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The gas-phase proton affinities (PA) for a series of proline-containing dipeptides have been measured in an ESI
triple quadrupole instrument using the extended kinetic method. Proton affinities for ProGly (1), ProAla (2),
ProVal (3), ProLeu (4), Prolle (5), and ProPro (6) were determined to be 969.6 + 7.8, 990.4 + 7.7, 987.6 + 7.9,
982.8 + 8.0, 988.8 + 10.1, and 996.5 + 12.2 kJ/mol, respectively. Predictions for the proton affinities for 1-6
were also obtained through isodesmic calculations at the B3LYP/6-311++G(d,p)//B3LYP/6-31+G(d) level of
theory. The predicted proton affinities for 1 and 6 of 966.9 and 991.0 kJ/mol are in agreement with the
experimental values. However, the predicted proton affinities for 2-5 of 973.5, 975.9, 975.7, and 975.9 are
between 8 and 15 kJ/mol lower than the experimental values. Additional calculations with a larger basis set
(B3LYP/6-311++G(2df,2p), inclusion of dispersion (B3LYP-D3/6-311++G(d,p)), switching to second order
perturbation theory (MP2/6-31++G(d,p) and MP2/6-311++G(2df,2p), or switching density functional (MO06-
2x/6-311++G(d,p) and M06-2x/6-311++G(2df,2p) show only modest changes in derived thermochemistry
lending support to the original calculations. We recommend using the experimental proton affinities for ProGly
and ProPro and using the calculated values for ProAla, ProVal, ProLeu, and Prolle with the experimental proton
affinities as upper limits.

1. Introduction

Automated peptide sequencing forms the basis for modern tandem
mass spectrometry-based proteomics studies [1-5]. In bottom-up ex-
periments, the protein of interest is digested into peptides by a proteo-
lytic enzyme such as trypsin and the peptides are analyzed by
HPLC-tandem mass spectrometry. If low-energy collision-induced
dissociation is used to fragment the peptides, backbone amide cleavages
occur resulting mainly in b, + - and y, + -type ions [6] depending on the
residues involved and the overall charge of the peptide [7]. The mobile
proton model governs the fragmentation behavior of peptides when the
number of added protons exceeds the number of basic residues in the
peptide [8-10]. The first step in the mobile proton model involves the
transfer of one of the ionizing protons to an amide site upon collisional

activation. For ease of automated sequencing, one desires the proton to
be non-selectively transferred to multiple different amide sites, resulting
in random fragmentation along the peptide backbone. Computer-based
algorithms can then match predicted fragmentation spectra for candi-
date peptides with the experimentally generated product ion spectrum
to allow for peptide determination, and ultimately the protein of interest
in the proteomics experiment [11-15].

Certain amino acid residues can lead to selective cleavages that
suppress random cleavages and confound automated sequencing algo-
rithms [16-32]. One such residue is proline, which tends to cause a
selective cleavage N-terminal to the residue known as the “proline ef-
fect” [16,17,19,20,24-30]. Proline is the only protein amino acid that
has a secondary amine at the N-terminus and has a proton affinity of
941 kJ/mol, which is much larger than other aliphatic amino acids
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[33-35]. When inserted into peptides, proline forms a tertiary amide,
and the enhanced basicity of this amide site was thought to play a role in
the proline effect. Vaisar and Urban studied the fragmentation behavior
of AVXLG (X = Pro, Pipecolic acid (Pip), the 6-membered ring analog of
proline, and N-methylalanine(NME)) and found that for X = Pro, the y§
“proline effect” fragment was the dominant fragmentation product,
whereas for X = Pip and NME, fragmentation C-terminal to the X residue
to give bj was dominant [19]. For X = Pro and Pip, the resulting b3
oxazolone ion is bicyclic and the authors postulated that the instability
of the bicyclic AVP b3 ion shuts down that channel and results in
enhanced production of the y3 “proline effect” fragment. Paizs and
co-workers studied the fragmentation of AAXPA (X = A, S, L, V, F)
peptides in which all species except AASPA gave a strong y3 “proline
effect” fragment. In their computational study, they found that the
amide oxygen between A3 and P4 in AAAPA is the most basic amide site
and they concluded that protonation at this site is favored in the early
phase of dissociation [30].

In some of our earlier collaborative work with the Wysocki group, we
confirmed that the proline effect is a combination of the enhanced ba-
sicity of the proline residue and the conformational rigidity of the
constrained five-membered ring [36]. We also discovered a new selec-
tive cleavage for the six-membered ring analog, pipecolic acid (Pip),
which results in b, + C-terminal to the Pip residue. Our results have been
confirmed by theoretical work by Bythell [37] and by cold-ion spec-
troscopy experiments by McLuckey and Zwier [38].

A data mining analysis of over 28,000 peptide fragmentation spectra
found that certain residues, such as Cys, Pro and Gly, tend to cause a
decrease in fragmentation efficiency when N-terminal to proline,
whereas others, such as Ile, Leu, and Val, lead to enhanced cleavage
when N-terminal to proline [26,29]. The Wysocki group has also shown
that the structures of peptide fragments containing proline also depends
on the nature of the preceding residue with GP, AP, VP, LP and IP b3 ions
predominantly forming oxazolones [39] with only HP bjpreferring a
diketopiperazine structure. Finally, the structure of proline-containing
b3 ions has been shown to also depend on the residue C-terminal to
proline, as PP b3 from protonated PPP forms a diketopiperazine struc-
ture [40], whereas PP bg from protonated PPG forms an oxazolone [41].
Clearly, the individual residues near the proline are playing an energetic
role in the peptide fragmentation process.

In an effort to better understand the effects that differing residues
play in the fragmentation process, we have undertaken a comprehensive
study of the structure and acid-base properties of all 39 proline-
containing dipeptides and 40 Pip-containing dipeptides using the
extended kinetic method and density functional theory calculations. In
contrast to the amino acids themselves, there have been relatively few
experimental studies of the absolute gas-phase acid/base properties of
small peptides. Early ICR-bracketing studies by Amster and co-workers
established the gas-phase basicities (GB) for twenty two valine-
containing dipeptides including ValPro and ProVal [42]. Cassady and
co-workers have measured the gas-phase basicity of numerous small
peptides containing Ala and Gly [43], His or Lys [44], GlyPro, ProGly,
and ProPro [45], and Ser [46] again using proton-transfer reactions in
an ICR. In calibrating their laser-induced acoustic desorption apparatus,
Kenttama and co-workers investigated the gas-phase basicities of several
dipeptides, including AlaAla and ValPro, and found excellent agreement
with earlier studies indicating that the LIAD process did not produce
excited di-peptides during the desorption process [47]. No attempts
were made to vary the temperature of these experiments, so there have
been no direct proton affinity measurements for proline-containing
peptides. Herein, we present experimental and computational results
for the six aliphatic ProXxx dipeptides: ProGly (1), ProAla (2), ProVal
(3), ProLeu (4), Prolle (5), and ProPro(6).
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2. Experimental and theoretical methods
2.1. Kinetic method experiments

All experiments were performed in a ThermoScientific TSQ Quantum
Ultra triple quadrupole instrument equipped with an IonMax ESI source.
Full experimental details have been presented elsewhere [33,48]. Dilute
solutions (ca. 1-10 x 10~3 M) of a peptide and one of a series of refer-
ence bases in slightly acidified (1 % formic acid) 50:50 methanol:water
were directly infused into the electrospray ionization source of the TSQ
at flow rates between 5 and 10 pL/min. Electrospray and ion focusing
conditions were varied in order to maximize the ion count for the
proton-bound heterodimer [A-HT-B;]". The proton-bound dimer ions
were isolated in Q1 at a resolution of 0.8-1.0 amu and were allowed to
pass into the rf-only collision cell (q2). The isolated ions are allowed to
undergo collision-induced dissociation with argon gas maintained at a
pressure of 0.5 mTorr. Product ion spectra were recorded at collision
energies between 0 and 30 V (lab, equal to the Q2 pole offset voltage).
The intensities of each primary product ion and any secondary product
ions were recorded and analyzed using standard extended kinetic
method (EKM) techniques [49-53]. Secondary product ion intensities
were added to the corresponding primary product intensities before
undergoing EKM analysis. Experiments were repeated on at least three
different days and were averaged to give the final ratios In[B;H/AH"]
for use in the EKM workup.

