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ABSTRACT: Noncovalent interactions between alkali metals and amino acids are critical for
many biological processes, especially for proper function of protein ion channels; however, many
precise binding affinities between alkali metals and amino acids still need to be measured. This
study addresses this need by using threshold collision-induced dissociation with a guided ion beam
tandem mass spectrometer to measure binding affinities between potassium cations and the
aliphatic amino acids: Gly, Ala, hAla, Val, Leu, and Ile. These measurements are supplemented
by theoretical calculations and include commentary on effects of enthalpy, entropy, and structural
preference. Notably, all levels of theory indicate that the lowest-lying isomers at 298 K have K*
binding to the carbonyl oxygen in either a monodentate ([CO]) or bidentate ([CO,OH]) fashion,
isomers that are linked in a double-well potential. This complicates the analysis of the data,
although does not greatly influence the final results. Analysis of the resulting cross sections
includes accounting for multiple ion—molecule collisions, internal energy of reactant ions, and
unimolecular decay rates. The resulting experimental bond dissociation energies generally increase
as the polarizability of the amino acid increases, results that agree well with quantum chemical
calculations done at the B3LYP, B3P86, and MP2(full) levels of theory, with B3LYP-GD3BJ

predicting systematically larger values.



INTRODUCTION

Potassium cations serve various essential functions throughout different biological
systems. Examples include regulating energetics in the mitochondria,' controlling propensity for
cell apoptosis, aiding pathogen resistance,® and regulating cellular transmembrane potentials.*
Such processes are enabled by the ability of proteins to distinguish K from other metal ions,
particularly other alkali ions, and to facilitate K™ flow across different cell membranes, often
against concentration gradients.®” In these environments, noncovalent interactions are crucial to
define metal ion selectivity and effective K* transport where aliphatic amino acids (AAs) govern
many of the interactions.!%!!

Unfortunately, past experimental methods have struggled to quantify in vivo K*AA binding
affinities because of other interfering interactions in biological systems.'? A patch clamp method
has been used to characterize ion selectivity by measuring the currents of different ions across a
channel'® while utilizing Erying transition state (TS) theory to extract kinetic information;!'* !>
however, the physical determinants of the rate constants used in the theory are still poorly
understood, making measurements of a single TS difficult.'® Nevertheless, the importance of such
measurements can be seen in studies showing that just one residue substitution in a channel can
change its ion selectivity and function.!"17-2! Such remarkable, yet sensitive, selectivity for K* is
complimented by the high throughput rate of these channels that approaches the diffusion limit of
K" in solution.?” This high rate is attributed to the center region of potassium channels containing
many aliphatic AAs.>® As such, binding affinity measurements and calculations require great
precision to benefit similar studies expanded to larger systems.

One approach to remove interferences from other biological residues and the complexity
of the biological system is to measure K binding affinities individually for each AA or small
peptide. These individual measurements can then be combined to help evaluate larger systems.
Clearly, limitations associated with the N and C termini remaining need to be recognized, although

studies on functionalized AAs that mimic internal residues better offer interesting extensions of

the present studies. Rodgers and Armentrout refer to collecting such measurements as building a
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“thermodynamic vocabulary”'“ and have measured these pairwise binding affinities between a

variety of metal cations and biological residues.?**
The metal cation binding affinity of an AA is mainly influenced by the AA conformation

and the coordination site of the metal.*?

Usually, the AA either takes its canonical form (charge
solvated; CS) or the zwitterionic salt-bridge form (ZW).** For instance, Wyttenbach, Witt, and
Bowers found that both Na* and Cs" favored a CS complex with glycine (Gly) but a ZW complex
with arginine.** This suggests that a functionalized side chain can provide stabilizing interactions
for the ZW complex, as seen similarly with other functionalized M*AAs.3-3% 46 Other studies have
collected infrared multiple photon dissociation (IRMPD) spectra of M"AAs using analogues of
Gly, alanine (Ala), and proline (Pro) with secondary and tertiary amino groups to observe which
isomer is more favorable.*’*’ In contrast to functionalized M*AAs, the investigators found that
stability for the CS form increased with alkali cation size (Li", Na*, K*, Rb", and Cs") for these
systems. Furthermore, IRMPD spectra of aliphatic M"AAs with secondary amino groups revealed
that Li* and Na" formed exclusively ZW complexes, whereas both the ZW and CS isomers were
populated with K*, Rb*, and Cs".*’ These findings suggest that increasing alkali metal size
increases the stability of the CS form in the absence of functional groups. For such CS systems,
the IRMPD study using AA analogues with secondary and tertiary amino groups indicated that the
AA favors chelation with the amine and carbonyl oxygen for Li* and Na*, whereas K*, Rb", and
Cs" can also coordinate with just the carboxyl oxygens.*’ In contrast, the ZW systems showed
unambiguous bidentate chelation with the C-terminus oxygens for each metal. Presently, no
IRMPD spectra have been published for potassiated aliphatic amino acids, although spectra have
been reported for potassiated N-methylalanine, proline, N-methylproline, and N-methylproline
methylester.*’

Threshold collision-induced dissociation (TCID) and the kinetic method (KM) have been
the most common procedures used for characterizing the binding energies of M*AA complexes.>
Unfortunately, the KM may fail to account for entropic effects that can occur within a system.”!

Current literature values for binding affinities between K' and aliphatic AAs have been measured



by Tsang and coworkers using the KM,*? while other studies have obtained values through
theoretical calculations.* 23> Among the aliphatic AAs, only the K*Gly binding affinity has been
measured using TCID with a guided ion beam tandem mass spectrometer (GIBMS).?* In order to
properly account for entropic effects, the present study aims to utilize a GIBMS to measure
dissociation enthalpies of K™ complexed with Gly, Ala, a-aminobutyric acid (homoalanine, hAla),
valine (Val), leucine (Leu), and isoleucine (Ile) at 0 K. These experimental values are compared
with values obtained from theoretical calculations using several levels of theory that previous
studies on similar systems in our lab have shown are reliable.”® 3" %% Theoretical calculations
also include Gibbs energies at 298 K for structural insights under thermal conditions with

particular attention being given to analyzing the energies between related isomers.

EXPERIMENTAL AND COMPUTATIONAL DETAILS

General Experimental Procedures. Cross sections were collected for the dissociation of
each K"AA complex (AA = Gly, Ala, hAla, Val, Leu, and Ile) induced by collisions with Xe using
a GIBMS described in previous work.%*6? A diagram of the GIBMS (with a different source) can
be found in the latter two references. The gas-phase K"AA complexes were generated using an
electrospray ionization (ESI) source® under ambient conditions. A diagram of the source
arrangement used can be found in this reference. Our sample solution comprised 50:50 by volume
of HO:MeOH (Sigma-Aldrich) with ~ 10* M AA (Sigma-Aldrich) and ~ 10 M KCI (Sigma-
Aldrich). All AAs used were L-enantiomers as found in biological systems. The solution flow rate
was set to 0.05 mL/hour, and the ESI needle voltage ranged from ~1800 — 2200 V. The ions were
then guided by a capillary heated to 80 °C into a radio frequency (rf) ion funnel,* where they were
collimated into a tightly focused beam and injected into an rf hexapole ion guide, radially trapping
the ions. Here, the ions experienced multiple thermalizing collisions (>10%) with ambient gas
(~1072 Torr) that also entered the instrument through the capillary. As a result, the ions had internal
energies well characterized by a Maxwell-Boltzmann distribution of rovibrational states at 300 K,

as detailed previously in studies containing alkali metals and other AAs 2% 2% 63,6571



Ions were then extracted from the hexapole ion guide, focused into a magnetic momentum
analyzer where the K'AA ions were mass selected, decelerated to well-defined kinetic energies
with an exponential retarder, and collimated into a meter-long dual rf octopole.’> 7> This
octopole passed through a static collision cell containing Xe at a low enough pressure such that
single collisions conditions dominated. Collisions resulted in product ions (exclusively K* here)
that drifted to the end of the octopole along with residual reactant ions where they were focused
into a quadrupole mass filter for mass analysis. Ions were then detected using a Daly detector.”
The absolute zero of the kinetic energy scale and the reactant ion’s kinetic energy distribution were
measured using a potential retarding technique in the octopole, as described previously.®” Reactant
and product ion intensities (taken from total ion counts) were converted into absolute cross sections
for analysis, and the ion kinetic energies in laboratory (Lab) frame were converted to relative
energies in the center-of-mass (CM) frame using previously described methods.*¢! In this
manuscript, all reported energies are in the CM frame.

