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Abstract: The kinetic energy dependence of the collision-induced dissociation (CID) of Group 1
metal cations (M = Li", Na", K", Rb", and Cs") chelated to the amino acid lysine (Lys) were
measured by threshold CID (TCID) using a guided ion beam tandem mass spectrometer. The
simple loss of neutral lysine is the only dissociation channel observed with the heavier alkali
metal cations, whereas CID of Li"(Lys) yields other competing channels including loss of NH3
(the dominant channel at low energy) and eight other reactions. Analysis of the kinetic energy
dependent cross sections yields experimental M*(Lys) bond dissociation energies (BDEs) of 376
+ 30, 219 + 13, 160 £ 10, 141 + 6, and 128 + 4 kJ/mol for Li", Na", K*, Rb", and Cs",
respectively. Computational searches yielded eighteen distinct, low-energy structural families
related to sites of M" binding in M"(Lys) complexes, and ten distinct, low-energy structural
families for neutral lysine. Among the four levels of theory and three basis sets used, four
different ground conformers of M'(Lys) and four different ground conformers of lysine were
found, including a ground conformer of K'(Lys) and Cs"(Lys), [Ne,CO(OH)] and its higher
energy zwitterionic analogue, [Ne,CO2 ], that better explains recent infrared multiple photon
dissociation (IRMPD) action spectroscopy results. Computational results for predicted ground
structures of M'(Lys) complexes yielded computed BDEs in reasonable agreement with

experiment.



1. INTRODUCTION

Many proteins and peptides have Group 1 metal ions coordinated via electrostatic
interactions to one or more of the side chains and/or the secondary amines and carbonyl oxygens
on the backbone. It is worthwhile to determine the primary bond dissociation energies (BDEs)
between individual amino acid residues and alkali ions in the gas phase as an initial reference to
those found physiologically in proteins and peptides. With a single terminal amine on its side
chain, the basic amino acid lysine (Lys) offers a simple, flexible ligand for these Group 1
cations. Compared to peptides, many of the M"(Lys) binding motifs for the free amino acid are
unique because the hydroxyl oxygen (which cannot be present except at the C-terminus in a
peptide) can actively chelate the metal cation. However, physiologically, similar binding motifs
are plausible in peptides except a water molecule solvates the metal cation in lieu of the hydroxyl
moiety.

The physiology of the Group 1 metal cations is broad. Na* and K* are ubiquitous.' Li* is

not but may be a beneficial trace mineral®?

and is widely administrated therapeutically to
patients with bipolar affective disorder*> because of its efficacy. With therapy and because Li*
has a low clearance rate,® it becomes pervasive in tissues of these patients over time.” It
accumulates in plasma and is actively extruded from red blood cells.®>? It also accumulates in
muscle tissue and other organs, and more slowly into brain tissue.” Li* targets white matter
versus grey matter in brain tissue of depressive patients, but not in normal control subjects
treated with lithium.!%!! Li* transport across cell membranes uses the Na channel and Na/H
exchanger and other tissue-specific Na* transport channels.!?

With respect to the heavier Group 1 metal cations, the ?Rb" isotope is used to image
tissues and tumors!*'* and to study disruption to the blood-brain barrier (BBB).!* Such studies
are possible because of the ability of Rb* and Cs" to bind in K* channels,'® with clearance rates at
or below that of K*.!6 Radioactive '**Cs* and '*’Cs* have also recently evolved as environmental

toxins, a result of atmospheric nuclear weapons tests in the mid-19™ century and following the

1986 Chernobyl'” and 2011 Fukushima'® accidents. Cs* readily chelates to many organic



molecules,” including humic and fulvic acids, which are common organic acids in soil,2° and has
severe cardio pathophysiological consequences in humans exposed to those environments.?!

All five of the Group 1 metal cations Li" through Cs* are presented here to highlight
binding trends to lysine. In previous work, Group 1 metal binding trends to amino acids (AA)
follow the trend Li"(AA) > Na'(AA) > K"(AA) > Rb"(AA) > Cs'(AA), a consequence of the
increasing size of the metal cations as they get heavier.?>?* This has been shown for Asn, Asp,
Glu, and Gln;2*26 Cys;2™2 Gly;2932 His;3* Met;3536 Phe; 3637 Pro;23238 Ser;293239 Thy;29-323

;343637 and Tyr. 343637 Infrared multiphoton dissociation spectroscopy (IRMPD) together with

Trp
theory has in many cases elucidated the structures of the ground conformers of M"(AA) (M" =
Li*, Na*, K", Rb" and Cs") for M'(Arg),***! M*(Asn),*> M*(Asp),* M'(Cys),* M*(GIn),®
M*(Glu),> M*(Gly),*6 M*(His),¥’ M*(Lys), "% M'(Met),° M*(Phe)""2 M*(Pro), 65354
M*(Ser),>> M*(Thr),>¢ M*(Trp),>” and M*(Tyr).’! (Here we use the term ground conformer to
denote the lowest energy structure, avoiding the use of “state” as all conformers considered lie
on the same electronic singlet state surface.) These studies show that the identity of the ground
conformer depends on the size of the metal cation. Interestingly, identification of the ground
structure of K*(Lys) appears incomplete,*® and hence is revisited here.

In most cases, low-energy collision-induced dissociation (CID) of M"(AA) (M" = Na*,
K*, Rb", and Cs*) results in the simple loss of the intact neutral AA ligand. Some Na'(AA)**348
and many Li"(AA)*"3%%6% exhibit more complex fragmentations. Such findings parallel those in
the present study, where CID of M*(Lys) (M*= Na", K*, Rb*, and Cs") results in the simple loss
of neutral lysine, whereas Li*(Lys) has nine dissociation channels competing with loss of neutral
lysine. These competing channels are dominated by the primary loss of the side chain amine,
N:H;.6162 Modeling of these CID cross sections provides M'-Lys bond dissociation energies
(BDEs), which compare favorably with computational values obtained at several levels of

theory. The latter require a thorough theoretical investigation of the structures of the M'(Lys)

complexes, which also provides molecular parameters needed for the modeling.



2. EXPERIMENTAL AND COMPUTATIONAL SECTION
2.1. Mass Spectrometry

All data were collected using an electrospray ionization (ESI) source®® and either the
Utah or Wayne State guided ion beam tandem mass spectrometers (GIBMS), previously
described in detail®*%® and briefly below. Stock solutions of lysine and M* (M* = Na", K*) were
combined to achieve approximately 10 M of both lysine and M* in 50:50 (v/v) methanol/water.
Solutions of M* = Li", Rb*, Cs" gave the best intensities of M*(Lys) using higher (~ 10> M) M*
concentrations in 100% methanol (M= Li*) and 1 — 5 x 10* M in 50:50 (v/v) methanol/water
(M"=Rb" and Cs"). Ions were introduced into the source region through a heated (110 — 120 °C)
capillary (the ion source anode). They were then collected by a radiofrequency (rf) ion funnel®’
that focuses into a rf-only hexapole ion guide, where the ions are thermalized by ~10* collisions
with ambient gas.>*%3%%-70 The ions were extracted from the source and focused into a magnetic
momentum analyzer to select the desired M*(Lys) reactant ion, after which the beam was
focused and decelerated to a well-defined kinetic energy (the nominal laboratory energy) before

64-65.71 which confines the ions in the radial direction.

entering a rf-only octopole ion guide,

Once in the octopole, ions drifted through the reaction cell, which contained the reactant
neutral xenon. Xe was used as the collision gas because it is atomic, neutral, relatively large and
polarizable, such that the kinetic to internal energy deposition upon collision is relatively high.”>
3 Data were collected at several Xe pressures (~0.2, 0.1, and 0.05 mTorr), such that
extrapolations to zero pressure ensure that only single-collision conditions apply.®*”* Following
collision-induced dissociation (CID), reactant and product ions drifted to the final focusing stage,
where they were extracted, focused into a quadrupole mass filter for mass analysis, and counted
with a Daly detector.”> Absolute reaction cross sections were generated from the ion intensities
after correcting for background signals as described previously.®* Absolute uncertainties in the
cross section magnitudes are £20% with relative uncertainties of +5%. Collision energies were

converted from the laboratory (lab) frame to the center-of-mass (CM) frame using Ecm = Elab X

M/(m + M), where M is the mass of the neutral reactant (Xe) and m is the mass of the M"(Lys)



reactant ion. In the discussion below, all energies are in the CM frame unless otherwise noted.
The absolute zero and distribution of the ion kinetic energies was determined using a retarding
technique, as previously outlined.**
2.2. Threshold analysis

All of the fragmentation reactions observed in this work are endothermic. Threshold
energies at 0 K for these processes (Eo) can be obtained by modeling the data using the semi-
empirical eq 1.

