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ABSTRACT: Ion mobility spectrometry-mass spectrometry and quantum chemical
calculations are used to determine the structures and stabilities of the singly protonated
peptide H+KPGG. The two peaks making up the IMS distribution are shown to be
tautomers differing by the location of the extra proton on either the lysine side chain or
the N-terminus. The lysine-protonated tautomer is strongly preferred entropically while
being disfavored in terms of the electronic energy and enthalpy. This relationship is
shown, through comparison of all low-lying conformers of both tautomers, to be related to
the strong hydrogen-bond network of the N-terminally protonated tautomer. A general
relationship is demonstrated wherein stronger cross-peptide hydrogen-bond networks
result in entropically disfavored conformers. Further effects of the H+KPGG hydrogen-
bond network are probed by computationally examining singly and doubly methylated
analogues. These results demonstrate the importance of the entropic consequences of
hydrogen bonds to peptide stability as well as techniques for perturbing the hydrogen-
bond network and folding preferences of peptides via minimal chemical modification.

1. INTRODUCTION
Lysine (K, Lys) has the distinction of possessing the second
highest gas-phase basicity of the 20 proteinogenic α-amino
acids, behind arginine, due to the aliphatic side chain leading to
an amino group creating a much more basic site than the N-
terminus.1 Along these lines, a recent mutagenesis study on
green fluorescent protein found that substitution of surface
lysine residues with arginine led to stronger interactions
(including salt-bridge interactions). However, despite the
increased strength of arginine interactions, the specific strength
of hydrogen bonds formed by the lysine side chain was
discovered to guide the folding of the protein and the folding
rate significantly decreased upon substitution.2 Furthermore,
the specificity allowed by the lysine side chain has been linked
to the regulation of calcium in mammals, such as in preventing
arterial calcification in rats with chronic kidney disease,3 as well
as to the production of the mitochondrial shuttle molecule
carnitine.4

One major motivation in studying gas-phase, lysine-
containing peptides is the large change in pKa observed in
catalytic lysine residues buried deep in the hydrophobic core of
proteins, a position seen to reduce lysine pKa to nearly half its
surface value.5 The gas-phase distribution of a multiresidue
peptide reflects the buried protein microenvironment wherein
lysine engages in a high number of hydrogen bonds on
average.6 Previously we have reported ion mobility spectrom-

etry coupled with mass spectrometry (IMS-MS) of singly
protonated GPGG to calibrate and test quantum chemical
methods for the elucidation of peptide conformational
distributions. Furthermore, we used our calibrated method-
ology along with the quantum theory of atoms in molecules
(QTAIM) to probe the hydrogen-bond network of structurally
similar singly protonated hairpin peptides (XPGG, X = D, E,
N, Q) and understand how slight changes to hydrogen-bond
networks affect electronic energies.7,8 These previous studies
built up a theoretical framework we can take advantage of for
the study of lysine. In line with this framework, we report the
IMS spectrum of gas-phase H+KPGG, the simplest lysine-
containing hairpin allowing intramolecular hydrogen-bonding
interactions not taken into account when studying isolated
lysine, as has been done with high-level quantum chemical
calculations in the past.1,9−11

While gas-phase lysine calculations have found the
protonation at the N-terminus to be significantly disfavored
compared to protonation at the side-chain amine,1,9−11 the
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study of a lysine-containing hairpin lends insight into the
reported pKa shift and whether this affects the protonation site.
Additionally, methylated lysine acts as a key intermediate in
carnitine biosynthesis12,13 and is also used in the experimental
tagging of epigenetic markers in histones.14 Studies on
methylated lysine are sparse, with two infrared (IR) action
spectroscopy studies finding singly methylated lysine to
possess a stronger proton affinity than unmethylated lysine
and formation of a salt bridge when coupled with a metal
cation.15,16 However, to the best of our knowledge, computa-
tional studies of methylated lysine in a hairpin peptide have not
been reported and potential interplay between methylation and
the surface/buried pKa shift should be explored, specifically
with respect to the location of the excess proton.
This report follows a theoretical investigation of the

experimental ion mobility spectrum of H+KPGG. First, we
explore possible structures that are consistent with both
experiment and theory using the experimental collision cross-
section values and intensities as validation for computationally
obtained conformers. The experimental spectrum is found to
be composed of two tautomers, differing by location of the
excess proton, and the location of the proton will be shown to
be entropically driven. Following this, we will relate the
entropic differences in low-lying conformers/tautomers of
H+KPGG to differences in hydrogen-bond strength and
investigate the hydrogen bonds within the most abundant
conformers. Finally, we report a theoretical investigation on
methylation of the lysine side chain. One methylation strongly
favors the side-chain-protonated conformer, while addition of a
second methyl group favors N-terminal protonation. These
results unveil the role of entropy in tautomerization, the
importance of hydrogen bonds in determining the relative
entropic contributions of peptide conformers, and the effects
of side-chain substitution on hydrogen bonding and tautomer
preference.

