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The physicochemical properties of [Trp,—H]~ and [Trp,--Cl]” (n = 1,2) have been investigated in a combined computational
and experimental infrared multiple dissociation (IRMPD) study. IRMPD spectra within the 850 - 1900 cm™! region indicate

that deprotonation is localized on the carboxylic acid moiety in [Trp,—H]™ clusters. A combination of hydrogen bonding and

www.rsc.org/

higher order charge-quadrupole interactions appear to influence cluster geometries for all investigated system. Calculated

global minimum and low energy geometries of [Trp--Cl]~ and [Trp,--Cl]- clusters favor coordination of the halide by the

indole NH. [Trp,—H]~ and [Trp,---Cl]~ exhibit additional r-1t interactions between the heterocyclic side chains.

Introduction

The ability of enzymes to adopt the dynamic structures
necessary for their biological activity is associated with their
tertiary structure,® which arises from non-covalent
interactions between amino acid residues. Since the strength of
individual non-covalent interactions range from
4 —-20 kJ mol1,1.2 introduction of more strongly interacting
molecules such as substrates, cofactors, or inhibitors can easily
disrupt these transient bonds. It is this conformational flexibility
in catalytically active regions of enzymes that ultimately
facilitates catalysis.

Perhaps the most versatile amino acid residues which influence
tertiary structure are those that contain aromatic side chains
(i.e., His, Phe, Tyr, Trp). Specifically, these species can
coordinate ions though charge-quadrupole interactions in
addition to conventional hydrogen bonding. Recently, the
interaction between anions and aromatic systems has attracted
interest.3° The anion-m interaction, which has been shown to
be nearly isoenergetic with the more familiar cation-nt
interaction,10-13 originates from Coulombic attraction between
a permanent negative charge and the electron deficient region
of the quadrupole moment associated with the heterocycle.1415
As such, anions will preferentially occupy sites in the equatorial
plane of the heterocyclic side chains. However, introduction of
electron withdrawing groups can promote interactions
between the anion and the axial face of the aromatic ring.12.16.17
A combination of these motifs are commonly employed in the
development of supramolecular assemblies,3-® anion sensing,’
and have been identified in biological and synthetic anion
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channels.8® Consequently, anion-mt interactions have been
incorporated into drugs developed to treat diseases that affect
anion transport.18-20

Since the first identification of anion-m interactions by X-ray
crystallography in 2004,2! there has been a significant amount
of research conducted to investigate their role in biological
systems. Protein Data Bank (PDB) searches have identified
attractive, edgewise interactions between negatively charged
residues (i.e., Asp, Glu) and biological heterocycles that play
prominent structural and/or catalytic roles, particularly in
serine proteases.?2730 Anion-mt interactions have also been
identified as the mechanistic controller behind the voltage-
dependant response of prestin, a motor protein that is essential
for sensitive hearing in mammalian species.3!

While these interactions have been identified in condensed
phase biological systems, there has been limited work done to
investigate isolated, biologically-relevant interactions involving
the aromatic amino acids, particularly with anions. An IRMPD
study by Burt and coworkers investigated the structural effects
of anion-mt interactions in Phe analogs, which revealed
enhanced binding energies to the anion (e.g., Cl-, Br-) owing to
the influence of charge-quadrupole interactions.12 With regard
to Trp residues, only studies investigating the binding motifs in
cationic alkali®? and divalent transition and alkaline earth33
in monomeric and dimeric complexes have been
completed. These works illustrated the prominence of cation-mt
interactions between the metal ion and side-chain indole
heterocycle. Furthermore, an IRMPD study of protonated Trp
monomers, where protonation was localized on the amine,
revealed that the protonated amine preferentially coordinated
the backbone COOH and was involved in a cation-mt interaction
with the indole side chain.34 Similar motifs were observed in an
infrared photodissociation (IRPD) study of protonated Trp
dimers, where certain low energy conformers exhibited cation-
1t binding motifs.3>

metals
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To the best of our knowledge, only a single, condensed phase
study has addressed anion-m interactions in Trp-containing
species.3® This work, which involved a search of the PDB,
identified numerous protein structures that exhibit close
contacts between Trp residues and biologically prominent
anions, such as chloride and phosphates.3® To gain further
insight into the interactions exhibited by these species, we have
studied the structures and properties of anionic and chloride-
bound Trp monomers and dimers in a joint experimental and
computational study. Experimental outcomes are supported by
detailed basin-hopping molecular dynamics searches of the
cluster potential energy surface (PES) and high-level quantum-
chemical calculations which provide further insight into the
structure of anionic Trp clusters.

