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The gas-phase H/D exchange reactions of arginine (R) and arginine-containing di- and
tri-peptide (gly-arg (GR), arg-gly (RG), gly-gly-arg (GGR), gly-arg-gly (GRG) and arg-gly-gly
(RGG)) [M � H]� ions with deuterated ammonia (ND3) were investigated by using
Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR), ion mobility-mass
spectrometry (IM-MS), ab initio and density functional theory-based molecular orbital calcu-
lations and molecular modeling. Three exchanges are observed for arginine and arginine-
containing tri-peptide [M � H]� ions, whereas the di-peptide [M � H]� ions undergo a single
H/D exchange. In addition, C-terminal methylation blocks H/D exchange of arginine and the
arginine-containing peptide [M � H]� ions, and a single H/D exchange is observed for
N-terminal acetylated arginine [M � H]� ions. A general mechanism for H/D exchange
involving a collision complex that is best described as a “solvated salt-bridge” structure is
proposed. (J Am Soc Mass Spectrom 2009, 20, 2049–2057) © 2009 American Society for Mass
Spectrometry

Hydrogen/deuterium (H/D) exchange reactions are
frequently used to investigate the conformation-
related properties of solution-phase peptides and

proteins. AlthoughH/D exchange reagents can access all
labile hydrogen atoms of small peptides, the accessibil-
ity of exchange reagents toward labile hydrogen sites of
larger peptides and proteins is conformation dependent
[1], thus the rate of H/D exchange reactions and the
number of hydrogen atoms exchanged can be used as a
structural probe [2]. H/D exchange and mass spectrome-
try can be combined to study both gas-phase and solution-
phase H/D exchange reactions [3–9], and the kinetics of
H/D exchange can be utilized to infer the presence of
distinct conformations of both solution-phase [10–12]
and gas-phase peptide and protein ions [13]. For exam-
ple, McLuckey et al. studied the gas-phase H/D ex-
change of bradykinin [M � H]� ions (amino acid
sequence RPPGFSPFR) with DI and D2O, and they
interpreted the observed bimodal distributions of prod-
uct ions as evidence for two non-interconverting ion
conformations having different reactivities toward deu-
terating reagents [14]. On the other hand, Freitas and
Marshall invoked the presence of zwitterions to explain
the H/D exchange reactions of bradykinin with D2O

[15]. Valentine and Clemmer used ion mobility-mass
spectrometry to examine the conformation dependence
of H/D exchange reactions, and suggested that ion
conformation has a significant effect on H/D exchange
[16, 17].
Compared with the intensive investigations carried

out on the conformational characterization of peptides
and proteins using solution-phase H/D exchange reac-
tion chemistry, the corresponding gas-phase studies are
much less comprehensive. The key question regarding
gas-phase H/D exchange is: does the “solvent mole-
cule,” i.e., H/D exchange reagent, sample the entire
“available surface area” of the peptide/protein ion, or is
H/D exchange limited by other factors? For example,
are all solution phase labile hydrogen atoms exchange-
able in the gas phase and are the reactivities of all
exchangeable hydrogen atoms similar? Dookeran and
Harrison studied the H/D exchange reactions of 18
naturally occurring amino acids and selected di- and
tripeptides with ND3, and reported that amino acid
[M � H]� ions containing hydroxyl, carboxyl, and
amine side chains exchange all labile hydrogen atoms,
whereas the side-chain hydrogen atoms of glutamine,
asparagine, and histidine [M � H]� ions exchange less
readily, and tyrosine and arginine [M�H]� ions do not
undergo significant exchange [18]. In a separate study,
Lebrilla et al. found that the carboxylic acid group of
glycine and aliphatic amino acid [M � H]� ions (ala-
nine, valine, leucine, isoleucine, and proline) undergo
H/D exchange three to 10 times faster than the N-
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terminal amino group when reacted with CH3OD [19].
Kovačevič et al. observed unusual reactivity of histidine
[M � H]� ions with CD3OD and D2O: (1) three equiv-
alent fast exchanges, (2) one nonequivalent fast ex-
change, and (3) one extremely slow exchange, which
they assigned to the protonated amino group, the
carboxylic acid group and the distal imidazole nitrogen,
respectively [20].
Differences in gas-phase H/D exchange reactions may