2. METHODS
2.1. Computational Details. Conformers for each peptide

were generated in the same manner as in our previous studies
on hairpin tetrapeptides.7,8 Starting structures for each peptide
were built in a β-strand configuration with PCMODEL.17 To
capture both tautomers, starting H+KPGG structures were
built with the extra proton on either the lysine side-chain
amino group or the N-terminal amino group and brought
through the conformer generation process separately. Con-
formers were generated by stochastically rotating the rotatable
bonds, quenching with the MMFF94 force field,18 and
discarding structures outside of a 7 kcal/mol energy window.
Generated conformers were optimized with the PM6 semi-
empirical method19 as implemented in Gaussian 16,20 and
degenerate structures were discarded.
Conformers were further optimized, and frequencies

obtained, with the CAM-B3LYP-D3BJ/6-311++G(d,p) level
of theory,21−28 which was found to produce intensities closest
to both experiment and CCSD(T)/CBS calculations in our
previous work on H+GPGG.7 All structures were verified to be
minima by frequency calculations, and thermochemical
properties were obtained within the rigid rotor/harmonic
oscillator approximation at 298.15 K and 1 atm.20 Frequencies
were left unscaled, in line with our previous benchmarking,7

and no extra treatment of the frequencies (such as discarding
low frequencies below a cutoff) was undergone due to the
known importance of low frequencies in expressing the

strength of hydrogen bonds in small-molecule dimers.29,30

This also aligns with the H+GPGG study wherein low-
frequency modes were found to be essential to match the
experimental distribution, not only in density functional
calculations but also in CCSD(T)//MP2 conformational
preferences.7

Collision cross sections were obtained via the trajectory
method as implemented in MOBCAL31 and were averaged
over 100 runs for each conformer, as they were in our previous
work.8 Intensities were derived via a simple Boltzmann analysis
and normalized with respect to the lowest-energy conformer.
Interestingly, while the previous studies had some emphasis on
the “chair” and “boat” configurations of the proline residue
(following the nomenclature from the study on H+GPGG),7 in
the majority of cases only one conformer was found (“boat” in
most of these cases), and in cases where both forms were
obtained, the lowest Gibbs free energy conformer is reported.
Hydrogen bonds were verified and quantified using the

quantum theory of atoms in molecules (QTAIM) as
implemented in the Multiwfn computational chemistry pack-
age32 with the CAM-B3LYP-D3BJ/6-311++G(d,p) densities
as validated in the previous study on H+XPGG.8 The
Poincare−́Hopf theorem was found to hold in every case, a
necessary condition to ensure no interaction is missed.
Hydrogen bonds were verified to exist by three criteria: viz.
the bond path, the density at the bond critical point (bcp), and
the Laplacian at the bcp. Only bond paths linking a hydrogen
to either a nitrogen or an oxygen were recognized as hydrogen
bonds, and other interactions were treated as weak interactions
beyond the scope of this study. Only bond paths with bcp
charge densities above 0.002 a.u. and bcp Laplacians above
0.026 a.u. were considered hydrogen bonds. These values were
chosen in accordance with parameters defined by Koch and
Popelier for weak hydrogen bonds;33 however, they were
modified slightly. The original work reported a window of
ranges, and a good number of the particularly strong and
charge-assisted hydrogen bonds in this report exceed the upper
limit of these windows, so the upper limit was removed.
Additionally, the cutoff value for the Laplacian was adjusted
from 0.024 to 0.026 a.u., and this was done to omit a small
number of interactions with extremely unfavorable angles. This
change in the Laplacian cutoff slightly affects the R2 and rs
values reported in this study (less than 0.015 units); however,
it should be reported for consistency. To assess the relative
strengths of hydrogen bonds, the potential energy density,
V(r), at the bcp was used as it was in the previous H+XPGG
study.8 We again note that results on experimental electron
densities have led to a relationship between hydrogen-bond
energies and the value of V(r);34 we report the raw V(r) value
at the bcp and speak in ratios of potential energy densities to
assess relative hydrogen-bond strengths. All potential energy
densities, charge densities, and Laplacians for all hydrogen
bonds in each conformer/tautomer for each of the methylated
and unmethylated versions of H+KPGG can be found in the
Supporting Information.
2.2. Experimental Details. KPGG was synthesized

through standard Fmoc solid-phase peptide synthesis using
Fmoc-protected amino acids and Fmoc-Gly-Wang resin
(Midwest Biotech, Fishers, Indiana). Deprotection was
performed with 20% piperidine in dimethylformamide, and
1,3-diisopropylcarbodiimide and 6-chloro-1-hydroxybenzotria-
zole were used as coupling reagents. KPGG was cleaved from
the resin using an 18:1:1 ratio of trifluoroacetic acid/
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triisopropylsilane/methanol. KPGG was precipitated into, and
washed using, ice cold ether then dried and used without
further purification. Purity was estimated to be >90% by MS
analysis.
Electrospray solutions were prepared to ∼10 μM in 50:50