Experimental

IRMPD spectra of [Trp,—H]~ and [Trp,--Cl]- (n= 1,2) were
recorded at the Centre Laser Infrarouge d’Orsay (CLIO) free
electron laser (FEL) facility at the University of Paris XI.37.38
Details of the experimental apparatus have been previously
described.12:39.40 Briefly, monomeric and dimeric Trp clusters
were produced by electrospray ionization (ESI) in negative
mode of ca. 100 pM solutions of L-tryptophan in
methanol/water (50/50 vol%) containing ca. 5 uM of NaCl. L-
tryptophan and NaCl were obtained from Sigma Aldrich
(Oakville, ON, Canada) and used without further purification.
The nascent clusters produced were transferred to a Bruker
Esquire 3000+ ion trap mass spectrometer, where they were
mass selected and subsequently irradiated by the tunable
output of the FEL. IRMPD spectra were acquired by irradiating
the trapped ions for 400 ms at 5 cm™ intervals in the 850 — 1900
cmlrange. The IR-FEL output was delivered to the trapped ions
as a series of 9 ms macropulses emitted with a repetition rate
of 25 Hz. Each macropulse consisted of 600 picosecond
micropulses. The average IR power for these experiments
varied approximately quadratically as a function of photon
wavenumber between 800-1200 mW, with the peak power
being delivered near the midpoint of the spectrum. Vibrational
spectra were generated by recording the fragmentation
efficiency of the Trp clusters as a function of FEL wavenumber.

Computational methods

In order to map the PES of the Trp clusters, a custom-written
basin-hopping (BH)*%-4> code that is interfaced with Gaussian
0946 was employed. Clusters were modelled using the AMBER
molecular mechanics force field, which utilized partial charges
calculated at the B3LYP/6-31+G(d,p) level of theory.47-49 Each of
the [Trp,—H]- and [Trp,--Cll- (n =
computationally. For each random structural perturbation in
the BH search of chloride containing clusters, the charge
carrying species was given a random translational step of -0.7 A
<n<0.7 Ain each of the X, Y, and Z directions. For the [Trp—H]-
and [Trp---Cl]- species, each of the dihedral angles of the Trp
residue were assigned a random rotation of -5° < ® < 5°. The

1,2) were investigated

2 | J. Name., 2012, 00, 1-3

same dihedral rotation was applied for the [Trp,—H]- and
[Trpa---Cl]- clusters. However, in this case one of the Trp
residues was assigned a random translational step of -0.7 A< n
<0.7 A'in each of the X, Y, and Z directions as well as a random
rotation of -5° < 8 < 5° about its x, y, and z body-fixed axes.

In total, ca. 30 000 structures were sampled by the BH algorithm
for each cluster. The BH routine identified more than 500
unique conformations for the [Trp,—H]~ and [Trp,---Cl]~ clusters.
The 50 lowest energy conformers from each search were pre-
optimized at the HF/6-31G level of theory, and unique isomers
from this step were then carried forward for treatment using
density functional theory (DFT) at the B3LYP/6-311++G(d,p)
level of theory employing a correction for empirical
dispersion.?8-50 This level of theory has been used successfully
in studies of similar species.13:324251-54 Normal mode analysis
was conducted to verify that each isomer corresponded to a
minimum on the PES. This also served to calculate the harmonic
vibrational spectrum for each structure, which was used in the
assignment of the experimental IRMPD spectrum. Calculated
spectra are broadened with a 4 cm~! Gaussian linewidth, and
scaled by 0.9679.5> Single-point energy calculations were
subsequently conducted on the B3LYP optimized geometries at
the MP2/6-311++g(d,p) level of theory. MP2 thermochemistry
was determined by combining single point electronic energies
with B3LYP thermal corrections determined at 298 K, and is
reported as MP2/6-311++G(d,p)//B3LYP/6-311++G(d,p).
Unique cluster structures were assigned based on Gibbs
corrected energy and geometry. In the case of [Trp,—H]~ and
[Trpa---Cl]-, partial anharmonic analysis of normal modes was
conducted for isomers involving shared proton motifs (see
discussion section for further details). Isomers exhibiting unique
binding motifs were further optimized at the MP2/6-
311++G(d,p)//B3LYP/6-311++G(d,p) level of theory using the
Polarizable Continuum Model (PCM) to model isomer
energetics using implicit solvation in water.%®
graphics were generated using the UCSF Chimera package.
Chimera is developed by the Resource for Biocomputing,
Visualization, and Informatics at the University of California, San
Francisco (supported by NIGMS P41-GM103311).57 Atomic XYZ
coordinates and pertinent thermochemical information of all
calculated isomers are included in the supporting information.

