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Solvation of a Flexible Biomolecule in the Gas Phase: The Ultraviolet and Infrared
Spectroscopy of Melatonin-Water Clusters
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The neural hormone melatoniN{acetyl-5-methoxytryptamine) is an indole derivative with a flexible peptide-
like side chain that presents five distinct hydrogen-bonding sites for water: the carbonyl oxygen, the amide
NH, the indole NH, the methoxy oxygen, and the indeleloud. Using a combination of two-color resonant
two-photon ionization (2C-R2PI), UYUV hole-burning spectroscopy, and resonant ion-dip infrared
spectroscopy (RIDIRS), the conformational preferences of melatonin upon sequential solvation with water
have been examined. Density functional theory calculations are used to identify structural minima and to aid
in the infrared spectral assignments. This work builds on previous results on the melatonin monomer (Florio
et al.J. Am Chem Soc 2002 124, 10236), which identified five monomer conformations: three dominant
transamide conformers and two minais-amide conformers. Four distinct melatonifwater) complexes

and two melatonir(water)} clusters are observed. All of these feature water binding to the carbonyl group
as the primary point of attachment. The dominant two MiWater) complexes retain the structures of the
lowest energy monomer conformations, MEL(A, B). The other two structures (Mihter) Y and Z) have

water bound at the carbonyl group, but also perturb the indole NH stretch fundamental, suggesting that the
water molecule interacts with both sites simultaneously. The infrared spectra of the twe (ME&ler) clusters

point to a bridge structure joining the amide carbonyl and indole NH groups. The changes that occur in the
potential energy landscape of melatonin in the presence of water will be discussed.

I. Introduction MEL B MEL A MEL C
Water plays a crucial role in directing the conformational 4 ®

preferences of molecules of biological relevance. Those water L4 ®

molecules in the first solvation shell are particularly important ° - ] ®

in this respect, often serving as bridges joining nearby hydrogen . .

bonding sites on the solute. The study of biomoleeifieater), ¥

clusters in the gas phase provides a unique vantage point for 0.00 (0.00) 0.30 (0.58) 0.69 (0.72)

studying the effects of water complexation on the conformational

Anti{frans-out)/anti Gpy(trans-in)/anti Gph(trans-in)/anti

preferences of small biomolecules.

Recent studies of this type have begun to consider molecules

. ) ! : . i MEL D MEL E
with several flexible coordinates and multiple H-bonding sites.
In such cases, understanding the conformational preferences of
the expansion-cooled, isolated molecule in the absence of water ° ° ¢
is already a task of substantial proportions. It is becoming clear * p @ ] ®
that in order to understand why a molecule spreads its population °
over a certain number of conformations downstream in the L 4 L]
expansion, one must consider not only the relative energies of 0.77 (1.50) 2.92 (2.58) 3.25
the low-lying conformational minima but also the heights of  Anti(trans-in)/anti Gph(cis-in)/anti Gpy(cis-out)/anti

the barriers separating all conformational minima carrying
substantial population in the preexpansion mixfn®.

We have recently carried out a study of the infrared and
ultraviolet spectroscopy of the hormone melatorikacetyl-
5-methoxytryptamine (MEL), which contains a single, methyl-
capped amide groupThis study identified transitions due to
five conformers of MEL: thredransamides that support the

Figure 1. Six of the low-lying conformations of melatonin monomer
calculated at the DFT Becke3LYP/6-8G* level of theory. Conform-

ers A—E were observed experimentally (ref 3). The Arta@sin)/

anti structure is included to show the energetic consequences of
reorienting therans-amide group about the @—N bond. The DFT
zero-point corrected relative energies in kcal/mol are displayed beneath
each structure, with localized MP2/aug-cc-pVTZ(-f) single-point ener-
gies listed in parentheses, taken from ref 3.

majority of the population (MEL A-C), and two minorcis-
amide conformers (MEL D and E). The structures of these structures denote the position of tNeacetyl group relative to
conformers are shown in Figure 1. The labels underneath thethe indole ring: anti, gauche on the pyrrole side of indole (Gpy),

and gauche on the phenyl side of indole (Gph). The amide

* Corresponding author. E-mail: zwier@purdue.edu. Phone: (765) 494- configuration is given in parentheses (trans or cis), followed

5278. Fax: (765) 494-0239.

by a designation of the direction of the amide NH (in toward
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T T [ T T T T T T T T T [ T molecules. The same double-resonance methods that play such
MEL~* an important role in the recent studies of MEL monofreze
employed in the present work, among them two-color resonant
two-photon ionization (2C-R2PI), UYUV hole-burning spec-
troscopy, and resonant ion-dip infrared spectroscopy (RIDIRS).
As we shall see, there are four conformers of the melatenin
(water) complex, all of which are bound at the amide carbonyl
D C group. Two of the minor conformers of melatonifwater)
E show evidence of forming a bridge between the indole NH and
l | amide carbonyl groups. Two conformers of melater(water)
b WA are identified, both of which appear to form a water dimer bridge
~ MEL-W,* between the amide carbonyl and the indole NH groups.