water/methanol. IMS theory31,35−37 and instrumentation38 are
provided in detail elsewhere. Briefly, ions were produced by
electrospray ionization (TriVersa NanoMate autosampler,
Advion, Ithaca, New York) and then transferred and stored
in an ion funnel trap at the entrance to the IMS-MS
instrument.38,39 The gate is periodically opened for ∼75 μs
to release ion packets into the 3 meter drift tube filled with
3.00 ± 0.03 Torr He buffer gas, held at ∼10 V cm−1. The ion
mobilities are determined by measuring the time required to
traverse the drift tube, tD, and then related to collision cross
section, Ω, by eq 1.31,40−42
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Furthermore, in eq 1, ze is the charge on the ion, E is the
electric field, L is the length of the drift tube, P and T are the
gas pressure and temperature, and N is the neutral number
density of the buffer gas (at STP). mI and mB are the masses of
the ion and buffer gas, respectively. Structures with large
collision cross sections (CCSs) interact with the buffer gas
more often than compact species, resulting in a difference in
drift time (tD) through the IMS cell. Mobility-separated ions
exit the drift tube and are pulsed orthogonally into a time-of-
flight mass spectrometer for analysis of their mass-to-charge
(m/z) ratios. As in our previous work, the ion storage
conditions were adjusted to reflect the gas-phase quasi-
equilibrium distributions.43

3. RESULTS AND DISCUSSION
3.1. Entropy Chooses the Preferred Tautomer of

H+KPGG. Figure 1 shows the experimentally obtained ion
mobility spectrum of H+KPGG. The spectrum is dominated by
a single peak at 117.9 Å2 and a minor feature at 114.3 Å2 with a
normalized intensity of 8.1% relative to the larger peak. From

the previous two studies on proline-containing hairpins, it is
clear that quantum chemical calculations are necessary to
elucidate the structures corresponding to each peak. We used
quantum chemical calculations, as outlined in Section 2, to
determine optimized structures of the two dominant species
that are consistent with the CCS values measured in Figure 1;
Figure 2A corresponds to the minor peak and Figure 2B
corresponding to the major feature. Unlike spectra of singly
protonated GPGG, DPGG, NPGG, EPGG, and QPGG, the
species making up the experimental IMS spectrum of
H+KPGG are tautomers differing in the placement of the
excess proton.8

The conformer making up the minor peak, Figure 2(A), will
be referred to throughout this report as Nt-cis-1, with Nt
referring to the placement of the excess proton on the N-
terminal amino group, cis referring to the cis orientation of the
Pro and Lys α carbons (illustrated by the green line in Figure
2(A)), and −1 referring to this being the lowest-lying Nt-cis
conformer in terms of Gibbs free energy. Of relevance to the
previous studies, Nt-cis-1 corresponds to the cis-1r structures
reported in the study of H+XPGG, where X = D, N, E, and Q,
with −1r corresponding to a specific arrangement of the
hydrogen-bonding network as well as an interaction between
the C-terminal hydroxyl group and the N-terminal residue’s
side chain.8 However, here we are more interested in the
tautomers rather than individual conformers and number the
structures of any given conformer of each tautomer by relative
Gibbs free energies. The conformer making up the dominant
peak, Figure 2(B), will be referred to as K-trans-1, with the
prefix K referring to tautomers wherein the excess proton is
located on the lysine side-chain amino group, trans referring to
the trans orientation of the Pro and Lys α carbons (illustrated
by the green line in Figure 2(B)), and −1 referring to the fact
that this is the lowest-lying conformer with the proton on the
lysine side chain. There is no simple analogue for K-trans-1
available in the previous studies as here all hydrogen bonds are
formed with the side chain and the typical trans structure is
disrupted by the Gly-3 carbonyl group engaging in a hydrogen
bond with the protonated side-chain amino rather than the C-
terminal hydroxyl group (K-trans-1 hydrogen bond 3).8

The conformational preference of both tautomers is quite
strong: in all of the lowest-lying conformers examined in this
report (as well as for the methylated lysine analogues), the
side-chain-protonated species prefer the trans orientation and
the N-terminally protonated species prefer the cis orientation.
The cis favorability of the N-terminally protonated tautomer is
expected, especially when considering the overall stability of cis
conformers vs trans conformers when side-chain interactions
are present.8 The trans favorability of the side-chain-
protonated tautomer, at least for the preferred conformer, is
likely to allow hydrogen bonds with the Lys carbonyl (K-trans-
1 1) in tandem with hydrogen bonds with the carbonyl groups
on the opposite side of the proline ring (K-trans-1 2 and 3).
Not all low-lying conformers of the side-chain-protonated
tautomer possess the equivalent hydrogen bond of K-trans-1 1
(of the 10 listed in the Supporting Information five do not);
however, in those cases, it is likely a simple case of steric
effects, with the cis configuration orienting the side chain so it
can only interact with the C-terminus without significant
distortion.
Table 1 details the comparison between theory and

experiment for the ion mobility spectrum of H+KPGG. The
theoretical collision cross sections agree to within <0.2%, of