Molecular

Results and Discussion

[Trp-H]-

Based on chemical intuition, [Trp—H]- is likely to be formed as
the carboxylate anion, as the carboxylic acid moiety is the most
acidic site present in the molecule. This is supported by the
IRMPD spectrum of [Trp—H]-, which yields fragments consistent
with collision-induced dissociation (CID) studies of anionic Trp
clusters,’® where the loss of CO, (m/z = 44) predominates.
Additional product channels associated with the loss of CO; +
NHs (m/z 61) and the amino acid backbone (m/z 88) are also
observed. The IRMPD spectrum of [Trp—H]- is plotted in Figure
1. Line widths of ca. 50 cm™ are larger than the typical CLIO
bandwidth of 25 cm-!, and suggests that at least two

This journal is © The Royal Society of Chemistry 20xx



conformers are present in the [Trp—H]- ensemble population.3?
This is supported by our computational study, which identified
atotal of five conformers of [Trp—H]- that lie within 10.7 k) mol-!
of one another. The calculated spectra of isomers 1-5 were
combined and weighted according to a Maxwell-Boltzmann
distribution, where isomer energies are reported relative to
isomer 1 (set to 0 k} mol-1). Further details of this methodology
and individual calculated IR spectra corresponding to each
isomer are available in the supporting information.
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Figure 1. (A) The experimental IRMPD spectrum of [Trp—H]- and
(B) Boltzmann-weighted, calculated IR spectra of isomers 1-5.
Calculations were conducted at the B3LYP/6-311++G(d,p) level
of theory.

Based on the agreement between experimental and predicted
spectra, it is possible that all the calculated isomers contribute
to the IRMPD spectrum. We can confidently assign the
vibrational bands in the IRMPD spectrum to normal modes in
the [Trp—H]~- anion. The band at 1600 cm~! corresponds to the
simultaneous C=0 stretching and NH; scissoring of the
backbone carboxylate and amine moieties, which provides
further evidence that the carboxylic acid is the site of
deprotonation. The peak at 1320 cm™! is consistent with
CCH/CNH bending modes of the aromatic indole moiety and
methylene CH; wagging. Note that it is not uncommon in IRMPD
spectra to observe intensities dissimilar to those predicted by
electronic structure calculations.5259.60 Gaussian calculates the
absorption cross-section of the molecules, whereas IRMPD
monitors fragmentation efficiency (which is determined by
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absorption cross section and coupling efficiency to dissociative
channels). Thus, one cannot directly compare intensities

between IRMPD and calculation.
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Figure 2. The calculated structures of [Trp—H]-. Calculations
were performed at the MP2/6-311++G(d,p)//B3LYP/6-
311++G(d,p) level of theory. Electronic energies are Gibbs
corrected.

Figure 2 shows the optimized structures of the five lowest
energy isomers [Trp—H]~. Structurally, DFT optimized unique
identified by the BH routine differ only in the
orientation of the amino acid backbone relative to the indole

