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The presence of an interacting water or methanol molecule has been shown to catalyze the 1,3-proton shift
in a peptide linkage between the tautomers of protonated formamide and glycylglycylglycine. Density functional
theory calculations at the B3LYP/6-31++G(d,p) level of theory show that, for glycylglycylglycine, the forward
barrier of this shift decreases from a free energy at 298 K of 39.6 kcal/mol in the absence of solvent to 26.7
kcal/mol in the presence of water and to 22.0 kcal/mol in the presence of methanol. Protonation at the amide
nitrogen of the second residue results in a large increase in the C-N bond distance from 1.336 to 1.519 Å,
whereas protonation at the carbonyl oxygen leads to a decrease in the C-N bond distance from 1.336 to
1.321 Å. Solvent-catalyzed tautomerism may play an important role in the fragmentation of electrosprayed,
protonated peptides in the gas phase.

Introduction

The catalysis of intramolecular proton transfer between
tautomers by a neighboring small neutral molecule has received
considerable recent attention.1-9 Examples include proton
“transport” in protonated CO in the presence of H2;1 isomer-
ization of HCN•+ to CNH•+ in reaction with CO and CO2;1

isomerization of HNNO+ to NNOH+ in the presence of CH4;1

conversion of CD3OH•+ to •CD2O+HD with polar neutral
molecules;2 interconversion between CH3OH•+ and•CH2O+H2

in the presence of H2O;3 interconversion between ROC+ and
RCO+ (where R ) H and CH3) catalyzed by Ar and N2;4

degenerate interconversion in NNR+ in the presence of noble
gases, N2, H2, HF, H2O, and other catalysts;5 and tautomerism
in guanine,6,7 cytosine,8 and adenine9 in the presence of water.
These studies all show that interaction with a neutral molecule
provides facile interconversion routes between tautomers. This
process has been described differently as proton-transport
isomerization,1,5 gas-phase catalysis,4 or solvent-assisted in-
tramolecular proton transfer.6,8,9Herein, we provide theoretical
evidence that this process is also possible in the 1,3-proton shift
between the oxygen and nitrogen atoms within a peptide linkage
in an oligopeptide. This potentially provides a mechanism for
the isomerization of protonated peptide structures, an intercon-
version that is believed to play a key role in the gas-phase
fragmentation of collisionally activated protonated peptides. The
different isomers then fragment to yield different product
ions.10-13

The protonation of the amide group is of fundamental interest,
as its relevance spans from hydrolysis of simple amides in acid
solution14 to fragmentation of protonated peptides in the gas
phase.15 The preferred site of protonation has been studied
extensively, and it has been unambiguously determined, both
experimentally16-22 and theoretically,14,23-25 that the carbonyl
oxygen is the preferred protonation site over the amino nitrogen.
Fragmentation of protonated peptides in the gas phase occurs
principally at the amide bonds, with the consequence that the
differences in the masses of these fragment ions reveal the amino
acid sequence. This aspect has been exploited in the gas-phase
sequencing of peptides.15 Protonation on the carbonyl oxygen

leads to a decrease in the length23 and an increase in the bond
order26 of the C-N bond, whereas protonation on the amino
nitrogen leads to the opposite effects; thus, the amide bond is
strengthened by oxygen protonation but weakened by nitrogen
protonation. This finding is consistent with a general consensus

Figure 1. Potential energy surfaces of the isomerization of formamide
tautomers: (a) in the absence of catalyst, (b) with water, and (c) with
methanol.
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that the peptide precursor that fragments is protonated on the
amide nitrogen.

In solution, the most basic sites on a peptide are the
N-terminal amino nitrogen and the amino nitrogen atoms on
the side chains of the arginyl, lysyl, and histidyl residues.27 This
requires that the proton on the amino nitrogen must migrate to
the amide nitrogen of a peptide linkage during the lifetime of
a gas-phase protonated peptide, from the time of desorption from
solution to the time of fragmentation.28 In a recent study, we
demonstrated that the “external” proton in a peptide ion is indeed
mobile. Calculations performed using density functional theory
on a model tripeptide, glycylglycylglycine, show that the energy

barriers for proton transfer from the N-terminal nitrogen to the
amide oxygen and nitrogen atoms and for proton transfer
between amide groups are all relatively small, thereby providing
theoretical evidence that the external proton in a collisionally
activated protonated peptide migrates easily from site to site.29

In this study, we assess the effect of a neighboring water or
methanol molecule on proton migration in a peptide.