Figure 1. Experimental collision cross-section distribution of singly
protonated KPGG.
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the experimental values, well below the uncertainties expected
for calculated CCSs from trajectory methods using MOB-
CAL.44 The agreement between the theoretical and exper-
imental cross sections cements Nt-cis-1 as the minor peak and
K-trans-1 as the major peak, with no other conformers needed
to describe the spectrum fully. The final Gibbs free energies
align with experiment quite well, with Nt-cis-1 predicted to be
the minor conformer with a calculated intensity of 29.9%
compared to 8.1% experimentally. An 8.1% normalized
intensity corresponds to a Gibbs-free-energy difference of
1.49 and 0.77 kcal/mol greater than reported here, producing
an error well within chemical accuracy (2 kcal/mol).
Additionally, previous work benchmarking gas-phase basicities
of amino acids reported the difference between the lowest-
energy N-terminally protonated conformer and lowest-energy
side-chain-protonated conformer of lysine to be 3.6 kcal/mol
(14.9 kJ/mol) at the CBS-QB3 level of theory (available in the
Supporting Information of the cited ref 1). This is over twice
the value we see here, which can be rationalized by considering
the larger wealth of hydrogen-bonding opportunities in a
multiresidue peptide equalizing the two tautomers.
In line with the previous H+GPGG study,7 the difference

between the cis and trans conformers is entropically driven.
However, given that this is a tautomerization and that there is a
drastic difference in the hydrogen-bonding network, the
entropy difference (2.84 kcal/mol) is larger than that in the
H+GPGG case (1.84 kcal/mol at the CAM-B3LYP/6-311+
+G(d,p) level of theory used here). While a difference varying
by a single kcal/mol is not a large amount energetically, in
terms of the calculated entropy this can be a cause for concern.
The vibrational entropy is dependent on low frequencies which

are also the quantities most likely to be affected by
anharmonicity. Previous work outlined how frequency scaling,
the most common method for correcting this deficiency, does
not significantly affect the overall conformational energies even
in drastic circumstances.7 However, given the previous work
on D, N, E, and QPGG, this is a good opportunity to explore
the effects of hydrogen-bonding differences on the entropy.8

Finding a correlation between hydrogen-bonding strength and
entropy would be interesting not only from a purely theoretical
point of view but also in validating and motivating the use of
uncorrected entropic differences between skeletally similar
conformers here and in the future. Additionally, neither lysine
nor the protonated forms of any of the other reported amino
acids, calculated with CBS-QB3 in the most recent, cohesive,
amino acid benchmarking study, were found to change the
preferred tautomer (or conformer, for that matter) when
considering the entropic contribution at room temperature.1

Here, we see that not just in conformational searches, as seen
with H+GPGG, but when considering separate tautomers as
well, that entropy plays a key role in the gas-phase peptide
structure and that these contributions will likely only increase
in importance as the system size grows.
3.2. Hydrogen-Bonding Strength Correlates with

Entropic Differences. To begin analyzing the effect of
hydrogen bonding on the entropic differences reported in the
previous section, Table 2 details the potential energy density,
V(r), at the bond critical point (bcp) for each hydrogen bond
of both tautomers shown in Figure 2, ordered from strongest
to weakest. The previous study on D, N, E, and QPGG
detailed the correlation between hydrogen-bond length and
V(r), employing this quantity to detail changes in the

Figure 2. CAM-B3LYP-D3BJ/6-311++G(d,p)-optimized geometries of the two lowest-energy H+KPGG tautomers: (A) Nt-cis-1, with the
additional proton located on the N-terminal amino group, and (B) K-trans-1, with the additional proton located on the lysine side-chain amino
group. Dotted lines indicate hydrogen bonds determined through QTAIM as described in Section 2, distances in angstroms, and bold numbers
referring to hydrogen-bond rank order labeled from strongest to weakest, ascending. Light green line drawn to illustrate cis vs trans geometries of
the proline and N-terminal α carbons.

Table 1. Experimental and Theoretical IMS Collision Cross Sections and Intensities of H+KPGG (%)a

species exp. CCS theory CCS exp. % ΔE0 (%) ΔH (%) ΔG (%)

Nt-cis-1 114.3 114.3 8.1% 0 (100%) 0 (100%) 0.72 (29.9%)
K-trans-1 117.9 118.1 100% 1.48 (8.3%) 2.13 (2.7%) 0 (100%)

aTheoretical cross sections averaged over 100 random number seeds, relative thermochemical quantities reported in kcal/mol with normalized
Boltzmann populations in parentheses, calculated as described in the Methods section. ΔE0 refers to zero-point corrected energies, ΔH refers to
enthalpies, and ΔG refers to Gibbs free energies. CCS in Å2.
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hydrogen-bonding networks of cis species as the N-terminal
residue was changed.8 Compared to the intricate and
bifurcated hydrogen-bonding networks detailed in the previous
studies, the hydrogen-bonding patterns seen in Figure 2 are
refreshingly simple.
K-trans-1 possesses three hydrogen bonds, each with the

protonated side-chain ammonium group as the donor and a
carbonyl group as the receptor. The strongest K-trans-1
hydrogen bond by far, stronger than the other two combined,
has the carbonyl group of the N-terminus acting as the
receptor. The strength of this hydrogen bond, 1, arises likely
due to simple steric effects and not as much due to the specific
carbonyl being a better hydrogen-bond acceptor than the other
carbonyl groups. The N-terminal carbonyl is much more
stationary than the other two carbonyl groups participating in
hydrogen bonds, making it a good candidate for a fully
optimized hydrogen bond (the donor−hydrogen−acceptor
bond angle being 163°) with the other two hydrogen bonds
being optimized only as far as steric effects will allow.
The protonated N-terminus of Nt-cis-1 engages in two