Data Analysis. The thermochemical data analysis procedure has been well characterized

in past studies”””” with each cross section in the present study being modeled by Eq. 1.
E
no, .
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Here, oy is an energy-independent adjustable scaling parameter, 1 is an adjustable parameter
characterizing the energy deposition efficiency during a collision,®* £'is the relative (CM) kinetic
energy of the reactants, £p is the threshold energy for the product channel at 0 K, and ¢ is the
energy transferred from translational motion to internal energy of the reactant ion complex
resulting from a collision with Xe. The summation in Eq. 1 is over the rovibrational states of
reactant ions, Z, such that £iis the excitation energy of each state and gi refers to the fractional
population of such states where Xg; = 1. Furthermore, £* = £+ £ is the internal energy of the
energized molecule (EM) after a collision. The term enclosed within curly brackets refers to the

total probability of dissociation for the EM, where 7 refers to the experimental time for dissociation



(~5 x 10* s according to time-of-flight studies).®? As a result, Eq. 1 takes into account the lifetime
of dissociation for the EM, which can delay the apparent onset of the product cross section. This
kinetic shift increases in magnitude as the molecule becomes larger. Accounting for the kinetic
shift is appropriate in this study as kinetic shifts ranging from 0.04 to 0.50 eV were observed in a
similar study measuring the sodium cation binding affinities with aliphatic AAs.”® Each rate
constant, k(E*), was determined by using Rice-Ramsperger-Kassel-Marcus theory, as shown in

Eq. 2 .79-80
sNT(E* — E,)

R(E") = hp(E*)

(2)

In this equation, s refers to the reaction degeneracy (unity here), N*(E*— Ep)is the sum of rotational
and vibrational states of the TS with an energy £*- Ey, p (E*) refers to the density of states of the
EM at an available energy of £ and /4 is Planck’s constant. Quantum chemical calculations were
used to determine values for rotational constants and vibrational frequencies of the TSs and EMs.
Because the reactions in this study have rate-limiting loose TSs, the TS frequencies were those of
the dissociated products with transitional frequencies treated as rotors in the phase space limit
(PSL).”>76 All 2D external rotations were treated adiabatically while taking centrifugal effects into

t.75

account.”” A statistical distribution summed across all possible values for a rotational quantum

number was used to quantify the rotational energy. The number and density of rotational and
vibrational states were determined using the Beyer-Swinehart-Stein-Rabinovitch algorithm.?!-83
Before running this data analysis, it was important to consider several phenomena that
could interfere with accurate data interpretation. First, experimental cross sections may not reflect
the true single-collision conditions needed for our model. We accounted for this by collecting data
at multiple pressures of Xe (generally 0.3, 0.15, and ~0.05 mTorr, although for K"Val, only the
high and low pressures were utilized) and extrapolating the results to a pressure of zero, rigorous
single-collision conditions.®* Second, energy broadening from the thermal motion of Xe (Doppler

broadening) and the kinetic energy distribution of the K'AA reactant were accounted for by

convoluting Eq. 1 with these kinetic energy distributions.> * Lastly, it was assumed that the



measured £y was for product formation from the lowest energy reactant ion isomer going to the
lowest energy conformer of the products. This assumption is made because the EM should have
enough time to rearrange to the ground conformers of the products after collisional excitation.

A nonlinear least-squares procedure was then used to optimize the various adjustable parameters
in Eq. 1 for comparison to the experimental cross sections. Uncertainties in these parameters were
determined by their distributions across different data sets in addition to varying the optimized n
value up and down by 10%, scaling vibrational frequencies of reactants, EMs, and TSs up and
down by 10%, scaling 7 up and down by a factor of 2, and by taking into account the 0.02 eV (CM)
uncertainty in the energy scale.

Computational Details. Conformational space was probed using a simulated annealing
procedure utilizing the AMBER 14*® force field. This procedure has been described in more detail
in a previous study?® and was implemented here to find all relevant low-lying structures of the
potassiated amino acids. Briefly, the AMBER suite of programs and AMBER force field were
used to generate starting structures. All unique structures from this were then optimized using
NWChem6.8 at the HF/3-21G level of theory. From these structures, a final set of structures were
minimized using a Berny optimization®” at the B3LYP/6-311+G(d,p)**® level of theory. This
basis set was chosen because previous studies by Moision and Armentrout®* and Wong et al.>®
concluded that it was sufficient to find the low-energy isomers and conformers, whereas some
isomers were not stable when using smaller basis sets. Single-point energies (SPEs) were
calculated at the B3LYP, B3P86, and MP2(full) (where full refers to the correlation of all electrons,
abbreviated as MP2 below) levels of theory using the 6-311+G(2d,2p) basis set and the B3LYP/6-
311+G(d,p) geometries. Zero-point energy (ZPE) corrections and thermal corrections at 298 K
were determined using vibrational frequencies scaled by 0.989.%° This procedure was also repeated
using the D3 Grimme dispersion’! with Beck-Johnson damping®? (GD3BJ) by minimizing the final
set of structures using B3LYP-GD3BJ/6-311+G(d,p) and calculating SPEs at B3LYP-GD3BJ/6-
311+G(2d,2p). Previous studies have shown that these levels of theory and basis sets provide

accurate comparisons with bond dissociation energies (BDEs) between sodium or potassium



cations and AAs.!% 2529 41-42.46.78.93 The BDEs were then equated to the difference between the
total energy of the K"AA complex and the sum of the energies of the individual K™ and AA as
shown in Eq. 3.

Do(K* — AA) = Epa + Eg+ — Ecomplex 3)
Basis set superposition errors (BSSE) in the BDEs were also estimated using the full counterpoise
method.”

Nomenclature. The nomenclature used in this study for naming low-energy isomers and
conformers of AA and K"AA complexes matches that used in previous work.?”’® Specifically, the
AA is labeled with its three letter code followed by the metal coordination sites within brackets.
As such, CO refers to the carbonyl oxygen, N refers to the amine nitrogen, OH refers to the
hydroxyl group, and CO;™ refers to both oxygen atoms of the carboxylate group binding in a
bidentate fashion formed when the OH proton has migrated to the amine nitrogen atom
(zwitterion). Atoms simultaneously coordinating with K* are separated by a comma to indicate
bidentate coordination (except for the CO>~ group, which is intrinsically bidentate). The two
dihedral angles of each AA backbone are labeled beginning from the proton on the OH group (or
hydrogen bonded to the oxygen in zwitterionic structures) and terminating with the nitrogen, i.e.,
2HOCC and £2OCCN. This is followed by the dihedral angles for the side chain in parentheses
beginning with the carbon on the carboxylic acid and terminating with the last carbon on the side
chain (hAla and Ile) or the hydrogen connected to the B (for Val) or y carbon (for Leu). These
dihedral angles are identified as c (cis for angles below 50°), g (gauche for angles between 50° and
135°), and t (¢rans for angles above 135°). If two different conformers have the same chelation site
and dihedral angle configurations, then wherever an angle differs in sign (positive or negative), a
+ or — subscript is added. Also, for such cases, an S (syn) is added if the K is located on the same
side of the AA backbone as the side chain, and an A (anti) is added if it is located on the opposite

side.



RESULTS

Cross Sections for Collision-Induced Dissociation. Experimental cross sections were
collected for collision of Xe with K'Gly, K"Ala, K'hAla, K"Val, K'Leu, and K'Ile, Figure 1. The
only process observed at the energies and pressures used was the loss of the intact neutral ligand
through the collision-induced dissociation (CID) reaction 4.

K*AA + Xe » K* + AA + Xe 4)
Zero-pressure extrapolated cross sections for each system are shown Figure 1. In all cases, cross
sections increase quickly from energies near 1 eV and begin to level around 3 to 4 eV with
magnitudes of (10 - 30) x 107'® cm?. Fluctuations in cross sections observed near 4 eV (e.g., for
K'hAla) are results of focusing aberrations in the reactant ion beam.