Il. Methods

Intensity (arb. units)

A. Experimental Methods. The experimental methods used
in this study have been recently reviewehbllelatonin (MEL)
was obtained commercially (97% pure, Sigma) and used without
further purification. Molecular clusters were formed in a
- supersonic expansion from a heated MEL sample (470 K) in a
[P R R R R 3 bar, 70% neon/30% helium/0.1% water gas mixture. This
32400 32600 32800 33000 33200 mixture was pulsed into a differentially pumped vacuum
chamber at 20 Hz, using a pulsed valve (General, series 9, 0.8
mm diameter). The expansion is skimme@ cm downstream
Figure 2. Two-color resonant two-photon ionization scans monitoring  from the nozzle orifice, and mass-analyzed by time-of-flight
the (a) MEL monomer mass channel and (b) MEH.O),". The mass spectrometry.

transition labeling identifies theoSS,; origin transitions of the five . .
MEL monomer conformations (AE) and four MEL—(HO); confor- This work employs spectroscopic methods that are based on

mations observed. The asterisks in (b) show false transitions appearingMass selected two-color R2PI spectroscopy. To obtain the two-
at the positions of the strong transitions of MEL monomer, ringing color R2PI (2C-R2PI) spectra of jet-cooled ME[water), the
into the time window gated on for the MELHz0).. doubled output of a Nd:YAG-pumped dye laser operating at
the phenyl ring or out away from it). Finally, the syn/anti 20 Hz was used to probe the;SS, transition. Typical
designation refers to the orientation of the (in-plane) methoxy unfocused UV output is 208J/pulse using rhodamine 610 in
group relative to the indole NH. Only anti methoxy structures methanol, rhodamine 640 (oscillator) and rhodamine 610
are observed. (amplifier) in ethanol, or sulforhodamine 640 in methanol. The
Figure 2a shows the 2C-R2PI spectrum of MEL monomer, third harmonic of a Nd:YAG laser (355 nnx1 mJ/pulse) was
with the S—S origins of the five conformers labeled with ~used for the ionization step,¢B-S,;. The 355 nm laser was
letters corresponding to the assigned structures from Figure 1.spatially and temporally overlapped with the UV laser. 2C-R2PI
The cis-amide conformers are calculated to be about 3 kcal/ Was used instead of one-color R2PI because it provided
mol higher in energy than the lowest enertyans-amide enhanced ionization efficiency with little detectable fragmenta-
conformers. Population is trapped in these conformers due totion. Cannington and Hafnreport the vertical ionization
the large barrier¢15 kcal/mol) associated wittis—transamide ~ potential of MEL as 7.7 eV, with an approximate value of 7.03
isomerization. eV for the adiabatic ionization threshold. Since ionization is
Melatonin possesses several H-bonding sites for attachmentocalized on the indole ring, the adiabatic ionization threshold
of water. Water can act as a H-bond donor to the amide Of the monomer serves as a likely approximate measure of the
carbonyl, methoxy oxygen, or indote clouds, while it can ionization energy for the water-containing clusters studied here.
accept a H-bond from the amide NH and indole NH groups. Using this value for the ionization potential, 2C-R2PI gives the
When one or more water molecules bind to such a molecule, aclusters about 4000 cm of excess energy, versus about 8500
first question of interest is simply to establish where water will ¢m* of excess energy in the 1C-R2PI scheme at therigin.
prefer to bind. Second, one would like to establish how this  In the case of flexible molecules and molecular clusters, mass
binding changes the conformational preferences of the molecule.analysis by itself cannot separate the various conformational
Finally, one would hope to follow this interplay between isomers present in the R2PI spectrum. The double-resonance
solvation and conformational preferences as the number of watertechnique of UV-UV hole-burning spectroscopy was used to
molecules grows. obtain R2PI spectra of individual MEL(water), conformational
Two recent studies have reported on the photophysics andisomers, free from interference from one another. The-UV
spectroscopy of melatonin in solutidA. The fluorescence UV hole-burning spectra were obtained by fixing the hole-
quantum yields remain quite high even in aqueous solutien (  burning UV laser (10 Hz) on the origin transition of a particular
~ 0.1). Unlike tryptophaf,the fluorescence decay is single- MEL—(water} cluster conformation and tuning a time-delayed
exponential, and shows little change in its absorption maximum probe UV laser (20 Hz) through the R2PI spectrum, while
in different solvents. The fluorescence of MEL in aqueous monitoring the difference in mass-selected ion signal with and
solution is red-shifted (356 nm at pH 7) compared to all other without the hole-burning laser present. Using active base-line
solvents (332336 nm). This red shift has been attributed to subtraction, all of the vibronic transitions that arise from the
the stabilization of the excited state due to H-bonding between same ground-state level as the hole-burned origin transition show
water and the indole NH. up as depletions in the hole-burning spectrum.
This paper describes the infrared and ultraviolet spectroscopy Infrared spectra in the hydride-stretch region of individual
of melatonin-(water), clusters containing one or two water MEL—(water), clusters were obtained using a second double

-1
Wavenumbers (cm )
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resonance technique, which we refer to as resonant ion-dipTABLE 1: Calculated Binding Energies (kcal/mol) of the
infrared spectroscopy (RIDIRS)For such scans, the infrared Melatonin—(Water), Complexes

output (2200-4000 cn?) of an injection seeded Nd:YAG- BE (Anti(trans:  BE (optimized BE (SP  strain
pumped optical parametric converter was spatially overlapped structure  out)/anti} monomer)  monomer) energy
with the two R2PI lasers, preceding them by-500 ns. 2C- | 6.71 7.47 7.96 0.49
R2PI, with 4, fixed to a given cluster S-S, origin, generates Il 5.91 8.85
a constant ion signal in the MEL(water)," mass channel due Il 5.88 6.18 7.75 1.57
to a single MEL—(water), cluster conformation. The IR laser !V 5.73 5.73 6.00 0.26
is operated at 10 Hz and tuned through the hydride-stretching x g'gé 5.86 %’123; 0.38
region, removing population out of the ground vibrational level 5.46 5.76 6.50 0.74
whenever it is resonant with a vibration in the cluster of interest. v 4.94 5.25 5.87 0.62
Using active base-line subtraction, infrared transitions in the IX 4.88 8.13 9.81 1.68
selected ground-state MEl(water), conformation are detected X 4.73 5.03 5.18 0.15
as depletions in the ion current. X 4.65 8.11 8.51 0.39
Xl 2.73 3.49 3.74 0.24

B. Calculations. In our previous study on the conformational
preferences of MEL in the absence of wateve performed a 9Y i _
thorouah h of f ti | ing the OPLS-AA conformer A.PBinding energy relative to the monomer minimum
ug search or conformationa Spac‘? l{sm_g e ) associated with the water clustéBinding energy relative to the
force field, followed by HartreeFock optimizations, density  monomer held fixed in the cluster geometry (based on a single-point

functional theory optimizations, and localized MP2 single-point calculation).d Difference between the binding energy calculated relative
energy calculations. These optimized monomer structures serveo the optimized monomer (column 3) and the monomer in the cluster

as reasonable starting points for the calculation of MEL  geometry (column 4).