hydrogen bonds, one with the Gly-3 carbonyl oxygen and the

other with the C-terminal carbonyl oxygen. Both of these
hydrogen bonds are eclipsed, however, by the hydrogen bond
between the C-terminal hydroxyl group and the lysine side-
chain amino group. This single hydrogen bond, 1, is over twice
the value of the next strongest quantity and stronger than the
two remaining N-terminal hydrogen bonds combined. An
interesting feature of this OH···N hydrogen bond, aside from
its strength due to the acceptor/donor pair, is the length of the
hydroxyl O−H bond. The O−H bond length in Nt-cis-1 is 1.05
Å while the same bond in K-trans-1, where it is not involved in
any hydrogen bonding, is 0.97 Å, an appreciable difference.
The strength of this hydrogen bond and the resulting length of
the hydroxyl O−H bond mark this as a good candidate
interaction for a salt-bridge interaction, as has been seen in
previous work on lysine by itself.1 However, resonance
destabilization by the N-terminal hydrogen bond with the C-
terminal carbonyl likely plays a role in making deprotonation
of the hydroxyl group energetically unfavorable enough to
prevent formation of a full salt-bridge interaction. Interestingly,
and in line with this theory, a higher-energy N-terminally
protonated conformer (Nt-cis-3) sees the lysine amino group
form a salt bridge by deprotonation of the C-terminal hydroxyl
group and the hydrogen bond between the C-terminus and the
protonated N-terminus is weaker in this case (see the
Supporting Information). Even without a full salt bridge,
however, the total potential energy density from hydrogen
bonding in Nt-cis-1 is nearly twice the value of K-trans-1. This
difference can be explained not only by the particularly strong
hydrogen bond with the lysine amino group but also by the

Table 2. BCP Potential Energy Densities of H+KPGG
Hydrogen Bondsa

H-bond K-trans-1 Nt-cis-1

1 −0.0474 −0.0822
2 −0.0187 −0.0408
3 −0.0146 −0.0272

aReported in a.u., hydrogen bonds numbered as in Figure 2.

Figure 3. Relative entropic contribution, TΔS, T = 298.15 K, vs relative potential energy density, ΔV(r), of all verified hydrogen bonds, summed.
Plotted for 14 of the lowest-energy conformers/tautomers of H+KPGG relative to K-trans-1 with side-chain-protonated species as blue triangles and
N-terminally protonated species as red circles. Exponential fit (form: n exp(x/u) + b) in purple with displayed R2 and rs (Spearman’s rank-order
correlation coefficient). Structures for all conformers and QTAIM data for all hydrogen bonds can be found in the Supporting Information.
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two remaining hydrogen bonds with the protonated nitrogen
being allowed to optimize more fully due to the lack of a third
hydrogen bond constraining rotation of the N-terminus, as it
does in K-trans-1.
An interesting result to be gleaned from Tables 1 and 2 is

that the entropically disfavored tautomer, Nt-cis-1, exhibits a
much stronger hydrogen-bond network than the entropically
favored specimen. This result implies that a tighter hydrogen-
bond network affects the vibrational entropy through a blue
shift of low-frequency modes that rely on collective torsions
across the hairpin peptide, resulting in a lower entropy
compared to less-constrained conformers. In this way, a small
number of hydrogen bonds can drastically affect the entropy
difference between two conformers or tautomers. Two
datapoints, however, do not make a trend. To further explore
this idea, Figure 3 plots the relative (compared to K-trans-1)
entropy contribution at room temperature, in kcal/mol, against
the relative potential energy density, ΔV(r), of all hydrogen
bonds in a given conformer for the 14 lowest-Gibbs-free-
energy conformers of H+KPGG. The plotted conformers can
be seen in the Supporting Information with associated QTAIM
data. Conformers with only minor changes compared to other
conformers were discarded, e.g., chair vs boat orientation of the
proline or small changes in the alkyl chain for side-chain-
protonated conformers. The lack of N-terminally protonated
conformers within an appreciable energy window of the
lowest-energy conformer led to three conformers differing
mostly by alkyl chain dihedrals being plotted.
Figure 3 includes an exponential fit with an R2 value of 0.89,

indicating a good correlation between relative entropic
contributions and hydrogen-bonding strengths. Spearman’s
rank-order correlation coefficient, rs, has also been calculated
and displayed. A rank-order correlation describes how well the
relative rank of x-axis data is reflected in the y-axis, with
changes decreasing the value and 1 indicating perfect
agreement. An rs of 0.87 as we see here indicates that
higher-in-magnitude potential energy densities arising from
hydrogen bonds tend to produce lower-in-magnitude entropic
contributions. Red circles in Figure 3 indicate N-terminally
protonated species while blue triangles correspond to the side-
chain-protonated tautomer. The three red circles in the middle
of the plot reflect N-terminally protonated conformers that
differ mainly by changes in the dihedral angles of the lysine
alkyl chain; however, no other N-terminally protonated species
were within 4.5 kcal/mol in Gibbs free energy, so these were

included for completion. We do not expect such slight changes
in geometry to be captured by this model, but note the
impressive correlation nonetheless.
Figure 3 is similar to the plot in the previous H+XPGG study