Theoretical Results: Global Minima Structures and Low-Energy Isomers of
Potassiated Amino Acids. Our calculations indicate that the global minimum (GM) of every
K*AA structure adopts either a [CO] or [CO,0H] conformation at 298 K. At 0 K, the same result
occurs except the BALYP-GD3B]J level of theory predicts an [N,CO] GM for the K'hAla, K"Val,
K'Leu, and K'Tle systems. Other higher-energy chelation sites include [CO2 ], [N,OH], [N], and
[OH]. All these possible coordination motifs are shown in Figure 2 for the example of K Ala.
Structures for the K"AA complexes of other the aliphatic AAs can be found in the Supplementary
Materials along with a complete listing of the remaining structures located and their energies,
Tables S1 — S4. Tables provided here list only the lowest energy isomers of each type of
coordination at 0 and 298 K. For the unmetalated AAs, a list of conformers and their relative
energies calculated at the same levels of theory used here can be found in previous work.’® In all
cases, the GM neutral AA ligands located theoretically agree with spectroscopic determinations of
their conformations in previous studies.”1%4

K*Glycine. Our calculations identify the 0 K GM of the K*Gly complex as Gly[CO]cc at
the B3LYP and B3P86 levels of theory and Gly[CO,OH]cc at the MP2 and B3LYP-6D3BJ levels
of theory, with energies listed in Table 1. At 298 K, the GM remains the same for the B3LYP,
B3P86, and MP2 levels of theory but switches to Gly[CO]cc for B3LYP-GD3BJ, Table 1. These
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findings are in agreement with previous work by Moision and Armentrout that identified
Gly[CO,0H]cc as the 0 K GM at the MP2/6-311+G(2d,2p) level of theory?** and as also found by
Hoyau and Ohanessian!® at the MP2/6-31G(d) level of theory. Lau et al.>* (B3LYP/6-
311+G(3df,2p)) and Tsang et al. (B3LYP/6-31G(d)) also found a Gly[CO,0H]cc GM at 0 K;>?
however, in neither of these two studies did the authors list any Gly[CO] isomers. Another study
by Wong et al.>® identified Gly[CO,OH]cc as the 0 K GM at the B3LYP/6-311+G(3df,2p) level
while also listing the Gly[CO]tc isomer, which lies 33.2 — 33.5 kJ mol ™! above their GM depending
on their method of geometry optimization. Here, we find this species lies 35 — 39 kJ mol™! above
the GM, Table S1. Our calculations further indicate that at both temperatures the next lowest
energy isomers for each chelation site are Gly[N,CO]tt, Gly[CO> ]cc, Gly[N,OH]te, Gly[N]tt, and
Gly[OH]tt, respectively, at all four levels of theory. Our calculations also indicate that it is more
energetically favorable for K to bind with the carbonyl oxygen, as Gly[N,OH]tc, Gly[N]tt, and
Gly[OH]tt are all at least 36 kJ mol™! higher in energy than the GM.

In order to determine what isomers might be formed as reactants at room temperature, we
calculated Maxwellian equilibrium distributions at 298 K among Gly[CO]cc, Gly[CO,OH]cc,
Gly[N,CO]tt, and Gly[CO> ]cc. These results indicate that these species should comprise 57, 39,
4, and 0.1% at the B3LYP level; 56, 43, 1, and 0.2% at the B3P86 level; and 51, 36, 13, and 0.1%
at the B3LYP-GD3BJ level of theory, respectively. These predictions are fairly similar, whereas
the 27, 65, 8, and 0.4% predictions at the MP2 level differ somewhat.

K*Alanine. Ala[CO,0OH]cc was found as the 0 K GM for K*Ala, Table 1, for all levels of
theory used here. This result agrees with work by Marino et al.>® using B3LYP/6-311++G(d,p),
Lau et al.>* using B3LYP/6-311+G(3df,2p), Tsang et al. using B3LYP/6-31G(d), and Talley et
al.!% (at 298 K) using MP2/LACVP;>? however, no Ala[CO] isomer was listed in these studies. In
contrast, we find the Ala[CO]cc isomer to be the GM at 298 K according to the B3LYP, B3P86,
and B3LYP-GD3BJ levels of theory. Ala[CO,OH]cc remains the GM at this temperature at the
MP2 level of theory and is the second lowest energy isomer at the other levels of theory. At both

temperatures, our calculations further identify Ala[N,CO]tts followed by Ala[CO>]cc as the next
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lowest energy chelation sites at every level of theory except for the B3P86 level of theory where
Ala[COy ]cc is lower in energy, Table 1.

Note that in addition to the Ala[N,CO]tts conformer, there is also Ala[N,CO]tta, Figure 2,
which lies 1.5 — 3.2 kJ mol™! higher in energy. Although the potassium ion chelates to the amino
nitrogen and carbonyl oxygen in both cases, the ion is tilted towards the side-chain (syn) in the tts
conformer and tilted away (anti) in the tta conformer. The long-range interaction of the ion with
the side-chain helps stabilize this complex, as also noted previously for the analogous sodiated
species.’® According to the B3LYP and B3P86 levels of theory, Ala[N,OH]tca is the next lowest
energy isomer, whereas the MP2 and B3LYP-GD3BJ levels indicate that Ala[N,OH]tcs is slightly
lower in energy. Every level of theory agrees that the next lowest energy chelation sites are
Ala[N]tt and Ala[OH]tt at both temperatures. the methyl side chain can help stabilize K*
coordination via charge-induced dipole interactions. For instance, this effect is apparent in the
Ala[N]tt isomer where K" is shifted slightly toward the side chain. Regarding reactant populations,
Maxwellian equilibrium distributions at 298 K among Ala[CO]cc, AlaJCO,OH]cc, Ala[N,CO]tts,
and Ala[CO; ]cc indicate that these species should comprise 55, 40, 3, and 2% at the B3LYP level;
53, 43, 1, and 2% at the B3P86; and 50, 38, 10, and 2% at theB3LYP-GD3BJ level of theory,
respectively. Again the prediction of the MP2 level, 23, 63, 12, and 3%, respectively, differs
somewhat.

K*Homoalanine. We have no knowledge of any prior studies identifying K'hAla
structures. For each coordination type, there are potentially three side chain orientations (£
CC*CPCis t, g+, and g-, with t being favored for isolated hAla). All these possibilities are included
in Table S1, with Table 2 including only those that are lowest in energy for each type at some level
of theory. At 0 K, our calculations identify the GM as hAla[CO,0OH]cc(t) according to the B3LYP,
B3P86, and MP2 levels of theory, whereas the B3LYP-GD3BJ level of theory identifies
hAla[N,COl]tts(g-) as the GM, Table 2. These structures are shown in Figure 3. At 298 K,
hAla[CO]cc(t) is identified as the GM as it is more favored entropically than hAla[CO,OH]cc(t)

by the B3LYP, B3P86, and B3LYP-GD3BJ levels of theory, whereas the MP2 level of theory



12

retains hAIla[CO,OH]cc(t) as the GM. Theory indicates that there are three favorable
hAla[N,CO]tts conformers. At both temperatures, hAla[N,CO]tts(t) is more favorable according
to the B3LYP and MP2 levels of theory, whereas hAla[N,CO]tts(g-) is more favorable according
to the B3P86 and B3LYP-GD3BJ levels of theory, Table 2. Examination of the structures reveals
that hAla[N,CO]tts(g-) has its ethyl side chain rotated closer to K*, which the B3P86 and B3LYP-
GD3BJ levels of theory indicate favorably ligates with K. Similar interactions between the cation
and alkyl groups were also observed by Rodgers and Armentrout for alcohols complexed with
lithium'®” and sodium.!® Theory also indicates that hAla[CO2 ]cc(t) is similar in energy to both
of the hAla[N,CO] conformers with the side chain rotated away from K*. As seen with glycine and
alanine, the energies of any additional isomers become significantly higher with hAla[N,OH]tca(t)
followed by hAla[N]tc(t) and hAla[N]tc(g-), respectively. The only level of theory that predicts
hAla[N]tc(g-) is lower in energy than hAla[N]tc(t) is MP2 at 298 K. Structurally, hAla[N]tc(t) has
its side chain rotated towards K", allowing a favorable electrostatic interaction between the side
chain and K*.

Regarding reactant populations, Maxwellian equilibrium distributions at 298 K among
hAla[CO]Jcc(t), hAla[CO,OH]cc(t), hAla[N,CO]tts(g-), hAla[N,CO]tts(t), and hAla[CO2 ]cc(t)
indicate that these species should comprise 52, 41, 1, 3, and 4% at the B3LYP level; 50, 43, 1, 1,
and 5% at the B3P86 level; and 36, 31, 16, 14, and 4% at the B3LYP-GD3BJ level of theory,
respectively. Again the MP2 level prefers the [CO,0OH] structure more strongly with predicted
populations of 20, 64, 0.02, 11, and 5%, respectively.

K*Valine. For K"Val complexes, there are again three potential side chain orientations (£
CC*CPH is t, g+, and g-) for each metal coordination type. Our calculations indicate that that
Val[CO,OH]cc(g+) 1s the 0 K GM by the B3LYP, B3P86, and MP2 levels of theory, Figure 3,
whereas Val[N,CO]tts(g+) is the GM by the B3LYP-GD3BJ level of theory. Our B3LYP results
are consistent with B3LYP/6-311+G(3df,2p) results from Lau et al.>* and B3LYP/6-31G(d) results
of Tsang et al.’> Neither study lists a Val[CO] isomer, whereas our calculations indicate that

Val[CO]Jcc(g+) 1s the GM at 298 K at the B3LYP and B3LYP-GD3BJ levels of theory.



13

Val[CO,0OH]cc(g+) remains the GM at 298 K for B3P86 and MP2, Table 2.