Enthalpy (PA) and entropy contributions (ASp) for 1-6 were ob-
tained from the extended kinetic method (EKM) that has been described
in detail elsewhere [49-53]. This method requires a plot of In
(IrBint+1/I1aH+1) VS. PAgp; — PA,yg, where Ifgiy,] and Ijapy) are the in-
tensities of the protonated reference base and peptide products, PAg; is
the proton affinity of the ith reference base, and PA,y, is the average
proton affinity of the set of i reference bases. The Orthogonal Distance
Regression (ODR) method as implemented in the ODR-pack program of
Ervin and co-workers was used to extract proton affinities and proton-
ation entropies from the data [53]. In this method all In(intensity ratios)
for m reference bases at n collision energies are analyzed simultaneously.
A total of n lines are generated and forced to cross at a single isothermal
point, which gives the proton affinity and protonation entropy for the
peptide under study. This method also gives a realistic estimation of the
errors in the derived quantities by using Monte Carlo simulations to
determine isothermal points from randomly-perturbed intensity ratios.
For these studies, we used a window of 45 kJ/mol in the reference
acidity/basicity values and a window of £0.05 for the In(ratio) values.
Proton affinity and protonation entropy values are reported with error
bars corresponding to +1 standard deviation, as determined from the
Monte Carlo simulations.

2.2. Computational methods

Predictions for the proton affinities of 1-6 were also obtained from
hybrid density functional theory calculations. All ab initio and density
functional theory calculations were performed using the Gaussian09 or
Gaussian16 suites of programs [54,55]. The GMMX conformer searching
routine in PCModel [56] was used to find conformations within 60
kJ/mol of the minimum-energy structure for all neutral and cationic
species. These structures are used as starting points for a series of ab
initio and density functional theory calculations of progressively higher
levels of theory. Ultimately, geometries and harmonic vibrational fre-
quencies for neutral 1-6, and various N-protonated forms were calcu-
lated at the B3LYP/6-31+G(d) level [57,58]. Zero-point energy (ZPE)
and thermal corrections were obtained from un-scaled harmonic
vibrational frequencies. Total electronic energies were obtained using
single-point energy calculations at the B3LYP/6-311++G(d,p) level and
are combined with ZPE, thermal corrections, and a PV work term to give
298 K enthalpy values. Total entropies were taken from the Gaussian09
output without scaling. Gibbs free energies were calculated by adding
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the “thermal correction to Gibbs Free Energy” obtained from
B3LYP/6-31+G(d) frequency calculations to the B3LYP/6-311++G(d,p)
single-point energies.

Predictions for the proton affinities for 1-6 were computed directly
from calculated enthalpies at 298 K according to reaction 1. For all of the
peptides in this study, we were able

AAH'TSAA + HY €))

to locate multiple low-energy conformers. Thermochemical values pre-
sented here are Boltzmann-weighted enthalpy values for the different
conformers obtained by determining relative gas-phase populations
based on Gagg. We chose the B3LYP/6-311++G(d,p)//B3LYP/6-31+G
(d) level of theory based on previous work on proton affinities of amino
acids [33,59-63] in which the B3LYP/6-311++G(d,p)//B3LYP/6-31+G
(d) method gave nearly quantitative agreement with experimental PAs
for a variety of nitrogenous bases including dimethylamine, isopropyl-
amine, ethylenediamine and glycine [64]. Despite the excellent agree-
ment for absolute proton affinities with literature values, we report here
predictions for PA from isodesmic reaction 2, using proline as a refer-
ence base with a known proton affinity of 941 kJ/mol [64].

PeptideH" + Pro — Peptide + ProH™ 2

Additional calculations were performed for conformers within
10-20 kJ/mol of the global minimum structures of 1-6 to test for the
size of the basis set, electronic structure method, and the inclusion of
dispersion. Single point energy calculations were performed at the
B3LYP/6-31+G(d) geometries with the following levels: B3LYP/6-
31++G(2df,2p), B3LYP-D3/6-311++G(d,p) including Grimme’s DFT-
D3 dispersion corrections [65], MP2/6-3114++G(d,p) [66], and
MP2/6-311++G(2df,2p) [66]. Furthermore, the geometries for these
selected conformers were re-optimized using the M06-2x/6-31+G(d)
functional followed by a single-point energy calculation at the
MO06-2x/6-311++G(d,p) and M06-2x/6-311++G(2df,2p) levels of the-
ory [67].

3. Materials

ProGly, ProAla, ProVal, ProLeu, Prolle, and ProPro were purchased
from Sigma Aldrich or AnaSpec. All reference bases were purchased
from Sigma-Aldrich and were used without further purification. All so-
lutions are made with HPLC grade methanol (Sigma-Aldrich) and 18
MQ H,0 (Millipore).
4. Results and discussion

4.1. Experimental proton affinity measurements

The absolute proton affinity for 1 was obtained using the extended

Table 1
Experimental and computed 298 K proton affinities for 1-6.
Compound PA (kJ AS, (J mol ! calc PA (kJ calc. PA (kJ
mol 1) Kb mol 1), raw mol 1), iso”
1 969.3 + —20.5+ 4.8 966.1 966.9
7.8
2 988.0 + —-36.3 +£ 2.0 972.7 973.5
8.1
3 987.0 + —-32.6 £5.5 975.1 975.9
8.0
4 986.4 + —40.1 £ 7.9 974.9 975.7
8.8
5 986.1 + —-39.7 £ 8.1 975.1 975.9
8.6
6 996.5 + —-22.3+ 3.9 990.2 991.0
6.1

 Isodesmic reference: proline (PA = 941 kJ/mol, ref 35).
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kinetic method as described in the Experimental section. Measured
proton affinities for 1-6 are shown in Table 1. Fig. 1 shows the first
kinetic method plot for 1, in which five reference bases (3-picoline,
pyrrolidine, piperidine, 3,5-lutidine, and 4-tert-butylpyridine) and
seven activation energies (6, 9, 12, 15, 18, 21, and 24 V (lab) were used.
A list of all reference compounds used in the study and their proton
affinities is given in Table 2. Orthogonal distance regression gives an
isothermal point of 17.5, 2.5, which corresponds to a derived proton
affinity of 969.3 + 7.8 kJ/mol and a protonation entropy of —20.5 +
4.8 J mol™! K~L. The uncertainty values were obtained from Monte
Carlo simulations with a window of +5 kJ/mol for the proton affinity
and 0.15 for the In(ratio).