isomers

ring. All conformers contain the intramolecular hydrogen bond
between the backbone NH, and COO-; stabilization of the global
minimum geometry relative to higher energy conformers is
apparently accomplished through charge-quadrupole
interactions between the carboxylate moiety and the indole
side chain. Assessing the interactions present in higher energy
structures allows us to gauge their degree of stabilization. These
include interactions between the backbone amine proton and
the i-cloud of the indole ring, as well as the carboxylate oxygen
and the electron deficient equatorial region of the aromatic side
chain. For example, isomer 2, which was calculated to be
5.9 kJ mol higher in energy relative to the global minimum,
does not contain the interaction between the amine NH; and mt-
cloud. In isomer 3, the carboxylate moiety is rotated such that
its orientation with respect to the indole ring is skewed,
weakening the charge-quadrupole interaction. Interestingly,
this migration of the carboxylate anion out of the plane of the
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indole ring (isomer 3) raises the energy of the ion by
3.2 kl mol1. This highlights the potency of charge-quadrupole
interactions and their potential in stabilizing the orientations of
Trp moieties in larger species. Removal of the carboxylate from
the indole plane inisomers 4 and 5 is (partially) stabilized by the
introduction of an interaction between the lone pair on the
amine and equatorial plane of the indole heterocycle.

[Trp---Cl]-

Our computational study of [Trp---Cl]- identified a total of 35
unique isomers (both charge solvated and zwitterionic) within
40.0 kJ mol! of the global minimum. Calculated geometries
often share binding characteristics that can be grouped into
structural motifs. The calculated geometries of [Trp---Cl]~ fall
within 6 structural motifs. The lowest energy isomer found
within each motif is shown in Figure 3, where isomers are
reported in order of increasing energy from the global minimum
(i.e., isomer 1).
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Figure 3. Binding motifs of [Trp---Cl]~ as determined by calculations
at the MP2/6-311++G(d,p)//B3LYP/6-311++G(d,p) level of theory.
Electronic energies are Gibbs corrected.
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The indole side chain, which is inherently an electron rich
aromatic system, contains a hydrogen bond donor. As such, the
calculated global minimum geometry (motif 1) and higher energy
isomers (motif 2) coordinates the halide by a hydrogen bond through
the indole NH. An intramolecular hydrogen bond also exists between
the NH, and COOH moieties of the Trp backbone, with an additional
orientation of the NH, protons towards the nt-cloud of the indole side
chain. This secondary interaction was found to be prominent in the
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[Trp—H]- anion, and also manifests itself within motifs 2, 5 and 6 of
[Trp---Cl]-. Isomers found within motifs 2 and 3 maintain the position
of the halide within the equatorial plane of the indole side chain, but
modify halide coordination to involve the backbone COOH. Isomers
within motif 4 adopt a nearly identical configuration to those found
within motif 3 and coordinate the halide by the backbone COOH and
NH; while slightly skewing the position of the halide such that it is no
longer in the same plane as the heterocyclic side chain. Isomers
found within motif 5 adopt typical, charge-solvated geometries,
coordinating the anion solely through the backbone NH,. Isomers
found within motif 6 adopt a zwitterionic motif, where charge
separation is stabilized through coordination of the halide to the
cationic backbone amine.

Figure 4 shows the experimental IRMPD spectrum for [Trp---Cl]~.
The appearance of two distinct C=0 stretching frequencies at
1777 cmtand 1716 cm™1, in conjunction with peak widths of ca.
50 cm™! indicate the presence of multiple isomers/conformers
in the [Trp---Cl]- population.3” The experimental spectrum is
well modeled by isomers from motifs 1-3; there is no evidence
of higher energy zwitterionic species. Given the difference of
12.4 k) mol! between motifs 1 and 2, and the fact that the
calculated position of the C=0 band for motif 2 is in good
agreement with the band observed at 1716 cm™! (highlighted
green in Figure 4), it seems likely that kinetic trapping of higher
energy motifs is occurring. This is supported in part by PCM
calculations in H,O (see supporting information), which
decreases the energetic separation of the two motifs to 7.1 kJ
mol-1, suggesting that higher energy motifs may be populated
in the solution phase.