be the result of isolated charge sites that are stabilized by
intramolecular interactions, whereas charge sites of
solution-phase ions are stabilized by solvation. Issues
related to how intramolecular interactions influence
H/D exchange chemistry has been noted in the previ-
ous mechanistic studies of H/D reactions. For example,
Beauchamp and coworkers considered several possible
mechanisms for H/D exchange reactions of glycine
oligomer [Glyn � H]� ions with a series of exchange
reagents, D2O, CD3OD, CD3COOD, and ND3, and
found that the rate and extent of H/D exchange de-
pends on peptide structure and the gas-phase proton
affinity (PA) difference between the deuterating reagent
and the peptide functional group [21, 22]. On the basis of
semiempirical molecular orbital calculations, they pro-
posed five different H/D exchange reaction mechanisms.
For example, protonation of Glyn usually occurs at the
N-terminus, thus N-terminal hydrogens of [Glyn � H]�

ions exchange with ND3 (PA � 204 kcal/mol [23]) via an
onium ion mechanism, which was also supported by
density functional theory studies [24]. On the other
hand, H/D exchange of [Glyn � H]� ions with D2O
(PA � 165 kcal/mol [23]), a reaction associated with a
highly endothermic deprotonation step, occurs by a
relay mechanism, and H/D exchanges occurring at
either the carboxyl group or amide bonds can be
explained by salt-bridge or tautomer mechanisms. In
addition, H/D exchange of [Glyn �Na]� ions with ND3
occurs by an onium ion mechanism involving shuttling
of the ammonium ion between C- and N-termini of a
zwitterionic intermediate [25a]. Although that study
focused on glycine [M � Na]� ion oligomers, the idea
that a fixed charge, Na�, can stabilize a zwitterionic
intermediate can be extended to peptide ions containing
basic (arginine, lysine, and histidine) amino acid resi-
dues. For instance, Geller and Lifshitz investigated the
H/D exchange of arginine monomers and dimer [M �
H]� ions with ND3, and suggested that it might be
possible for ammonia to stabilize the zwitterionic struc-
ture of arginine by forming a salt-bridge complex [25b].
Wyttenbach and Bowers also suggested that H/D ex-
change of bradykinin with D2O occurs via a relay
mechanism [26], and they suggested that a basic site
must be in the vicinity of the protonation site, and both
sites must be accessible to D2O. Clearly, the presence of
basic amino acid residues (arginine, lysine, and histi-
dine) profoundly influences H/D exchange chemistry
of [M � H]� ions because protonation on the basic side
chain forms a very stable ion, which, based on differ-
ences in proton affinity [21, 22] (PA of arginine is 251.2

kcal/mol compared with 211.9 kcal/mol for glycine),
should not react with NH3 [23]. Bowers and Wysocki
examined the H/D exchange reactions of arginine-
containing pentapeptide [M � H]� ions with D2O, and
suggested that H/D exchange occurs by a relay mech-
anism and that the formation of a charge solvated
intermediate complex is crucial for the occurrence of
H/D exchange [27].
It is also important to consider how the structure of

the peptide ion before and following interaction with
the “solvent molecule” might affect the H/D exchange
process. Although solution-phase peptides favor zwit-
terionic structures because the separated charges can be
stabilized by solvation, non-zwitterionic structures are
favored for gas-phase peptide ions, especially for the
nonpolar amino acids. For basic amino acids and pep-
tides containing basic residues the preference for zwit-
terionic forms has been studied by several groups and
conflicting data presented [28–32]. For example, the
experimental results obtained from blackbody infrared
dissociation (BIRD) were interpreted as evidence for
charge-separated, stable salt-bridge structures for a
protonated arginine dimer [33], while IR cavity ring-
down spectroscopy study suggested a non-zwitterionic
structure for arginine [34]. Julian and coworkers have
also examined structures of amino acid clusters and
presented convincing data that multimers of arginine
favor zwitterionic structures which are stabilized by
intramolecular charge solvation, i.e., formation of
salt-bridges [35].
The paper presents a systematic investigation of