U(E):O-oz g(E+E, _Eo)n

E

(1

This equation relates the energy-dependent CID cross-section, o (E), to the energy-independent
and adjustable parameter oy; the energies (£;) and populations (g;) of the rovibrational states i of
the reactant ion where >.g;= 1; the relative kinetic energy E of the reactants in the CM frame; and
the adjustable parameter n, which describes the efficiency of energy deposition during
collision.®> A Maxwell-Boltzmann distribution at 300 K describes the relative populations, g;.
The vibrational frequencies and rotational constants used to calculate £; and g; are obtained from
quantum mechanical calculations described in the next section.

In order to compare the model of eq 1 to the data, two other considerations must be made.
First, the distributions of the kinetic energies of the reactant ion and neutral (Doppler
broadening)’® were accounted for by explicitly convoluting eq 1 over both reactant kinetic
energy distributions.® Second, the lifetime of the fragmenting complexes may exceed the
experimental time available for dissociation (7= ~5 x 10 s in the Utah GIBMS and ~1 x 10*s
in the Wayne State GIBMS ),%%® leading to a kinetic shift, i.e., a higher apparent threshold. This
shift can be estimated by incorporating statistical Rice-Ramsperger-Kassel-Marcus (RRKM)

779 into eq 1,%°8! yielding eq 2, which includes the integration over the unimolecular

theory
dissociation probability and the possibility of competitive channels,®' which is needed to analyze

the data for Li"(Lys).
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Here, oy, is the energy-independent adjustable scaling parameter for channel j; Ey, represents the
threshold energy for channel jat 0 K; € is the energy transferred from translation into the internal
energy of the complex during the collision; the internal energy of the energized molecule (EM)
after the collision is E* = € + Ej; and n, g;, Ei, 7, and E are defined as above. The unimolecular
rate constant k;(E*) for dissociation channel j of the EM is defined by RRKM theory in eq 3,
keot (B) = 3 (E*) = X 5N}, (E* = Eo 1)/ hpor (E7) (3)

where N';,(E* - Eg) is the sum of the rovibrational states of the transition state (TS) for channel j
at an energy E*- Eoj; pv(E™) is the density of rovibrational states of the EM at the available
energy E*; s; is the reaction degeneracy for channel j (s; = 1 in all cases here), and /4 is Planck’s
constant. The density and sum of the rovibrational states were determined with the Beyer-
Swinehart-Stein-Rabinovitch algorithm.®>3 When ki« E*) is faster than the time available, the
integration in eq 2 recovers eq 1. Most of the CID reactions are limited by loose TSs, so that
most TS frequencies equal those of the dissociated products and the transitional frequencies were
treated as rotors in the phase space limit (PSL), as discussed in detail elsewhere.?8! The 2D
external rotations were treated adiabatically but with centrifugal effects included® and the
rotational energy was treated using a statistical distribution summed over all possible values of
the rotational quantum number. For the loss of ammonia from Li*(Lys), the reaction is limited by
a tight TS, for which molecular parameters were taken directly from theoretical results for the

rate-limiting TS structure.

2.3. Computational Details

To obtain the frequencies used in modeling the experimental data and to provide insight
into trends in the metal ion binding, the gas-phase ground and low-lying conformers of neutral
Lys and M*(Lys) need to be identified. In order to achieve this, an array of low-lying,
computational structures was examined using molecular mechanics and Hartree-Fock methods
(HF/3-21G). Initial structures of neutral lysine, Li"(Lys), Na'(Lys), and K" (Lys) were submitted

for simulated annealing using the AMBER program and the AMBER force field.** This process



was repeated 6 - 18 times or until new structures failed to appear at relative energies less than
about 60 kJ/mol. The annealing process did not yield all structural families in all M*(Lys), but
comparable structures were created as necessary by substitution of all metal ions. In particular,
charge-solvated and zwitterionic forms of related structures were explored when relevant.
Neutral lysine structures were also compared with results from recent matrix-isolation FT-IR
spectra and theory of gaseous lysine.®>¢ Structures between 0 — 60 kJ/mol that exhibited similar
energies were manually compared to identify unique structures for higher level geometry
optimizations. These calculations were performed using the Gaussian09 suite of programs®’ at
the B3LYP level of theory using the 6-311+G(d,p) basis set including frequency calculations.
Using these geometries, single point energies (SPEs) were calculated using B3LYP, B3P86, and
MP2(full) levels of theory with the 6-311+G(2d,2p) basis set. For simplicity below, these SPEs
will be referred to only as B3LYP, B3P86, and MP2 without re-specifying the basis set or
geometry optimization step.

For Li"(Lys), the resulting B3LYP/6-311+G(d,p) geometries were also geometry
optimized using the MP2(full) level of theory and the cc-pVDZ(Li-C) basis set, where (Li-C)
denotes additional core polarization functions on lithium (cc-pCVDZ).%® Single point energies
were then calculated using B3LYP, B3P86, and MP2(full) levels of theory with the basis set aug-
cc-pVTZ(Li-C). It has been demonstrated elsewhere that including the core electrons on lithium
as well as ignoring counterpoise corrections is required for adequate reproduction of
thermodynamic information regarding Li" complexes.’! The notations B3LYP/pCVTZ,
B3P86/pCVTZ, and MP2/pCVTZ will be used to refer to these SPEs below, or pVTZ when not
referring to Li" complexes.

Low-lying conformers of K*(Lys) were used as starting points for Rb*(Lys) and Cs*(Lys)
structures. For M*(Lys) (M™ = K, Rb*, and Cs"), geometries were further optimized and
frequencies determined using the B3LYP level of theory with the def2-TZVPPD basis set.?%*>%
Single point energies were calculated using B3LYP, M06, and MP2(full) levels of theory with

the same basis set. M06 was chosen because of its successful applications in organometallic and



noncovalently bound systems.”® The notations B3LYP/def2, M06/def2, and MP2/def2 will be
used to refer to these calculations below.

Additionally, transition state (TS) structures for loss of NgH3 from Li"(Lys) were
explored starting from several low-energy conformers of Li"(Lys). Intrinsic reaction coordinate
(IRC) calculations were used to connect the TS structures with the minima on either side. The
lowest energy TS located yields the best reproduction of the data and hence is used exclusively
in the present work. SPEs of this structure were obtained using B3LYP, B3P86, and MP2 levels
of theory with the 6-311+G(2d,2p) and aug-cc-pVTZ(Li-C) basis sets. The complete details of
the CID of Li'(Lys) + Xe will be the subject of a future publication.

For all Lys and M"(Lys) conformers, zero-point vibrational energy (ZPE) corrections
were obtained at the B3LYP/6-311+G(d,p), MP2(full)/cc-pVDZ(Li-C), or B3LYP/def2-
TZVPPD levels after scaling by 0.989.°! Basis set superposition errors (BSSE) in the computed

BDEs for M*(Lys) complexes were estimated using the full counterpoise (cp) method.”