The different levels of theory used here disagree as to what is the next lowest energy
isomer. At both temperatures, Val[CO> Jcc(g+) is listed as the next lowest energy isomer by the
B3LYP and B3P8&6 levels of theory, whereas Val[N,COl]tts(g-+) is identified to have a lower energy
by the MP2 and B3LYP-GD3BJ levels of theory, Table 2. Val[N,CO]tta(g+) was also identified as
a low-energy isomer with B3LYP and B3P86 predicting it is nearly isoenergetic with the tts(g+)
analogue, whereas MP2 and B3LYP-GD3B]J put it 2.3 — 3.7 kJ mol™ higher. Similar to the systems
above, Val[N,OH]tca(g+) and Val[N]tt(g+) were identified but have much larger energies, Table
2.

Maxwellian equilibrium distributions at 298 K among Val[CO]cc(g+), Val[CO,OH]Jcc(g+),
Val[N,CO]tts(g+), and Val[CO> Jec(g+) indicate that these species should comprise 45, 44, 2, and
9% at the B3LYP level; 43, 46, 1, and 11% at the B3P86 level; and 33, 33, 23, and 10% at
theB3LYP-GD3BJ level of theory, respectively. Again the prediction of the MP2 level, 16, 61, 12,
and 11%, respectively, populates the [CO,OH] species more strongly.

K*Leucine. The K'Leu complexes potentially have nine distinct side chain orientations
(three each for two dihedral angles) for each metal coordination type. At 0 K, our calculations
identify Leu[CO,OH]cc(tg+) as the GM by the B3LYP, B3P86, and MP2 levels of theory, Figure
3, whereas B3LYP-GD3BJ identifies Leu[N,CO]tts(tg+) as the GM, Table 3. The B3LYP, B3P§6,
and MP2 results are in agreement with Lau et al. who reported Leu[CO,OH] as the GM at the
B3LYP/6-311+G(3df,2p) level of theory®* and Tsang et al. who also located this GM at the
B3LYP/6-31G(d) level of theory.’> Again, neither study mentions a [CO] isomer. At 298 K,
Leu[CO]cc(tg+) is identified as the GM and is more entropically favored than Leu[CO,OH]cc(tg+)
by the B3LYP, B3P86, and B3LYP-GD3BJ levels of theory, whereas the MP2 level of theory
identifies Leu[CO,OH]cc(tg+) as the 298 K GM. Similar to K*Val, theory disagrees as to what is
the next lowest energy isomer. At both temperatures, Leu[CO2 ]cc(tg+) is lower in energy than
Leu[N,CO]tts(tg+) at the B3LYP and B3P86 levels of theory, whereas MP2 and B3LYP-GD3BJ

indicate that Leu[N,CO]tts(tg+) is lower in energy. All four levels of theory agree that at both
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temperatures Leu[N,OH]tcs(tg+) is the next lowest energy chelation site followed by
Leu[N]tt(g-c).

Maxwellian  equilibrium  distributions at 298 K among Leu[CO]cc(tg+),
Leu[CO,OH]cc(tg+), Leu[N,CO]tts(tg+), and Leu[CO> Jcc(tg+) indicate that these species should
comprise 49, 43, 3, and 6% (B3LYP); 46, 46, 1, and 7% (B3P86); and 39, 38, 16, and 6% (B3LYP-
GD3BJ), respectively. Again the prediction of the MP2 level, 17, 62, 13, and 7%, respectively,
differs somewhat.

K"TIsoleucine. K'Tle complexes can also have nine distinct side chain orientations for each
metal coordination type. At 0 K, Ile[CO,0OH]cc(g-t) is identified as the GM by the B3LYP, B3P86,
and MP2 levels of theory, Figure 3, whereas the B3LYP-GD3BJ level of theory identifies
Ile[N,CO]tts(g-t) as the GM, Table 3. Similar to K'Leu, this is in agreement with Lau et al. who
reported Ile[CO,0OH] as the GM at the B3LYP/6-311+G(3df,2p) level of theory>* and Tsang et al.
who also located this GM with the B3LYP/6-31G(d) level of theory (no Ile[CO] isomers
listed).”?At 298 K, Ile[CO]cc(g-t) is identified as the GM and is more favored entropically than
[le[CO,OH]cc(g-t) by the B3LYP, B3P86, and B3LYP-Gd3BJ levels of theory, whereas
Ile[CO,0OH]cc(g-t) is identified as the GM by MP2. As seen with K'Leu at both temperatures,
[le[CO2 7 ]cc(g-t) 1s lower in energy than Ile[N,CO]tts(g-t) at the B3LYP, and B3P86 levels of
theory, whereas Ile[CO; ]cc(g-t) is lower in energy at the MP2 and B3LYP-GD3BJ levels of
theory. The next lowest energy isomers are Ile[N,OH]tcs(g-t) followed by Ile[N]tt(tt).

Maxwellian equilibrium distributions at 298 K among Ile[CO]cc(g-t), lle[CO,OH]cc(g-t),
Ile[N,CO]tts(g-t), Ile[N,CO]tta(g-t), and Ile[CO; ]Jcc(g-t) indicate that these species should
comprise 47, 38, 2, 2, and 11% (B3LYP); 45, 40, 1, 1, and 13% (B3P86); and 30, 30, 22, 7, and
21% (B3LYP-GD3BJ), respectively. Again, the MP2 level predicts more of the [CO,OH] species
with populations of 16, 40, 13, 5, and 13%, respectively.

Interconversion between [CO], [CO,0OH], and [CO27] Isomers. One of the difficulties
in properly evaluating the [CO,0H] and [CO] isomers for all the amino acids considered here is

that they lie in a double-well potential joined by allowing the K" to swing around the carbonyl
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group. In order to investigate this interconversion, we calculated the height of the TS barrier
between the two isomers. With the exception of K'Gly, the TS universally lies below the [CO]
isomer (by 0.5 — 1.6 kJ mol! after ZPE corrections) for each system across all levels of theory
indicating that the latter isomer collapses to the [CO,OH] isomer at 0 K, as illustrated in Figure 4
for the case of K'Ala. Ultimately, this means that the higher energy isomer is not truly stable, but
it can be realized that ground and excited vibrational wavefunctions still sample both
conformations, although the frequency of this vibration is unlikely to be accurately predicted by
the harmonic approximations used here. In the case of K'Gly, the TS lies below the higher energy
isomer for three levels of theory, but now the GM is [CO]cc at the B3LYP and B3P86 levels and
[CO,OH]cc at the MP2 level. B3LYP-GD3BJ results are comparable to the MP2 results, but the
TS lies 0.08 kJ mol! above the higher energy [CO]cc isomer. In all cases, we view these double-
well potentials as having a vibrational wavefunction corresponding to potassium ion motion
between the two isomers with a much higher amplitude in the [CO,0OH]cc well. (For all complexes,
Tables 1 — 3 also indicate that the energy of the TS between [CO,0OH] and [CO] is much higher at
298 K, but this is a consequence of the thermal motion in all degrees of freedom and does not
change the shape of the double-well potential.)

Furthermore, we also investigated the double-well potential between [CO,0H] and [CO>]
isomers, corresponding to the motion of the proton between the hydroxy oxygen and amino
nitrogen. Here, we have commented on similar behavior in a number of previous alkali metalated
amino acids.?” 3% 4% 78 In all systems explored here, the [CO,0H] isomer is lower in energy at all
levels of theory. For K*Gly, TS[CO,0H/CO;7] lies 1.1 — 1.5 k] mol! below the [CO2]cc isomer
for most levels of theory (5.7 kJ mol™! below at the B3P86 level), such that it should collapse to
[CO,0OH]cc. As the AA becomes larger, the energy of the [CO>7] isomer decreases. Thus, for
K*Ala, TS[CO,0H/COx7] is essentially isoenergetic with [CO,7], as illustrated in Figure S2, and
for larger AAs, TS[CO,0H/CO>7] lies 0.6 — 2.0 kJ mol™! above [CO>7] at most levels of theory.
(B3P86 places the TS well below [CO»7] for all K*AA.) In these cases, there is a true double-well

potential with the vibrational wavefunction corresponding to the proton motion having a much
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higher amplitude in the [CO,OH] well.

Threshold Analysis. Threshold regions of the zero-pressure extrapolated cross sections
for Eq. 4 were analyzed using Eq. 1. In this analysis, PSL TSs for dissociation are assumed, such
that the K"AA GM complexes dissociate to form K" + GM neutral AAs. As noted above, this
should be an adequate treatment of the TSs because the length of time available for dissociation is
sufficient for each dissociating complex to completely explore phase space and reach its GM
conformation upon dissociation. In all cases, the GM neutral AA ligands used in the analyses of
the present study, Table 4, are the same as those discussed thoroughly in the study regarding
Na“"AA dissociation and agree with spectroscopic determinations of their conformations in
previous studies.”>' In Figure 1, models are shown assuming the [CO,OH]cc reactant. Models
assuming the K"AA[CO]cc reactant can be found in Supplementary Figure S1 and are very similar
in all cases. As can be seen in Figure 1, these models reproduce the experimental data well from
threshold up to 3 — 5 eV while also reproducing the entire cross section magnitudes over more than
two orders of magnitude.