(water), cluster conformations. Additional MEL conformations o

that are not minima in the absence of water have also been For each cluster, we have also corrected the binding energy

considered in the present work. for zero-point effects. As with the binding energies, the zero-
Density functional theory (DFT) calculations employing the Pint énergy corrections of the monomers are ambiguous when

Becke3LYP functiondl’®with a 6-31G*(5d) basis sét have there is substantial distortion of the monomer upon complex

been carried out to provide a basis of comparison with the formation away from a minimum. The single-point monomer

experimental results on the MEi(water) clusters. The fully energies were corrected for zero-point contributions using the

optimized structures, vibrational frequencies, IR intensities, and 2V€rage zero-point energy of the fully optimized MEL mono-

binding energies were computed for various potential structures Mers, 172.28= 0.11 kcal/mol. For clusters based on stable

of MEL—(water). All calculations were performed using the ~MONOMer species, calculating the binding energy using the
Gaussian 98 suite of progrars. single-point energy and the average zero-point energy deviates

from the standard method by less than 10% in all cases.

aBinding energy relative to the Antrfans-out)/anti melatonin

Binding energies were calculated for all minimum energy
structures in the following manner. The binding energy of a

MEL—W, complex is defined as IIl. Results and Analysis
A. Calculated Structures, Energetics, and Infrared Spec-
BE = Egusier— Emonomer™ Ewater tra. Figure 3 shows the fully optimized structures of twelve

distinct MEL—(water) species, hereafter referred to as MEL
where the energies of the cluster, monomer, and water are theW,, labeled with their zero-point corrected energy, relative to
fully optimized, zero-point-corrected energies of each speciesthe global minimum. The energetics of these structures are
at the same level of theory. In the case of flexible molecules, summarized in Table 1. These structures are just a small number
the structure of the monomer in the cluster geometry can be of the total feasible MEEW; structures, but include water
very different from the monomer in the absence of water. It is bound to all of the major H-bonding sites of MEL, except the
possible that water can stabilize structures of the monomer thatmethoxy oxygen. To assess the strength of the H-bond between
are not even minima on the monomer potential energy surfacewater and the methoxy oxygen, calculations were performed
in the absence of water. The flexibility of molecules such as on the 5-methoxyindoleW; (5-MOI—-W,) cluster. The calcu-
MEL makes the definition of binding energies for the MEL lated MEL—W; structures show water bound only to the
(water), cluster somewhat ambiguous. In the results section carbonyl (structured, Ill =V, VII), only the amide NH
(Table 1), the binding energies are listed in one of several ways. (structureXIl ), only the indole NH (structur&X), and several
When comparing the energy of the complex to a single referencestructures where water is bridging between two H-bonding sites
monomer energy, we have used the calculated lowest-energyof MEL (structuredl, VI, VIII , IX, andXl). All of the MEL—
structure of the monomer, Antibns-out)/anti. It should be noted W structures are within-2 kcal/mol of each other, with the
that this structure is the one assigned to MEL B, and not MEL exception of the amide NH-bound Ariténs-in)/anti-W; cluster
A, and as such is the second lowest energy conformation (+4.00 kcal/mol). The notation used here is based on that
according to experiment. For clusters based on monomerdeveloped for the MEL monomers, and is defined as backbone
structures that are optimized minima in the absence of water, position(amide NH orientation)/methoxy position and “in” or
we have also calculated the binding energy using the energy of“out” refers to whether the amide NH is pointed in toward or
the corresponding fully optimized monomer structure. Finally, out away from the indole ring. Some of the structures in Figure
when the formation of the complex contorts the MEL structure 3 are based on monomer species that are observed in the
away from any minimum in the absence of water, single-point expansion prior to the introduction of water (Figure 1): Gpy-
calculations at that structure have also been used to provide gtransin)/anti (structuredll , VIII , and1X), Anti(trans-out)/
third reference. The difference between these latter two binding anti (structurelV), Gph¢ransin)/anti (structureVIl), and
energies gives a measure of the internal strain of the monomerGpy(cis-out)/anti (structurdX). Only MEL and 5-MOI struc-
in the complex. tures with anti-oriented methoxy groups were considered for
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” In the absence of a second stabilizing H-bond, the DFT
. A > Y calculations predict that the amide carbonyl group is the
. ' a - preferred H-bonding site for water (structureslii —V, and
. .- . VII'), where it acts as a H-bond donor. Water can act as an
Iy Asitiggiss-in) Iy Gpyitraits-in) IIT) Gpy(trans-ir) acceptor at either the indole NH or amide NH. The former site
0.000 (bridee) (C=0) is bqund by abqut 2 kcal/mol less (structdég while the armde
+0.794 +0.829 NH is a surprisingly poor donor to water (structufé ), with
g a binding energy some 4 kcal/mol less than structukenally,
C > . the methoxy group is also predicted to be a poor H-bond
. P 2 acceptor, based on the small calculated binding energy of the
? ¢ .S3.8’ - 5-MOI—W; cluster Do = 3.56 kcal/mol).

