C—H, bend. The calculated band at 1165 cm ™ arises
due to the C2—H bend coupled with the methylene C—H, bend
motions and matches the experimental band at 1151 cm™'. The
bands below 1100 cm ' can be attributed to ring deformation
modes coupled to C—H bends and the bands further to the red

Table 2. Bond Lengths, in Angstrom, of the C23-030, C23-N22, C6-015, and C16-0135, for Neutral Melatonin and All the Tonic Species and Complexes as
Obtained from the Energy Minimized Geometries at the B3LYP/LACVP++** Level of Theory

Bonds Mel Mel" [Mel-H]™ [Mel+H]* [Mel-Li]* [Mel-Na]" [Mel-K]* [Mel-Ca]2+ [Mel-Sr]2+ [(Mel-H) + Mg]"
C23-030 1.23 1.24 1.24 1.24 1.26 1.25 1.25 1.28 1.27 1.31
1.25 1.25 1.25 1.27 1.27 1.31
C23-N22 1.37 1.36 1.35 1.36 1.34 1.35 1.35 1.33 1.33 1.32
1.34 1.35 1.35 1.33 1.33 1.32
C6-015 1.37 1.32 1.40 1.32 141 1.40 1.40 1.42 1.42 1.42
1.36 1.36 1.37 1.35 1.35 1.35
C16-015 142 1.45 1.41 1.45 1.45 1.44 1.44 1.47 1.47 1.45
143 143 1.43 145 1.45 1.44

For [Mel + H]", the bond lengths are of isomer 4¢. For the metal complexes, the first row corresponds to the binding motif 1 (shaded in light blue) and the second row
to binding motif 2. See text and Figures 4 and 5 for more details. For [(Mel — H) + Mg]", the bond lengths shown are for conformers 6a (highlighted in gray) and b

(Figure 6)
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Figure 3. Comparison of IRMPD spectra (black trace) with calculated spectra of their lowest energy conformers (red trace) of (a)

Mel** and (b) [Mel — H]™. The corresponding structures are inset

around 800 cm ! are out of plane C—H bends which are too
weak to be observed clearly in the experimental spectrum.

The appearance of the methoxy stretch at 1213 cm ™' in the
spectrum of [Mel — H] ", as opposed to 970 cm ™' in Mel™, is
also consistent with the shortening of the C16-O15 bond in
[Mel — H] (Table 2). Also of note is the enhanced intensity of
the C2-H11 bend at 1165 cm " in the spectrum of [Mel — H]~
compared to Mel". This enhancement can be attributed to a
greater change in dipole moment on account of proximity to the
charge center in the molecule.

Protonated Melatonin, [Mel + H]* Several isomers of pro-
tonated melatonin are possible owing to multiple energetically
competitive sites that can accommodate an excess proton (Fig-
ure 1). Figure 4 shows the structures of the most stable con-
formers for the five lowest energy isomers of [Mel + H]", their
relative Gibbs free energies, and a comparison of the correspond-
ing calculated spectra (red trace) with respect to the experimental
spectrum (black trace). A previous gas phase study on protonat-
ed melatonin identified protonation at C5 as the lowest energy
isomer, which is consistent with our calculations (4a) [27]. There
are three additional isomers (4b-d) within 10 kJ/ mol of 4a in
which the proton is bound to a carbon atom of the indole group
due to favorable charge delocalization. 4e corresponds to pro-
tonation at the carbonyl oxygen of the amide group and is
13.6 kJ/ mol higher in energy than 4a. A visual inspection
reveals that the calculated spectrum for 4¢ provides the best
match with the experimental spectrum, although this structure
is computed to be 6.9 kJ/mol higher in energy than 4a.