3. RESULTS
3.1. Theoretical Results: Structures of Lysine

The computational procedure described above yielded ten distinct, low-lying (< 30
kJ/mol) structural families for neutral lysine (see Figures 1 and S1), all of which are charge-

solvated (CS) or non-zwitterionic. As with other researchers,-5¢

we found no low-lying, stable
zwitterionic (ZW) lysine structures in the gas phase. Here, the distinct families of low-lying
structures for neutral lysine are described by their internal hydrogen bonds followed by a
designation of major dihedral angles that distinguish members within the same family. For
instance, [OH-O-HoNo]tgtttt+ (Figure la) has intramolecular hydrogen bonds between the
hydroxyl group hydrogen (OH) and carbonyl oxygen (O), and bifurcated hydrogen bonding
between the backbone amino group (NoH2) and carbonyl oxygen (O). Neutral lysine and
M"(Lys) structures have six major dihedral angles, beginning with the hydrogen on the hydroxyl

oxygen (or the hydrogen nearest the hydroxyl oxygen in a zwitterionic structure) to the a-carbon,



£2HOCCq, £0CCuCp, and so forth continuing along the carbon atoms of the side chain and
ending at Ne with £C,CsC:Ne (see Figure 1a for labels). The angles are designated as c (cis, for
angles of 0 - 45°), g (gauche, 45 - 135°), and t (trans, 135 - 180°). In some cases, the sign of the
dihedral angle (+/-) is needed to differentiate structures. All three approaches used for geometry
optimization (B3LYP/6-311+G(d,p), MP2(full)/cc-pVDZ, and B3LYP/def2-TZVPPD) generally
yielded the same dihedral angle designations and signs for a particular structure; however, minor
changes from B3LYP/6-311+G(d,p) optimized structures are detailed in Table S1.

Of the neutral lysine structures located, four are the ground conformer at different levels
of theory and basis set (Figure 1la — 1d), with relative energies listed in Table 1. [OH-O-
HoNo]tgtttt+ (Figure 1a) is the ground conformer at B3LYP and B3LYP/def2 levels of theory, in
agreement with the B3LYP results of Boeckx and Maes (which they called LYS14).3°> We find
the very similar [OH-O-HNq]tgtttt. structure (Figure 1b) is the ground conformer at
B3LYP/pVTZ. These two structures differ only in the orientation of the NeH> side-chain group.
Both are entropically favorable structures because the side chain is free from hydrogen bonding,
which allows for considerable flexibility. [OH-Ne,CO-HaoNo]cggggg (Figure 1c¢) is the ground
structure at MP2 levels of theory with all basis sets (again in agreement with the MP2 ground
structure found by Boeckx and Maes, LYSI1, and the B3LYP and MP2 ground structure found by
Leng et al.*®), as well as for the B3P86 and M06/def2 levels. It is the most compact ground
conformer because of its extensive hydrogen bonding. [OH-Ne,CO-H2No|cgtggg (Figure le) is
another structure in the same family and is within 2 kJ/mol of the ground structure at the B3P86,
MO06, and MP2 levels of theory. [OH-NoH-Nc]cgttgg (Figure 1d) is the B3P86/pVTZ ground
structure. This and other conformers, all of which are included in the Supporting Information,
Figure S1 and Table S1, have intermediate levels of hydrogen bonding across the lysine
molecule. The Supporting Information also describes a comparison with the literature results in

more detail.

3.2. Theoretical Results: Structures of Metallated Lysine
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Our search for conformers of M"(Lys) located eighteen distinct, low-lying (< 30 kJ/mol)
structural families (see Figure S2). Four of these were the ground conformer at some level of
theory and basis set and are shown in Figure 2 for K*(Lys). Table 2 lists the relative energies of
the four possible ground conformers with M* = Li*, Na*, K, Rb", Cs". Table S2 lists such
information for all conformers located and Table S3 provides characteristic structural parameters
for all conformers. The structures are distinguished by chemical symbols in square brackets
indicating the oxygen and nitrogen atoms chelated to M", followed by a designation of the six
dihedral angles to distinguish members within the same family. For zwitterionic [CO>] and the
related [COOH] structures, superscripts o and 3 follow the convention established by Bush et
al.,*® with an additional designation a2 located in the present work. An o designates that NeHs"
donates hydrogen bonds (H-bonds) to No and CO; whereas in a2, NcH3"™ donates a H-bond only
to CO because the N is trans to the hydroxyl oxygen. For the [COOH]* analogues, the
COeeeHN; H-bond in [CO, ]* conformers is replaced by COHeesN;. A B indicates that NoH3"
donates a H-bond to N¢ and CO. For the [COOH]P analogues, the CO**sHN,, H-bond in [CO> ]?
conformers is replaced by COHeeeNq.

In agreement with previous work,*®% the ground conformers of Li*(Lys) and Na*(Lys)
across all levels of theory and basis sets are charge-solvated tridentate structures,
[No,Ne,COJt+gggtg (Figure 2a and Table 2). IRMPD spectroscopy strongly supports these
theoretical findings.*® In contrast, the ground conformers of K(Lys), Rb*(Lys), and Cs*(Lys)
depend on theory and basis set. The zwitterionic and bidentate [CO> |Pcgtgg+g (Figure 2¢) is the
ground conformer for all three metals using B3LYP with any basis set and using B3P86 for
K*(Lys). The similar conformer [CO, |Pcggggg (Figure 2e) is the ground conformer of K*(Lys)
using MP2. At the M06/def2 and MP2/def2 levels, the present study indicates that K'(Lys),
Rb*(Lys), and Cs'(Lys) ground structures are charge-solvated, tridentate [N:,CO(OH)]cggggt
(Figure 2b and Table 2). As described more completely in the Supporting Information, the
[Ne,CO(OH)] designation indicates that the chelation from the hydroxyl moiety is midway

between tridentate [N, COOH] and bidentate [Ne,CO]. This effect is quantified in the Supporting
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Information by evaluating the ratio of the four metal-ligand bond distances [M*-OC : M"-OH :
M"-Nq : M*-N¢], which naturally accounts for the variation in bond distances associated with
metal cation size. The Supporting Information also compares the present results for the structures
of K*(Lys) and Cs*(Lys) with those from Williams and coworkers.***° Reasonable agreement is
found in both studies although we located some structures not previously considered, as detailed
in the next section.
3.3. Theoretical Results: Comparison to IRMPD

In their previous work, Williams and coworkers suggested that both K*(Lys) and
Cs'(Lys) were dominated by non-zwitterionic structures along with substantial contributions
from zwitterionic species.*®* No definitive assignments of particular structures were made in
part because their calculations indicated the ground structure for K*(Lys) was zwitterionic, OOP-
ZW (our [CO: JPcggggg), with NscO-NZ and NscOO-NZ (our [NgCO]Jcggg:t:g+ and
[Ne,CO(OH)]cggggt, respectively) being competitive for Cs*(Lys) at the MP2 level. In contrast,
the present study indicates that the ground conformer is [Ne,CO(OH)]cggggt for K'(Lys),
Rb'(Lys), and Cs'(Lys). As this ground conformer may better explain the IRMPD results, we
reexamine the K*(Lys) and Cs*(Lys) spectra in light of this new information because it is helpful
to establish the M*(Lys) ground conformers in order to most accurately model the TCID data.

Figure 3 shows the published IRMPD spectra from Williams and coworkers®
compared with our calculated spectra for K'(Lys) and Cs(Lys) from B3LYP/def2 optimized
structures. K(Lys) spectra optimized using B3LYP are similar and are shown in the Supporting
Information. Experimentally, the two spectra are similar with intense bands at ~1740 and ~1400
cm! and a prominent band at ~1600 cm™.**** These bands can usually be associated with the
carbonyl stretch, COH bend with H-bonding to No, and the NH> scissors bends of both amino
groups, respectively, of a charge solvated species. Both spectra also exhibit bands near 1460 and
1670 cm™, which can be identified as the bonded CNH bend of a protonated amine group and the
carbonyl stretch, respectively, in a [CO> ] zwitterionic species.*®>” These latter bands are

somewhat larger for Cs*(Lys) than for K*(Lys), indicating a relatively larger contribution from a
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zwitterion.