IV) Anti(trans-out)

V) Gpy(trans-in)

VI) Gpy(trans-in)

We have shown previously the importance of water bridge
formation in directing the conformational preferences of flexible

w0971 1090 (ar?lld‘:ﬂm molecules such as tryptamine (TRA) and 3-indole-propionic acid
' (IPA).23 In keeping with this, several MEEW; bridges have
.. . been identified by the DFT calculations where the water
- ! ° ."‘ 4 molecule behaves as both a H-bond donor and acceptor
* " . (structuredl, VI, VIII , IX, andXl). The formation of a water
=

VII) Gph(trans-in)

VIII) Gpy(trans-in)

IX) Gpy(cis-out)

bridge with two H-bonds linking sites on MEL leads to total
binding energies that can begin to compete with the strong

+1.249 (bridge) (bridge) carbonyl binding. However, to form this bridge, the flexible
+1.762 +1.825 side-chain of MEL must take on conformations that close the
gap between the two sites, thus introducing conformational strain
y J Y =% » that must be compensated by the increased binding energy of
i > . the bridge. For example, structurés andVIIl incorporate a

X) Gpy(trans-in)
(indole NH)
+1.980

XI) Anti(cis-out)
(bridge)
+2.054

XII) Anti(trans-in)
+4.000

water bridge between the amide NH and the indoleloud,

and are only 1.1 and 1.8 kcal/mol less stable than the global
minimum. Water bridging across tlés-amide group (structure
XI) trades off the destabilization of th@s-amide group for
stronger binding of water across the amide NH arel(Csites.

The lowest energy bridge structure (structlire+0.79 kcal/

Figure 3. Twelve low-energy structures of MEL(H,O), calculated mol) is based on a gauche pyrrdlans-amide structure that

at the DFT Becke3LYP/6-32G*(5d) level of theory. The relative 55 ot jdentified as a minimum in the absence of water. The
energies (in kcal/mol) are displayed beneath each structure, together

with a short-hand notation used to label the conformers (see text). The Water bridge in structurg has the water donating a H-bond to
structures illustrate various types of structures, and should not be the carbonyl group and accepting a H-bond from the indole NH.
considered exhaustive. In contrast to gauche pyrrole structures that are low-energy
the MEL—W; and 5-MOKWj; calculations. The orientation of ~Minimain the monomer, the carbonyl group of MEL in structure

the methoxy group was discussed in detail in the previous MEL I IS gauche with the pyrr(_)le ring of indole, the _amlde NH. IS
monomer study,and it was determined that MEL and 5-MOI pointed up away from the mdole cloqd, and the side chain is
prefer conformations with the methoxy group oriented anti with nea_rly perpendicular to the indole ring. The H-bond between
respect to the indole NH by about 3 kcal/mol. the indole NH and Water forces the mdole.NH.out of plane by
The DFT Becke3LYP/6-3tG*(5d) calculations cannot reli- about 186, thereby maximizing the H-bonding interaction.
ably distinguish between close-lying structures based on ener- StructurelX is essentially identical to structufe, but with
getics alone, due to the modest basis set used and to the impropet Cis oriented amide group, and is almost 1 kcal/mol higher in
accounting of dispersion inherent to DFT. Nevertheless, many €nergy (+1.76 kcal/mol). Structuregl andVIll are W bridges
of the major trends observed in these calculations are expected?@sed on the Gpyransin)/anti monomer species, with the water
to hold at higher levels of theory. The global minimum of the Molecule accepting a H-bond from the amide NH and donating
DFT calculations is structurk in which water is bound to the @ H-bond to ther cloud (VI) or the indole nitrogen (VII). The
Carbonyl Of the Anti‘(rans_in)/anti monomer Conformation_ The Orien'[a'[ion Of MEL in structure/Ill |S neal’|y |dent|cal to the
Anti(transin)/anti monomer is predicted to be the fourth lowest Monomer structure in the absence of water, while structlire
energy structure at0.77 kcal/mol by the DFT method, and is ~ €xhibits a slight rotation of thi-acetyl group about the GJ—N
not observed in the expansion in the absence of water. Thebond, pointing the amide NH up away from the indaleloud.
lowest energy monomer species is calculated to be the Anti- Finally, structureXl is a Wi bridge across theis-amide group
(transout)/anti structure, but it has been assigned to MEL ©f an AntiCis-out)/anti MEL species, where the water accepts
conformer B (the second most populated monomer experimen-@ H-bond from the amide NH and donates one to tkeCC
tally) based on its infrared spectral signatut@he Antitrans This is similar to the arrangement of the water molecule found
out)/anti structure differs from the Antians-in)/anti structure in 1:1 clusters with the ring-constrained cis amide configurations
primarily by 180 rotation about the @)—N bond, the barrier ~ present in 2-pyridor#é'¢ and oxindolée’” For MEL, water
for which is estimated to be less than 2 kcal/mol by single- bridging across theis-amide group is the highest energy bridge
point DFT calculations at the same level of theory. According Structure because it necessitatésias—cis amide isomerization.
to the calculations, the addition of water at the carbonyl group  The harmonic vibrational frequencies and infrared intensities
lowers the Antifransin)/anti conformer relative to the Anti-  of the MEL—W; and 5-MOFWj clusters have been calculated
(transout)/anti conformer, presumably due to a stabilizing using the Becke3LYP/6-32G*(5d) method. The calculated
interaction between the water and the pyrrole CH. infrared spectra have aided the structural assignment of the
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Figure 4. (a) Two-color R2PI spectrum and -e) UV—UV hole- Figure 5. (a) Two-color R2PI spectrum and (b and c) YWV hole-

burning spectra taken with the hole-burning laser tuned to the transitions burning spectra taken with the hole-burn laser tuned to transitions Y
labeled with the appropriate conformational label in (a). The hole- and Z, respectively, establishing that all observed transitions of MEL
burning spectra divide the R2PI spectrum into its constituent pieces W, belong to one of two conformations (Y and Z). A small transition
due to each of the conformations present, identifying four conformations at 32844 cm? (labeled with an asterisk in Figure 5a) is unaccounted
of MEL—W,. for in the hole-burning spectra, and is possibly the origin of a third
) . minor MEL—W, species. There was insufficient ion signal to perform
experimentally observed MEEW; clusters. For brevity’s sake,  either Uv—UV hole-burning or RIDIRS on this transition.