There are several overlapping absorptions in the measured
spectrum of [Mel + H]" between 1540 and 1750 cm™'. The
feature with the highest intensity is at 1616 cm ', which is

redshifted from the position of the amide I stretch as observed
in the spectra of Mel"" and [Mel — H] . The shift suggests that
the amide carbonyl group undergoes an additional interaction
in [Mel + H]" absent in Mel™ and [Mel — H] . There is a band
at 1693 cm™ ' that is about one third as intense as the band at
1616 cm™'. Although the band position is within 15 cm™" of the
computed amide I stretch, the relative intensity is weaker than
that of the computed band. The amide I stretch in the calculated
spectrum of 4¢ is centered at 1690 cm™ " and is the most intense
band in the spectrum. The calculated spectrum of isomer 4¢
further predicts three bands at 1564, 1617, and 1638 cm . The
latter two are smeared out in the calculated spectra due to the
convolution. All three are combinations of indole ring distor-
tion modes with indole-N-H in plane bend vibration. This
region in the spectra of Mel™ and [Mel — H]™ has absorptions
attributed to indole C—H distortions, and the N1-H bend occurs
at 1557 cm " in the spectrum of Mel ™. The large blue shift in
the frequency of the N-H bend in the spectrum of [Mel + H]"
can be attributed to N1 having a partial positive charge in 4c.
The charge could also play a role in enhancing the absorption
intensities as changes in dipole moments associated with these
vibrations are likely to be greater. The shoulders at 1589 and
1651 cm™' could then be attributed to the calculated bands at
1564 and 1638 cm ', whose calculated intensities are likely
underestimated. However, this does not explain the lower than
expected intensity of the amide I band. It is possible that the
harmonic calculations presented here do not capture a coupling
of the amide I stretch with one of the indole ring distortion
modes, which could result in change in the expected intensities
and absorption position of the amide I band. Anharmonic
calculations could provide a more detailed picture of the cou-
pling mechanisms in this isomer.
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Figure 4. Comparison of the IRMPD spectrum of [Mel + H]" (black trace) with calculated spectra (red trace) for five of the lowest
energy conformers. Isomer 4(a) is protonated at C5, 4(b) at C2, 4(c) at C3, 4(d) at C7, and 4(e) at O30

The correlation between experimental and calculated bands
of 4¢ below 1540 cm ' is more straightforward. The peak at
1478 cm™ " is the amide II stretch and the shoulder at 1440 cm ™'
arises from nearby bending motions of hydrogen atoms of the
methoxy group, C20, C21, and C24, and indole ring distortion.
The weak band centered at 1365 cm ' arises from bends of the
hydrogen atoms of C20, C21, and C24 atoms. The broad
feature between 1158 and 1342 cm ™' contains contributions
from in plane C—H bend motions of the indole ring centered at
1292 cm ™" and the amide III stretch at 1257 cm ™. The shoulder
that appears to the red of this band and the absorption at
1095 cm ™' can be attributed to the bending motions of the
additional hydrogen at C3 coupled to indole, methylene, and
amide H bends. The calculated spectra of the isomers other
than 4¢ have absorption bands around 1100 cm™ ', which arise
from indole C—H bend motions coupled to indole C-C
stretches and also C24-H bend motions in the amide side
chain. In all the isomers except 4a, these absorptions are weak.
The band at 1126 cm ™" in the calculated spectrum of isomer 4a
arises due to indole C—H and N-H in plane bends. Therefore,
none of the isomers except 4¢ have contributions from the extra
H in this region of the spectrum. This band at 1095 cm ™" is also
absent in the experimental spectra of Mel™ and [Mel — H]
indicating the absence of the additional proton in these two

ions. Based on the overall good agreement between experiment
and theory for isomer 4¢, C3 appears to be the dominant
protonation site in melatonin. However, given the small differ-
ences in the relative energies of the isomers, it is possible that
some of the other isomers may provide a small contribution to
the measured spectrum as well.

Protonation at methoxy-O, amide-N, and indole-N results in
isomers with relative Gibbs free energies greater than 60 kJ/
mol with respect to protonation at C3 and therefore have not
been discussed. Reduced charge delocalization upon proton-
ation at these sites is the most likely reason why these sites are
not favorable for protonation.