For both K*(Lys) and Cs*(Lys), [Ne, CO(OH)]cggggt is the lowest Gibbs energy structure
at 298 K using M06/def2 and MP2/def2 levels of theory, Table 3. Each of these structures nicely
reproduces the bands at 1400, 1600, and 1740 cm™, particularly the latter band, Figure 3. (The
bands at ~1600 cm™ are red-shifted compared to theory, which is typical in IRMPD spectra of
M'(AA) systems because of the appreciable anharmonicity in the NH, bend.***”) There are other
CS structures in Figures S3 and S4, notably [N:,CO]cggg-t+g+, that exhibit bands that match the
experimental spectra, but they are all calculated to lie > 4 kJ/mol higher in relative Gibbs energy,
Table 3. The zwitterionic contributions to the spectra at 1460 and 1670 cm™ could derive from
[CO; JPcggggg or [CO, |Pegtgg:g, which both have low relative Gibbs energies at some levels
of theory, but the best spectral match for both K*(Lys) and Cs*(Lys) is [Ng,CO2 Jcggggt, which
has a band at ~1670 cm™. (This observation was also made by Williams and coworkers.*)
Although its relative Gibbs energies (all > 17 kJ/mol, Table 3) apparently do not support its
contribution, it can be realized that this structure is directly related to the [Ne, CO(OH)]cggggt
structure by motion of the proton between O and No, compare Figure 2b and 2d. As a
consequence, these two structures occupy the same asymmetric double-well potential, such that
the zero-point motion of this proton directly couples the two structures. This situation is shown
in more detail in Figure S6 for K*, Rb*, and Cs". This diagram shows that the zero-point energy
of the harmonic proton motion associated with this potential in the [Ne:,CO(OH)] structure (the
OHeeeNy, stretch, ~19.2 kJ/mol for all three metals) is comparable to the barrier height between
the [Ne,CO(OH)] and [N;,CO> ] forms for all three metal cations. More importantly, the barrier
is significantly below the zero-point energy of this motion (the NoHee*O stretch, ~15.7 kJ/mol
for all three metals) in the zwitterionic form. Although the actual energy of this vibration is
certainly strongly affected by the anharmonicity of the asymmetric double-well potential, it
should still be the case that the ground state vibrational wavefunction associated with this proton
motion quantum mechanically has amplitude in both coupled potential wells associated with the

non-zwitterionic and the zwitterionic species. A similar result has also been observed previously
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for Cs*(Ser).>> Thus, the IRMPD spectrum for both K*(Lys) and Cs*(Lys) can be assigned to the
[Ne,CO(OH)]cggggt structure, which is quantum mechanically directly coupled with the
[Ne,CO2 Jeggggt structure. Thus, IR absorption in the orthogonal vibrational modes probed in
the IRMPD experiments is sensitive to both structures. As can be seen in Figure 3,
superpositions of the harmonic contributions from both structures provide very good
reproductions of the experimental spectra for both complexes.

Altogether, our theoretical results compared with the experimental spectra suggest that
both K*(Lys) and Cs"(Lys), and presumably Rb*(Lys), are predominantly [N, CO(OH)] along
with a contribution from the zwitterionic [N;,CO> ]. On the basis of the spectroscopy,
contributions from other conformers cannot be ruled out but are not needed to explain the
observed spectra and are unlikely given the calculated relative Gibbs energies. This conclusion
agrees with the more general observations of Williams and coworkers, although the coupling
between the two structures was not previously identified and the [Ne, CO(OH)] species were not

identified theoretically as the ground structures.

3.4. Cross Sections for Collision-Induced Dissociation and Data Analysis.

Figure 4 shows representative zero-pressure extrapolated data sets for CID of the alkali
metal cation complexes with lysine. A cursory examination of the data shows the expected trend
in the BDEs: D(Li*-Lys) > D(Na*-Lys) > D(K"-Lys) > D(Rb*-Lys) > D(Cs"-Lys). The only
dissociation pathway observed for Na'(Lys), K'(Lys), Rb*(Lys), and Cs"(Lys) is the loss of
intact lysine, reaction 4.

M'(Lys) + Xe — M"+Lys + Xe 4)
The model of eq 2 was used to analyze the threshold regions of the Na*(Lys), K*(Lys), Rb*(Lys),
and Cs'(Lys) data and reproduces these well over energy ranges of 5, 4, 2, and 2 €V,
respectively, as also shown in Figure 4. The threshold energy, Ey, obtained is a direct measure of
the bond dissociation energy (BDE) of M'-Lys at 0 K. A detailed discussion of the various

approaches to modeling the data can be found in the Supporting Information. The recommended
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optimized fitting parameters for eq 2 are provided in Table 4.

As discussed in the Supporting Information, data were interpreted allowing the M"(Lys)
complex to dissociate to either the compact neutral conformer of Lys ([OH-NeCO-
H>No]cgggge , the B3P86 and MP2 ground structure) or the extended neutral conformer ([OH-
O-HzNa]tgtttt+, the B3LYP ground structure) or both. In all cases, it is clear that dissociation to
the extended conformer is strongly favored entropically (see Figure S7) such that modeling
results assuming dissociation to the extended conformer are believed to lead to our best
experimental values. This choice is independently validated by comparison with theoretical
values, as detailed in the next section,

For Na*(Lys), which clearly has a [Na,Ne,COJt+gggtg ground structure, our best model
leads to a threshold of 2.27 + 0.14 ¢V, Table 4. For M*(Lys) where M™ = K*, Rb*, and Cs", there
are several different possible ground conformers of each reactant. For K*(Lys), Rb"(Lys) and
Cs'(Lys), models including [NeCO(OH)]cggggt (as identified in the IRMPD spectrum),
[N, CO2 ]cggggt (which also contributes to the IRMPD spectrum), and [CO2 |Pcgtgg g (the
B3LYP, B3P86, and B3LYP/def2 ground structure) were all considered, Table 4. We utilize a
weighted average of all three of these threshold values as our best determination, and include an
uncertainty that is two weighted standard deviations. This approach leads to final values of 1.66
+0.10, 1.46 £ 0.06, and 1.32 £+ 0.04 eV for K’(Lys), Rb*(Lys), and Cs"(Lys), respectively.

Analysis of the Li"(Lys) results is more complicated because of the additional reaction
channels that start at energies below that for the Li" channel of reaction 4, Figure 4a. For
Li"(Lys) decomposition, there are nine channels competing with the loss of neutral lysine.
Pathways for the other competing reactions have been explored computationally elsewhere”® and
are beyond the scope of the present publication. The primary loss of NH3 dominates the
competing channels. This product is formed by the loss of the side chain amine, as was
demonstrated with 'Ng-labeled protonated lysine,®? and outlined theoretically®® This leads to a
product that is a derivative of norleucine, lithiated 2-amino-5-hexenoic acid, which we refer to as

Li'(Nle). To accurately analyze the threshold for reaction 4 with Li*(Lys), the effect of
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competition with these other channels must be included, as discussed in the Supporting
Information. Figure 4a shows the competitive fit for the Li*(Lys) system, which reproduces the
data over a range in energy up to about 9 eV. This model uses the tridentate reactant
[No,Ne,COJtrggetg and the extended [OH-O-HaNo]tgtttts conformer of lysine, and yields
thresholds of 1.40 + 0.09 and 3.93 £ 0.11 eV for loss of N¢H3 and Lys, respectively, Table 4. A
threshold for reaction 4 of 3.86 + 0.12 eV is obtained if molecular parameters obtained using the
cc-pVDZ basis set are used instead. Here, we adopt the average threshold value of 3.90 = 0.30
eV (two standard deviations) as our best threshold determination for reaction 4 with Li*(Lys).
Thresholds were also determined using eq 1 in which the kinetics of dissociation are
ignored. This permits determination of the kinetic shifts, which range from ~3 eV for Li"(Lys) to
~0.8 eV for Na“(Lys) and down to about 0.3 eV for Cs"(Lys). The very large shift for Li"(Lys) is
partly attributable to the competition with the other lower energy dissociation channels and
partly to the much higher threshold energy. On average, the AS|  values for the loose PSL TS
leading to M" + Lys are 60 - 90 J/K mol when the extended lysine conformer is used and 10 - 40

J/K mol with the compact conformer, again illustrating that the former is entropically favored.