implicating changes in the cis/trans energy differences across
multiple peptides to differences in the hydrogen-bond
potential energy densities.8 It should be noted, however, that
the quantities being plotted in the previous study were cases
where only hydrogen-bond lengths were changed upon
substitution with a different amino acid, with small exceptions.
This was sufficient to explore how changing out similar amino
acids affects the overall favorability of the trans conformer.
However, here we relate many different conformers (across
two tautomers) to one conformer of one tautomer. Hydrogen
bonds change drastically across the conformers seen in Figure
3 and attempts to plot energy changes are not fruitful (the
Supporting Information contains plots of the zero-point
corrected and Gibbs free energies, with the highest R2 being
0.10) because many other factors are allowed to vary other
than just the strengths of hydrogen bonds. This can even be
seen in the previous study where a small jump can be seen
between the D, N pair and E, Q pair due to new (albeit weak)
hydrogen bonds forming. Here, there is no such restriction on
hydrogen-bond forming, breaking, or shifting, yet the entropy
is exponentially related with a high correlation.
The exponential relationship is expected in this case, as well,

due to the exponential terms relating frequencies to vibrational
entropy. Figure 3 demonstrates a powerful relationship
between entropy and hydrogen bonding, one relevant to
discussions of enthalpy−entropy compensation. However,
there are still unanswered questions in this analysis. One is
the lack of a salt-bridge interaction in Nt-cis-1. If the C-
terminal carbonyl hydrogen bond is preventing a salt bridge
from forming between the hydroxyl group and the lysine side-
chain amino group, what perturbation is necessary to induce a
salt bridge in the lowest-energy, N-terminally protonated
tautomer? Additionally, is there a way to make the entropically
preferred side-chain-protonated tautomer disfavored compared
to the alternative? To answer these questions, we move to the
purely computational exploration of methylation of the lysine
side chain.
3.3. Methylation of the Lysine Side Chain Dramati-

cally Alters Relative Electronic Energies. We will begin
studying the methylation of the lysine side chain in H+KPGG
by considering the structures of the individual conformers.

Figure 4. CAM-B3LYP-D3BJ/6-311++G(d,p)-optimized geometries of the lowest-energy (A) N-terminally protonated (Me1Nt-cis-1) and (B)
side-chain-protonated (Me1K-trans-1), singly methylated H+KPGG conformers. Dotted lines indicate hydrogen bonds determined through
QTAIM as described in Section 2, distances in Angstroms, and bold numbers referring to hydrogen-bond rank order labeled from strongest to
weakest, ascending.
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Figure 4 shows the lowest-energy side-chain-protonated
(Figure 4A, Me1Nt-cis-1) and N-terminally protonated (Figure
4B, Me1K-trans-1) conformers of singly methylated H+KPGG.
QTAIM data on the assigned hydrogen bonds of both
tautomers can be found in the Supporting Information,
relative strengths will briefly be discussed. Immediately
apparent is that the lowest-energy methylated species are
more complicated than the lowest-energy unmethylated
species with five hydrogen bonds per conformer as opposed
to three in the previous section (though higher-energy
conformers exhibited a larger number of hydrogen bonds).
The lowest-energy, singly methylated, side-chain-protonated

conformer (Figure 4B) exhibits two weak hydrogen bonds
from CH donors (Me1K-trans-1 4 and 5), one donating to the
N-terminus which went vacant in the unmethylated specimen.
The protonated side chain donates to two hydrogen bonds of
near-equal strength, one to the C-terminal carbonyl group and
the other to the Gly-3 carbonyl group (Me1K-trans-1 1 and 2,
respectively). The lysine carbonyl group, which received a
hydrogen bond from the protonated side chain in the
unmethylated lowest-energy conformer, now receives a
hydrogen bond from the Gly-4 amine with about 80% the
strength of the corresponding unmethylated interaction
(Me1K-trans-1 3, Supporting Information).
The most striking feature of the lowest-energy, singly

methylated, N-terminally protonated, conformer (Figure 4A) is
the salt-bridge interaction between the lysine side chain and
the C-terminus (Me1Nt-cis-1 1). While the interaction between
the lysine side-chain amino group was not strong enough to
deprotonate the hydroxyl group in the unmethylated analogue,
the addition of an electron-donating methyl group increases
the polarity of the nitrogen enough to fully transfer the proton
(a bond length of 1.09 Å compared to 1.02 Å on the other
side-chain N−H bond), in line with previous results on alkali-
metal-cationized methyllysine.15,16 The resulting salt-bridge
interaction is slightly stronger (0.0860 a.u., Supporting
Information) than the strongest hydrogen bond seen in the
two conformers examined in the previous section (0.0822 a.u.,
between the hydroxyl group and the lysine side chain). The
proton transfer results in a negative charge on the C-terminus,
making the C-terminal carbonyl an ideal hydrogen-bond
acceptor. Indeed, the second strongest interaction is the
charge-assisted hydrogen bond between the protonated N-
terminus and the C-terminal carbonyl (Me1Nt-cis-1 2). This is