the H/D exchange reactions of arginine and arginine-
containing di- and tripeptide [M � H]� ions with ND3,
with specific emphasis on the influence of intramolec-
ular interactions on rates of reaction and extent of
deuterium incorporation. The intramolecular interac-
tions, specifically charge solvation, determine the struc-
ture of the ion, which directly affects solvent accessibil-
ity. We show that hydrogen atoms that are normally
considered labile in solution are nonlabile in the gas-
phase, i.e., noninteracting with the solvent molecule,
thus H/D exchange of gas-phase ions reflect “solvent
accessibility” as well as intramolecular interactions,
which stabilize key solute–solvent interactions.

Experimental

The H/D exchange experiments were carried out using
a two-section ion cell FT-ICR mass spectrometer (3-tesla
Oxford horizontal bore super-conducting magnet)
described elsewhere [36]. The FT-ICR instrument is
equipped with a 355 nm Nd:YAG laser for laser desorp-
tion ionization (LDI) of the sample. The two-section ion
cell is differentially pumped (base pressure at 5 � 10�9

torr) by two Alcatel (Hingham, MA, USA) oil diffusion
pumps, each backed with a mechanical pump. Ion
gauges are installed in each vacuum chamber, and
the ion gauges were calibrated for the neutral reagent
and for the pressure gradient between the cell and the
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ion gauge [37]. Volatile samples are admitted to the
vacuum system using Varian (Lexington, MA, USA)
variable leak valves (part number 9515106).
The FT-ICR experiments were carried out using stan-

dard pulse sequences. That is, residual ions were removed
from both regions of the two-section ion cell by applying
a 50 ms quench pulse (�10 V applied to the end trap
plates with the conductance plate held at 0 V). Following
the quench pulse (delayed by�1 ms) a new population of
ions were produced using a single 17 ns pulse from the
355 nm Nd:YAG laser. The laser output was focused to a
spherical spot of �200 �m2 using standard fused silica
lens. Arginine or arginine-containing peptide [M�H]�

ions generated by MALDI were isolated using standard
SWIFT excitation pulses [38], and the mass-selected ions
were then transferred to the analyzer cell and allowed
to react with ND3 for times ranging from 5 ms to 15 min
at 1 � 10�8 to 2 � 10�7 torr, followed by product ion
excitation and detection. The ion temporal profiles were
used to determine the kinetics of H/D exchange. For
example, the second-order rate constant (kexp) for the
reactant ion depletion was obtained from a semiloga-
rithmic plot of reactant ion abundance versus reaction
time. A parameterized trajectory theory [39] was used
to estimate the collision rate constants (kcoll). Reaction
efficiencies (kexp/kcoll) contained in column 1 of Table 1
are the average values obtained from multiple experi-
ments. Relative reaction rates (k=1–k=4; also listed in
Table 1) for the product ions formed by exchange were
obtained by numerically fitting the exact solutions of
the differential kinetics equations (assuming pseudo-
first-order approximations) to the ion temporal pro-
files. Fitting procedures are preferred over experimen-
tally measured kinetics data owing to low confidence
values in the measured rates for slow reactions, i.e.,