Spectra of Melatonin Metal Complexes

Structures of [Mel + M]" (M = Li, Na, K) Spectra for
complexes of melatonin with Li", Na*, and K" (5a-c) are
shown in Figure 5. Also shown are calculated spectra of two
conformers, labeled 1 (blue traces) and 2 (red traces) for all
three metal complexes. The binding motifs of the metal ions in
conformers 1 and 2 are shown in 5a for Li" complexation. The
same motifs have been identified for complexation of Mel with
all other metal ions in this study, except for Mg**. In conformer
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Figure 5. The spectra of [Mel + MF*, where M = (a) Li*, (b) Na*, (c) K*, (d) Ca®*, and (e) Sr**. The experimental spectra are in black.
Two conformers with different binding interactions are compared: 1 corresponds to binding through the amide-O30 and methoxy-
015 and 2 corresponds to binding through amide-O30 and mr-electron cloud of the indole unit. These two interactions are shown for
the [Mel + Li]* complex. The corresponding calculated spectra for 1 and 2 are shown in blue and red traces, respectively, for all the
[Mel + MF* complexes. Also shown are the amide | and Il bands and the shifts in their absorption frequencies with the coordinating
metal ions. The dashed traces above the spectra of [Mel + Ca]** and [Mel + Sr]?* are x3 magnification of the region between 1200

and 1400 cm™

1, the metal ion is coordinated to the amide-O30 and the
methoxy-O15. This motif is the lowest energy conformer. In
conformer 2, the metal ion interacts with the n-electron cloud of
the indole group and with the amide oxygen atom. There is no
interaction with the methoxy-O in this conformer. The relative
Gibbs free energies of the conformers 2 compared to con-
formers 1 are 22.4, 19.0, and 21.2 kJ/ mol for the Li*, Na*,
and K* complexes, respectively. The relevant bond lengths for
conformers 1 and 2 are given in Table 2. The C6-0O15 bond
length is predicted to increase with increasing metal ion size in
conformer 1, whereas in conformer 2, this bond length shows
the opposite trend. Vibrations associated with this bond are
expected to display a red shift should the metal ions bind with

Mel as in conformer 1 and should serve as a marker to distin-
guish between the two predicted binding motifs. In compari-
son, the C16-O15 bond length decreases with increasing size
of the metal ion for both conformers.

The band at around 1650 cm ™' is the most intense for all
three ion complexes. This is the amide I vibration and the
calculated band for both conformers 1 and 2 match the mea-
sured band. Compared to [Mel + Li]", the amide I band is blue
shifted by 10 cm ™' for [Mel + Na]" and a further 15 cm ™" for
[Mel + KJ". The blue shift indicates the interaction of the metal
ions with Mel weakens with increasing size of the ion. The
decrease in the calculated C23—-030 bond length with increas-
ing size of the metal ion (Table 2) is further evidence of
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weakening interaction of Mel with the metal ion as the size of
the latter increases. The amide I band has a shoulder to the red
for [Mel + Li]" at ~ 1607 cm ', which is absent for complex-
ation with Na" and is relatively weak for the K™ complex (~
1625 cm ™). The calculated spectra for both conformers 1 and 2
have weak bands that can be assigned to indole ring distortion
modes between 1605 and 1625 cm ™' The relative intensity of
the indole ring distortion is greater in conformer 2 because of
the interaction of the m-electron cloud with the metal ion. The
band at around 1530 cm ™' is the amide II vibration and is
predicted for both conformers 1 and 2. The absorption maxi-
mum of the amide II band undergoes a redshift of 8 cm ™' in
[Mel + Na]" from [Mel + Li]", and only 3 cm ™" in [Mel + K]"
compared to [Mel + Na]", indicating lengthening of the amide
N-H and the C23-N22 bond lengths consistent with the cal-
culated bond lengths of both conformers 1 and 2 (Table 1). The
amide II bands have weak shoulders to the blue arising from
indole C—C bends coupled to indole C—H bends.