Similar procedures were used to determine experimental proton af-
finities for 2-6. First kinetic method plots for 2-6 are shown in
Figures S1 and S4-S7. For 2, five reference bases and seven collision
energies were used, as shown in Figure S1. The ODR-derived isothermal
point is 33.6, 4.4, which leads to a derived proton affinity of 988.0 + 8.1
kJ/mol and a protonation entropy of —36.3 + 2.0 J mol~! K!. Five
reference bases and seven energies yield the first kinetic method plot for
3 shown in Figure S4. A proton affinity for 3 of 987.0 + 8.0 and a
protonation entropy of —32.6 £ 5.5J mol ! K1 were derived from ODR
analysis. Proton affinities for 4 and 5 of 986.4 + 8.8 and 986.1 + 10.1
were obtained from ODR analysis. Protonation entropies for 4 and 5 of
—40.1 + 7.9 and —39.7 + 8.1 were also obtained. The same five refer-
ence bases and seven activation energies were used for 4 and 5 and their
first kinetic method plots are shown in Figures S5 and S6. Finally, for 6,
5 reference bases and seven activation energies were used to derive a
proton affinity of 996.5 + 6.1 and a protonation entropy of —22.3 & 3.9
J mol~! K1 as shown in Figure S7.

The derived protonation entropy terms are between —20 and —40 J
mol ! K1, which indicates a decrease in entropy upon protonation. This
is a result of increased hydrogen bonding in the cations as compared to
the neutrals. By comparison, similar kinetic method experiments on
proline from our lab resulted in a protonation entropy of —6 J mol * K~}
[33]. These entropic results are consistent with the calculated geome-
tries as discussed below.

4.2. Computational proton affinity predictions

4.2.1. ProGly

Fig. 2 shows the lowest-energy conformers for 1 and 1H™. Figure S8a
and b shows the structures and relative energetics for all conformers for
1 and 1H™ within 15 kJ/mol (298 K Gibbs free energy) of the respective
global minima, as well as selected additional high-lying conformers with
distinct geometric features. The lowest free-energy conformers for 1 all
contain a strong hydrogen bond (~2.15 A) between the nitrogen atom of
the proline ring and the hydrogen atom of the NH group in the amide
resulting in an “anti” arrangement between the ring nitrogen atom and
the amide carbonyl oxygen. Our naming convention for the ProGly and
ProGlyH" conformers is as follows: 1) structures are numbered by
relative free energy, and 2) structures are given a description that
specifies: trans(t) or cis(c) peptide bond; the number of the puckered
carbon of the proline ring (1-5, see scheme below) and its pucker
orientation with respect to the rest of the molecule (endo or exo); the C
(=0)-N-C(a)-C(=0) bond dihedral angle; the N-C(x)-C=0 dihedral
angle; the orientation of the OH group of the COOH moiety (syn or anti),
and finally alternative H-bonding schemes or protonation sites, if
necessary. The lowest free energy conformer,

R

OH
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Fig. 1. First kinetic method plot of In(Ref;H"/1H™) versus PA-PA,yg (kJ/mol). Best-fit lines generated from ODR-derived effective temperatures.

Table 2

Reference bases for kinetic method experiments.
Reference Base PA 1 2 3 4 5 6
3-picoline 943.4 X X
pyrrolidine 948.3 X X X
piperidine 954.0 X X X X X
3,5-lutidine 955.4 X
4-t-butylpyridine 957.7 X X X X
2,4-lutidine 962.9 X X X
1-methylpyrrolidine 965.6 X X X
diisopropylamine 971.9 X X X X X
di-secbutylamine 980.7 X
triethylamine 981.8 X
2,2,6,6-tetramethylpiperidine 987.0 X

ProGly_001, is therefore t, 4exo, 120, 0, syn. The next lowest free energy
conformer has the same dihedrals, but the proline ring is puckered in the
endo orientation (ProGly_002: t, 4endo, 12, 0, syn). The 16 lowest-free-
energy conformers have the same N-H-N hydrogen-bonding arrange-
ment with differing orientations of the C-terminal portion of the
dipeptide. The four lowest free-energy conformers have the carbonyl
group of the Gly residue either above or below the plane of the hydrogen
bonded nitrogen atoms, while the in-plane arrangement (progly_005:t,
4endo, 180, 0, syn) lies approximately 2.5 kJ/mol higher in free energy
(Figure S8a). The additional NH—O=C hydrogen bond (~2.4 f\) affor-
ded by the in-plane arrangement causes this conformer to be the lowest
enthalpy conformation for ProGly. Similarly, the second lowest enthalpy
conformer contains an anti-OH arrangement (progly_008: t, 4endo, 75,
120, anti) and an additional OH—O=C hydrogen bond (1.75 A). Inter-
estingly, at the B3LYP/6-311++G(d,p) level the 4exo arrangement for
the proline ring is generally lower in free energy, while the 4endo
arrangement is preferred with respect to enthalpy.

A differing H-bonding motif in which the hydrogen atom on the NH
group of the proline ring is hydrogen bonded to the amide carbonyl
oxygen (2.26 A) was located at a relative free energy of 11.4 kJ/mol

(progly_017: t, 4exo, 180, 0, syn, NH-O=C; Figure S8a). The lowest-free-
energy conformer with a cis peptide bond (progly_054: ¢, 4exo, NH-
0O=C, 180, 0, syn) was found to lie 31.0 kJ/mol above progly 001
(Table S1). In total, 110 conformers were located within 60.2 kJ/mol of
the global minimum. Complete lists of all located conformers for 1 and
1H, their calculated 298 K free energies, 298 K enthalpies, and their
relative free energies are given in Supporting Information Tables S4 and
S5. Similar Tables for 2-6 and 2H - 6H are given in Tables S6-5S15 of
Supporting Information.

For 1H™, the lowest-free-energy conformer (proglyh_001, t, 4endo,
180, 0, syn) is protonated on the proline nitrogen atom and has an H-
bond between that hydrogen atom and the amide carbonyl oxygen as
shown in Fig. 2. As with the neutral, the 14 lowest-free-energy con-
formers have the same N-H-O hydrogen bonding motif with differing
orientations of the glycine end of the dipeptide (Figure S8b). The
hydrogen bond length drops considerably to near 1.8 A indicating a
strengthening of the hydrogen bonding network upon protonation,
consistent with the large negative entropy change upon protonation. In
contrast with the neutral, the lowest-free energy conformer and the
lowest enthalpy conformer are the same and involve an additional
hydrogen bonding interaction between the Gly carbonyl oxygen atom
and the backbone NH (2.15 A). Higher energy conformers involve
rotation about the N-C and C-C single bonds of the Gly residue
(Figure S8b). The lowest-energy conformer for 1H' with a cis-peptide
bond lies 17.5 kJ above the global minimum conformer. In total, 48 ring-
protonated conformers were located within 74.2 kJ/mol of the mini-
mum energy structure, far fewer than for progly as a result of the
stronger hydrogen-bonding network in the cation.