reactions having rate constants of less than 1 � 10�10

cm3 molecule�1 s�1.
The amino acids and peptides used for these studies

were ionized by MALDI using a binary matrix (2=,4=,6-
trihydroxyacetophenone monohydrate (THAP) and D-
fructose, obtained from Sigma (St. Louis, MO, USA)
sample preparation method. Fructose was used to in-
crease the MALDI efficiency [40]. Approximately 10
mM solutions of the amino acid or peptide samples
(Bachem, King of Prussia, PA, USA) as well as their
C-terminal methylated derivatives (synthesized using
the procedure described previously [41]) were prepared
by dissolving the samples in deionized water (contain-
ing 0.1% acetic acid by volume). The solutions were
then mixed with an appropriate volume of 500 mM
D-fructose and 250mMMALDImatrix solutions to obtain
a D-fructose/matrix/peptide mixture with the molar ra-
tio of 40:20:1. Successive 30 �L aliquots of the mixture
were applied to the MALDI sample plate until the
surface was covered. The MALDI sample plate was
introduced to the spectrometer using a direct-insertion
solids probe.
Deuterated ammonia (99.5% ND3; from Cambridge

Isotope Laboratories, Inc., Andover, MA, USA) was
introduced into the instrument by a Varian variable
leak valve. The vacuum chamber was “primed” with
ND3 (ND3 was leaked into the vacuum system at a
pressure of 1 � 10�6 torr) for at least 2 h before
performing H/D exchange experiments.
The H/D exchange reactions of acetylated peptides

were measured by using a quadrupole ion trap (Finni-
gan LCQ DECA, Thermo Finnigan, Waltham, MA,
USA) that has been modified for introduction of volatile
gases using variable leak valves (Varian model
9515106). The [M � H]� ions were formed by ESI and
the abundances of product ions were measured at a
fixed reaction time and pressure, thus no attempts were
made to measure the kinetics of these reactions.
Ion mobility-mass spectrometry (IM-MS) measure-

ments were carried out using a MALDI-ion mobility-
time of flight (MALDI-IM-TOF) mass spectrometer that
has been previously described [42]. Collision cross-
section measurements were performed using a drift cell
pressure of 3.16 torr of He gas using field strengths
corresponding to E/p ratios of 25–40 V cm–1Torr–1.
MALDI was performed at 300 Hz using a frequency-
tripled (355 nm) Nd:YAG laser (Nanolase; JDS Uniphase,
Milpitas, CA, USA). Data acquisition and extraction of
collision cross section profiles were performed using
custom software (Ionwerks, Inc., Houston, TX, USA).
The structures of arginine and arginine-containing di-
and tripeptide [M � H]� ions were obtained by using
Insight II (Accelerys, San Diego, CA) and molecular
dynamics simulation coupled with annealing using
Cerius version 4.2 (Accelerys). For each annealing cycle,
the different initial structures were heated and cooled in
a stepwise manner, starting and ending at 300 K and
peaking at 1000 K using temperature increments of 50 K
and relaxation times of 0.1 ps. Each dynamic simulation

Table 1. Reaction efficiencies and the numerically fitted
parameters describing each exchange steps

[MH]�

Reaction
efficiencies
(100%)

Numerically fitted parameters (s–1)

k1’ k2’ k3’ k4’

Arginine 24 0.66 0.049 0.025 0.0065
RG 7.4 0.30 0.00017 — —
GR 17 1.0 0.00028 — —
RGG 27 1.0 0.013 0.011 0.0085
GRG 5.9 0.26 0.038 0.019 0.0020
GGR 28 1.5 0.035 0.017 0.00020
arg-OMe 0.01 0.00040 — — —
RG-OMe 0.04 0.00020 — — —
GR-OMe 0.005 0.00035 — — —
RGG-OMe 0.0025 0.00010 — — —
GRG-OMe 0.035 0.0014 — — —
GGR-OMe 0.033 0.0013 — — —