The experimental spectra have two overlapping bands be-
tween 1400 and 1500 cm ™" for the three alkali metal ion-Mel
complexes. These bands can be attributed from the computa-
tions to C—H bend motions of the methoxy, indole, methylene,
and the amide groups. The methoxy symmetric C—H bend
motions and the C15-06 stretch coupled to the indole C—H
bends occur at slightly higher energies (~ 1465 cm ™). There-
fore, the peak at the higher frequency can be attributed to this
vibration. This peak blue shifts with increasing alkali metal ion
size (7 cm ' from [Mel + Li]" to [Mel + Na]" and 3 cm™ ' from
[Mel + Na]" to [Mel + K]") indicating a decreasing interaction
between the ion and the methoxy oxygen with increasing
cation size. This blue shift is consistent with the binding motif
of conformer 1. The calculated spectra of conformers 1 do not
show the semi-resolved bands as in the experimental spectrum
due to their predicted positions being closer, which causes the
convolution to merge the individual bands. The low frequency
band at 1436 cm™ ' undergoes virtually no shift in its position,
indicating that this band is not due to a binding motif involved
in interaction with the metal ion. This is consistent with the fact
that these bands are primarily C—H bend motions of the indole,
amide, methoxy, and methylene groups and none of these
interact with the metal ion in conformer 1.

The bands at ~ 1360 cm ™' that appear in the calculated
spectra of both conformers 1 and 2 show up only with very
weak intensity in the spectrum of [Mel + K]'. These are the
C24-H bend motions of the amide methyl group and the
methylene groups and are probably too weak to be detected
in the spectra of [Mel + Li]" and [Mel + Na]".

There is a slight redshift in the band at around 1280 cm™
going from [Mel + Li]" to [Mel + K]". This band arises due to
methylene C—H, bend motions. This is most likely induced by
the proximity of the methylene groups to the metal ion. There is
a weak absorption to the red of this band near ~ 1250 cm ™', due
to coupled bends of the methylene C—H,, amide C24-H, and
indole ring distortion. The intensity of this band is the weakest
for [Mel + Na]” but the band position appears to remain
unaffected by the complexing metal ion. The subsequent bands
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to the red are broad and are also unaffected in their position by
the metal ion. These are attributed to various coupled C—H
bend vibrations. A prominent band at 1006 cm ' is primarily
due to the excitation of the C5—H12 bend motion. To the blue
of this band lies a broad feature, centered at 1070 cm ' in the
spectrum of [Mel + K], and it is also observed for [Mel + Li] "
with weaker intensity. This feature is hardly discernible for
[Mel +Na]" due to the weak intensity. This band is attributed to
indole C—H and N-H bends, methylene C—H, and amide C24—
H bends, and C-C and C-N (C21 and C23) bends in the
methylene and the amide units.

Although the calculated spectra for conformers 2 for all
three metal complexes show decent matches with the experi-
mental spectra between 1400 and 1700 cm ', conformers 1
provide a better match between 1100 and 1400 cm . Further,
conformers 2 are more than 19 kJ/mol higher in energy than
conformers 1 indicating the latter are the most likely structures
of alkali metal ion-Mel complexes.

Structures of [Mel + MJ*" (M = Ca, Sr) There are two
possible binding motifs for Ca*" and Sr** to Mel that are
similar to the Mel complexes with alkali metal ions. A com-
parison of the measured spectra with calculated spectra for the
two conformers is shown in Figure 5(d), (). The spectrum of
[Mel + St]*" is very similar to that of [Mel + Ca]*", which
suggests that the binding motifs are the same for these ions. The
calculated spectra of conformers 1 and 2 are also very similar
for these two conformers. Therefore, the discussion is limited
to [Mel + Ca]*" complex as the same arguments can be ex-
tended to [Mel + Sr]**. Conformer 1, in which Ca®" interacts
with amide-O30 and methoxy-O15, is 35.5 kJ/ mol (18 kJ/
mol) lower in energy than conformer 2, in which the Ca** ion is
shared between the amide-O and the aromatic ring. The higher
free energy makes it unlikely that conformer 2 is present in any
significant quantity in the ion ensemble probed in the
experiment.