4. DISCUSSION

Our final experimental BDEs for the eight complexes investigated here are provided in
Table 5. We also convert these 0 K BDEs to 298 K bond enthalpies and 298 K Gibbs energies of
dissociation, as listed in Table S6 of the Supporting Information. Because these conversions

depend on the specific conformers involved, multiple values are provided.

4.1. Comparison of literature, experimental, and theoretical thermochemistry

The only available literature value among the alkali metal cations bound to lysine comes
from kinetic method studies of Wesdemiotis and coworkers.””'% For Na*(Lys), they determined
a lower limit of >213 £ 8 kJ/mol, in good agreement with the absolute value determined here of

219 + 13 kJ/mol.
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The experimental M*-Lys BDEs are compared with theory in Table 5 and plotted in
Figure 5. In previous work on a series of lithium cation complexes with a variety of ligands,’! it
was shown that including polarization of the 1s core electrons as well as advanced levels of
theory were needed to replicate experiment. It was suggested that the MP2/pCVTZ level of
theory excluding counterpoise corrections provided reasonable results at a reasonable
computational cost. This level of theory predicts a Li*(Lys) BDE of 321 kJ/mol, and B3LYP,
B3LYP/pCVTZ, and B3P86/pCVTZ provide similar values (320 — 329 kJ/mol). These values
agree within experimental uncertainty with the experimental value obtained using the compact
neutral, 331 £ 26 kJ/mol, but are well below that obtained assuming the extended neutral, 376 +
30 kJ/mol. In both cases, competition with fragmentation of Li"(Lys) using Li*(Lys)-NH3 to
describe all competing channels is included, otherwise the threshold energies nearly double. It
can be noted that the experimental value obtained here is comparable to that for Li* bound to 12-
crown-4 (12C4), 372 + 51 kJ/mol.'"! Given that 12C4 is tetradentate, its seems odd that the
tridentate Lys would have a similar bond energy, although the flexibility of the Lys side-chain
allows more optimal binding of Li" to the Ne amine, whereas the cyclic 12C4 ligand is more
constrained in its orientation when binding Li". It is certainly possible that the competition with
other primary decomposition channels (not accounted for here) influences the threshold for Li* +
Lys production or that the competition is not adequately handled using the statistical treatment.5!
In particular, this method was developed and refined for competition between channels much
closer in energy and the large difference in the thresholds for the deamination and Li" + Lys
channels could lead to a breakdown in these assumptions, e.g., because anharmonicities increase
the number of available states for the lower channel, which would lead to a larger kinetic shift in
the Li" channel. Another possibility is a dynamic issue, namely at the high energies needed to
induce efficient dissociation to Li" + Lys (more than 2 eV higher than the thermodynamic
threshold, Figure 4a), the system no longer has time to explore phase space and thus dissociates
diabatically to a Lys conformer more similar to that in the Li*(Lys) complex. Formation of such

a compact conformer would lead to a larger kinetic shift (and lower thermodynamic threshold) as
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well. Because of these uncertainties, we believe the 376 + 30 kJ/mol value is most conservatively
viewed as an upper limit.

B3LYP, B3P86, and MP2 (with and without counterpoise corrections) all accurately
predict the TCID BDEs of Na'(Lys) with the extended neutral (219 + 13 kJ/mol) but not with the
compact neutral (201 £ 12 kJ/mol), except MP2. Previous evaluations of sodium cation affinities
calculated at similar levels of theory (same single point energy level, including counterpoise
corrections) find that B3LYP values tend to be high (by 8 + 6 kJ/mol) whereas B3P86 and MP2
levels yield better agreement (mean deviations of 4 + 5 and 2 + 6, respectively).'? These
conclusions are consistent with the relative values found here as well.

The average TCID BDE of K'(Lys), 160 + 10 kJ/mol when analyzed using the extended
neutral, is predicted within experimental uncertainty by all levels of theory and both basis sets,
with or without counterpoise corrections on MP2. The average experimental value obtained
using the compact neutral product (148 + 12 kJ/mol) is lower than all theoretical predictions, but
within experimental uncertainty for most values. Likewise, all three levels of theory provide
BDEs within experimental uncertainty of the TCID values for Rb*(Lys) and Cs’(Lys) when
interpreted using the extended neutral, 141 £+ 6 and 128 + 4 kJ/mol, respectively. In contrast, the
agreement is much worse for the values obtained using the compact neutral, outside of
experimental uncertainty for all but the B3LYP/def2 values.

Excluding the Li"(Lys) results, the mean absolute deviations (MADs) of theory from
experimental values with the extended neutral are about 4 kJ/mol, and 10 — 14 kJ/mol with the
compact neutral. This comparison bolsters our conclusion that the analysis using the extended
conformer as the neutral product for all M*(Lys) complexes provides the most accurate BDEs, as
independently concluded from the entropic effects above. If we include the Li*(Lys) results, the
MADs increase to 18 — 23 kJ/mol (extended neutral) and 9 — 14 kJ/mol (compact neutral). As
noted above, difficulties in the interpretation of the Li*(Lys) CID channel limit any conclusions

that can be drawn from these values.?-7-103-104
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4.2. Trends in Bond Energies: Metal Cation Identity and Side-Chain Substituent Effects.

The functional groups of amino acids solvate the charge of metal cations by electrostatic
forces, including ion induced-dipole, ion-quadrupole, and ion-dipole forces. As for all other
AAs, experimental results for the M"(Lys) BDEs follow a trend of Li" > Na" > K" > Rb" >
Cs* 23-25:28-29.32-33.3537 Because the radii of the metal cations increases from Li" to Cs* (0.70, 0.98,
1.33, 1.49, and 1.69 A, respectively'®), the bond distances necessarily increase leading to
reduced electrostatic interactions. As shown in Figure 6, this increase is approximately linear as
the inverse of the ionic radius, as has also been demonstrated for other amino acids as well.?3-3%
3336 (Although this dependence could imply a long-range Coulombic potential, the true
interactions must be superpositions of ion-dipole (r72), ion-quadrupole (r), and ion-induced
dipole (r*) forces coupled with complex chelation effects that become influential at the shorter
bond distances associated with these complexes. Because the BDEs are not necessarily good
reflections of the long-range potentials, plots of the BDEs versus r~? and r~* are no longer linear.)
The lines shown in Figure 6 are linear regression fits (constrained to pass through the origin but
ignoring the value for Li*(Lys)) for the Gly, Pro, and Lys data. Slopes for the Gly, Pro, and Lys
complexes are 158 + 6, 190 + 6, and 214 + 6, A kJ/mol, respectively, where the latter value
matches that previously determined for Gln.?¢ Clearly the point for Li*(Lys) lies well off of the
linear regression line for the other four metal cations, consistent with this value being too high.
This projection indicates that a more likely value for Do(Li*-Lys) is 305 £ 9 kJ/mol, a value that

agrees well with theoretical predictions as well, Table 5.