Measured rate constant for decay (kexp) of the arginine [M � H]� ion to
form [M� D]� is 3.7� 10�10 cm3molecule�1 s�1, and kcoll is estimated to
be 1.6 � 10�9 cm3 molecule�1 s �1. The rate constants (in units of cm3

molecule�1 s�1) for RG, GR, RGG, GRG, and GGR are 1.5 � 10�10, 2.6 �
10–10, 4.2 � 10�10, 0.9 � 10�10, 4.3 � 10�10, respectively. A value for kcoll
of 1.6 � 10�9 cm3 molecule�1 s�1 was used for all the ions owing to the
insignificant errors introduced by variations in the reduced mass (�).
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step lasts 0.001 ps. After each annealing cycle, the
peptide structures were optimized using CFF 1.02 force
field. Annealing cycles were repeated 100 times for each
given initial structures. For all the optimized geome-
tries, only those with lowest steric energy were chosen
to perform ab initio- and density functional theory-
based molecular orbital calculations.
The potential energy surfaces for the proposed H/D

exchange reaction pathways of arginine and arginine-
containing di- and tripeptide [M � H]� ions with ND3
were explored using ab initio and density functional
theory-based molecular orbital calculations with the
Gaussian 03 revision A.11 suite of programs [43, 44]. For
arginine [M � H]� ions, the enthalpy changes (exother-
micities) for formation of ion–molecule complexes were
determined directly at zero Kelvin by optimizing the
geometries of the reactants, products, as well as ion–
molecule intermediates, and calculating their corre-
sponding electronic energies at the MP2/6-31�G(d,p)
level of theory. All optimized geometries were verified
to be real local minima by performing frequency anal-
ysis (no imaginary frequencies). The corresponding
zero-point vibrational energies (ZPVE) were calculated
at the same level of theory and used to correct the
electronic energies (without scaling). The geometries
and energies of transition states were determined by
performing transition state calculations at the same
level of theory. The transition states were also verified
as true first-order saddle points along the correct reac-
tion coordinate by frequency analysis (one imaginary
frequency corresponding to the vibration along the
reaction coordinate that leads to the decomposition of
transition state into products). The potential energy
surfaces for arginine-containing peptide [M � H]� ions
gly-arg (GR), arg-gly (RG), gly-gly-arg (GGR), gly-arg-
gly (GRG), and arg-gly-gly (RGG) were investigated at
the B3LYP/6-31G(d,p)//HF/3-21G(d,p) level of theory.

Results and Discussion

Our studies on the mechanism of H/D exchange
of arginine and arginine-containing di- and tripeptide
[M � H]� ions began by considering plausible struc-
tures for the MALDI formed ions. We assumed that
protonation occurred on the guanidine group owing to
the high proton affinity (PA � 251.2 kcal/mol) for
arginine [23], but we also considered whether the most
stable structure of the [M � H]� ion is a charge-solvated
species, as suggested by Simon et al. [31], or zwitterionic
species, as suggested by Strittmatter andWilliams [28]. To
address this question, we used a combination of collision
cross-sections obtained by using ion mobility spectrome-
try (IMS) [45], molecular dynamics simulations, and
molecular orbital calculations. The collision cross-
section for [GGR�H]�, [GRG�H]�, and [RGG�H]�

ions, and the protonated methyl esters of the same three
molecules are listed in Table 2. The positional isomers
have measurably different collision cross-sections,
which decrease in the order of [GRG � H]� � [GGR �

H]� � [RGG � H]�, and similar trends in collision
cross-sections are observed for the methyl ester [M �
H]� ions. A comparison of measured and calculated
peak profiles suggests that the ion population consist of
either a single conformation or a population of con-
formers having very similar collision cross-sections
[46]. Note also that the collision cross-section for
[GR � H]� is larger than that for [RG � H]�, and the
methyl esters exhibit the same ordering. If the pep-
tide ions were present as zwitterions, then we would
expect some variation in the collision cross-sections for
the peptide and methyl ester ions owing to a reduction
in the interaction between charge sites [47, 48]. Our
molecular dynamics simulation and molecular orbital
calculations also suggest that charge-solvated species
represent the most stable conformations of the [M �
H]� ions, which is consistent with Simon’s studies
[31]. Theoretical collision cross-sections for [M � H]�

ions for arginine-containing di- and tripeptide and
C-terminal methylated derivatives (see Table 2) were
calculated by using Mobcal [49]. The theoretical cross-
sections of methylated species follow the trend
[GRGOMe � H]� � [GGROMe � H]� � [RGGOMe �
H]�, and [GROMe � H]� � [RGOMe � H]�, which
agrees well with the experimentally determined order-
ing. The same trend was obtained for nonmethylated
species, assuming canonical rather than zwitterionic
structures, whereas cross-section ordering for zwitteri-
onic tripeptide ions is [GGR � H]� � [GRG � H]� �
[RGG�H]�. On the basis of these results, we will focus
the remainder of our discussion on charge solvated,
canonical structures.
Temporal plots for the reactant and product ions of