the harmonic vibrational frequencies and infrared intensities of
the relevant structures are included in the Supporting Informa- occurs at+-717 cnt?, similar to that observed in indolé. The
tion. hole-burning spectra of MEEW; B and Y show no vibronic
B. 2C-R2PI and UV—UV Hole-Burning Spectroscopy of structure over the frequency range scanned, while the MEL
MEL —W,. The 2C-R2PI spectrum obtained in the MEW; " W, Z spectrum is dominated by a progression in a 52 &m
mass channelm/z = 250 (Figure 2b), is dominated by a vibration along with some additional weaker vibronic structure.
transition at 32442 cr, labeled MEL-W; A, with a frequency C. 2C-R2PI and UV—UV Hole-Burning Spectroscopy of
shift of =172 cnt?! from the MEL A origin. There are a number MEL —W,. The 2C-R2PI spectrum obtained in the MEW,"
of bands to the blue of the MEEW; A transition that could mass channelp/z = 268, is shown in Figure 5a. All of the
be vibronic structure of MEEW; A, other MEL—W; species, structure observed in the MEtW," mass channel occurs
and/or fragments from larger MEL(water), clusters, neces-  between 32620 and 32845 ch blue shifted from the MEL
sitating double-resonance methods of WV hole burning and A, B, and C monomer origin transitions and in the same region
RIDIRS to determine the nature of these transitions. There areas that of the MEEW; B, Y, and Z cluster origins. Solely on
also false peaks in the R2PI spectrum due to ringing from basis of the position of the transitions in the MEW," mass
transitions in the MEL monomer mass channel, which are channel, we would predict that the MEIW, cluster(s) might
marked by asterisks in the figure. be associated with the MEtW; B, Y, and Z clusters. Again,
The UV—UV hole-burning spectra of MEEW; species double-resonance spectroscopy is needed to determine the
(Figure 4b-d) are compared to the 2C-R2PI spectrum in Figure number of W species and their structures. Comparison of the
4a. The hole-burning spectrum of MEIW; A (Figure 4b) was 2C-R2PI spectra in MEEW; ", MEL—-W;*, and MEL-W3*
obtained with the hole-burn laser fixed to the vibronic transition (not shown) indicates that no significant fragmentation is
at 32942 cm. The hole-burning spectra of MEtW; B (Figure occurring among these mass channels under 2C-R2PI conditions
4c), Wy Y (Figure 4d), and W Z (Figure 4e) were obtained  with low water flow. The only observable fragmentation is of
with the hole-burn laser fixed on the cluster origin transitions the MEL—W; A complex into the MEL" mass channel at its
at 32956, 32842, and 32673 cirespectively. UV-UV hole- origin transition (32442 cmt), but even here, the magnitude
burning spectroscopy proves that the 2C-R2PI signal obtainedof the ion signal in the monomer mass channel was less than
in the MEL—W;* mass channel consists of at least four distinct 10% of the total MEL=-W; A ion signal.
species. The MEEW; A hole-burning spectrum shows a The UV—UV hole-burning spectrum obtained with the hole-
significant amount of vibronic structure within 85 cfof the burn laser fixed on the transition at 32814 ¢nflabeled MEL-
origin transition, due to both intermolecular vibrations and low W, Y) is shown in Figure 5b, while that with the hole-burn
frequency motions of the MEL side chain, which are difficult laser fixed at 32629 cnt (MEL—W, Z) is shown in Figure
to assign and are probably mixed in character. The strong5c. The 2C-R2PI spectrum cleanly divides into spectra due to
vibronic transition at-500 cnt! in the MEL—W; A spectrum two major W, species. MEEW, Y has a strong origin
is observed in MEL A, MEL B, and other indole derivatives, transition, but no observable vibronic structure. MBIV, Z
and is due to a €C/C—C stretching vibration in the aromatic ~ shows a clear progression in a 52 Tmvibration, closely
ring. The other intense transition in the MEM/; A spectrum analogous to that observed in MEM; Z, suggesting that this
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T | T | T T T T T T A), gauche with respect to the phenyl ring (MEL C), and
pointing away from (or anti to) the indole ring (MEL B), as
shown in Figure 1. The anti-oriented side chain conformation
(MEL B) possesses an amide NH stretch fundamental at 3495
cm™L. For the gauche configurations (MEL A and C), the amide
NH stretch shows a slight red shift t63480 cnT! due to a
weak interaction of the NH with the indolecloud. The amide
NH stretch in the MEE-W; A conformer occurs at 3479 crh
and the amide NH stretch of MELW; B is at 3494 cm?,
indicating that MEL--W; A has a gauche oriented side chain
and MEL—W; B has an anti oriented side chain.

As shown in the close-up scans of Figure 7, the free amide
NH and indole NH stretches of MEEW; A and MEL—W; B
appear at nearly identical frequencies to the corresponding amide
NH stretch fundamentals in the MEL A (Figure 7a) and B
(Figure 7¢) monomer species. This leads to the conclusion that
MEL—W; A (Figure 7b) is associated with MEL A and MEL
W, B (Figure 7d) is associated with MEL B. Previously, we

assigned MEL A to the Gpyans-in)/anti conformer and MEL
| | C=0|"'H0“'HN(1111) 1 B to the Anti(transout)t/)anti O&lconfokr]meis. Vl;/e thlertfefohre assign
' ' ' ' ' MEL—W; A to water bound to the carbonyl of the MEL A
2800 3000 3200 3400 r 3600 3800 Gpy(transin)/anti conformer (structurdl ), and MEL-W; B
Wavenumbers (cm ) to water bound to the carbonyl of the MEL B Arti@ns-out)/

Figure 6. Resonant ion-dip infrared spectra monitoring the ion signal @nti conformer (structurév).

due to conformers (a) A, (b) B, (c) Y, and (d) Z of MEW,. These assignments are strengthened by the fact that MEL A