Owing to the energetic spacing between motifs 1, 2, and 3, a
Boltzmann-weighted analysis of calculated [Trp---Cl]- spectra
does not capture the band observed at 1716 cm~1. Consequently,
we provide the spectra of the representative isomers (1, 3, and 4) for
comparison in Figure 4. Given the similar binding characteristics
of isomers found within motifs 1-5, each of these isomers
exhibits similar calculated IR spectra. Calculations indicate the
band at 1777 cm™ corresponds to the C=0 stretch of an
uncomplexed COOH (motif 1), while the lower frequency mode
is the C=0 stretch of the COOH moiety coordinated to the
chloride anion (motifs 2-4). Further justification for the
presence of several low energy, isomeric forms of [Trp--Cl]-
arises from the broad peak centered at 1350 cm~! (assigned as COH
bending), which indicates that the OH moiety exists in multiple
chemical environments. Coordination of the chloride anion by the
COOH moiety results in a red-shifting of the mode compared to the
global minimum. Calculations further suggest that this intense band
consists of CCH/CNH bending modes associated with the indole
heterocycle. Weaker bands at both 1215 cm-! and 1070 cm™!
are assigned to methylene/methine CH,/CCH bending, and a
combination of methylene CH; as well as further indole CCH
wagging/bending modes, respectively.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. (A) The experimental IRMPD spectrum of [Trp---Cl]- and the
calculated harmonic spectra of the (B) global minimum (motif 1), (C)
isomer 3 (motif 2, 12.4 k) mol-1), and (D) isomer 4 (motif 3, 12.9
kJ mol-1). Calculations were conducted at the B3LYP/6-311++G(d,p)
level of theory.

[Trp—H]~

Mapping of the PES of [Trp,—H]- identified a total of 37 unique
conformers. The lowest energy structure for each of the seven
lowest energy binding motifs are shown in Figure 5. Isomers are
ordered by increasing relative energy from the global minimum
(i.e., isomer 1).

In general, the calculated binding motifs of [Trp,—H]- are
influenced by the Trp side chain; the carboxylate moiety is
either coordinated by the indole NH (motifs 1, 3 and 4, and 5),
or lies within the equatorial plane of the heterocyclic side chain
(motifs 2, 6, and 7). Motif 2 comprises a rather interesting
geometry involving a shared proton between the two adjacent
carboxylic acids. As a result, the cluster adopts a highly
symmetric geometry of near C, symmetry (see supporting
information for 3D coordinates). All low energy motifs exhibit
additional m-mt interactions that allows for more intricate cluster
geometries. Isomers within motif 2 exhibit a nearly parallel,
offset orientation of the indole side chains, while other
conformers favour a skewed, edge-to-face stacking interaction
in addition to unique binding motifs of the carboxylate moiety.

The experimentally observed IRMPD spectrum of [Trp,—H]" is plotted
in Figure 6A, and the Boltzmann-weighted spectra for isomers 1-4 are

This journal is © The Royal Society of Chemistry 20xx

shown in Figure 6B. Due to the prominence of shared proton
vibrational modes within low energy [Trp,—H]- cluster geometries, it
was necessary to calculate anharmonic corrections to the harmonic
spectra. To this end, we employed an approach whereby large
amplitude shared proton modes were treated with a full anharmonic
correction, and all other modes were modeled with a harmonic
potential. Anharmonic corrections were employed on isomers 1 and
2. Since isomers 3 and 4 belong to the same structural motif as
isomer 1 (motif 1), conducting anharmonic calculations would be
redundant as the scaling factor of 0.9679 was able to reproduce the
anharmonically corrected spectrum corresponding to isomer 1 (see
supporting information for further details).
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Figure 6. (A) The experimental IRMPD spectrum of [Trp,—H]-
and (B) the computed IR spectrum of [Trp>—H]-. The computed
spectrum includes a Boltzmann-weighted convolution of IR
spectra for isomers 1-4, and anharmonic frequency corrections
for large amplitude shared proton modes in isomers 1 and 2. (C)
The calculated harmonic IR spectrum for isomer 30. Calculations
were conducted at the B3LYP/6-311++G(d,p) level of theory.

The anharmonically corrected Boltzmann-weighted convolution
of the spectra for isomers 1-4 provides a reasonable
reproduction of the experimental IRMPD spectrum. Based on
the calculations, we can assign the major vibrational bands. The
bands at 1770 cm™ and 1715 cm™! are associated with C=0
stretches in carboxylic acid moieties. The band at 1580 cm™ is
assigned to simultaneous carboxylate C=0 stretching and NH;
scissoring. The band at 1405 cm-! arises from indole CNH/CCH
bending modes. Additional bands at 1340 cm~! correspond to
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the combined CH bend of the methine moiety and CH; bend of
the beta methylene carbon, each with a substantial
displacement of proton shared between the carboxylate
groups. The band at 1022 cm™! is assigned to the methine CH
wag, methylene CH; twist, and displacement of the shared
proton.