We also investigated the energetics of protonation at the amide
carbonyl oxygen and nitrogen atoms. The lowest free-energy CO-pro-
tonated species (proglyh_042) lies at a relative energy of 56.1 kJ/mol,
whereas the lowest free-energy amide N-protonated protomer (pro-
gly_056) lies 102.8 kJ/mol above proglyh_001. An additional 6 amideO
conformers and 38 amideN conformers were located. Using the 298 K
Gibbs free energy as the weighting factor, 298 K Boltzmann-weighted
enthalpy values were obtained for 1 and 1H" and lead to a proton
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Fig. 2. Lowest energy structures for 1-6 and 1H-6H at the B3LYP/6-311++G(d,p)//B3LYP/6-31+G(d,) level of theory.

affinity of 966.1 kJ/mol, in excellent agreement with the experimental
value of 969.3 + 7.8 kJ/mol.

In our previous work on amino acids, the B3LYP/6-311++G(d,p)//
B3LYP/6-31+G(d) method provided predictions for proton affinities
that were in excellent agreement with our experimental kinetic method
affinities [33,59-63]. Nevertheless, we have always reported isodesmic
proton affinities with various amines or amino acids serving as the
reference compound in order to try to mitigate systematic deficiencies in
the chosen computational method. In this study, it makes sense to use
proline as the isodesmic reference as its thermochemistry has been well
established by Bouchoux and co-workers. Using the kinetic method and
high-level calculations, they recommend a 298 K proton affinity of
941.0 kJ/mol for proline [35]. We used a similar procedure for calcu-
lating the PA for proline at the B3LYP/6-311++G(d,p) level and a
Boltzmann-weighted PA of 940.2 kJ/mol was obtained. Using proline as
the isodesmic reference, a prediction for the 298 K PA for ProGly of
966.9 kJ/mol is derived, also in excellent agreement with the experi-
mental proton affinity. Calculated raw and isodesmic proton affinities
for 1-6 are given in Table 1. Estimates for the proton affinity of 1 at the
amide carbonyl oxygen and nitrogen atoms of 910.7 and 862.3 kJ/mol
are obtained by adding the difference in enthalpy between the lowest
enthalpy amide O/N-protomer and the lowest enthalpy ring protomer to
the isodesmic proton affinity (Tables S2 and S3).

The B3LYP/6-311++G(d,p)//B3LYP/6-31+G(d) method that we
use for calculating proton affinities is by today’s standards rather modest
in size. We chose to continue using it for this study of proline-containing
dipeptides for two reasons. First, it allows for comparison with previous
thermochemical studies from our lab using the same method. Second,
for dipeptides with larger side chains (Arg, Lys, His, Trp, Tyr, Phe, etc.) it
may not be possible to use larger basis sets or more computationally-
intensive methods on our in-house servers. The relatively small di-
peptides described in this manuscript are small enough to test the effi-
cacy of our method by changing basis sets and model chemistries and
seeing the effects on the derived proton affinities. For ProGly, we
investigated the 15 lowest-free-energy conformers (within 8.8 kJ/mol of
the global minimum) for the neutral and the 8-lowest-energy conformers
(within 17.5 kJ/mol) for the cation at several different levels of theory.
A summary of the Boltzmann-weighted proton affinities at different
levels of theory for ProGly is given in Table 3 and the relative energies

for the various conformers are given in Figure S8a and b.

Increasing the basis set of the single-point energy calculation to
B3LYP/6-311++G(2df,2p) results in only slight deviations in the rela-
tive free-energy of the conformers for 1 and 1H with the (progly 001: t,
4exo, 120, 0, syn) and (proglyh_001: t, 4endo, 180, 0, syn) conformers
remaining lowest in free energy for the neutral and N-protonated spe-
cies. Similar calculations for Pro and ProH " lead to a derived isodesmic
proton affinity for 1 of 967.3 kJ/mol; a change of only 0.4 kJ/mol.
Including dispersion at the B3LYP-D3/6-311++G(d,p)/6-31+G(d) level
results in a somewhat larger increase in the derived isodesmic proton
affinity of 1.2 kJ/mol giving 968.1 kJ/mol. The addition of dispersion
also reverses the relative ordering of the 4endo and 4exo conformers of
neutral 1 with the (progly_002: t, 4endo, 120, 0, syn) arrangement lying
1.0 kJ/mol lower in energy; the lowest energy cation remains the same.
Single-point energy calculations using the second order perturbation
theory method MP2/6-311++G(d,p) leads to only a slight change in
proton affinity of 0.5 kJ/mol, whereas a larger increase of 1.8 kJ/mol
was found for single-point energy calculations at the MP2/6-311++
(2df,2p) level. Both MP2 levels also predict that the (progly 002: t,
4endo, 120, 0, syn) conformation for 1 lies lowest in energy. For 1H,
MP2/6-311++G(d,p) predicts that the (progyh_003: t, 4endo, —75, 0,
syn) conformer without the additional NH—O=C hydrogen bond is the
global free energy minimum, whereas MP2 with the larger basis set
indicates that the (proglyh_001: t, 4endo, 190, 0, syn) conformer with
the additional hydrogen bond lies lowest.

We re-optimized the geometries of the selected conformers using the
MO06-2x/6-314+G(d,) method followed by single-point energy calcula-
tions at the M06-2x/6-311++G(d,p) and M06-2x/6-311++G(2df,2p)
levels to gauge the sensitivity of the derived values on the specific
density functional theory optimization method. During the re-
optimizations, all the ProGly conformers remained in the same orien-
tation during the optimization process, but the relative ordering of the
conformers changed slightly. For these levels of theory, the (progly_004:
t, 4endo, —120, 0, syn) conformer for 1, which has a different orienta-
tion of the Gly end of the dipeptide, has the lowest free energy. For the
cation the (proglyh_003: t, 4endo, —75, 0, syn) conformer without the
additional NH—O=C hydrogen bond is the global minimum at the 6-
31++G(d,p) level while the bigger basis set predicts that proglyh_001
and progly 003 are essentially isoenergetic. As seen in Table 3, a
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Table 3
Isodesmic ProXxx proton affinities (kJ/mol) at different levels of theory.

Method Raw PA ProGly Raw PA Pro Iso PA ProGly®
B3LYP/6-311++G(d,p)" 966.1 940.2 966.9
]33LYP-D3/6-311++G(d,p)b 969.8 943.4 967.4
B3LYP/6-311++G(2df,2p)® 969.1 942.8 967.3
MP2/6-311++G(d,p)® 963.7 937.3 967.4
MPZ/6-311++G(de,2p)b 960.6 9329 968.7
MO06-2x/6-311++G(d,p)* 955.5 931.5 965.0
MO06-2x/6-311++G(2df,2p)° 959.9 933.5 967.2

Method Raw PA ProAla Raw PA Pro Iso PA ProAla®
]33LY13'/6-311++G(d,p)b 972.7 940.2 973.5
B3LYP-D3/6-311++G(d,p)° 975.1 943.4 972.7
B3LYP/6-311++G(2df,2p)® 974.1 942.8 972.3
MPZ/(‘Z--BllJrJrG(d,p)b 972.2 937.3 975.9
MP2/6-311++G(2df,2p)" 965.1 932.9 973.2
MO06-2x/6-311++G(d,p)* 963.6 931.5 973.1
MO06-2x/6-311++G(2df,2p)¢ 964.0 933.5 971.5