The amide I band at 1569 cm ' is shifted to the red with
respect to the alkali metal complexes, induced by interaction
with + 2 charge, whereas the amide II band shows a blue shift.
Hence, these bands overlap in the measured spectrum and the
width of the observed band is greater than either of the indi-
vidual amide I and amide II bands in the spectra of the alkali
metal ions. Similar trends in the absorption frequencies of the
amide I and II band have also been reported for di- and
trialanine complexes of alkali and alkaline earth metal ions
[26]. The differences between the band positions of the amide
I and II bands decrease with higher charge density of the metal
ion, from ~ 180 cm ™' in the K™ complex with trialanine to ~
30 cm ! in the Ca®* complex [26]. The band at 1435 cm ™' in
the spectrum of [Mel + Ca]*" can be attributed to C24-H bend
motions of the amide methyl and methylene units. The shoul-
der to the blue of this peak arises due to the coupling of C24-H
bend motions of the amide and methylene groups with those of
the indole and methoxy groups. In the calculated spectrum of
conformer 1, this band appears 3 cm™' to the red. The broad
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feature peaking at 1292 cm ™ arises due to C—H bend motions
of the indole, methylene, and amide units as well as amide III
stretch. A comparison of the calculated spectra of the two
conformers considered here reveals only marginal differences
with respect to the measured spectrum between 1150 and
1700 cm . There is some ambiguity regarding the assignment
of the broad experimental bands observed between 1150 and
1385 cm'. Conformer 1 shows two clear peaks at 1334 and
1278 cm ™' which can be assigned to the measured peaks at
1338 and 1292 cm ', respectively (dashed traces in
Figure 5(d), (¢)). The peak at 1334 cm ' results from a coupling
of the indole ring distortion mode with methylene C—H, bend
motions, whereas the peak at 1278 cm™' can be attributed to
coupling of indole C—H in plane, methylene C—H,, and amide
N-H bend motions. The multiple bands that occur between
1060 and 1390 cm ™" in the calculated spectrum of conformer 2
arise from various combinations of indole C—H in plane, meth-
ylene C—H,, amide N22—-H, amide C—H, methoxy C—Hj; bends,
indole ring distortion, and O15—C6 stretches. These bending
motions have more intensity in the calculated spectrum of
conformer 2 than conformer 1 likely because the proximity of
the Ca®" ion to the indole unit induces a greater change in
dipole moment.

The major differences between the calculated spectra arise
between 900 and 1150 cm ™' where the methoxy 015-C16
stretch is predicted to occur. The experimental spectrum has
two bands at 967 and 1051 cm ™. The separation between these
two bands is 83 cm . Neither conformer 1 nor conformer 2 has
a pair of bands that match this separation. The band at 954 cm !
in the calculated spectrum of conformer 1 is attributed to the
015-C16 stretch, whereas the calculated band at 1120 cm
arises from excitation of C—H bend vibrations of the methoxy
and indole units. This band can be tentatively assigned to the
band at 1051 cm™' in the measured spectrum. The relative
intensities of these bands in conformer 1 are high due to the
interaction of the methoxy-O with the Ca** ion. The calculated
spectrum of conformer 2 has two overlapping bands with peaks
at 982 and 1015 cm ™', which could also be potentially assigned
to the measured bands. The peak at 982 cm ™' can be assigned
to the O15—C16 stretch coupled to indole C—H bends and the
peak at 1015 cm ! arises from C—H bend motions of indole,
methylene, and amide C24—H units. The weak and broad band
at 846 cm ' in the experimental spectrum results from out of
plane indole C—H bends and are also reported in the calculated
spectra of conformers 1 and 2. Based on the above spectral
comparisons, it is difficult to make an unambiguous structural
assignment. However, based on the high relative free energy of
conformer 2 and the fact that the charge density in neutral
melatonin is highest at the methoxy-O, it is likely that the
structures of these ions is closest to conformer 1.