slightly stronger than the unmethylated analogue (by 0.002
a.u.). The C-terminal carbonyl receives two other hydrogen
bonds, one from the side-chain amine and one from a C−H
donor along the alkyl side chain (Me1Nt-cis-1 4 and 5,
respectively). While in this and the previous studies, carbonyl
groups mainly receive two hydrogen bonds at most, this
saturation is due to the negative charge on the carbonyl and is
present in higher-energy conformers plotted in the previous
section where the same proton transfer occurs (Supporting
Information). Finally, the protonated N-terminus engages in
one other hydrogen bond, with the Gly-3 carbonyl (Me1Nt-cis-
1 3), slightly weaker than the analogue, hydrogen bond 2, in
Me1K-trans-1 (0.001 a.u.) due to the effect of the methyl group
in the side-chain-protonated conformer but substantially
stronger than the unmethylated analogue (a 31% increase,
Supporting Information) due to the N-terminus only donating
to two hydrogen bonds rather than three.
Addition of a single methyl group has a profound impact on

the hydrogen-bond network of H+KPGG; however, we expect
a second methyl group to exaggerate these effects and report
the lowest-energy, doubly methylated, side-chain-protonated
(A) and N-terminally protonated (B) conformers of H+KPGG
in Figure 5. The lowest-energy side-chain-protonated con-
former now exhibits only one charge-assisted hydrogen bond
donated from the side-chain amine; however, it is shorter and
stronger than the two side-chain hydrogen bonds exhibited in
the singly methylated analogue (−0.0444 a.u. for Me2K-trans-1
hydrogen bond 2 compared to −0.0388 and −0.0377 a.u. for 1
and 2 of Me1K-trans-1, V(r) data available in the Supporting
Information). The C-terminal carbonyl accepts the hydrogen
bond from the side-chain amine (Me2K-trans-1 2); however,
the position of the carbonyl is able to be optimized and allows
the C-terminal hydroxyl group to donate a hydrogen to the
Gly-3 carbonyl (Me2K-trans-1 1), a donor and acceptor pair
that go without hydrogen bonds in the previous case. Aside
from these two examples, the other hydrogen bonds in Me2K-
trans-1 involve weak CH donors and the other moderate
hydrogen bond is the C-terminal amine donating to the lysine
carbonyl group (Me2K-trans-1 3) in the same fashion as in the
singly methylated case (Me1K-trans-1 3).
The lowest-energy, doubly methylated, N-terminally proto-

nated conformer (Me2Nt-cis-1) is only slightly perturbed from
the singly methylated case (Me1Nt-cis-1). The backbone
RMSD between Me2Nt-cis-1 and Me1Nt-cis-1 is 0.04 Å,

Figure 5. CAM-B3LYP-D3BJ/6-311++G(d,p)-optimized geometries of the lowest-energy (A) N-terminally protonated (Me2Nt-cis-1) and (B)
side-chain-protonated (Me2K-trans-1), doubly methylated H+KPGG conformers. Dotted lines indicate hydrogen bonds determined through
QTAIM as described in Section 2, distances in Angstroms, and bold numbers referring to hydrogen-bond rank order labeled from strongest to
weakest, ascending.
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much lower than the 0.65 Å RMSD for Me1Nt-cis-1 compared
to the unmethylated Nt-cis-1. The only change in the identity
of hydrogen-bond pairs is that the lysine side-chain amine only
participates in the salt-bridge interaction (Me2Nt-cis-1 1) and a
second CH···O interaction forms between the C-terminal
carbonyl and the lysine alkyl chain instead (Me2Nt-cis-1 4).
The salt-bridge interaction is strengthened very slightly (0.002
a.u., 0.002 Å shorter), but not enough to fully offset the loss of
a charge-assisted hydrogen bond (Table 3).
Table 3 details the relative thermochemical quantities of the

lowest-energy conformers of both tautomers of H+KPGG and
its singly and doubly methylated analogues. The final column
in Table 3 details the sum-total potential energy density arising
from the bond critical points of every hydrogen bond in the
given conformer. Clearly, the overall strength of the lowest-
energy, side-chain-protonated conformer’s (K-trans-1) hydro-
gen-bond network steadily increases with the number of
methyl groups added to the side-chain amine. The first
increase in overall hydrogen-bond strength arises from the
increased number of hydrogen bonds available as well as the
loss of a charge-assisted hydrogen bond (Me1K-trans-1 2)
being made up by the interaction between the lysine carbonyl
and C-terminal amine (Me2K-trans-1 3). The second increase
in total hydrogen-bond energy for the side-chain-protonated
tautomer (from one methyl group to two) arises from the
strong hydrogen bond between the hydroxyl group and Gly-3
carbonyl (Me2K-trans-1 1). Conversely, the total hydrogen-
bond strength of the N-terminally protonated tautomer (Nt-
cis-1) increases with the addition of hydrogen bonds when
adding a methyl group; however, a second methyl group
slightly lowers the total hydrogen-bond energy through loss of
a hydrogen bond that does not afford further flexibility to form
new interactions (Me1Nt-cis-1 4). This closes the gap between
the side-chain-protonated and N-terminally protonated species
in terms of hydrogen-bond strength when the lysine side-chain
amine contains two methyl groups, in fact the doubly
methylated difference in V(r) is 51% the original H+KPGG
value.
When considering one additional methyl group, the side-