Computational Methods

Density functional theory (DFT) calculations employing the
hybrid B3LYP method (using Becke’s three-parameter exchange
functional30 and the correlation functional from Lee, Yang, and

Figure 2. Structures of minima and transition states: upper number, B3LYP/6-31++G(d,p); lower number, MP2/6-31++G(d,p). For GGG, only
the B3LYP/6-31++G(d,p) method was used.
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Parr31) and Møller-Plesset calculations at MP2(full), both with
the 6-31++G(d,p) basis set32 in Gaussian 98,33 were used to
calculate the optimized geometries and vibrational frequencies
for formamide, a model for the peptide bond, water, and
methanol. Single-point calculations were also carried out at
CCSD(T)(full)/6-311++G(2df,p)//B3LYP/6-31++G(d,p). For
glycylglycylglycine, calculations were performed only at B3LYP/
6-31++G(d,p). First-order saddle points were found using the
Berny transition-state algorithm and the CALCALL method.33

The electronic energies, zero-point vibrational energies, thermal
energies, and entropies of the minima and transition states are

listed in Table 1. Since the B3LYP and scaled (by 0.94) MP2
zero-point vibrational energies are almost identical, only the
B3LYP values are shown. Potential energy hypersurfaces are
presented using free energies at 298 K.

Results and Discussion

We begin by examining formamide,1, selected as a model
for the peptide bond. Oxygen-protonated formamide,1O, is
lower in energy than the nitrogen-protonated isomer,1N, by
15.2, 11.3, and 13.2 kcal/mol, respectively, in the three methods
employed, B3LYP, MP2, and CCSD(T) (Table 2). The greater
stability of the 1O isomer is a consequence of resonance
stabilization, which formally places the charge on two centers.
By contrast, in1N the charge is formally localized on only the
nitrogen atom.

The respective proton affinities of formamide calculated in this
study using the three methods are 195.0, 194.2, and 195.5 kcal/
mol for B3LYP, MP2, and CCSD(T), respectively. These values
are internally consistent and agree well with the evaluated
experimental proton affinity of 196.5 kcal/mol.34 As the results
of all three methods are judged to be comparable, we will restrict
the remaining discussion on formamide to CCSD(T)-calculated
energies; results of all three methods, however, are listed in
Table 2.

Figure 1a shows the potential energy hypersurface of the 1,3-
proton shift between the tautomers1O and 1N via transition
state1TS (see Figure 2 for the ion structures). Both the forward
free energy of activation, 51.5 kcal/mol, and the reverse barrier,
39.3 kcal/mol, are relatively large. Interaction of a water
molecule with protonated formamide (Figure 1b) drastically
reduces the free energy barriers of the forward reaction to 28.6

TABLE 1: Total Energies,a Relative Energies,b,c Zero-Point Vibrational Energies (ZPVE),c Thermal Energies,c and Entropiesd

molecule B3LYP/6-31++G(d,p) ZPVE thermal ∆S MP2/6-31++G(d,p) CCSD(T)/6-311++G(2df,p)

1 -169.91092 28.5 2.4 61.4 -169.44909 -169.692415
H2O -76.43412 13.3 1.8 45.1 -76.236209 -76.34402
CH3OH -115.73497 32.1 2.1 56.9 -115.40207 -115.57797
1O -170.23309 (0.0) 37.4 2.2 60.7 -169.77007 (0.0) -170.01537 (0)
1TS -170.14365 (56.1) 33.5 2.1 60.7 -169.68348 (54.3) -169.92687 (55.5)
1N -170.20821 (15.6) 36.6 2.6 63.8 -169.75139 (11.7) -169.99368 (13.6)
2O-H2O -246.70855 (0.0) 53.1 3.9 75.8 -246.04888 (0.0) -246.40032 (0.0)
2TS-H2O -246.66075 (30.0) 51.7 3.2 70.6 -246.00325 (28.6) -246.35395 (29.1)
2N-H2O -246.67750 (19.5) 51.8 4.4 81.5 -246.02340 (16.0) -246.37252 (17.4)
3O-CH3OH -286.01400 (0.0) 70.9 4.7 85.3 -285.22072 (0.0) -285.63855 (0.0)
3TS-CH3OH -285.97667 (23.4) 69.8 4.3 81.1 -285.18681 (21.3) -285.60310 (22.2)
3N-CH3OH -285.98235 (19.9) 69.7 5.2 90.9 -285.19384 (16.9) -285.60977 (18.1)
4 -700.51546 120.7 8.6 121.6
4P -700.88509 130.0 8.5 115.4
4O -700.85959 (0.0) 128.2 8.8 120.6
4TS -700.79227 (42.2) 125.2 8.7 119.1
4N -700.85089 (5.5) 127.4 8.8 122.4
5O-H2O -777.32510 (0.0) 144.4 10.6 136.2
5TS-H2O -777.28163 (27.3) 142.8 10.0 130.8
5N-H2O -777.31084 (8.9) 143.3 10.9 137.3
6O-CH3OH -816.62888 (0.0) 162.2 11.6 146.5
6TS-CH3OH -816.59347 (22.2) 161.0 11.0 141.3
6N-CH3OH -816.61314 (9.9) 161.5 11.7 146.7

a Total energies in hartrees.b Relative energies (in brackets) are differences in total electronic energies.c Relative energies, ZPVE, and thermal
energies are in kcal mol-1. d Entropies in cal K-1 mol-1.