The Structure of [(Mel — H) + Mg]* A comparison of the
measured spectrum (black trace) of [(Mel — H) + Mg]" with
calculated spectra (red traces) of two conformers, where the
deprotonation site is the amide-N, is shown in Figure 6(a), (b).
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The structure of the lowest energy conformer in which the
indole-N is deprotonated is shown in 6(c) and its relative free
energy is 65.7 kJ/ mol higher than conformer 6(a). This is in
contrast to [Mel — H], where the favored deprotonation site is
the indole-N. In conformer 6a, the Mg*" interacts with the
amide-O and the C5 atom but not the m-electron cloud of the
indole ring. The electron density at this carbon atom is en-
hanced by delocalization of the oxygen lone pair from the
methoxy group. This is apparent from a O15—-C6 bond length
of 1.35 A relative to 1.37 A in Mel (Table 2). The H12 atom
attached to the C5 atom is bent 21° below the plane of the
aromatic ring, indicating the loss of sp® character of the C5
atom due to interaction with Mg®". In the conformer 6b, which
is 7.6 kJ/ mol higher in energy, the Mg®" interacts with the
methoxy-O, resulting in the 150 atom being located above the
plane of the aromatic ring and the O15-C6 bond length is
1.42 A. The displacement of the oxygen atom out of the plane
of the aromatic ring leads to loss of delocalization and hence
the higher energy of this conformer.

The amide I band at 1525 cm ™" is significantly to the red of
the corresponding bands in the spectra of the other metal ion
complexes of melatonin due to the deprotonated amide-N. This
band is wider by almost 10 cm™' compared to the amide I bands
in the spectra of Mel-alkali metal complexes, Mel " and [Mel —
H] ", owing to the overlap with the indole ring distortion modes.
The amide 11 vibration is absent in the spectrum of this complex
due to deprotonation at amide-N22. Three partially resolved
bands occur between 1365 and 1491 cm™ . These features are
also observed in the calculated spectrum of isomer 6a, shifted
to lower frequencies and with different relative intensities. The
first two features are predicted at frequencies lower by about
22 cm !, whereas the third feature is ~ 14 cm ™' lower in energy
in the calculated spectrum. The band at 1341 cm™' occurs due
to excitation of the methylene C—H, bends coupled with the
indole C—H and amide C24—-H bends. This band is calculated to
be at 1320 cm™'. The calculated band at 1286 cm™' shows
excellent agreement with the experimental band at 1286 cm '
and is attributed to the indole ring distortion modes coupled to
in plane C—H and N-H bends, methoxy C—H; bends, and O15-
C6 bend motions. Further coupled modes of in-plane C-H
bends are predicted between 1100 and 1260 cm '. There are
several weak and broad bands below 1100 cm ', along with
two well discernible features at 1048 and 992 cm ™. The former
can be attributed to C—H bends of the methylene and indole
groups coupled with ring distortion modes. The measured band
at 992 cm™ ' corresponds well to the calculated band at the same
frequency and occurs due to out of plane bend of the H12 atom
coupled to ring distortion modes and asymmetric bend of the H
atoms of the amide methyl group. The calculated spectrum also
predicts the in-plane bend of the H12 atom along with multiple
concerted indole C—H bend motions to occur at around 800 cm
~!. Weak and broad absorptions are observed between 750 and
900 cm ™" in the measured spectrum.

The amide I band of the calculated spectrum of conformer
6b is shifted to the red of the experimental band by ~ 28 cm™ .
The region between 1100 and 1468 cm ™' in the calculated
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Figure 6. Comparison of the IRMPD spectrum (black trace) of [(Mel — H) + Mg]* with calculated spectra (red trace). Conformers 6(a)
and 6(b) correspond to deprotonation at amide-N and 6(c) represents the lowest energy conformer for deprotonation at indole-N