. . and MEL B are the two most abundant monomer conformers

is a W, cluster built off of MEL—W; Z. The nature of the 52 . . . . -

cm*lV\\/fibration is probably a Iow-flrequency vibration of the observed in the supersonic expansion, V\_nth populations of 0.66

MEL side chain, and not an intermolecular vibration, because 2Irlldst2.r2§s’ :ﬁngcglsvteg’ll;: 3 :r?t'n\%wgg JZ'SWE?; QAEgvl\Jlllaﬁon

its frequency and intensity pattern in the progression are estimated to be about 10 timels gpreater’than tha? o? any other

SPKFEE%eV% ug(?g :ﬁgtlggrlzfd,ac?rerﬁ?gr:]v?rﬁi ?foli/?étl_e\'/\-/r h; onngl species observed in the expansion. Finally, the calculated

Assuming taat MELW- Z and MEL—W> 7 are associatled. it scaled harmonic frequencies of the carbonyl-bound water OH
= VV1 V2 ’

. . . - . stretch of structuredll and IV (3428 and 3461 cr,
IS p]au5|ble that MEE'W, Y s built off of MEL .Wl Yina . respectively) reflect the same ordering as observed experimen-
similar way, due to the notable lack of vibronic structure in

each cluster's R2PI spectrum and the 28~&med-shift of tally for MEL—Wy A and B (3441 and 3490 cr¥).
MEL—W, Y with respect to MEL-W; Y. We will show that The RIDIR spectra of MEEW, Y and Z are shown in parts
RIDIRS also supports these associations. c and d of Figure 6 respectlvely. As stated previously, the
D. RIDIRS of MEL —W,. Figure 6a-d shows the RIDIR intense, broad transitions in W (3457 cnt?l) and Z (3464/
spectra of the four MEEW; clusters in the CH, NH, and OH 3460 cn1?) are consistent with €0 bound water structures,

stretching regions (280663800 cnl). The frequencies of the ~ Pased on a comparison of these clusters with ME; A,
RIDIR transitions are summarized in Table 2. The RIDIR MEL—W1B, TFA-Wj, and tropolone-Wy. We know that the

spectra obtained for the MEEW; clusters are all consistent ~ Water molecule is participating in the MEW, Y and Z

with water donating a single H-bond to the carbonyl of MEL, complexes as a single donor, based on the_ presence of a free
thereby producing one intense, broad transition located betweerOH Stretch at 3718 cnt. By far the most striking feature of
3441 and 3490 cnt corresponding to the O+O—C hydride the RIDIR spectra of MEEW; Y and Z is the lack of a free
stretch. The OH-O=C stretch position in the MEEW; indole NH stretch at-3525 cnl. The free amide NH stretch

clusters compares well with the knowr-© bound W clusters  fundamental, which occurs at 3488495 cm* in the trans
of tropoloné?® at 3506 cm! and transformanilide (TFAJC:2 amide MEL A-C monomers, has also moved. In their place,
at 3515/3537 cmt. In the RIDIR spectra of all the MEEW, ~ Sharp, weak transitions flank the OB8=C band, which are
complexes, a free OH stretch is observed at about 3717 cm probably the shifted indole NH and amide NH stretch funda-
(Table 2). On the basis of the presence of a free OH stretch Mentals (Table 2).
and a H-bonded OH stretch, we conclude that water is donating Based on the shift of the indole NH stretch from its “free”
only one H-bond in these clusters. position, it seems likely that MEEW; Y and Z incorporate
MEL—W; A and B both show free amide NH and indole the water molecule as a bridge that links the amide carbonyl
NH stretches, indicating that the water molecule is not bound and the indole NH sites. The indole NH group serves as a
at either of these positions. Thus, MEW,; A and B are H-bond donor, thereby lowering the frequency of its NH stretch
Comp|exes in which the water is bound 0n|y to the@© group fundamental. Water brldglng from a H-bonding site on a flexible
of the side chain. As in the MEL monomers, the position of side chain to the indole NH has been observed in the 1:2 and
the amide NH stretch in these MEIW; clusters is a sensitive ~ 1:3 tryptamine-(water), clusters” In tryptamine, the ethylamine
probe of the orientation of the MEL side chain with respect to Side chain is not quite long enough to form a bridge between
the indole ring. In our previous work on MEL mononfett, the indole NH and the amino group with a single water
was determined that faransamide MEL monomers (MEL  molecule.
A—C), the three lowest energy conformations have the side The formation of a &0O---HO-+-HN (indole) bridge still does
chain oriented gauche with respect to the pyrrole ring (MEL not account for the apparent shift in the amide NH stretch in

Intensity (arb. units)

d) C=O-~-H(E)~-HN(In)
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TABLE 2: Summary of the Important Spectroscopic Characteristics of the Observed Melatonin-(Water),, Clusters?t

infrared transitions

electronig
S—S frequency key vibronic indole amide water structural
species origin shift® transition$ NH NH OH¢ assignmerst
MEL Monomer

A 32614 33,502, 715/722 3523 3482 Gpgasin)/anti

B 32621 41, 506, 686 3525 3494 Antitgns-out)/anti

C 32795 3524 3483 Gptrans-in)/anti

D 32483 3523 3422 Gpbis-in)/anti

E 32432 3523 3535

MEL—-W;
A 32442 MEL(A)-172 42, 45,59 3525 3479 3717(F), 3441(©@B=C) I
500, 517 (G=0 bound to Mel A)

B 32956 MEL(B)335 3527 3494 3716(F), 3490(GHO=C) IV
(C=0 bound to Mel B)

Y 32842 3437(?) 3415(?) 3718(F), 3457(6#D—=C) C=0---HO---HN(Ind)
cis amide(?)

z 32673 52,104, 251 3498(?) 3444(?) 3718, 3464/60¢+=C) C=0O---HO-:-HN(Ind)
cis amide(?)