Method Raw PA ProVal Raw PA Pro Iso PA Proval®
B3LYP/6-311++G(d,p)" 975.1 940.2 975.9
B3LYP-D3/6-311++G(d,p)" 977.7 943.4 975.3
B3LYP/6-311++G(2df,2p)b 977.1 942.8 975.3
M132/6-311++G(d,p)b 972.1 937.3 975.8
MP2/6-311++G(2df,2p)° 968.0 932.9 976.1
MO06-2x/6-311++G(d,p)* 964.0 931.5 973.5
MO06-2x/6-311++G(2df,2p)* 966.0 933.5 973.5

Method Raw PA ProLeu Raw PA Pro Iso PA ProLeu®
B3LYP/6-311++G(d,p)” 974.9 940.2 975.7
B3LYP-D3/6-311++G(d,p)" 977.7 943.4 975.3
]33LY13'/6-311++G(2df,2p)b 976.7 942.8 974.9
MP2/6-311++G(d,p)® 972.1 937.3 975.8
MP2/6-311++G(2df,2p)" 968.1 932.9 976.2
MO06-2x/6-311++G(d,p)* 963.8 931.5 973.3
MO06-2x/6-311++G(2df,2p)° 964.6 933.5 972.1

Method Raw PA Prolle Raw PA Pro Iso PA Prolle?
B3LYP/6-311++G(d,p)” 975.1 940.2 975.9
B3LYP-D3/6-311++G(d,p)° 977.9 943.4 975.6
B3LYP/6-311++G(2df,2p)° 977.5 942.8 975.7
MP2/6-311++G(d,p)® 971.7 937.3 975.4
M}32/6--311++G(2df,2p)b 968.0 932.9 976.1
MO06-2x/6-311++G(d,p)* 967.0 931.5 976.5
MO06-2x/6-311++G(2df,2p)° 968.6 933.5 976.1

Method Raw PA ProPro Raw PA Pro Iso PA ProPro®
B3LYP/6-311++G(d,p)b 990.2 940.2 991.0
B3LYP-D3/6-311++G(d,p)° 993.0 943.4 990.6
B3LYP/6-311++G(2df,2p)® 989.2 942.8 987.4
MP2/6-311++G(d,p)® 993.6 937.3 997.3
MP2/6-311++G(2df,2p)b 985.5 9329 993.6
MO06-2x/6-311++G(d,p)* 982.7 931.5 992.2
MO06-2x/6-311++G(2df,2p)° 981.2 933.5 988.7

decrease of 1.9 kJ/mol in the derived proton affinity for 1 was found for
the 6-311++G(d,p) basis set and an increase of 0.3 kJ/mol was found for
the 6-311++G(2df,2p) basis set.

Despite the minor changes in the relative free energies of the
different neutral and cationic conformers, the Boltzmann-weighted
isodesmic proton affinities for 1 at the various different levels of the-
ory are all within 3.7 kJ/mol of each other and are in excellent agree-
ment with our experimental value. We found similar results for 2-6, as
described below, which gives us confidence in the B3LYP/6-31+G(d,)
level for geometry optimizations and B3LYP/6-311++G(d,p) for single-
point energies moving forward with the larger dipeptides.

4.2.2. ProAla

The lowest free-energy structure for 2 has the same N-H-N hydrogen
bonding scheme as 1 with the addition of a second hydrogen bond (2.38
A) between the backbone amide hydrogen atom and the C-terminal
carbonyl (proala 001: t, 4endo, —150, O, syn; Fig. 2), as seen in
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progly_005, the lowest enthalpic structure for 1. The lowest enthalpy
conformer for 2 lies 2.9 kJ/mol higher in free energy and contains an
anti-OH group that forms a strong H-bond (1.74 A) with the amide
carbonyl oxygen (proala_004: t, 4endo, —75, —120, anti; Figure S9a)
similar to progly_008. The ten lowest free-energy structures all have the
same N-H-N hydrogen bonding with varying orientations and hydrogen
bonding interactions of the alanine end of the dipeptide. The lowest free-
energy cis-isomer (proala_035) lies at a relative energy of 27.5 kJ/mol.
In all, 72 different conformers were located within 71.4 kJ/mol of the
global minimum structure. For 2H, the lowest free-energy structure is
similar to that for 1H and contains strong hydrogen bonds between the
hydrogen on the protonated ring nitrogen and the amide oxygen atom
(1.83 A) as well as between the hydrogen on the amide nitrogen with the
C-terminal carbonyl oxygen (2.13 ;\) (proala_001: t, 4, exo, —150, 0, syn;
Fig. 2). Three additional conformers were located within 10 kJ/mol of
the minimum with different ring pucker and/or C-terminal carbonyl
hydrogen bonding scheme (Figure S9b). The difference in free energy
between the lowest energy cis- and trans-isomers drops to 17.5 kJ/mol in
the cation. In all, 93 N-protonated and amide protonated conformers
were located in our conformational search. Isodesmic Boltzmann-
weighted proton affinities for the ring nitrogen, amide oxygen, and
amide nitrogen of 972.7, 932.5, and 873.9 were obtained at the B3LYP/
6-311++G(d,p)/B3LYP/6-31+G(d) level.

In contrast with our results for 1, the isodesmic proton affinity for 2
of 973.5 kJ/mol is not in agreement with the experimental result of
988.0 + 8.1 kJ/mol. The difference of nearly 15 kJ/mol is the largest
variation between experimental and B3LYP/6-311+-+G(d,p)-derived
proton affinities that we have ever measured in our lab. It was, in fact,
this large difference that led us to investigate different computational
methods to ascertain whether the B3LYP/6-311++G(d,p)//B3LYP/6-
314+G(d) method that worked so well for simple amino acids was
somehow unsuited for dipeptides.

We subjected 12 conformers for 2 located within 10 kJ/mol of the
global minimum structure to further calculations and the relative en-
ergetics are shown in Figure S9a. The B3LYP and MP2-based methods
find the (proala_001: t, 4endo, —150, O, syn) conformer to be the global
minimum structure whereas the M06-2x-based methods predicts that
the 4endo conformer (proala_002) is lowest in energy. As with 1, re-
ordering of the relative energy of some of the higher-energy con-
formers was observed. For 2H, four conformers are within 10 kJ/mol of
the global minimum. These four conformers, the lowest free energy cis-
isomer, and the lowest energy amide N and O protomers were subjected
to further calculations. The B3LYP/6-311++G(2df2p) single point en-
ergy calculations are in accord with the B3LYP/6-311++G(d,p) calcu-
lations that the (proalah_001: t, 4exo, —150, 0, syn) isomer is the global
minimum. The other methods (MP2, M06-2x, and B3LYP-D3) predict
that the (proalah_003: t, endo, —75, 0, syn) conformer lies lowest in free
energy. This conformer does not have the second H-bond between the
amide NH and the C-terminal C=0.