As was observed with the monomeric species, a peak width in
the IRMPD spectrum of ca. 50 — 75 cm~! indicates that multiple
isomers/conformers are present in the sample population.3”
This is further supported by the two bands corresponding to the
carbonyl stretch of a COOH moiety at 17770cm-1,and 1715cm™1,
which suggests that at least two isomers contribute to the
overall gas-phase population. The calculated global minimum
conformer, which coordinates the deprotonated carboxylate
with the COOH of the adjacent Trp, exhibits a single carboxylate
stretching band at 1577 cm~1 due to symmetry about the shared
proton. The C=0 stretching mode of the carboxylate moiety in
isomers 2 and 3 are calculated to occur at 1565 cm~! and 1591
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cm-1, respectively. However, isomers 2 and 3 also contain
intramolecular H-bonding interactions between the COO-
moiety and the indole NH and backbone amine. This results in
C=0 stretching vibrations associated with the H-bonded COOH
at 1711 cm~ and 1709 cm™? (highlighted in green in Figure 6).
The COH bending mode of isomer 1 is calculated to lie at 1394
cm-1, while the COH bending modes of isomers two and 3 (both
of which involve a bidentate coordination of the carboxylate)
are predicted to occur at 1234 cm~1and 1340 cm™1, respectively.

In total, there are 13 isomers calculated to lie within 20 kJ mol-
of the global minimum, the spectra of which all agree with
experiment. However, the carbonyl stretching band observed at
1770 cm1is only reproduced by isomer 9 (motif 5; highlighted
in blue in Figure 6). Observation of such high energy species
(22.0 kI mol-1) suggests the kinetic trapping is occurring in the
ESI process.®1.62 Implicit solvation in water decreases this
energetic gap to 9.9 kJ mol?, which supports the trapping of
higher energy species (see supporting information).
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Figure 5. Low energy binding motifs of [Trp,—H]~. Geometries correspond to the lowest energy isomer found within a
particular binding motif, as calculated at the MP2/6-311++G(d,p)//B3LYP/6-311++G(d,p) level of theory. Electronic energies

are Gibbs corrected.

[Trpz---Cl]-

Several structural motifs were identified in the computational
study of [Trpz--Cl]~. The lowest energy isomer in each of the
four lowest energy binding motifs are shown in Figure 7. In total,
40 unique isomers were found within 88.1 kJ mol of the global
minimum. Isomers are ordered by increasing relative energy
relative to the global minimum (i.e., isomer 1). All low-energy
[Trpz---Cl]- binding motifs exhibit coordination of the halide

6 | J. Name., 2012, 00, 1-3

through at least one indole NH moiety, indicating that H-
bonding with the heterocycle provides stabilization for the
complex. Moreover, nearly all binding motifs exhibit skewed
edge-to-face or staggered m-stacking of the Trp side chains.
Within isomers that adopt identical halide coordination
schemes (e.g., motifs 1 and 3, and 2 and 4), structural
differences stem from the variety of intra/intermolecular
hydrogen bonding possible between the Trp residues.

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. Low energy binding motifs of [Trp,:--Cl] . Geometries
correspond to the lowest energy isomer found within a
particular binding motif, as calculated at the MP2/6-
311++G(d,p)//B3LYP/6-311++G(d,p) level of theory. Electronic
energies are Gibbs corrected.

The experimentally observed IRMPD spectrum of [Trpz---Cl]~ is
plotted in Figure 8A. The Boltzmann-weighted convolution of
the calculated spectra of the lowest energy isomers
corresponding to motifs 1 and 2 are plotted in Figure 8B. The
prominence of vibrational modes involving shared protons in
low energy isomers compelled us to employ partial anharmonic
calculated vibrational spectra using the
Details concerning the
in the supporting

corrections to
methodology described
anharmonic correction can be found

above.

information.