Because of the double-well potential that connects the [CO,OH]cc and [CO]cc isomers, we
believe that there are potentially two reasonable interpretations of the data. 1) Only the “stable”
[CO,OH]cc 1somer is considered to be populated. i1) Both isomers are considered with a population
determined by an equilibrium distribution at 298 K. Given the average distributions calculated
above for different levels of theory, this is essentially equivalent to taking the average of the two
models for the three DFT approaches, whereas the MP2 results predict about a 2:1 ratio of
[CO,0OH]:[CQO]. Contributions from the [CO> ]cc isomers were considered to be negligible because
the wavefunction corresponding to proton motion between the [CO; ] and [CO,OH] potential wells
should have little amplitude in the [CO, ] well. For the heavier AAs, the [N,CO]tts isomers are
also plausibly populated according to the B3LYP-GD3BJ level of theory; however, modeling with
this reactant did not change the thresholds outside of the range of uncertainty listed.

Inspection of Table 4 reveals that the threshold for both [CO,0H] and [CO] GM reactants

increases as the size of the side chain increases up to the K'hAla system, where it then stays
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roughly the same well within the ranges of uncertainty. Notably, all of the fitting parameters
between the [CO,0OH] and [CO] reactants agree with each other (within uncertainty ranges) except
for AS1000*. The ASi000* values describe the degree of looseness for each dissociation reaction. All
of the ASio00* values are positive, consistent with PSL reactions. For each system, the ASigo*
values for the [CO,0OH] reactant are higher than those for the [CO] reactant because movement of
the K™ is more restricted in the bidentate [CO,OH] reactants than the monodentate [CO] reactants.
As aresult, there is more entropy gained by separating the K™ from the [CO,0OH] reactants. Clearly,
the distinction between the two thresholds in each system is small, lying within the absolute
uncertainties of either value. As discussed above, our best interpretation of the data is either the
[CO,OH]cc reactant values or an average of the [CO,0OH]cc and [CO]cc values, but the distinction
between these approaches is less than 0.01 eV. Further comparison with theory may provide
additional insight into the most appropriate choice.

Conversion of Thermodynamic Parameters from 0 K to 298 K. Because there is often
interest in thermodynamic information at room temperature, the conversion from 0 K thresholds
to 298 K enthalpies and Gibbs energies is provided in Table 5. These values utilize the rigid
rotor/harmonic oscillator approximation with rotational constants and vibrational frequencies
calculated at the B3LYP/6-311+G(d,p) level for the [CO,0OH]-cc(xx) and [CO]-cc(xx) reactants
and ttt(xx) products. Uncertainties provided were determined by scaling the vibrational
frequencies up and down by 10%. Such conversions may be limited by how accurate the low-
frequency vibrational modes are. In particular, for the present cases, which all have alkyl groups
except for glycine, the torsional vibrations of the methyl and perhaps higher-order alkyl groups

may be better described as hindered rotors.

DISCUSSION
Theoretical Results for K'-AA Bond Dissociation Energies. Calculated using Eq. 3,
BDEs at 0 K for each K"AA system are listed in Table 6 for the B3LYP, B3P86, MP2, and B3LYP-

GD3BJ levels of theory both with and without BSSE corrections. Such calculations were made
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under the assumption that each K'AA complex dissociates to the GM conformer of the AA
product. When assuming a [CO,OH] reactant, the B3LYP and MP2 levels of theory consistently
predict the lowest BDEs followed by the B3P86 and B3LYP-GD3BJ levels of theory, respectively;
however, when assuming a [CO] reactant, the MP2 level of theory uniformly predicts the lowest
BDEs followed by the B3LYP, B3P86, and B3LYP-GD3BJ levels of theory, respectively. This
change occurs because the average excitation energy for the [CO] isomer for all six AA ligands is
1.8 £ 0.2 kJ mol™! at the three DFT levels of theory. For MP2, the [CO] isomer lies 2.6 — 5.8 kJ/mol
above [CO,0OH]. When including BSSE corrections, there are no significant changes in results for
the B3LYP, B3P86, and B3LYP-GD3B]J levels of theory (differences are < 1 kJ mol™!); however,
BSSE corrections at the MP2 level of theory consistently lower the BDE by ~ 4 kJ mol™! for both
reactant isomers, Table 6. Comparable counterpoise corrections were found for Na*-AA BDEs for
the same set of AA ligands.”®

Experiment Versus Theory. To compare the 0 K experimental and theoretical BDEs for
each K"AA system, we first average the experimental results for the [CO,0H] and [CO] reactants.
As noted above, this is probably our best overall interpretation of the present results. For the
theoretical values, we likewise average the predicted 0 K BDEs for the [CO,0H] and [CO] isomers
(essentially the 298 K distribution for the three DFT levels of theory), but for MP2, we take a 2:1
mixture of the [CO,0OH]:[CO] results, again reflecting the predicted 298 K Maxwellian
distribution. These averaged values are compared in Table 6.

The present TCID measurement for K'Gly agrees well with the values of 121 + 4 kJ mol!
from prior GIBMS experiments of Moision and Armentrout®* and with 125 + 10 kJ mol from
triple quad experiments of Klassen et al.,'” falling well within experimental uncertainty of either
measurement. The drop from our previous study, 121 + 4 to 118.3 £ 4.2 kJ/mol, is partially
attributed to including the [CO] reactant (which has a lower threshold energy) in the present
interpretation, whereas only the [CO,0OH] reactant was included previously. Further, the present
data was analyzed over a longer energy range, which led to a slightly higher value of n (1.0 £ 0.1)

compared with previously (0.94 £ 0.02), which will decrease the E¢ value. Finally, careful
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examination of the previous data indicates that the model falls slightly below the experimental data
in the threshold region, consistent with the need for a slightly lower threshold.

Generally, the B3LYP results (both with and without BSSE corrections) agree well with
the TCID values for each reactant, with a mean absolute deviation (MAD) of about 1 kJ mol™.
Likewise, MP2 results without BSSE agree very well (MAD of 1.5 kJ mol™), but the counterpoise
corrections systematically drop the predicted values below experiment, yielding a MAD of ~6 kJ
mol™!. B3P86 both with and without BSSE has a MAD near 2 kJ mol™". In contrast, the B3LYP-
GD3BJ level of theory (with and without BSSE corrections) consistently overestimates the BDEs
for both reactants by 5 — 9 kJ mol!. If specific experimental and theoretical BDEs for the [CO,0H]
or [CO] reactants are compared directly instead of the averages provided in Table 6, the overall
results are qualitatively similar (within 1 kJ mol™!), except MP2 results are better for [CO,OH]
(MAD = 1.0 = 0.9 kJ mol ") and worse for [CO] (MAD = 3.9 + 1.4 k] mol ™). Overall, considering
an average experimental uncertainty of 5 kJ mol™!, B3LYP, B3P86, and MP2 approaches predict
BDEs in good agreement with our experimental values, whereas adding dispersion to B3LYP
overbinds. Considering these are non-covalent complexes, the latter finding is somewhat
surprising but was also found for the sodiated analogues (as discussed further below). Further, the
discrepancy noted here is comparable to the overbinding found for alkali cation (Li", Na", K¥)
benzene complexes used in the development of the improved GD3 dispersion corrections.””

Theory consistently indicates that Val binds more tightly to K™ than hAla, by an average
of 1.4 + 0.4 kJ mol!, whereas our experimental result indicates the opposite by 0.7 kJ mol™,
although both differences are well within the absolute uncertainty of either value. In addition, all
levels of theory indicate that K* binds slightly more strongly to Ile (by 1.0 + 0.4 kJ mol™') than to
the isobaric Leu. When the data is interpreted using the [CO,0OH] reactant, this result is also
obtained, with a difference measured of 0.5 kJ mol!, whereas assuming a [CO] reactant yields the
opposite result by 1.9 kJ mol™!, such that the average difference listed in Table 6 is 0.7 kJ/mol.
Again these differences are well within the uncertainties of either experimental BDE, but suggest

that the double-well potential should be biased towards [CO,OH].
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Comparisons to the Kinetic Method. The KM results from Tsang et al.>? are the only
other experimental BDEs reported for these systems other than K'Gly, Table 6. In their study,
absolute K* affinities were assigned using theoretical values for the reference molecules
acetamide, N-methylacetamide, and N,N-dimethylacetamide. Their results are in good agreement
with the present TCID results, although their values are systematically higher with a MAD of 2 +
1 kJ mol!, well within the uncertainties of either measurement. If comparisons are made to the
individual results we obtain assuming either a [CO,0OH] or [CO] reactant, then the MADs change
to 1 £ 1 and 3 £ 2 kJ mol!, respectively, perhaps again suggesting a bias towards the [CO,0H]
species. If the KM values are reanchored to the present experimental results by shifting down by
2 kJ mol’!, the MAD drops to 0.8 + 0.5 kJ mol™! when comparing the KM results to the average
threshold values here. Overall, we take these comparisons to indicate that using the average
threshold values is appropriate for these systems and that a bias toward enhanced [CO,OH]
population should be considered.