spectrum shows a band profile that is quite different from the
measured spectrum. A decent match is, however, observed for
the experimental bands at 1048 and 992 cm'. The intense
band at 984 cm™' in the calculated spectrum arises from a
combination of indole C—H bends and methoxy C6-015
stretch. The weaker band at 1033 cm™ ' in the calculated spec-
trum is due to a combination of indole C—H, N—H and methy-
lene C—-H, bend motions. Given the mismatch of the other
calculated bands with the measured spectrum, it is likely that
the similarities for the two bands at 1048 and 992 cm ' are
accidental. For isomer 6c¢, only the amide I band provides a
good match between the measured and the experimental spec-
tra. The amide IT band at 1490 cm ™' appears as a shoulder to the
amide I band in the calculated spectrum and contributes to the
widening of the band. Although the resultant width is compa-
rable to the experimental band, none of the other bands below
1452 cm™' show agreement with the calculated spectrum of 6c.
The dissimilarities between the measured spectrum of [(Mel —
H) + Mg]" and the calculated spectrum of isomer 6¢ and its
high relative free energy clearly indicate that Mel is
deprotonated at the amide-N when complexed with Mg*".
The preference of Mg®" to bind to the amide-N by
displacing the proton is consistent with earlier gas phase studies
on metal ion interaction with peptides. IRMPD spectra of
complexes of the dipeptide PhePhe with Mg>" show clear
evidence of the metal ion inducing an iminol tautomerization
to bind to the deprotonated amide-N [35]. The spectrum is
characterized by the absence of the amide II band. In case of
Mel, however, the proton is not retained and the metal also
interacts with the amide-O. The iminol binding motif has also

been observed for transition metal ions in their complexes with
peptides and has been characterized by IRMPD spectroscopy
and quantum chemical calculations [19, 36].

Conclusion

Despite the large volume of work that has characterized the
interactions of melatonin with metal ions in solution, the exact
nature of these interactions remains unknown. The present
studies report on the binding interactions of melatonin with
alkali and alkaline earth metal ions in the gas phase. All the
metal ions except Mg®" are found to bind preferentially with
the O30 and the O15 attached to the amide and the methoxy
groups, respectively. Although, higher in energy, isomers in
which the metal ion interacts with the aromatic © ring could
also be present under the experimental conditions. The high
energy conformers could potentially result from kinetic trap-
ping after electrospray ionization [37]. The metal ion depen-
dent frequency shifts of the amide I and II bands are small for
the alkali metal ions but the trends are consistent with the extent
of interaction of melatonin with the individual metal ions. The
blue shift of the amide I band and the red shift of the amide 1T
band with increasing ionic radii are also consistent with litera-
ture data on polypeptide complexes with metal ions [26]. Mel is
deprotonated at the amide-N with Mg*" and the metal ion
coordinates to the amide center (N22 and O30). This is similar
to iminol tautomerization observed in dipeptides when bound
to Mg>" [35]. Reports from solution phase studies claim that
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the interaction of melatonin with Ca®" is not favorable. How-
ever, we do in fact observe this complex in the gas phase. This
disparity likely arises from the competitive interactions be-
tween the ion and water molecules that influence binding. It
would be interesting to investigate the chemistry of hydrated
metal complexes of melatonin to shed light on the role of water
molecules on the stability of Mel-metal ion complexes as has
been done for other gaseous ions [38—40].

IRMPD spectra have been measured for cationic,
deprotonated and protonated melatonin. As melatonin un-
dergoes redox reactions, it is possible that these species appear
as reaction intermediates. The electron is lost from the
methoxy-O to form Mel ™", whereas the hydrogen is lost from
the indole-N to generate [Mel — H] . The assignment of the site
of protonation was more ambiguous, with multiple isomers
likely being present in the probed ion population. The calcu-
lated spectrum of the isomer with the proton at C3 of the indole
group provides the closest match with the experimental spec-
trum, even though energetically, the most favored protonation
site is at C5 of the indole group.

The results reported here are the first gas phase spectroscop-
ic studies of melatonin ions and the interaction of neutral
melatonin with metal ions. These spectra should provide
benchmarks for further detailed theoretical characterization of
non-covalent interactions in these complexes and possibly
understand their role in the biochemistry of melatonin in living
organisms.
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