Table 3 shows that the predicted isodesmic Boltzmann-weighted
proton affinities for 2 at the different levels are all within 4.3 kJ/mol
of each other and with the exception of the MP2/6-311++G(d,p) pre-
diction, the values are within 2.0 kJ/mol of each other. None of the
methods indicate a proton affinity greater than 976 kJ/mol and given
the similarity in hydrogen bonding schemes between all six neutrals and
cations (see below) it seems unlikely that we are missing a low-energy
conformation for the cation that is > 10 kJ/mol stable than the ones
that we located in our conformational search. This indicates to us that
the difference between computational and experimental proton affinity
lies in the experimental value. The first kinetic method plots for 1 and 2
in Fig. 1 and Figure S1 do not indicate any anomalous behavior in the
experiments; in fact, the fit to the data looks better for 2 than for 1. The
biggest difference is the location of the crossing point, which has a larger
x and y values for 2 (33.6, 4.4) than for 1 (17.5, 2.5). This indicates that
entropy is playing a far bigger role in the dissociation of the proton-
bound dimer ions for 2 than for 1. Ideally, one would wish to have
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data for references with proton affinities both above and below the
isothermal point so that one interpolates rather than extrapolates the
crossing point. Unfortunately, for multifunctional bases such amino
acids and peptides, entropy effects cause the effective basicity (which
drives the ratios) to be far lower than the proton affinity and results in a
crossing point above the data set on the x-axis. We tried to use reference
bases with larger proton affinities to get data closer to the crossing point
but were unable to form sufficient cluster ion counts to get statistically
meaningful results and are therefore forced to extrapolate the crossing
point for all of the dipeptides.

We have used the ODR method for determining final experimental
proton affinities and protonation entropies mainly because it gives a
realistic estimation of the error in the derived values from Monte Carlo
simulations [53]. The original version of the extended kinetic method
uses an alternative method of making a second kinetic method plot of
the negative intercepts of the lines in plot 1 vs. their slopes [50-53].
Second kinetic method plots for 1 and 2 are shown in Figures S2 and S3.
Both plots are highly correlated and the resulting proton affinities for 1
and 2 are 968.3 and 986.3 kJ/mol. ODR, thus changes the resulting
values by less than ~2 kJ/mol, so the discrepancy is not likely to be an
artifact from the ODR-fitting procedure. We will further discuss the
disagreement between the measured and calculated proton affinities for
2 after first describing the computed results for 3-6.

4.2.3. ProVal

The lowest energy structure for ProVal is in accord with the lowest
energy conformers for ProGly and ProAla with a strong hydrogen bond
(2.17 A) between the hydrogen on the amide nitrogen and both the
nitrogen atom of the ring and the C-terminal carbonyl oxygen as shown
in Fig. 2 (progly 003 and proala_007). For 3, an additional dihedral
angle is necessary for determining the relative orientation of the iso-
propyl side chain. For naming of 3 and 3H, the N-C(«)-C(8)-H(p) dihe-
dral angle is appended to the end of the conformer name. The lowest free
energy structure for 3 is therefore (proval 001: t, 4exo, —120, 0, syn,
180). The added complexity of the side chain leads to an abundance of
low-energy conformers, and we located 54 unique conformations within
20 kJ/mol and 231 conformations in total within 61.6 kJ/mol of the
global minimum structure. Figure S10a shows the structures and relative
energetics of the 20 conformers that lie within 10 kJ/mol of the global
minimum structure as well as additional conformations with unique
structural features. All of the lowest 20 conformers have the same N-H-N
hydrogen bonding scheme, with differing orientations of the valine end
of the peptide and/or differing hydrogen bonding interactions of the C-
terminal COOH group. The lowest energy conformer with an N-H-O=C
H-bonding arrangement and the lowest energy cis-isomer lie 10.9 kJ/mol
and 29.9 kJ/mol higher in free energy. For 3H, the lowest ten con-
formers lie within 7.8 kJ/mol of the minimum-energy structure and all
have the same N-H-O=C H-bonding scheme (1.8 Ain provalh_001). The
lowest energy cis-isomer is 16.5 kJ/mol higher in free energy. Isomers
protonated on the amide O and amide N atoms were located 35.5 and
93.8 kJ/mol above provalh_001.

All conformers for 3 and 3H lying within 10 kJ/mol of the respective
lowest energy structures and the lowest energy amideO and amideN
protomers were subjected to further computations. For neutral 3, all of
the additional methods except M062x-/6-311++G(2df,2p) found the
(proval_001: t, 4exo, —120, 0, syn, 180) isomer to be the global mini-
mum, with the 4endo isomer (proval 002) lying within 1.3 kJ/mol. The
endo-configuration is the global minimum at the M06-2x/6-311++G
(2df,2p) level. Some differences in relative order were observed between
the different methods, especially with the MO06-2x-based methods,
which tend to find that conformers with multiple H-bonds are preferred
even with respect to free energy. For 3H, the (t, 4endo, —90, 0, syn, 180)
isomer is the lowest energy conformer at each of the levels studied.
Despite the differences in relative ordering, the Boltzmann-weighted
isodesmic PAs for 3 derived from the different methods are all within
2.5 kJ/mol of each other. As with ProAla, the derived isodesmic proton
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affinity for 3 of 975.9 kJ/mol is lower than the experimental value of
987.6 + 7.9 kJ/mol.

4.2.4. ProLeu

The side chain of 4 requires two additional dihedral angles to
uniquely specify the different conformers: the N-C(a)-C(p)-C(y) and C
(a)-C(B)-C(y)-H dihedrals, which are appended to the description after
the syn/anti designation. Similar to 2 and 3, the lowest energy
conformer for 4 (proleu_001: t, 4endo, —120, 0, syn, —60, 60) has a N-H-
N hydrogen bond (2.15 A) with the side-chain above the plane of the
backbone (Fig. 2). The twenty lowest energy conformations all have this
same H-bonding arrangement and lie within 9 kJ/mol of proleu 001.
The lowest energy conformer with a N-H-O=C H-bonding arrangement,
proleu_021, lies 9.5 kJ/mol higher in free energy. The lowest cis-isomer
lies at a relative energy of 31.9 kJ/mol. The complexity of the side chain
allows for a vast number of conformations, and we located 25 confor-
mations within 10 kJ/mol (Figure S11a), 80 within 20 kJ/mol, and 200
within 53.5 kJ/mol of the global minimum. For 4H, the lowest energy
structure (proleuh_001, t, 4endo, —120, 0, syn, 60, 60) is similar to those
for 1H-3H with ring protonation, a N-H-C=0 hydrogen bond (1.79 A),
and a second H-bond between the amide NH and the carbonyl oxygen of
the C-terminus (2.32 A). Again, multiple low-lying conformations were
located with 13 within 10 kJ/mol and 38 within 20 kJ/mol of pro-
leuh_001. The lowest energy cis-isomer, amideO protomer, and amideN
protomer are 17.2, 35.4, and 92.1 kJ/mol higher in energy than pro-
leuh_001. In total, 605 unique ring-protonated, amide O protonated, and
amide N protonated conformers were located in our search.