The appearance of two C=0 stretching frequencies and the fact
that peak widths of ca. 50 cm=! are observed indicates the
presence of multiple isomers in the gas-phase population.3” The
band at 1777 cm-1 corresponds to the carbonyl stretch of a
coordinated COOH moiety. Coordination could be either with
the halide or with the adjacent amine group via an
intramolecular hydrogen bond. The band at 1745 cm~1, which is
also associated with a C=0 stretching motion, provides further
evidence of the multiple coordination environments for the
carboxylic acid functional groups. This is reinforced by the broad
absorption corresponding to the COH bending mode, which
spans the region from 1315 — 1470 cm~1. The absorption is
consistent with our calculations, and shows that the low energy
motifs favour coordination of the COOH moiety in one of three

This journal is © The Royal Society of Chemistry 20xx

environments: (i) to a backbone amine of one of the Trp
residues, (ii) to the other COOH moiety, and/or (iii) to the
halide. The remaining features of the experimental spectrum
are assigned to NH; scissoring (ca. 1580 cm™1), the combined
methylene CH; wag/twist and methine CCH twist (ca. 1190 cm™t
and 1230 cm™1), HCN bending (ca. 1110 cm~1), and NH, wagging
(ca. 1000 cm™1), where each vibration involves displacement of
a shared proton.

Given the similarities in cluster binding characteristics, it was
surprising to see such a large spread in energetics between
motifs, especially when higher energy isomers (i.e., isomers 4
and 5) returned reasonable reproductions of the bands present
in the experimental spectrum. For example, motifs 1 and 3
differ only by an O-H--:N vs. an O-H---O intermolecular hydrogen
bond, despite having respective energy differences of
16.0 k) mol-1. The experimental spectrum can be accounted for
by isomers 1, 2, and 3. However, given the observations for
[Trp—H]~ and [Trp--:Cl]-, it is possible that higher energy
kinetically trapped species contribute to the probed ensemble.
As indicated by PCM calculations, it is unlikely that higher
energy species account for a substantial portion of the
ensemble population, as the energetic gaps between motifs 1
to 4 are roughly maintained (see supporting information).

1.0

o
o

: o
o o

Normalized Intensity

o
()

0.0

1000 1200 1400 1600 1800

Wavenumber / cm™

Figure 8. (A) The experimental IRMPD spectrum of [Trp,--Cl]~
and (B) the Boltzmann-weighted convolution of the calculated
IR spectra of isomers 1-3. Anharmonic frequency corrections
were performed for large amplitude, shared proton modes.
Calculations are performed at the B3LYP/6-311++g(d,p) level of
theory.

Identifying higher order interactions in [Trp,—H]~ and [Trp,:--Cl]-
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To investigate the prominence of n-mt interactions in [Trp,—H]~ and
[Trpz+-Cl]-, a geometric analysis was conducted. A description of the
aromatic system is provided in Figure 9, which uses the benzene
dimer as an example. The orientation of one ring relative to the other
is described using three components: (i) the mass-weighted centroid
separation (R), (ii) the dihedral angle between the ring normal
vectors (a), and (iii) the distance between the normal vector of one
aromatic ring to the centroid of the other (aka. offset).83 For dihedral
angles greater than 90°, a was normalized by 180 — a, and reported
as the absolute value.

Figure 9. Geometric parameters defining the m-m interaction. For
simplicity, benzene is used as a model. Red arrows represent surface
normal vectors.

In their 1990 article, Hunter and Sanders developed geometric rules
for identifying m-m interactions.®* In short, these rules state that
repulsive interactions occur in a face-to-face m-stacked geometry,
while attractive interactions result from T-shaped and/or offset m-
stacked orientations. Much of the empirical evidence for these rules
came from inspection of the crystal structures of simple aromatics,
but r-mt interactions have also been identified in larger systems. For
example, Hunter, Singh, and Thornton investigated the geometric
orientations of Phe-Phe contacts in proteins and derived a
computational model to identify regions of electrostatic attraction
and repulsion as a function of a vs. offset.®s These regions are plotted
in Figure 10; the white regions show attractive interactions and the
red regions indicate repulsive interactions. The top panel of Figure
10 shows the geometries corresponding to the different regions of
the m-mtinteraction PES.