Previously, Hoyau and Ohanessian'® and Rozman'!® have pointed out that the KM can
only produce accurate thermodynamic information on the true GM of a M*AA complex if the
(AA1)M'(AA>) heterodimer used has the same binding mode as M"(AA) and M*(AA>) products.
This is required because there is generally not adequate time for the complex to reorganize during
dissociation. For potassiated heterodimers, we think this difficulty may not be a complication as
the “end-on” binding mode associated with the [CO,OH] and [CO] isomers (as well as the
reference acetamides) means there is probably little steric interference between the two ligands in
the heterodimer. Although there is a potential complication in having both [CO,0H] and [CO]
isomers populated, because these actually occupy a single double-well potential, rearrangement
between these forms should be facile even under KM conditions. As a result, the relative KM
values are in agreement with the present absolute BDEs (certainly within the generous
uncertainties of the KM results).

Bond Dissociation Energy Trends. Inspection of both experimental and theoretical

BDEs, Table 6, indicate that increasing AA size generally increases the stability of the K"AA
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complex. The one exception is K hAla, which has a slightly higher experimental BDE than K" Val.
Notably, these two values are not distinguishable outside the ranges of uncertainty, so it is possible
that the K'hAla BDE is actually lower than that for K"Val.

This general trend in the BDEs as a function of side chain length can be appreciated more
quantitatively by considering the effect of the polarizability (o) of the AA. Figure 5 shows the
averaged K"AA BDEs of Table 6 plotted as a function of polarizability. Here, the polarizabilities
are taken from experimental results in solution,'!! except for hAla, which was taken as the average
of Ala and Val. The data is clearly very linear such that a linear regression analysis of the data
finds that BDE (kJ mol') = 111.9 + 6.4 + (1.10 £ 0.58)a (R? = 0.90). If the hAla data point is
excluded, the analysis changes only slightly to BDE = 111.1 £ 7.5 + (1.14 £ 0.66)a (R* = 0.99),
but the plot is more linear. A linear trend is also seen when using the theoretical BDEs or the BDEs
obtained from the KM.

In addition to the overall trend with changing aliphatic AA, the relative energies of different
isomers can be examined using the theoretical results. For Gly, the [CO,0H] and [CO] isomers are
nearly isoenergetic with the [CO] isomer increasing in energy with the size of the AA to reach an
excitation energy of about 2 — 6 k] mol™! for Val, Leu, and Ile, Tables 1 — 3. In contrast, theoretical
calculations indicate that the [CO2~] ZW isomer becomes more energetically favorable as the AA
side chain size increases, Tables 1 — 3. Starting at an excitation energy of 9 — 12 kJ mol™! for Gly,
this decreases to 2 — 3 kJ mol™ for Val and Ile (with Leu about 1 kJ mol™! higher). Both of these
general trends likely result from the increased polarizability, which helps stabilize the bidentate
coordination and enhances the proton transfer needed to yield the zwitterionic AA. Notably, the
[CO,0OH] isomer still dominates for all AA. The alternative [N,CO] isomer has an excitation
energy that changes little with changing AA, but varies considerably among the levels of theory,
with excitation energies of 4 — 6 kJ mol! for B3LYP, 6 — 9 kJ mol™! for B3P86, 2 — 3 kJ mol™! for
MP2, and 0 — 1 k] mol™! for BALYP-GD3BJ. . As noted above, this latter level of theory does not
reproduce the experimental BDEs very well (Table 6) and if the predicted [N,CO] GM were used

to calculate the B3ALYP-GD3BJ BDEs, the deviations would be worse (increasing by about 2 kJ
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mol ™).

Comparisons to Sodium Cation Complexes. As for all ligands,!!*!!* the smaller, higher
charge density Na* cation binds more tightly to the AAs than K*.”® The BDE trend is similar for
both systems as it increases with AA size and polarizability.”® Indeed, the K"AA BDEs measured
here are uniformly 73 + 1% of the Na"AA BDEs. This is similar to the trends observed for other
amino acids with functionalized side chains where a 74 + 3% ratio has been noted.!'* Notably, the
largest deviation from this ratio occurs for AA = hAla because the K'hAla BDE is relatively high
and the Na"hAla BDE is relatively low compared to the linear regression analysis. This observation
simply documents that the high experimental value of the K'hAla BDE is not a systematic result.
We can also compare the success of different levels of theory in predicting the BDEs of the Na"AA
and K'AA complexes. As found here, the B3LYP and B3P86 levels (with and without BSSE)
performed reasonably well as did MP2 without BSSE. For the Na"AA analogues, the MAD was 2
+ 1 kJ mol! with no BSSE and 11 + 1 kJ mol! (systematically low) including counterpoise
corrections,’® comparable to the effect seen here when including BSSE corrections to the MP2
results. Likewise, as for the potassiated analogues, B3LYP-GD3BJ calculations for the Na*AA
complexes were systematically high, by 14 + 3 kJ mol™! including counterpoise corrections. In the
Na'AA work, M06-2X!!* calculations were also performed, but also gave systematically high
results, with a MAD of 7 + 3 kJ mol! including BSSE corrections, and therefore this level of

theory was not pursued here.

CONCLUSIONS

Bond dissociation energies of K'AA (AA = Gly, Ala, hAla, Val, Leu, and Ile) were
measured via kinetic-energy-dependent TCID studies with Xe using a GIBMS. In each case, the
loss of the neutral ligand is the only process observed. Theoretical calculations suggest that both
[CO,0OH] and [CO] reactants are present, coupled together in an asymmetric double-well potential,
and that there are weak interactions between K* and the alkyl side chains. Experimental K*AA

BDE:s at 0 K adopt the following trend: K'Gly < K*Ala < K*Val ~ K'hAla < K'Leu = K'Tle, when
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the data are analyzed assuming either a [CO,0OH] or [CO] reactant. Because of the double-well
potentials for the global minima, we believe that our best evaluation of the K"AA BDE:s is an
average of the [CO,0OH] and [CO] threshold values, which differ only slightly from one another.
Theoretical calculations and the KM indicate that the BDE for K'Tle is greater than that for K'Leu
and that the BDE for K'Val is greater than that of K'hAla, whereas the present average
experimental results predict the opposite, although the disagreements are well within the
uncertainties. The overall trend in the K'AA BDEs measured here can be explained by the
increasing polarizabilities of the AAs as the side chain length increases. Generally, the B3LYP,
B3P86, and MP2 (without counterpoise corrections) levels of theory agree well with experimental

results, whereas the B3LYP-GD3BJ level of theory consistently overestimates the values.
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Table 1. Relative enthalpies at 0 K (Gibbs energies at 298 K) in kJ mol™! of distinctive low-

lying K*Gly and K*Ala complexes®

Amino Acid  Conformation Theory
B3LYPP B3P86° MP2° B3LYP-
GD3BJ*

Glycine [CO]cc 0.0 (0.0) 0.0 (0.0) 2.6(2.2) 0.57 (0.0)
TS[CO/CO,0H]cc 0.5 (5.3) 0.2 (5.0) 1.0 (5.4) 0.64 (4.9)
[CO,0OH]cc 0.6 (1.0) 0.3 (0.7) 0.0 (0.0) 0.0 (0.9)
[N,CO]tt 3.9 (6.8) 6.4 (9.4) 2.8 (5.3) 0.6 (3.4)
TS[CO,0H/CO> ]  11.0(154)  52(9.6) 8.5(12.5)  10.1(13.3)
[COx Jec 12.1 (15.6)  10.9(144) 9.6(12.9)  11.6(14.7)
[N,OH]tc 41.9(443) 45.8(482) 357(37.7) 36.4(38.6)
[N]tt 50.9 (48.8)  52.8(51.0) 47.5(454) 48.5(46.3)
[OH]tt 83.5(81.6) 88.6(86.7) 79.8(77.4) 81.3(79.3)