MEL—-W,
Y 32814 MEL-Wy(Y)-28 Part of bridge  3422(?) 3724(F), 3721(F) =0-++HO-:-HO:-+-HN(Ind)
3408(B), 3322(B), 3226(B) cis amide(?)
z 32629 MEL-Wy(Z2)-44 52,104 Part of bridge  3462(?) 3725(F), 3717(F) =@B-+-HO-:-HO-+-HN(Ind)
3403(B), 3337(B), 3228(B)  cis amide(?)

2 Reported in wavenumbers (cA). ® The shift of the $S; origin from the corresponding origin in the indicated specidelative frequencies
of vibronic transitions above the;S; origin. ¢ The water OH stretch transitions are labeled as free (F), carbonyl bound-(@+C) or bridge (B)
fundamentals. The bridge fundamentals connect the indole NH to the amide carbonyl. HWH:the bridge fundamentals incorporate the indole
NH stretch fundamentat. Tentative assignments are labeled by a question mark (?).

a)

Amide NH
b)

¢) OH-0=C

Intensity (arb. units)

Amide NH
d)

OH:- 0=C
AR TV N N NN S R S—

3420 3440 3460 3480 3500 3520 3540

Wavenumbers (cm'])

Figure 7. Close-up RIDIR scans showing the close correspondence
between the amide NH stretch fundamentals of (a and b) MEL A and
MEL—W; A and MEL B and (c and d) MELW; B.

the MEL—W; Y and Z clusters from their expected positions
based on thdransamide monomer spectra. One plausible
solution is to assign these complexes te $tfuctures built off

of cissamide MEL monomers. It was previously determined that
two of the five MEL conformers, MEL D and E, present in the
expansion prior to introduction of water aris-amide in nature
(Figure 1). In the cis configuration, the amide NH stretch is
red-shifted from its “free” position near 3490 ct(MEL B)

to 3420 cm! in MEL D and 3435 cm? in MEL E,® which is

in the same region that the new transitions appear in MEL

W, Y and Z. One is tempted to make an association of MEL
W; Y and Z with MEL D and E. However, neither the
spectroscopy nor the calculations can distinguish between low-
lying cis-amide candidates, and we have chosen not to draw
such a conclusion.

In the assignment process, the calculations have been used
only to guide our thinking. A comparison of the structural
deductions from Table 2 with the calculated MEW; com-
plexes (Table 1 and Figure 3) shows that several of the structures
computed to be lowest in energy (e.g., structuresdll) are
not clearly assignable to any of the observed M&A,
complexes. It would appear that neither the relative energies
nor the vibrational frequencies are accurate enough to provide
definitive assignments based on the calculations. The calculated
harmonic vibrational frequencies and infrared intensities of
structuresl —XII are included in the Supporting Information,
together with an analysis of these spectra in light of the
experimental data.

E. RIDIRS of MEL —W5. The RIDIR spectra of MEEW,

Y and Z are shown in Figure 8a,b, respectively. Two free OH
stretches are observed in the RIDIR spectra of MB, Y at
3724 and 3721 crmt and MEL—W, Z at 3725 and 3717 cm,

so as in the Wclusters, each water molecule in the @usters
acts as a single-donor. In the RIDIR spectra of both M\,

Y and Z, the indole NH stretch is moved from its ‘frgmsition

at 3525 cm! and there are three intense, broad transitions
between 3210 and 3400 cf

The MEL—W, Y and Z RIDIR spectra are consistent with
formation of W, bridges that join the carbonyl donor and indole
NH acceptor sites of MEL, thereby producing the three intense,
broad bands between 3210 and 3400 trand shifting the
indole NH stretch from its “free” position. The pattern of the
bridge fundamentals (two closely spaced bands above 3300
cm~! and a third near 3200 cm) is similar in both clusters. In
addition, in both MEL-W, Y and Z, the middle frequency
bridge fundamental is the most broad of the three. Finally, in
both W; species, the lowest energy bridge fundamental appears
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b)

Intensity (arb. units)

d)
Kﬂ_J
Bridge XH
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2800 3000 3200 3400 3600 3800

Wavenumbers (cm_l)

Figure 8. RIDIR spectra of (a) MEEW, Y, (b) MEL—W, Z, (c)
carbonyl-boundransformanilide-W,, and (d) 2-pyridoneW,. The
structures of TFA-W, and 2PYR-W, are shown as insets. The latter
two spectra are useful comparisons with the MBAL spectra, showing
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sharp and at its frequency in the TFA monomer. The overtone
of the water bend is very weak and lower in frequency than the
analogous band in MEEW,. We see that the H-bonds found
in MEL—W, Y and Z are stronger than those found in TFA
W, based on the larger red-shift, intensity, and breadth of the
infrared transitions, in keeping with the MEIW, bridge
assignment. Furthermore, the lack of the indole NH stretch at
its “free” position is a strong indicator that the Wlusters of
MEL are in fact bridges to this site. On the bases of vibrational
frequency shifts, it appears that the MEW, Y and Z bridges

fall somewhere between a water dimer bound only to=0C
and a water dimer that is strongly bound to two distinct
H-bonding bridge sites.