chain-protonated tautomer is preferred in Gibbs free energy by
3.19 kcal/mol, an over fourfold increase. Additionally, the
preference of protonation on the side chain is no longer
determined by entropy, with the entropic difference now
smaller, slightly over a kcal/mol, making side-chain-proto-
nation entropy independent. It should be noted here that the
change in the entropy difference between the two tautomers in
the singly methylated case compared to unmethylated do not
line up with the change in ΔV(r), which is slight (0.002 a.u.),

as we see in Figure 3. This indicates that the correlation
between entropy differences and hydrogen-bond strengths only
strongly applies to conformers and tautomers of a single
specimen, not across chemical modifications that add addi-
tional degrees of freedom affecting low-frequency modes and
the vibrational entropy. General trends, such as a much smaller
ΔV(r) resulting in a smaller entropy difference likely still hold;
however, strict adherence to the trend demonstrated in Figure
3 is not expected.
Addition of a second methyl group, however, causes the N-

terminally protonated tautomer to be favorable in Gibbs free
energy by nearly 2 kcal/mol. The entropy difference is quite
small between the two tautomers, as is the difference between
the zero-point corrected energy and the enthalpy (less than 0.2
kcal/mol compared to nearly 0.5 kcal/mol when singly
methylated). This, along with the substantially smaller value
of ΔV(r), indicates that similar hydrogen-bonding strengths
cause these tautomers to chiefly differ in terms of electronic
energy. As Me2Nt-cis-1 does not differ greatly from Me1Nt-cis-
1, the change in preference likely corresponds to steric changes
in Me2K-trans-1 compared to its singly methylated analogue.
All three peptides are presented in Table 3 and are useful for

separate goals in terms of experimental studies. The
tautomerization of H+KPGG being entropy driven has the
consequence of tautomer population being primarily affected
by the temperature with a steep gradient. This can make the
relative populations of both tautomers useful for obtaining an
experimentally confirmed value for the entropic contribution
by slightly adjusting the temperature in an IMS-MS experiment
and exploring cases of kinetic trapping. While the overall
computational Gibbs-free-energy values correspond well with
experiment, obtaining an experimental value for the entropy
difference between the tautomers would be invaluable in
understanding the thermodynamics of these processes. In
terms of methylation, adding a single methyl group to the
lysine side-chain amine ensures protonation of the side chain
while two methyl groups ensure protonation of the N-
terminus. N-terminal protonation with methyl groups on the
side chain, however, comes with the caveat of a salt-bridge
interaction placing the C-terminal hydrogen on the lysine side
chain. To further study these species, and perhaps lead to a
system where the proton prefers the N-terminus without a salt-
bridge interaction, it would be fruitful to investigate addition of
methyl groups to the N-terminus.

4. CONCLUSIONS
This study began by focusing on the ion mobility distribution
of H+KPGG. The two IMS peaks were found to correspond

Table 3. Calculated Thermochemical Quantities of Methylated H+KPGG Tautomers and Total Hydrogen-Bond Potential
Energy Densitiesa

K Me species theory CCS ΔE0 (%) ΔH (%) ΔG (%) V(r)

0 K-trans-1 118.1 1.48 (8.3%) 2.13 (2.7%) 0 (100%) −0.0807
0 Nt-cis-1 114.3 0 (100%) 0 (100%) 0.72 (29.9%) −0.1502
1 K-trans-1 118.3 0 (100%) 0 (100%) 0 (100%) −0.1095
1 Nt-cis-1 116.6 2.54 (1.4%) 2.07 (3.1%) 3.19 (0.5%) −0.1812
2 K-trans-1 121.2 2.20 (2.5%) 2.38 (1.8%) 1.96 (3.7%) −0.1425
2 Nt-cis-1 119.4 0 (100%) 0 (100%) 0 (100%) −0.1780

aLeftmost column enumerates methyl groups attached to the lysine side-chain amino group. Theoretical cross sections averaged over 100 random
number seeds, thermochemical quantities in kcal/mol and relative to lowest, with normalized Boltzmann populations in parentheses, calculated as
described in Section 2. Total potential energy density summed over all hydrogen bonds, in a.u.; QTAIM data for all hydrogen bonds can be found
in the Supporting Information CCS in Å2.
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not only to one cis and one trans conformer about the Lys-Pro
peptide bond but also to two separate tautomers differing by
location of the excess proton. The major peak corresponds to a
trans orientation and the proton located on the side chain
while the minor peak corresponds to a cis orientation and a
protonated N-terminus. The intensities of the peaks were
found through benchmarked DFT calculations to be entropy
dependent, with the side-chain-protonated tautomer preferred
by in Gibbs free energy but enthalpically disfavored. By
including other low-lying conformers/tautomers, it was found
that the entropic changes correlate well with changes in the
overall hydrogen-bonding strength of a conformer, with
stronger hydrogen bonds blue-shifting low-frequency modes
and decreasing the vibrational entropy. In order to investigate
possible mechanisms for controlling the location of the excess
proton, singly and doubly methylated variants of the lysine side
chain were studied computationally. Adding a single methyl
group was found to make side-chain protonation enthalpically
favorable while addition of two methyl groups favored
protonation at the N-terminus. These discoveries create a
gas-phase toolkit for understanding protonation in peptides
and the impacts on the structure in vacuo. This case study for
KPGG provides an impetus for furthering developments in
temperature-controlled IMS instruments, with the goal of
controlling the entropic components that stabilize structure.
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