Alanine [CO,0OH]cc 0.0 (0.8) 0.0 (0.5) 0.0 (0.0) 0.0 (0.7)
TS[CO,0H/COJcc 0.7 (4.7) 0.8 (4.5) 2.9 (6.1) 1.1 (4.6)
[CO]cc 1.2 (0.0) 1.5 (0.0) 4.5 (2.5) 1.7 (0.0)
[N,CO]tts 4.3(7.3) 7.4(10.1)  2.0(4.2) 1.2 (4.1)
TS[CO,0H/CO> Jec 5.9 (9.9) 0.8 (4.5) 5.5(8.7) 53 (9.1
[COz Jec 5.6 (8.6) 5.1(7.7) 5.6 (7.7) 5.3(7.9)
[N,CO]tta 6.1 (8.8) 9.0(11.4)  5.2(7.1) 2.7(5.2)
[N,OH]tca 39.5(41.8)  43.6(45.7) 33.21(34.72) 33.6(35.8)
[N,OH]tcs 40.4 (42.7)  45.0(47.1)  33.16(34.66) 33.2(35.5)
[N]tt 51.3(49.7) 54.0(52.2) 47.2(44.9) 46.1(43.2)
[OH]tt 86.3(83.7) 92.1(89.3) 81.0(77.6)  81.5(80.6)

aGibbs energies are in parentheses. Energies include ZPE corrections with frequencies scaled by
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0.989. Lowest energy for an isomer at each level of theory is bolded. "All calculations were
performed at the stated level of theory with the 6-311+G(2d,2p) basis set with geometries
calculated at the B3LYP/6-311+G(d,p) level of theory. °All calculations were performed at the
B3LYP-GD3BJ/6-311+G(2d,2p)//B3LYP-GD3BJ/6-311+G(d,p) level of theory.
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Table 2. Relative enthalpies at 0 K (Gibbs energies at 298 K) in kJ mol™! of distinctive low-

lying K*hAla and K*Val complexes®

Amino Acid  Conformation Theory
B3LYP®  B3P86° MP2° B3LYP-
GD3BJ*
Homoalanine [CO,OH]cc(t) 0.0(0.6) 0.0(04) 0.0(0.0) 1.2(0.4)

TS[CO,0H/CO]cc(t) 1.1(49) 12(48) 3.6(68)  2.8(4.8)

[COJce(t) 1.8(0.0) 20(0.0) 52(29)  3.4(0.0)
[N,COltts(g-) 7.7(103)  7.1(9.4)  18.0(20.0) 0.0 (2.0)
[N,COltts(t) 53(74)  8.4(103) 28(44) 1.6(24)

TS[CO,0H/CO; Jec(t)  4.9(8.3)  0.1(3.2)  48(7.5)  5.6(7.5)

[COy Jee(t) 43(6.5) 39359 4562 5007
[N,OH]tca(t) 40.7 (42.0) 44.6 (45.6) 34.6(353) 35.7(35.6)
[N]te(t) 62.1(59.9) 65.2(62.7) 56.5(53.6) 55.7(52.3)
[Nlte(g) 64.5(60.7) 67.4(63.3) 57.5(53.0) 57.2(52.5)
Valine [CO,0H]cc(g+) 0.0(0.1)  0.0(0.0) 0.0(0.0) 1.4(0.0))

TS[CO,0H/COlJcc(g:)  1.5(47)  1.6(4.8) 42(7.3)  3.3(4.6)
[COJee(g-) 220000 25(0.1) 57(3.3)  4.0(0.0)
TS[CO,0H/CO; Jee(gs) 4.1(6.6)  -0.7(1.6) 4.0(4.3)  4.8(5.6)

[COs Jee(g-) 24(4.0)  21(3.6) 2642  3.1(3.0)
[N,COltts(g-) 62(78)  9.1(10.6) 25(4.0) 0.0 (0.9)
[N,CO]tta(g:) 63(79) 8.9(104) 49(63) 3.7(3.7)
[N,OH]tca(g-) 40.2 (40.9) 43.8 (44.4) 24.1(24.7) 35.5(34.6)
[N]tt(g-) 51.6(50.5) 54.0 (52.8) 45.7(44.5) 44.9 (43.1)

aGibbs energies are in parentheses. Energies include SPE corrections with frequencies scaled by

0.989. Lowest energy for an isomer at each level of theory is bolded. ®All calculations are
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performed at the stated level of theory with the 6-311+G(2d,2p) basis set with geometries
calculated at the B3LYP/6-311+G(d,p) level of theory. “All calculations are performed at the
B3LYP-GD3BJ/6-311+G(2d,2p)//B3LYP-GD3BJ/6-311+G(d,p) level of theory.
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Table 3. Relative enthalpies at 0 K (Gibbs energies at 298 K) in kJ mol™! of distinctive low-

lying K*Leu and K*Tle complexes®

Amino Conformation Theory
Acid
B3LYP®  B3P86° MP2° B3LYP-
GD3BJ*
Leucine  [CO,0H]Jcc(tg+) 0.0(0.3)  0.0(0.05) 0.0(0.0) 0.2(0.04)

TS[CO,0H/COlce(tg:)  1.5(5.0) 1.6(4.9) 41(74) 2.1(51)
[COJce(tg:) 2.1(0.0) 24(0.0) 56(3.2)  2.7(0.0)
TS[CO,0H/CO; Jec(tgs) 4.5(7.8)  -03(2.4) 45(72)  4.4(6.9)

[COy Jec(tg:) 35(53)  32(48) 39(54) 33(46)
[N,CO]tts(tg+) 51(7.1)  82(10.0) 2139 0022
[N,OH]tes(tg-) 41.0 (42.4) 45.5(46.7) 32.8(33.9) 32.2(33.9)
[N]tt(gc) 624 (62.2) 65.8(65.3) 54.7(54.2) 53.9 (54.6)
Isoleucine  [CO,0H]cc(g-t) 0.0 (0.5  0.0(0.3)  0.0(0.0) 2.0(0.01)

TS[CO,0H/COlJcc(g-t)  1.8(5.3) 1.9(52) 47(77)  4.1(4.8)
[COJce(g-t) 23(0.0) 2.6(0.0) 58(29)  4.8(0.0)
TS[CO,0H/CO; Jec(g-t) 3.8(6.4)  -1.1(1.3) 3.7(58) 52(5.3)

[COy Jee(g-t) 1.8(3.6) 15(3.1) 21(34) 3204
[N,CO]its(g-t) 6.1(8.1) 89(10.7) 2034  0.0(0.7)
[N,COJtta(g-t) 6.1(8.0) 87(104) 45(58) 42(3.6)
[N,OH]tes(g-t) 40.2 (42.8) 44.2(46.6) 31.0(33.1) 30.7 (31.8)
[N]tt(tt) 59.5(59.4) 62.5(62.2) 52.7(52.1) 53.4(51.5)

aGibbs energies are in parentheses. Energies include SPE corrections with frequencies scaled by
0.989. Lowest energy for an isomer at each level of theory is bolded. ®All calculations are

performed at the stated level of theory with the 6-311+G(2d,2p) basis set with geometries
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calculated at the B3LYP/6-311+G(d,p) level of theory. “All calculations are performed at the
B3LYP-GD3BJ/6-311+G(2d,2p)//B3LYP-GD3BJ/6-311+G(d,p) level of theory.
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Table 4. Fitting Parameters of Equation 1, Threshold Energies at 0 K, and Entropies of Activation at 1000 K for Cross Sections

of the TCID Reactions of KtAA?

AA Ionic Reactant Neutral Product 00 n Eo (eV) ASi1000* (J/(K mol))
Gly [CO,0H]cc ttt 23.0 (1.6) 1.0 (0.1) 1.23 (0.04) 21.4(0.1)
[CO]cc ttt 23.1(2.0) 1.0 (0.1) 1.22 (0.05) 17.2 (2.2)
Ala [CO,0H]cc ttt 25.4(1.6) 1.0 (0.1) 1.26 (0.04) 29.9 (0.1)
[CO]cc ttt 25.0 (0.9) 1.0 (0.1) 1.24 (0.04) 21.3(0.1)
hAla [CO,0H]cc(t) ttt(t) 36.0 (7.0) 1.0 (0.1) 1.31 (0.05) 32.7(0.1)
[COcc(t) ttt(t) 34.3 (6.1) 1.0 (0.1) 1.28 (0.05) 24.0 (0.1)
Val [CO,0H]cc(g:) ttt(c) 35.8 (1.2) 1.0 (0.1) 1.30 (0.04) 34.9 (1.4)
[COlcc(g:) ttt(c) 35.5(0.9) 1.0 (0.1) 1.28 (0.05) 26.4 (2.2)
Leu [CO,0H]cc(tg+) ttt(tg:) 36.0 (0.9) 1.0 (0.1) 1.32(0.05) 353 (2.5)
[COJcc(tg:) ttt(tg:) 37.6 (2.4) 0.9 (0.2) 1.32(0.07) 26.7 (3.5)
Tle [CO,0H]cc(g-t) ttt(g-t) 35.4 (1.6) 1.0 (0.2) 1.33 (0.05) 38.8 (0.1)
[COlec(g-t) ttt(g-t) 35.5(1.8) 1.0 (0.2) 1.30 (0.05) 29.5(0.1)

aUncertainties in parentheses.
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Table 5. Enthalpies and Free Energies of Reaction at 0 and 298 K for K*~AA Bond Dissociation “