4.3. Trends in Bond Energies: Effects of Polarizability and Side Chain on M*(44) BDEs

We have previously found a correlation between the polarizabilities of the amino acids
Gly, Met, Phe, Tyr, and Trp and their BDEs to Na*, K*, Rb", and Cs*.233-37195 (A1l isotropic
molecular polarizabilities used here were calculated at the PBE0/6-311+G(2d,2p) level of theory
using the B3LYP/6-311G(d,p) optimized geometries of the neutral amino acid in the metal

cationized complexes. This level of theory has been shown to provide polarizabilities that are in
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good agreement with measured values.!*®) The polarizability correlation established by these five
amino acids permits the enhanced binding observed for polar side chains to be assessed more
quantitatively.?426333% For Na* - Cs", Ser, Thr, Asp, Asn, Glu, Gln, and His all show enhanced
binding compared to values predicted from the polarizability correlation. For Na" and K*, BDEs
to Ser, Thr, Asn, Gln, and His form a series that is parallel to those for the aliphatic amino acids,
with an average enhancement of approximately 28 and 24 kJ/mol, respectively.***> Asp and Glu
form a separate series in between the polar and aliphatic series (enhancements of about 15
kJ/mol for both Na* and K"), consistent with the reduced binding for the carboxylic acid side-
chain relative to a carboxamide side chain, a result of the inductive effect of the hydroxyl group.
For Rb", a similar trend is observed but here the enhancement is only 5 — 7 kJ/mol for Ser and
Thr,?**? ~ 15 kJ/mol for Asp, Glu, and His,*® and Asn and Gln form a series about 24 kJ/mol
above the polarizability trend.?® For Cs*, Ser and Thr lie ~7 kJ/mol above the trend line;?**? Asp,
Glu, and His average about 10 kJ/mol above the polarizability trend,** with Asn ~15 kJ/mol
above and GIn ~24 kJ/mol higher. Thus, the shorter polar side chains of Ser and Thr (only two
atoms long) drop from 28 to 24 to 10 to 7 kJ/mol in going from Na* to K" to Rb" to Cs*, a result
of the larger metal cation radius not being able to bind as efficiently in a tridentate conformation
as smaller cations.’>*? For Asp (three atom side chain), Glu (four atom side chain), and His
(three atom side chain), the enhancements drop from 28 (Na*) to 24 (K*) to 15 (Rb") and 15
(Cs™) kJ/mol, demonstrating better tridentate binding than the short side chain AAs. Asn/Gln (3/4
atom carboxamide side chain) show trends of 28/28 (Na"), 24/24 (K"), 24/24 (Rb") and 15/24
(Cs") kJ/mol. Thus, the long side chain length and strongly binding carbonyl group of the
carboxamide makes the enhancement largely independent of metal for Gln and nearly so for Asn.

The five atom side chain length of Lys presumably allows facile orientation of the side
chain such that the amine group can bind efficiently to a metal ion of any size. Indeed, we find
that the enhancement for Lys relative to the polarizability trend is 25 (Na*), 18 (K*), 20 (Rb"),
and 21 (Cs") kJ/mol, similar to the results for Gln although about 4 kJ/mol weaker for all metal

cations. Given that the local dipole moment of the carboxamide group (estimated from
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acetamide, 3.68 D) is much larger than that for the amine (estimated from methyl amine, 1.31
D),!%7 it is clear that the flexible lysine side-chain allows binding at close to an optimum distance

and orientation, whereas the shorter side-chain length of Gln leads to constraints.

4.4. Potential complexation motifs in peptides and proteins

Under normal physiological and aqueous conditions (pH < 10), the side chain of lysine
(as an AA or in a peptide) would be protonated. However, metal ligation of the side chain could
be competitive under some circumstances, including higher pH conditions. Section 3.2 and the
Supporting Information identified the ground and low-energy conformers of M'(Lys),
respectively. Of the eighteen structural motifs located here for the M*(Lys) complexes, six of
these are available in peptides and proteins: [Ne,Ne,CO], [No,Ne], [No,CO], [Ng,CO], [CO]*, and
[CO]JP. In five of these low-energy motifs ([No,Ne,CO], [No, CO], [Ne,CO], [CO]*?, and [COJP),
the hydroxyl moiety contributes to M*(Lys) stabilization via hydrogen bonding to lower the
relative energy. The exception is [No,Ne¢], where the hydroxyl moiety cannot stabilize the
conformer.

With [Ne,Ne,CO] conformers, the Na and carbonyl O are cis (£/NaCaCO), and this is a
plausible structural candidate in a peptide, as it is the facile rotation about the Ca—CO bond that
allows for secondary structure in proteins. [No,Ne,CO] is the only tridentate M*(Lys) structure
that is available for metal cation binding in peptides and proteins, and is the ground conformer
for Li"(Lys) and Na"(Lys).

The [No,CO] and [N¢,CO] structures are bidentate. [No,CO] would be an appropriate
metal binding site along the backbone of any amino acid in a peptide or protein, with No and CO
cis. [Na,CO]Jcggggg-+, [Na,CO]Jcctggg, and [Na,CO]Jcggtgg (see Table S2) are all stabilized by H-
bonding; however, in [Na,CO]ccgtgg, there is no intramolecular stabilization. These structures
have relative energies of 19, 58, 91, and 74 klJ/mol, respectively, using B3LYP. The [N, CO]
structures are also plausible chelation motifs of lysine moieties in peptides and proteins. In the

[Ne,CO] structures, Neand CO are trans, which is also allowed, because the rotation about
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Co—CO is not limited.

A unique structure of M*(Lys) is the bidentate [Na,Ng], which is the only low energy
M'(Lys) conformer that neither chelates the hydroxyl oxygen nor uses it to stabilize the
conformer via hydrogen bonding; thus it could contribute to peptide and protein cationization.
The [No,N¢] structure of K(Lys) in Figure S21 is representative of Li'(Lys), Na‘(Lys), and
Cs'(Lys), which differ only slightly in the first three dihedral angles. The side-chain dihedrals
are consistent and visually all M*(Lys) [Na,Ne] appear similar. (A Rb"(Lys) [No,Ne] structure
could not be located.)

The [CO]** and [CO]P structures are monodentate and therefore somewhat higher in
relative energy. They are also appropriate candidates for M" binding in peptides and proteins, as
the rotation about Co—CO is not defined. Notably, these structures, along with [No,CO], can
occur independent of the identity of the side-chain. Only [No,Ne,CO], [No,Ne], and [Ne,CO] have
the side chain and all or part of the backbone directly involved in metal cation binding. For these
structures, one imagines that the length and flexibility of the lysine side chain could create an
intramolecular “pocket” that could provide a natural proclivity for or discrimination against

metal cations of particular radii.

5. CONCLUSIONS

Analysis of the TCID data for the five M*(Lys) complexes requires molecular parameters
for the likely ground structures of the complexes and the neutral Lys product. Hence the present
study includes a thorough investigation of the conformers of these species. The levels of theory
and basis sets used located the common tridentate ground conformer [No,Ne,CO] for Li*(Lys)
and Na“(Lys), but different ground structures for the larger metal cations. For K(Lys), the
ground structure is [CO2 |P at B3LYP, B3P86, MP2, and B3LYP/def2 levels, whereas M06/def2
and MP2/def2 yielded [N¢,CO(OH)], where the hydroxyl oxygen only partially solvates the
metal cation compared to N¢ and the carbonyl oxygen. Likewise, for Rb*(Lys) and Cs*(Lys), the
B3LYP/def2 ground structures were [CO, ]P and [Ng,CO(OH)] for M06/def2 and MP2/def2.
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The [NgCO(OH)] ground structure located for K'(Lys) and Cs'(Lys), together with the
companion zwitterionic [Ng,CO, ] analogue (which co-exist in a double well potential, Figure
S6), better explains previous IRMPD results. Although relative Gibbs energies at 298 K suggest
that [Ne,CO] and even [Nq,Ne,CO] could also be contributing to the nonspecific nonzwitterionic
species in the IRMPD spectra, they are not necessary to explain the observed spectra.

In addition to these ground conformations, annealing, metal cation substitution,
companion NZ-ZW and transition state searches yielded a plethora of low-energy structures,
including the novel [COJP, [CO]*?, and [No,Ng] binding motifs. [Ne,N:CO], [Ne,CO], and
[No,Ne] are among the physiologically relevant structures that could be found in protein and
peptide structures.

Computational results for neutral lysine yielded four different possible ground structures,
with an extended [OH-O-H>Ng]tgtttt+ and a more compact [OH-Ne,CO-HoNo|cggggg. structure
being low lying at all levels of theory. When modeling the TCID data for reaction 4 with M" =
Na“, K", Rb", and Cs", it was shown that formation of the extended neutral product (least
constrained by hydrogen bonding) was strongly favored entropically, even if the more compact
structure was lower in energy.