To visualize the m-m interactions in the [Trp,—H]- and [Trp,--Cl]-
dimers, the geometric orientations defined by Hunter et al. have
been calculated for each isomer found in our computational study
(see supporting information). The (a, offset) coordinates for each of
the [Trp,—H]~ and [Trp,---Cl]- isomers are plotted in the middle and
bottom panel of Figure 10, respectively. Note that datapoints are
colour coordinated, with low energy structures (Erejative < 10 kJ mol1)
plotted in black.
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Figure 10. (top) Orientations of Phe-Phe interactions in proteins with
respect to the offset and dihedral angle of the two side chains. Figure
adapted from reference 63. Offset and dihedral angles of [Trp,—H]-
(middle) and [Trp,-Cl]- (bottom). [Trp,—H]~ and [Trp,---Cl]~ global
minima are circled. (a, offset) data points are colour coded in terms
of relative energy: (black) 0 — 10 kJ mol?, (blue) 10 — 20 kJ mol™,
(green) 20 — 30 kJ mol, (orange) 30 — 40 kJ mol-, (red) 40 — 50
kJ mol-?, (maroon) > 50 kJ mol1.

Most of the calculated isomers exhibit geometric parameters that lie
within the attractive (viz., white) regions of the m-m interaction PES.
Since each (a, offset) pair corresponds to an orientation of the indole
rings relative to one another, the scatter plots shown in Figure 10
allow one to determine trends in mt-stacking via inspection. Figure 10
shows that the calculated [Trp,—H]- and [Trp,-Cl]- isomers
predominantly adopt offset, stacked m-m interactions, while T-
shaped orientations of the indole rings occur to a lesser extent. The
distribution of heterocycle orientations in [Trp,---Cl]~ is much more

This journal is © The Royal Society of Chemistry 20xx



sporadic than those of [Trp,—H]-; this is likely a result of coordination
of the halide via the indole NH moiety. Anion coordination to the
indole heterocycle provides a greater energetic stabilization than m-
Tt interactions for the isolated, gas-phase system. Note that the
distribution of geometric parameters resembles a similar study that
involved identifying m-m interactions in condensed-phase
heteroaromatics, including interactions.5®
Interestingly, the offset stacked conformation is widely observed in
proteins,®7.68 which may suggest that this quantitative analysis on
isolated, gas-phase geometries can be utilized in structural or
biological studies.

indole-indole

Conclusions

[Trpn—H]~and [Trpn---Cl]~ (n = 1,2) have been studied for the first
time using a combined computational and experimental
approach. The potential energy surfaces of the clusters have
been mapped using a basin hopping algorithm. Combining
IRMPD with quantum chemical calculations performed at the
DFT level of theory facilitated the assignment of the observed
vibrational bands. Deprotonation is found to be localized on the
carboxylate of [Trp,—H]~ clusters. Through a comparison of the
unique structural motifs across all clusters investigated, we find
that low energy conformers favorably coordinate anionic
residues via the indole NH or situate the charge site within the
equatorial plane of the heterocycle (owing to anion-n
interactions).

In the dimeric species, a series of closely related isomers were
identified in which the halide exhibited either a bidentate
coordination between the indole NH of both Trp residues, or a
tridentate coordination with the amino NH,, carboxylic OH, and
indole NH of adjacent residues. Calculated geometries also
suggest that m-m stacking
stabilization to the clusters. Owing to the prevalence of intra-
and intermolecular hydrogen bonding, anharmonic corrections
were necessary to accurately model the vibrational transitions
associated with large amplitude shared proton modes.
Geometric analyses reveal that m-nt stacking interactions are
prominent in the calculated geometries of [Trp,—H]- and
[Trp,---Cl]-. These higher order interactions favour parallel,
offset geometries, which appear to be more prominentin [Trp,—
H]- than [Trp,:--Cl]~. This is likely a result of the preference for
coordination of the chloride anion to the indole NH moiety. We
expect that the other aromatic amino acids (Tyr, His, Phe) in
either their deprotonated or halide-bound counterparts will
adopt similar binding motifs to maximize hydrogen bonding,
anion-m, and m-stacking interactions. Whether this is the case is
still an open question. Further exploration of these systems will
provide atomistic insight into analogous dynamic ensembles
that could be prevalent in biological systems.
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