Reaction Reactant  AH’ AH0s-AHo¢  AHoog TAS298 AGaos
K*(Gly) —» K + Gly [CO,OH] 118.8(3.7)  0.8(0.1) 119.6 3.7)  28.2(0.7) 97.4 (3.8)
[CO] 117.8 (4.6)  0.8(0.1) 118.6 (4.6)  27.7(0.7) 90.9 (4.6)
K*(Ala) » K' + Ala [CO,0H] 121.3(3.4) 1.4 (0.1) 122.7(3.4)  29.5(0.6) 93.0 (3.5)
[CO] 119.9 (4.3) 1.4 (0.1) 121.3 (4.3)  29.3(0.6) 92.0 (4.4)
K'(hAla) » K" +hAla  [CO,0H]  126.8 (4.6) 1.5(0.1) 128.3 (4.6)  30.4(0.6) 97.9 (4.7)
[CO] 123.7 (5.2) 1.5(0.1) 1252(5.2)  30.4(0.6) 94.8 (5.3)
K*(Val) » K"+ Val [CO,0H]  125.9 (4.1) 1.5(0.1) 127.4 (4.1)  30.6 (0.6) 96.8 (4.2)
[CO] 123.1 (4.7) 1.3(0.1) 1244 (4.7)  28.1(0.6) 96.3 (4.8)
K*(Leu) » K™+ Leu [CO,0H]  127.6(5.0) 1.5(0.1) 129.1 (5.0)  31.2(0.6) 97.9 (5.1)
[CO] 127.2 (6.5) 1.3(0.1) 128.5(6.5)  28.6(0.6) 99.9 (6.6)
K*(Ile) » K* + Ile [CO,0H]  128.0(5.1) 1.6 (0.1) 129.6 (5.1)  31.8(0.6) 97.8 (5.2)
[CO] 125.3 (5.3) 1.3(0.1) 126.6 (5.3)  29.0 (0.6) 97.6 (5.4)

“Uncertainties in parentheses.

b Experimental values from Table 4.

¢Calculated using standard formulas and molecular constants calculated at the B3LYP/6-311+G(d,p) level.



44

Table 6. Experimental and Theoretical K*-AA Bond Dissociation Energies at 0 K (kJ/mol)

Experiment Theory?
AA  Tonic Reactant TCID® KM® B3LYP! B3P86¢ MP2¢ B3LYP-GD3BJ®
Gly cc 118.3 (4.2) 119 (11) 116.6/116.0 119.9/119.2 116.4/112.7 124.1/123.2
Ala  cc 120.6 (3.9) 123 (11) 121.3/120.6 125.0/ 124.4 120.2/116.3 128.9/128.3
hAla  cc(t) 125.2 (4.9) 123.6/123.4 127.4/126.7 122.6/118.3 131.7/130.9
Val  cc(gy) 124.5 (4.4) 127 (11)  125.0/124.3 128.6 / 128.0 123.8/119.7 133.7/132.9
Leu cc(tg:) 127.4 (5.8) 128 (11)  125.8/125.0 129.6 / 128.9 124.6/120.7 133.8/133.0
Ile  cc(g-t) 126.7 (5.2) 129 (11)  126.6/125.9 130.2/129.5 125.8/121.6 1353/ 134.5
MADf 2(1) 1.0(0.7)/1.3(1.1) 3.0(1.2)/23¢1.2) 15(1.0)/56(1.1) 7.5(1.4)/6.7(1.5)

#Values in italics include BSSE corrections. ® TCID experimental values from Table 4, average of [CO,0H] and [CO] threshold energies.
Uncertainties in parentheses. ¢ Kinetic method (KM) results from Tsang et al.>> ¢ Calculations performed at the B3LYP, B3P86, or
MP2/6-311+G(2d,2p)// B3LYP/6-311+G(d,p) level including ZPE corrections. For B3LYP and B3P86, these refer to the average value
for the [CO,0OH] and [CO] isomers, whereas for MP2, they are a 2:1 average of these two isomers. ¢ Calculations performed at B3LYP-
GD3BJ/6-311+G(2d,2p)// B3LYP-GD3BJ/6-311+G(d,p) level including ZPE corrections. Values correspond to average of [CO,0OH]

and [CO] isomers.  Calculated mean absolute deviations (MADs) from TCID experimental values.
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Figure Captions

Figure 1. Cross sections extrapolated to zero-pressure conditions for collisions induced
dissociation of K'AA (AA = Gly, Ala, hAla, Val, Leu, and Ile) with Xe as a function of kinetic
energy in the center-of-mass frame (lower x-axis) and the laboratory frame (upper x-axis). Solid
lines show the best model of the data assuming a [CO,0OH] reactant using Eq. 1 with convolution
over the neutral and ionic kinetic and internal energy distributions. Dashed lines show the best

model of the data excluding the neutral and ion kinetic and internal energy distributions.

Figure 2. Lowest-energy structures of K"Ala for each chelation site found, calculated at the
B3LYP/6-311+G(d,p) level of theory. Hydrogen bonds are indicated by dotted lines. Potassium-
ligand noncovalent bonds are indicated by thick dashed lines. Relative energies (kJ/mol) at 298 K
from Table 1 are shown for the B3LYP, B3P86, MP2, and B3LYP-GD3BJ levels of theory,

respectively. Values at 0 K are listed in Table 1.

Figure 3. Lowest-energy structures of K'AA (AA = hAla, Val, Leu, and Ile) calculated at the
B3LYP/6-311+G(d,p) level of theory. Hydrogen bonds are indicated by dotted lines. Potassium-
ligand noncovalent bonds are indicated by thick dashed lines. Relative energies (kJ/mol) at 298 K
from Tables 2 and 3 are shown for the B3LYP, B3P86, MP2, and B3LYP-GD3BJ levels of theory,

respectively. Values at 0 K can be found in the Tables.

Figure 4. A potential surface calculated at the B3LYP/6-311+G(d,p) level for interconversion
between K'Ala[CO]Jcc and K'Ala[CO,0H]cc as a function of KOC angle. Relative ZPEs
calculated at the B3LYP/6-311+G(2d,2p) level scaled to match the energy of the TS are indicated

by horizontal lines.
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Figure 5. Bond dissociation energies (kJ/mol) for K*AA at 0 K determined by TCID (red triangles,
this study), KM (blue circles, Tsang et al.’?), and B3LYP theory (inverted open triangles, this
study) plotted versus polarizabilities (A®) of the AA. The dashed line is a linear regression fit of

all the TCID data, whereas the solid line excludes hAla.
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Ala[COl]cc Ala[CO,0H]cc Ala[N,COltts  Ala[N,CO]tta
0.0, 0.0, 2.5,0.0 0.8, 0.5,0.0,0.7 7.3,10.1,4.2, 4.1 88,114,71,5.2

Ala[CO:27]cc Ala[N,OH]tca Ala[N]tt Ala[OH]tt
8.6,7.7,7.7,7.9 41.8,45.7,34.7,35.8  49.7,52.2,44.9,43.2 83.7,89.3, 77.6, 80.6

Figure 2
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hAla[CO,OH]cc(t)  hAla[COl]cc(t) Val[CO,OH]cc(g+) Val[CO]cc(g-)
0.6, 0.4, 0.0, 0.4 0.0, 0.0, 2.9, 0.0 0.1, 0.0, 0.0, 0.0 0.0, 0.1, 3.3,0.0

Leu[CO,OH]cc(tg+) Leu[CO]cc(tg+) le[CO,OH]cc(g-t)  1le[CO]cc(g-t)
0.3, 0.03, 0.0, 0.04 0.0, 0.0, 3.2, 0.0 0.5, 0.3, 0.0, 0.0 0.0, 0.0, 2.9, 0.0

Figure 3
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Potassium Binding Interactions with Aliphatic Amino Acids: Thermodynamic and Entropic Effects Analyzed

via a Guided Ion Beam and Computational Study

Roland M. Jones III, Taylor Nilsson, Samantha Walker, and P. B. Armentrout*

K*Ala *J

J [CO,0H]=>[CO]

[CO,OH]=[CO;7]

Binding energies of potassiated aliphatic amino acids are experimentally determined and double well potentials connecting three low

energy conformers of these complexes are explored computationally.