Experimental BDEs for M*(Lys) extracted from modeling the TCID cross sections as
dissociating to the extended conformer are in very good agreement with theoretical values for M*
= Na’, K", Rb", and Cs" within experimental error. For Li*(Lys), modeling the data with the
compact conformer led to a BDE in better agreement with theory, but competition with much
lower energy channels (N:H3 loss) or dynamic effects could explain the elevated threshold found
for TCID of Li"(Lys) to the extended conformer. The BDE trend for these Group 1 metal ions to
lysine follows the usual trend of Li"(Lys) > Na‘(Lys) > K'(Lys) > Rb*(Lys) > Cs"(Lys),
exhibiting an inverse dependence on the metal cation radius. The binding of Lys to the Group 1
metal cations is enhanced compared to amino acids without polar side chains by about 20 kJ/mol
for all metals, a consequence of the flexibility of the Lys side chain, which permits optimal

orientation and distance to the metal cation.
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Table 1. Relative Single Point Energies (kJ/mol) at 0 K for Low-lying Lysine Structures®

34

this work literature®
structure dihedrals B3LYP B3P86/M06 MP2(full) structure B3LYP MP2
[OH-O-H2Ng] tgtttt: 0.0, 0.1, 0.0 3.0,3.3,5.5 95,17.2,9.4 LYS14 0.0 8.2
tgtttt- 0.4,0.0, 0.4 34,34,53 9.2,16.6,9.3 LYS12 0.5 7.8
[OH-N,CO-HoNo]  cggggg. 33,52, 43 0.0, 1.1, 0.0 0.0, 0.0, 0.0 LYSI 0.4, 0.0¢ 0.0, 0.0¢
cgtggg 4.0,5.6,4.9 1.0, 1.8, 0.2 1.3,0.4,14 LYS2 2.1 2.0
[OH-NoH-N¢] cgttgg_ 49,48, 5.1 1.1, 0.0, 2.2 54,44,3.9 LYS5 1.7, 1.3¢ 34,4.8°

“Structures shown in Figure 1 are included. See Table S1 for a complete list of all conformers. Single point energies calculated at
B3LYP, B3P86, and MP2(full)/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (normal font); B3LYP, B3P86, and MP2(full)/aug-cc-
pVTZ//MP2(full)/cc-pVDZ (italics font); or B3LYP, M06, and MP2(full)//B3LYP/def2-TZVPPD (bold font) with ZPE corrections
scaled by 0.989. ? Except as noted, geometries optimized and SPE calculated at B3LYP or MP2/6-31++G(d,p) with ZPE corrections
scaled by 0.97.%° ¢ Geometries optimized and ZPE corrections scaled by 0.96 calculated at B3LYP/6-311++G(d,p) level with SPEs at

B3LYP and MP2/6-311G(2df,p).*
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Table 2. Relative Single Point Energies (kJ/mol) at 0 K for Low-energy Group 1-Metal

Cation Lysine Structures®

this work literature
structure dihedrals M"  B3LYP  B3P86/M06  MP2(full) B3LYP>“¢  MP2
[No.,Ne,CO] tigggtg  Li* 0.0, 0.0 0.0, 0.0 0.0, 0.0 0.0, 0.0, 0 0
A0? Na* 0.0 0.0 0.0 0.0, 0 0
NscNtO-NZ&4 K* 8.9,5.8 15.7,0.7 34,15 8.0,8 4
Rb* 10.1 4.5 4.7
Cs* 14.4 4.9 7.3 20 7
[Ne, CO(OH)]  cgggget K' 7.9,4.8 11.1, 0.0 1.8, 0.0 53,7
NscOO-Nz&4 Rb* 4.5 0.0 0.0
Cs* 6.0 0.0 0.0 7 4
[Ne,CO2 ] cggggt Li* 343,364 295,300 274,208 36.2,369,34 27
Go0? Na* 22.0 17.1 16.5 21.0,22 13
NscOO-ZW<? K" 229,221 246,228 14.6,12.0 22.7,22 14
Rb* 24.8 25.2 14.5
Cs* 27.3 24.9 15.0 27 15
[CO, P cgtggrg Lit 325,342 248,261 36.9, 32.2
Na* 9.2 1.6 13.3
K"  0.0,0.0 0.0, 10.6 3.00, 4.8
Rb* 0.0 10.8 8.0
Cs* 0.0 10.1 3.8
[CO, |P cgggge Li* 333,372 249,278 33.1,27.7  34.7,349,35 33
E0® Na* 10.5 2.1 10.1 5.5,9 12
00P-zW <4 K* 1.3,1.5 0.7,7.8 0.0, 1.3 0.0, 0 0
Rb* 1.7 8.2 4.6
Cs* 1.5 7.0 0.2 0 0

¢ Structures shown in Figure 2 are included. Single point energies calculated at B3LYP, B3P86,
and MP2(full)/6-311+G(2d,2p)//B3LYP/ 6-311+G(d,p) (normal font); B3LYP, B3P86, and
MP2(full)/aug-cc-pVTZ(Li-C)//MP2(full)/cc-pVDZ(Li-C) (italics font); or B3LYP, M06, and
MP2(full)/def2-TZVPPD//B3LYP/def2-TZVPPD (bold font). B3LYP/ 6-31++G(d,p)
optimized energies for conformers of Li*(Lys).”* *B3LYP/ 6-31++G(d,p) and LACVP ECP for
K" optimized energies for conformers of Li*(Lys), Na*(Lys), and K*(Lys).*® “B3LYP or MP2/6-
311++G(2d,2p)//B3LYP/6-31++G(d,p), LACVP ECP for K*, and CRENBL ECP for Cs*.#°



Table 3. Relative 298 K Gibbs Energies (kJ/mol) for the Conformers of K*(Lys) and
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Cs*(Lys)

Structure dihedrals K* Cs"
This work® Literature? This work® Literature?

NeNeCOI bgegle g 6c174437¢ 80284 147°7.8/10.3°  15°3¢
9.7,°9.4/10.2¢

[N=CO] CBEELET (7c115956¢ 265455  4.0°5.6/6.4° 3,50
4.5°9.9/11.1¢

[N COOH)] - cg888t 5 5cig6d00c  5087c1¢  3.3°0.0/0.0¢ 2, 0¢
0.0,€ 0.0,/ 0.0¢

[NoCO2 ] ceggel 6608341700 24224°16° 29.329.5/19.7° 19 8¢
28.2,°33.6,/22.8°

[COs TP CEI8EE  )0c0.071.6¢ 0.0.¢ 12.8/ 6.4¢
2.4,°17.7/11.9¢

[CO2 ] CBEEEE 57219002 0200 32°113/45 0°1°

5.2.°16.279.7°

“Method/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) calculations (normal font) and Method/def2-

TZVPPD//B3LYP/def2-TZVPPD calculations (bold font). “Unless otherwise indicated,

Method/6-311++G(2d,2p)//B3LYP/6-31++G(d,p) calculations and CRENBL ECP for Cs.*

“B3LYP. “B3P86. “MP2(full).'M06. B3LYP/6-31++G(d,p) calculations and the LACVP

effective core potential for K.*



Table 4. Fitting Parameters of Equations 1 and 2, Threshold Energies at 0 K, and Entropies of Activation at 1000 K for CID of M*(Lys)*
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Reactant M*(Lys) structure Products Lys structure o n¢ FoleV) FoleV) ASToo
no RRKM? PSL¢ (J/Kmol)

Li*(Lys)? [No,Ng,COJt-gggtg® Li"(Nle)+ N:H3 19.0 (1.8) 0.6 (0.1) 3.30(0.08) 1.40(0.09) -98 (2)

Li* + Lys [OH-O-HN]tgtttt. 19.0 (1.8) 0.6 (0.1) 6.85(0.09) 3.93(0.11) 94 (2)