The 20 lowest energy conformers for 4, 14 lowest energy conformers
for 4H (Figure S11b), and the lowest energy amideO and amideN pro-
tomers for 4H were subjected to further calculations. All levels of theory
predict that proleu_001 is the lowest energy neutral conformer and the
B3LYP and MP2 based methods generally agree in the relative energetics
for the higher-lying conformers. M06-2x geometry optimization and 6-
311++G(d,p) single point energy calculations give orderings for the
higher-lying conformers that are quite different (Figure S11a), again
generally favoring multiple internal hydrogen bonds. For 4H, the
agreement for the energetics of the low-energy conformers between the
different methods is better. The B3LYP and MP2-based methods agree
that the proleuh_001 conformer is the global minimum, while the M06-
2x-based levels find that a conformer with the leucine end of the
dipeptide rotated 60° (proleuh_002: t, 4endo, —60, 0, syn, —60, 60) lies
lowest. The ordering of the higher-lying conformers changes only
slightly between methods. As shown in Table 3, the Boltzmann-weighted
isodesmic proton affinities for 4 are in excellent agreement, with all
values within 4.1 kJ/mol of the B3LYP/6-311++G(d,p) value and ~10
kJ/mol lower than the experimental value of 986.4 + 8.8 kJ/mol.

4.2.5. Prolle

For 5, the N-C()-C(f)-H and C(a)-C(B)-C(y)-C(8) dihedral is added to
the name to account for differing orientations of the side chain. The
lowest energy conformer (proile_001: t, 4exo, —120, 0, syn, 180, —60)
has a similar hydrogen bonding arrangement to 2-4 (2.16 A), with the
sidechain above the H-N-H plane. Two nearly isoenergetic conformers:
proile_003: t, 4endo, —120, 0, syn 180, 60, which differs only in the
orientation of the ring pucker, and proile_002: t, 4endo, —120, 0, syn,
180, 180, which differs in the orientation of the ring pucker and the
rotation of the ethyl portion of the side chain were found to lie within 1
kJ/mol of proile_001. We located 25 conformers within 10 kJ/mol of the
global minimum structure (Figure S12a), all of which have the same H-
bonding arrangement with different arrangements of the side chain. An
isomer with NH-O=C H-bonding arrangement was located with a rela-
tive free energy of 10.7 kJ/mol. The lowest energy cis-isomer is 30.9 kJ/
mol higher in free energy than proile_001. In all, 363 unique conformers
were located within 70 kJ/mol of the global minimum.

The lowest energy structure for 5H (proileh001: t, 4endo, —75, -, syn,
180, —60) is similar to the lowest energy structures for 3H and 4H with a
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N-H-O=C H-bonding arrangement (1.80 A) and the C-terminal carbonyl
group located above the H-bonding plane. The lowest energy cis-isomer
is only 16.9 kJ/mol higher in free energy. AmideO and amideN proto-
mers were located 31.2 and 90.0 kJ/mol above the lowest free energy
ring-protomer.

Twenty-six neutral 5 conformers and nineteen 5H conformers were
subjected to further calculations. The three nearly isoenergetic neutral
conformers proile_001-003 remain within 1.4 kJ/mol of each other at
the B3LYP-D3/6-311++G(d,p), B3LYP/6-311++G(2df, 2p) and both
MP2-based levels, proile_ 002 is the lowest energy conformer at the
B3LYP-D3 level and proile_003 is the lowest energy conformer for the
other three levels (Figure S12a). Re-optimization with the M06-2x
functional finds that proile 001 is the lowest energy conformer and
the other two isomers are slightly less stable at ~3 and ~2 kJ/mol
relative free energy with the two different basis sets. For the cation, all of
the methods agree that proileh_001 is the lowest energy conformer again
with slight differences in the relative ordering of the higher-energy
conformers. As shown in Table 3, the agreement in Boltzmann
weighted PA for the different methods is excellent with all of the derived
PAs within 0.7 kJ/mol of each other. Again, the calculated proton af-
finity of 975.9 is on the order of 10 kJ/mol lower than the experimental
values of 986.1 + 8.6 kJ/mol.

4.2.6. ProPro

The additional ring of ProPro alters the naming scheme to include
the puckering arrangement for the second proline ring. The lowest en-
ergy structure (propro_001: t, 5exo, 4endo, —90, —120, anti, NH-O=C) is
shown in Fig. 1. As there is no amide hydrogen atom, the dominant
hydrogen bonding scheme switches to a hydrogen bond (2.17 A) be-
tween the hydrogen atom on the ring nitrogen atom and the amide
carbonyl oxygen atom (NH-O=C) similar to that found in the cations 1H
- 5H. The amide carbonyl oxygen is oriented in a “syn” arrangement to
the ring nitrogen atom (N-C(a)-C-O dihedral near 180°), which is
different from neutral 1-5, in which this dihedral angle is near 0°. The
four lowest energy conformers have a second hydrogen bond between
the terminal OH group and the amide carbonyl oxygen atom (1.73 A in
propro_001). Some higher lying configurations have the “anti”
arrangement of the ring nitrogen atom and the amide carbonyl oxygen,
while maintaining the hydrogen bond between the terminal OH and the
amide carbonyl. The lowest energy cis-isomer lies only 6.8 kJ (Table S1)
higher in energy and this difference drops to below 3 kJ/mol for some of
the other levels of theory. Our conformational search identified 72
unique conformers within 39 kJ/mol of propro_001 that differ mainly in
the puckering schemes of the two rings. We performed additional cal-
culations on the 20 lowest energy conformers that lie within 10 kJ/mol
of the global minimum structure.

The two lowest energy conformers propro_001 and propro_002 were
found to be within 1.2 kJ/mol of each other at all of the additional levels
except mp2/6-311++G(d,p). These two conformers differ only in the
puckering of the N-terminal proline ring. Unlike 1-5, in which geometry
re-optimization with MO06-2x/6-31+G(d) always gave the same
conformer, for 6, two of the B3LYP/6-314+G(d) minima changed ge-
ometries during re-optimization. Propro_003 (Figure S13a) re-optimized
to propro_006 and propro_004 reoptimized to a structure that is not a
minimum at B3LYP/6-31+G(d) (propro_004b). Both of these rear-
rangements involve only a change in the puckering arrangement of the
N-terminal proline ring.

The lowest energy conformer for 6H is similar to those for 1H-5H
with a strong hydrogen bond (1.78 A) between the ring protonated ni-
trogen atom and the amide carbonyl oxygen. The seven lowest energy
conformers have the same H-bonding arrangement with differing ring
puckering schemes. The lowest energy cis-isomer lies 4.7 kJ/mol above
proproh_001. Protomers protonated on the amide carbonyl oxygen and
nitrogen atoms were located at relative energies of 67.6 and 93.6 kJ/
mol. The nine lowest energy ring N-protonated conformers and the
lowest energy O- and N-amide protonated conformers were subjected to
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further computations. All methods agree that proproh_001 is the lowest
energy conformer. Proproh_006 converted to proproh_009 upon M06-2x
re-optimization, but the other conformers remained in the B3LYP
minima. B3LYP/6-311++G(d,p)//B3LYP/6-31+G(d) gives a
Boltzmann-weighted isodesmic proton affinity of 991.0 kJ/mol, which is
lower than the experimental value of 996.5 + 6.0, but is in better
agreement than 2-5. The other methods give predictions ranging from
987.4 to 997.3 kJ/mol, which is a somewhat larger spread than for 1-5.