TABLE 2: Enthalpies and Free Energiesa Relative to the
Lowest-Energy Isomers on Each Potential Energy Surface

enthalpies free energies

molecule B3LYP MP2 CCSD(T) B3LYP MP2 CCSD(T)

1O 0.0 0.0 0.0 0.0 0.0 0.0
1TS 52.1 50.3 51.5 52.1 50.3 51.5
1N 15.2 11.3 13.2 14.2 10.3 12.2
2O-H2O 0.0 0.0 0.0 0.0 0.0 0.0
2TS-H2O 27.9 26.5 27.0 29.5 28.1 28.6
2N-H2O 18.7 15.2 16.6 17.0 13.5 14.9
1O + H2O 24.2 25.0 23.9 15.3 16.1 15.0
1N + H2O 39.4 36.3 37.1 29.5 26.5 27.2
3O-CH3OH 0.0 0.0 0.0 0.0 0.0 0.0
3TS-CH3OH 21.9 19.8 20.7 22.9 21.0 21.9
3N-CH3OH 19.2 16.2 17.4 17.5 14.5 15.7
1O + CH3OH 27.6 29.3 27.2 17.9 19.6 17.5
1N + CH3OH 42.8 40.6 40.4 32.1 29.9 29.7
4O 0.0 0.0
4TS 39.1 39.6
4N 4.7 4.2
5O-H2O 0.0 0.0
5TS-H2O 25.1 26.7
5N-H2O 8.1 7.8
4O + H2O 17.3 7.9
4N + H2O 22.0 12.2
6O-CH3OH 0.0 0.0
6TS-CH3OH 20.4 22.0
6N-CH3OH 9.9 9.3
4O + CH3OH 19.5 10.3
4N + CH3OH 24.2 14.5

a Free energies in kcal mol-1 at 298 K.
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kcal/mol and the backward reaction to 13.7 kcal/mol, with
hydrated formamide2O-H2O and2N-H2O being the reactant
and the product, respectively. When the reaction is viewed from
a perspective of isolated O-protonated formamide and water
reacting to form N-protonated formamide and water, the forward
barrier becomes 13.6 kcal/mol and the backward barrier 1.4 kcal/
mol. In this report, since we are primarily interested in
tautomerism of solvated species, we will restrict all further
presentation and discussion to the perspective of the solvated
species.

When methanol replaces water as the catalyst (Figure 1c),
there is further reduction in the reaction barriers. The forward
barrier now becomes 21.9 kcal/mol, and the backward barrier,
6.2 kcal/mol. It should be noted that the catalytic reactions with
water and methanol described here are actually proton-switching,
rather than proton-transport, reactions, with different protons
being attached to the amide in the two tautomers. The better
catalytic effect of methanol over water is in accord with the
relative proton affinities among the catalyst, the reactant, and
the product. The proton affinities of water and methanol are
165.0 and 180.3 kcal/mol,34 respectively, while the calculated
proton affinities of1O and1N are 195.5 and 182.3 kcal/mol,
respectively. The best catalyst is one whose proton affinity is
between that of the two sites of protonation, a scenario in which
the catalyst can both receive and donate the proton to the
tautomers with relative ease.1 A comparison of water and
methanol shows that the latter has a proton affinity closer to
those of the two protonation sites on formamide and, conse-
quently, displays a superior catalytic effect.