Recall that, based on their similar electronic frequency shifts
and vibronic structure in the R2PI spectra, we have already
tentatively assigned MEEW, Y to a structure built off of
MEL—-W;Y and MEL—W, Z to a structure built off of MEl-

W3 Z. Such an association is strengthened further by the
comparison of their infrared spectra (Figure 6c,d versus Figure
8a,b). First, the CH stretching fundamentals within each “family”
are very similar to one another, and somewhat distinct from
the other two MEL-W; complexes (Figure 6a,b). Second, the
indole NH stretch is moved from its free position of 3525¢m

in all of these clusters. As in the W and Z clusters, the amide
NH stretch fundamental of the W and Z clusters is hard to
locate with certainty. Tentative assignments (Table 2) are made
to weak, sharp bands at 3422 chin the spectrum of MEL

the spectroscopic consequences of water dimer bound only to theWw, Y and 3462 cm! in MEL—W, Z. The former band has a

carbonyl of an amide (TFAW,), and a water dimer bound across the
constrainectis-amide linkage of 2PYRW,. See the text for further
discussion.

as two overlapping transitions, at 3213/32267¢nm W, Y and
3212/3228 cmlin W, Z. It is likely that this bridge transition

close analogue in the 3415 cfband in MEL=W; Y. The

low frequencies of these amide NH stretch fundamentals are
most consistent witltissamide MEL structures in the MEL

W, Y and Z clusters.

is in Fermi resonance with the overtone of the water bending v piscussion

vibration. The water bend overtone is also observed in the

RIDIR spectrum of the A conformer of IPAW, 22 at 3195
cm! and in TFA-W,?! at 3206/3215 cm!. These overtones

A. The Effect of Water on the Conformational Preferences
of Melatonin. The complexation of water molecule(s) to

are lower in frequency and somewhat weaker than the transitionsmelatonin has several important effects on the conformational

in MEL—W, Y and Z, suggesting that the overtone of the water

preferences of melatonin. First, it changes the number of

bend is pushed up in frequency and gains intensity from Fermi conformations of MEL with significant population. While there

resonance with the third bridge vibration in the MEW,
clusters.
Further evidence for the assignment of the MBI/, Y and

are five observed conformations of the MEL monomer (three
transamides and twais-amides), four conformers of MEL
W; were detected, and only two of MELW,. The relative

Z clusters to bridge structures is based upon comparison of theenergies of the conformations and the heights of the barriers

infrared spectra of these clusters with those of Hw, and
2-pyridone-W, (Figure 8c,d). The W clusters formed with
2-pyridoné® (PYR) and TFA! can be taken as two limiting
cases of the water dimer in different soltolvent environ-
ments. The spectrum of TFAW, (Figure 8¢ was recorded in
our laboratory, but is essentially identical to that of Roberfdon.
In PYR—W,, (Figure 8d), the water molecules bridge across the
cissamide group, resulting in a collection of three extremely

separating them are both effected in significant ways by the
presence of even a single water molecule bound to MEL at the
carbonyl site. It would be very interesting to map out the
potential energy surface for MEL both with and without water
using state-of-the-art ab initio methods in order to understand
these changes more deeply.

Second, in those conformations that are observed, the relative
abundances of the conformations can be changed. For instance,

broad, red-shifted, intense bridge fundamentals that are in-phaséhe MEL—W; A and B complexes are both derived from MEL

and out of phase combinations of the water OH and PYR NH
stretches. The H-bonds formed in the P¥YW/, bridge are

monomer conformations with significant population in the
expansion (MEL A and B, respectively). Furthermore, the

cooperatively strengthened by the aromatic ring that joins the MEL—W1 A complex with the largest population derives from
donor and acceptor sites, producing strong H-bonds with the MEL monomer conformation with the largest population.

substantial frequency shifts. In contrast, THA/, (Figure 8c)

However, based on the relative R2PI signals, the MEY; A

cannot form a bridge structure due to the trans configuration of cluster has a population that is about 10 times larger than that
the amide group. Instead, the water dimer in this conformer of of any other W species observed in the expansion, suggesting

TFA—W,; is bound only to the carbonyl oxygen by a single
H-bond?2? resulting in two fairly intense, broad transitions that
are less strongly shifted (3407 and 3487 ¢émassigned as the
H-bonded OHOH stretch and the O+O=C stretch. The
amide NH stretch is not involved in any H-bonds and remains

that water preferentially binds to MEL A over other conforma-
tions.

An even more dramatic example of conformational population
shift is suggested by the results on MEW,, where the
preference fotrans overcis-amides appears to be reversed in
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the presence of a water dimer bridge. In the case of the MEL for B, Table 2) even though the water is bound at the same site
monomer, we have observed a small amount of population on the respective monomers and is seemingly quite far removed
trapped incis-amide configurations, due to the large barrier to from the indoler cloud. The RIDIR spectra of the MEELW;
cis/transisomerization {15 kcal/mol). It seems likely thatthe A and B prove that in both cases the water molecule is bound
process by which a single water molecule complexes teithe only to the carbonyl group. The position of the water molecule
amide monomers does not provide enough energy to isomerizeyelative to the indole ring seems to cause this unusual electronic
and therefore a small fraction of the population is trapped as frequency shift behavior. In MEEW; A (structurelll ), the
cissamide W clusters. From this perspective, it is not surprising water molecule is on the exterior of the side chain, very far
that two of the minor MEE-W; complexes (labeled Y and Z),  from the indole chromophore. In MEtW; B (structurelV),

have amide NH stretch fundamentals that are most consistentthe water molecule is located on the interior of the side chain,
with assignment tocis-amide MEL conformations. These closer to the indoler cloud, and is calculated to be 3.56
complexes have infrared spectra consistent with water bridging angstroms from the carbon atom of the methoxy group. The
between the carbonyl group H-bond acceptor and the indole presence of the methoxy group on the indole ring is responsible
NH H-bond donor sites. for a dramatic stabilization of the ;State of MEL and

On the bases of such arguments, one would anticipate that,5-methoxyindole relative to indole (producing ag-S, origin
in the MEL—W clusters, bothrans andcis-amide W clusters ~ red-shifted from indole by-2600 cnt?).32%1t is likely that the
would be observed. However, only two M¢lusters were proximity of the water to the methoxy group destabilizes the
detected. These have hydrogen bonding topologies that areSi-State of MEL-W B relative to MEL B, resulting in this
similar to one another, reflecting a water dimer bridge between Unexpected electronic frequency shift behavior.
the C=0 and indole N-H groups. More surprising is our
tentative conclusion, based on the spectral data, that bothV- Acknowledgments
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