4.3. Agreement between theory and experiment

It is unclear to us why the experimental proton affinities for 2-5 are
uniformly higher than those predicted by theory. In early studies of the
use of the kinetic method for use with multifunctional bases, several
groups found that when the kinetic method fails, it tends to underesti-
mate proton affinities for such species [68-70]. This is mainly due to the
underestimation of entropy effects, especially in high-energy collisions
in which the activated proton-bound dimer ion dissociates before it can
completely sample the full potential energy surface [71]. As seen in
Tables 1 and 3 and as discussed below, the calculated proton affinities
for 2-5 from the different computational methods agree and the
experimental values are 10-15 kJ/mol larger, whereas the experimental
PAs for 1 and 6 are on the order of 3-5 kJ/mol higher than those pre-
dicted by theory. We have computed B3LYP/6-311++4G(d,
p)//B3LYP/6-31+G(d) proton affinities for all 20 ProXxx dipeptides and
have obtained preliminary experimental proton affinities for 19 of the
ProXxx dipeptides (Pro Arg is too basic to measure using the kinetic
method) [72,73]. Figure S14 shows that twelve of the ProXxx dipeptides
have preliminary experimental proton affinities that are larger than the
calculated values with an average difference of +9.4 kJ/mol, whereas
seven of the dipeptides have experimental proton affinities lower than
the calculated value (average of —6.3). Twelve of the ProXxx dipeptides
have preliminary experimental and computed proton affinities within
10 kJ/mol of each other: six above and six below. According to this
chart, the extended kinetic method is overestimating the proton affin-
ities of the dipeptides with calculated proton affinities in the range of
973-986 kJ/mol including 2-5 and for the three dipeptides with
oxygen-atoms in the side chains. In contrast, the derived kinetic method
proton affinities for the more basic dipeptides (calculated proton affin-
ities >982 kJ/mol) are generally underestimated. We are still searching
for possible causes for this behavior but at this point it is safest to
consider our experimental values for 2-5 as upper limits.

4.4. Trends

Since a consistent set of reference bases were used for the EKM
studies, we can determine a relative “effective” basicity ordering for the
dipeptides in this study by examining the intensity ratios at a given
collision energy. Figure S15a and b show the measured intensity ratios
for 1-5 with piperidine (a) and the measured intensity ratios for 2-6
with diisopropyl amine (b) at two different lab frame collision energies
(18 and 24 V). The relative ordering obtained from this data is ProGly <
ProAla < ProLeu ~ Prolle ~ ProVal < ProPro, with 3-5 having very
similar effective basicities. The similarity in effective basicity for ProVal,
ProLeu, and Prolle is in accord with both the derived experimental and
the isodesmic computed PA values, as is the lower basicity (PA) of
ProGly and the larger basicity (PA) of ProPro. Only the anomalously
high experimental PA for ProAla is in disagreement with these trends.
The relative basicity ordering of ProGly and ProPro is in agreement with
previous work by Cassaday using ICR bracketing [45]. The only other
basicity measurement for Pro-containing dipeptides is that for ProVal
from an ICR bracketing study from Gorman and Amster [42] in which
they conclude that ProVal has the same gas-phase basicity as proline,
which does not agree with our findings. Since the temperature was not
varied in these previous studies, no direct comparisons of derived proton
affinities can be made.
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These relative basicities for the ProXxx dipeptides mirror those for
the Xxx amino acids themselves. The proton affinities for glycine,
alanine, valine, leucine, isoleucine, and proline were determined by
Bouchoux and co-workers to be 887.0, 902.0, 915.0, 916.0, 919.0, and
941 kJ/mol [64]. Appending a second aliphatic amino acid to proline
increases the proton affinity by 20-56 kJ depending on the residue. This
increase is due to a combination of polarization effects as well as an
increased stability of the cation through enhanced hydrogen bonding.
The derived protonation entropies range from —20 to —40 J mol ' K!
and are consistent with the increase in hydrogen bonding in the cations
relative to the neutrals. The lowest energy conformers for 1-5 all have a
hydrogen bond between the ring nitrogen and the amide N-H of ~2.15
A. Upon protonation, the ring nitrogen is no longer able to be an H-bond
acceptor and thus the preferred H-bond scheme in 1H - 5H switches to
one in which the ring nitrogen is a H-bond donor to the amide carbonyl
oxygen. The average H-bond distance decreases to ~1.8 A. The “syn”
arrangement of the amide carbonyl oxygen with respect to the ring ni-
trogen atom puts the amide NH group in the “anti” position allowing for
an additional H-bond with the C-terminal carbonyl oxygen atom. For
ProPro, the lack of an amide NH group in the neutral results in similar
H-bonding arrangements in both the neutral and the cation. In the
neutral, the N-O distance is ~2.17 10\, which drops to ~1.78 A in the
cation. This still represents a decrease in entropy upon protonation, but
the similarity between the geometries of 6 and 6H result in a smaller
negative protonation entropy than those for 2-5 and an isothermal
crossing point that is closer to the apparent gas-phase basicity.

The computed proton affinities for ProXxx track the proton affinities
of Xxx as shown in Figure 516, which makes sense as the proline residue
remains constant and the second residue contributes mainly to the
overall polarizability of the molecule. Figure S16 also shows that
calculated proton affinities for the amide nitrogen atom (Table S3) also
track the proton affinities of the amino group in Xxx. Finally, the
calculated amide oxygen atom proton affinities (Table S3) track the
amino group proton affinities of Xxx for 1-5, but the amide oxygen
proton affinity of 6 is much lower than would be predicted by the simple
trends. ProPro was one of the residue combinations that was found to be
resistant to cleavage [26,29] and this could be a result of the decreased
PA of the amide group during proton transfer after collisional activation.
Further insight into the relationship between amide oxygen proton af-
finity and fragmentation efficiency will be discussed in a future publi-
cation on XxxPro proton affinities [74].

5. Conclusions

We have measured the proton affinities of six proline-containing
dipeptides using the extended kinetic method in an electrospray ioni-
zation - triple quadrupole instrument. The ProXxx dipeptides are
significantly (20-50 kJ/mol) more basic than proline itself due to the
larger polarizabilities of the dipeptides and the increased hydrogen
bonding in the cations. The proton affinities of ProXxx generally track
the proton affinities of the Xxx amino acids. Unlike in our previous
studies on amino acid thermochemistry in which we saw excellent
agreement between kinetic method derived proton affinities and those
derived from density functional calculations, the agreement for the
proton affinities for the dipeptides in this study is less satisfying. For
ProGly and ProPro, the experimental proton affinities are within 3-6 kJ/
mol, well within the experimental uncertainties. However, for ProVal,
ProLeu, and Prolle, the calculated proton affinities are ca. 10 kJ/mol
lower than the experimental values and for ProAla, the difference is
14.5 kJ/mol. Multiple different single-point energy calculations at
B3LYP/6-31+G(d,) geometries give proton affinity predictions that are
within 5 kJ/mol of each other for all dipeptides. In addition, re-
optimization at M06-2x shows only minor differences in the relative
energy ordering of the low-energy conformers and the Boltzmann-
weighted proton affinities are within 5 kJ/mol of the B3LYP results.
The kinetic method is likely giving anomalously high proton affinities,
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due in part to the large entropy in these systems which requires
extrapolation to the isothermal point in the workup. This is further
shown by examining the relative “effective gas-phase basicities” ob-
tained from single reference bases without extrapolation. Further in-
vestigations into the cause of this behavior are ongoing, so we
recommend the experimental proton affinities for ProGly and ProPro
and the calculated values for the proton affinities of 2-5 with the
experimental values as upper limits.
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