For glycylglycylglycine (GGG), calculations were performed
only using the B3LYP method; this restriction appears to be
satisfactory, as the calculations on formamide showed B3LYP
to give results close to those from CCSD(T) (Table 2). The
most stable conformer for the neutral has structure4 (Figure
2). The preferred site of protonation is the terminal nitrogen
atom, as in structure4P (Figure 2). The B3LYP-calculated
proton affinity of GGG, 224.2 kcal/mol, is in good agreement
with Wu and Fenselau’s experimental value of 223.1( 0.5 kcal/
mol, determined using Cooks’ kinetic method.35 This value has
recently been revised by Strittmatter and Williams36 to 224.7
( 0.5 kcal/mol, using updated values for the reference bases.
Agreement of our B3LYP-calculated gas-phase basicity with
experimental basicity is equally good; the calculated value of
214.5 kcal/mol is in good agreement with the bracketing
experimental value of Zhang et al.37 at 213.6 kcal/mol, using
updated basicities for the reference bases.34

The potential energy hypersurfaces of the 1,3-proton shift in
the second peptide linkage of GGG are shown in Figure 3.
Cleavage of this CO-NH bond results in formation of the
N-terminal b2 or the C-terminal y1 ion. As expected from the
formamide study, the O-protonated isomer,4O, is lower in
energy than the N-protonated isomer,4N. The difference,
however, is only 4.2 kcal/mol for GGG, compared with 12.2
kcal/mol for formamide. We attribute this difference to stabi-
lization of 4N by the formation of a strong internal hydrogen
bond between the proton and the carbonyl oxygen of the first
residue (Figure 2). In the absence of a solvent molecule, the
isomerization of4O to 4N has a free energy barrier of 39.6
kcal/mol; again, this is smaller than the analogous barrier in
formamide, which is 51.5 kcal/mol. The smaller difference in
energies of the interconverting isomers and the smaller barrier
are in keeping with the ability of the larger GGG cations to
delocalize the positive charge. Similar to the trends in formamide
observed previously14 and here (Figure 2), protonation on the

carbonyl oxygen of the second residue shortens the C-N bond
from 1.336 to 1.321 Å (compare4 and4O), whereas protonation
on the amide nitrogen of the same residue lengthens the C-N
bond from 1.336 to 1.519 Å (compare4 and4N). This increase
is much larger than the lengthening of the C-N bond when the
amino nitrogen is protonated, where the change is from 1.466
to 1.504 Å (compare4 and 4P). Protonation on the amide
nitrogen leads to a drastic weakening of the C-N bond in GGG
and facilitates its cleavage.

The presence of a water molecule catalyzes the tautomerism
(Figure 3b). The forward barrier is now reduced to 26.7 kcal/
mol as opposed to 39.6 kcal/mol, and the reverse barrier is now
18.9 kcal/mol as opposed to 35.4 kcal/mol. As expected, the
catalytic effect of methanol is larger (Figure 3c); the forward
and reverse barriers are reduced to 22.0 and 12.7 kcal/mol,
respectively.

The catalytic effects observed here with water and methanol
complement the results observed for DNA bases.6-9 The very
significant lowering of the tautomeric barrier between protonated
GGG isomers in the presence of a catalytic solvent molecule
has important implications in solution chemistry as well as in
the fragmentation chemistry of protonated peptides in the gas
phase. For the latter, the ions are typically produced using
electrospray and examined using mass spectrometry.15,28Isomer-
ization of these ions in the gas phase is believed to be the key
in producing a mixture of precursor ion structures whose
subsequent fragmentation via charge-induced mechanisms is
central to sequencing by means of mass spectrometry.15 Here,
we show that interaction with a solvent molecule, water or
methanol, catalyzes the 1,3-proton shift in a peptide bond and

Figure 3. Potential energy surfaces of the isomerization of glycyl-
glycylglycine tautomers: (a) in the absence of catalyst, (b) with water,
and (c) with methanol.
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may play an important role in transporting the proton from a
thermodynamically more favorable position to a position that
is less thermodynamically stable but mechanistically necessary
for fragmentation. In electrospray, protonated peptide ions are
believed to be desorbed into the gas phase clustered to a large
number of solvent molecules.28,38-40 These solvent molecules
are subsequently removed in the lens region of the mass
spectrometer via a number of collision-induced dissociations.
Furthermore, there is also a possibility that solvent condensation
on the protonated peptide ions (nucleation) can occur in the
supersonic jet;39,40 these condensed solvent molecules are
subsequently cleaved in collision events downstream. A simula-
tion of the motion of an ion having a kinetic energy of 10 eV,
an m/z ratio of 190, and a collision cross section of 125 Å2

through a quadrupolar lens at a pressure of 4 mTorr and an
axial potential gradient of 5 V/m gives an average number of
collisions of 100.41 Thus, protonated peptide ions are sampled
as solvated ions, in the presence of solvents, and via a large
number of collisions; these are conditions in which tautomer-
ization, with and without solvent assistance, can take place
readily. We have demonstrated here that, for the 1,3-proton shift
in a peptide linkage, an isomerization that has a relatively high
free energy barrier of 39.6 kcal/mol, solvent catalysis drastically
lowers the barrier to 22.0-26.7 kcal/mol.
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