[No,Ne,COJt: gggte’ Li"(Nln) + N:H3 19.2 (1.8) 0.6 (0.1) 3.31(0.08) 1.49(0.09) -84 (2)

Li" + Lys [OH-O-H,Notgtttt.® 19.2 (1.8) 0.6(0.1) 6.86(0.09) 3.86(0.12) 91 (2)

Na*(Lys) [No,Ne,COJtigggtg®s Na* + Lys [OH-O-H,No Jtgtttt, 21.3(7.1) 1.8(0.3) 2.94(0.22) 227(0.14) 91 (2)

K*(Lys) [CO, Pegtgg gt K*+ Lys [OH-O-H:Na]tgtttt. 42.7(10.8) 1.6(0.2) 1.97(0.10) 1.67(0.07) 79 (2)

[N:,CO(OH)]cggggt/ K*+ Lys [OH-O-H,Na]tgtttt. 42.1(11.9) 1.6(0.2) 1.91(0.11) 1.61(0.07) 60 (2)

[N.,CO; Jeggggt K*+ Lys [OH-O-H,Nq]tgtttt. 41.2 (11.6) 1.6(0.2) 1.90(0.11) 1.71(0.08) 94 (2)

Rb*(Lys) [CO; PPegtgg:g Rb* + Lys [OH-O-HoNq]tgtttt.© 19.1 (1.8) 1.3(0.2) 1.77(0.07) 1.46(0.05) 77 (2)

[N:,CO(OH)]cggggt Rb* + Lys [OH-O-HoNq]tgtttt.© 19.1 (1.8) 1.3(0.2) 1.79(0.07) 1.43(0.05) 63 (2)

[N:,COz]cggggt Rb* + Lys [OH-O-HoNq]tgtttt.© 18.9 (1.8) 1.3(0.2) 1.77(0.08) 1.49(0.05) 89 (2)

Cs*(Lys) [COz Pegtgg. g’ Cs*+ Lys [OH-O-H:N]tgtttt. 20.8 (1.7) 1.0(0.2)  1.57(0.08) 1.33(0.06) 75 (2)

[N:,CO(OH)]cggggt/ Cs*+ Lys [OH-O-H:N]tgtttt. 20.7 (1.7) 1.0(0.2)  1.59(0.08) 1.30(0.06) 61 (2)

[Ne,COz]cggggt Cs™+ Lys [OH-O-H:Nq]tgtttt. 20.5(1.7) 0.9(0.2) 1.58(0.08) 1.34(0.06) 12 (2)

?Modeling results use ground conformer from B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) calculations unless otherwise noted. Uncertainties are listed in

parentheses. ? Lifetime effects not included. ¢ With the lifetime effect included by using a PSL TS. ¢ Competitive fitting results using a tight TS for NH3 loss for

the cross section sum and a PSL TS for Li* cross section; see text. ¢Entropically favored neutral with extended structure. "MP2(full)/aug-cc-pVTZ//MP2(full)/cc-
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pVDZ ground conformer. $B3P86 and MP2(full)/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) ground conformer. "B3P86/6-311+G(2d,2p)//B3LYP/6-311+G(d,p)
ground conformer. ‘B3LYP//B3LYP/def2-TZVPPD ground conformer./M06 and MP2(full)//B3LYP/def2-TZVPPD ground conformer.
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Table 5. Comparison of Experimental and Theoretical Bond Dissociation Energies (kJ/mol) of Complexes of Metalated Lysine

at0 K
product channel TCID experiment” Theory”
extended compact B3LYP B3P86/M06” MP2(full)
Li" + Lys 376 + 30 [331 +26] 322.6, 328.6° 314.6, 320.2¢ 306.1 (321.0), 311.3 (320.3)¢
Na' + Lys 219+ 13 [201 + 12] 223.6 216.6 209.2 (223.6)
K*+ Lys 160 + 10 [148 £ 12] 160.6, 154.6¢ 167.0, 157.4¢ 157.0 (162.1), 157.7 (167.0)¢
Rb" + Lys 141+6 [130 + 9] 135.4¢ 143.0¢ 141.7 (155.6)¢
Cs"+ Lys 128 + 4 [118 + 8] 122.4¢ 132.2¢ 131.9 (141.1)¢
MAD¢ 18+£24[9+7] 20+28[14+3] 23+£33[14 £ 6]
MAD/ 4+2[10+8] 4+2[14+4] 4+4[11+2]

“Results from Table 4. ” Energies calculated at the corresponding 6-311+G(2d,2p)//B3LYP/6-311+G(d,p) level except where noted
(normal font). Zero-point energies and counterpoise corrections for BSSE are included in all theoretical BDE values with values
excluding counterpoise corrections in parentheses. © Energies calculated at the corresponding aug-cc-pVTZ(Li-C)//MP2(full)/cc-
pVDZ(Li-C) level (italic font). ¢ Energies calculated at corresponding def2-TZVPPD//B3LYP/def2-TZVPPD level (bold font). ¢ Mean
absolute deviation (MAD) from experimental threshold energies with extended [compact] neutral including lithium.”MAD from

experimental threshold energies with extended [compact] neutral excluding lithium.
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Figure Captions

Figure 1. Ground conformers of neutral lysine optimized at the B3LYP/6-311+G(d,p) level.
Dotted lines indicate hydrogen bonds. Relative 0 K energies in kJ/mol calculated at the B3LYP,
MO06, and MP2 levels using the def2-TZVPPD basis set are also shown with values for other

levels in Table 1.

Figure 2. Ground conformers of M*(Lys) shown as K*(Lys). All structures are optimized at
B3LYP/6-311+G(d,p) level. Dotted lines indicate hydrogen bonds and dashed lines show metal
ligand interactions. Relative 298 K Gibbs energies in kJ/mol calculated at the B3LYP, M06, and
MP2 levels using the def2-TZVPPD basis set are also shown with values for other levels in

Table 3.

Figure 3. IRMPD spectra from refs. 48 and 49 compared to B3LYP/def2-TZVPPD calculated
absorption spectra for conformers of K*(Lys) (part a) and Cs*(Lys) (part b) with relative 298 K
Gibbs energies calculated at B3LYP/def2, M06/def2, and MP2/def2 levels and, in parentheses, at
B3LYP and MP2/6-311++G(2d,2p)//B3LYP/6-31++G(d,p) levels.*’

Figure 4. Representative zero-pressure extrapolated cross sections for CID of M*(Lys) (M" =
Li", Na", K*, Rb", and Cs") with Xe (parts a — €, respectively) as a function of kinetic energy in
the center-of-mass frame (lower x-axis) and the laboratory frame (upper x-axis). The
experimental data for M" are shown by open symbols. Solid lines show the best fit to the
experimental data using the model of eq 2, convoluted over the neutral and ion kinetic and
internal energy distributions. Dashed lines show the model cross sections in the absence of

experimental kinetic energy broadening for reactants with an internal energy of 0 K.



41

Figure 5. Experimental versus theoretical BDEs (kJ/mol) of M*(Lys) (M" = Li*, Na*, K", Rb",
and Cs"). Theoretical values include B3LYP (circles), B3P86 (squares), M06 (open squares), and
MP2(full) (triangles). Basis sets used for M = Li" are aug-cc-pVTZ(Li-C) (blue); for M = Li",
Na“, and K", 6-311+G(2d,2p) (red); and for M" = K*, Rb", and Cs", def2-TZVPPD (green). An
alternate experimental value for M" = Li* obtained using the compact lysine conformer is shown

by open symbols. The diagonal line shows perfect agreement.

Figure 6. Metal cation-amino acid bond energies for AA = Gly (blue diamonds), Pro (red
circles) and Lys (green triangles) versus the inverse of the metal cation radius. Lines are linear
regression fits to the data for Cs” - Li" (excluding Li* for Lys) constrained to pass through the
origin. The open symbol shows the alternate experimental value for Li"(Lys) obtained using the

compact lysine conformer.
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