H/D exchange reactions for [M � H]� ions of arginine,
arginine methyl ester, and selected arginine-containing
di- and tripeptides are contained in Figure 1, and
temporal plots for the remaining ions investigated in
this study are available as Supplemental Material,
which can be found in the electronic version of this
article. Although the [M � H]� ions of arginine and

Table 2. The experimental and calculated collisional
cross-sections of protonated arginine-containing di- and
tri-peptides and their C-terminal methylated analogs

[MH]�

Measured
cross-sections

(Å2)

*Calculated
cross-sections

(Å2)

**Calculated
cross-sections

(Å2)

GGR 103.3 106.0 103.6
GRG 107.7 109.2 100.8
RGG 102 105.2 100.1
GR 91.5 94.0 90.2
RG 90.5 91.9 87.5
GGROMe 109.8 112.4 n/a
GRGOMe 114.8 113.7 n/a
RGGOMe 107.5 108.8 n/a
GROMe 97.5 98.0 n/a
RGOMe 96 96.8 n/a

*Assuming charge solvated canonical structures.
**Assuming zwitterionic structures.
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arginine-containing di- and tripeptides contain eight,
nine, and 10 labile hydrogen atoms, respectively, rela-
tively few exchanges are observed. For example, reac-
tions with ND3 over a period of 200 s, which corre-
sponds to 500–600 collisions, yield a single product ion
for the dipeptide ions and a maximum of three ex-
changes for tripeptide ions. Note also that the reactions
are relatively inefficient. Reaction efficiencies for reac-
tant ions (see Table 1, column 2) are expressed as the
ratio of kexp/kcoll (see Experimental section). In addi-
tion, using ion ejection techniques as described by
Beauchamp et al., we do not find any evidence of
multiple exchanges occurring in a single collision, thus
apparently multiple H/D exchanges occur as a result of

consecutive ion-neutral collisions [21]. The assumption
is also supported by the agreement between experimen-
tal and numerically fitted temporal profiles. It is also
interesting to note that C-terminal methylation of argi-
nine and the di- and tri- arginine-containing peptides
reduces the H/D exchange reaction efficiency by a
factor of 103, and we only observe a single H/D
exchange reaction for the N-terminal acetylated deriv-
atives of arginine as well as the acetylated di- and
tri- arginine-containing [M � H]� ions.
In an effort to formulate a mechanism for H/D

exchange, we will focus our discussion on three inde-
pendent observations: effects of (1) C-terminal methyl-
ation and (2) N-terminal acetylation on the observed

Figure 1. A plot of relative abundance of reactant and product ions for reaction of (a) arginine, (b)
GR, (c) GGR, and (d) methylated arginine [M � H]� ions when reacted with ND3 (ND3 pressure of
6.6 � 10�8 torr).
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H/D exchange reactions, and (3) the sequence depen-
dence for H/D exchange. First, the large reduction in
efficiency of H/D exchange for the methyl ester [M �
H]� ions relative to the C-terminal acid ions suggests
that the �COOH group is directly involved in the
reaction. The fact that only a single H/D exchange
product ion is observed upon N-terminal acetylation is
strong evidence that the N-terminus also affects the
H/D exchange chemistry. On the basis of proton affin-
ities and our structural assignments for the various
[M � H]� ions it seems unlikely that the ionizing
proton is located on the �COOH group (PA � 187.3
kcal/mol for CH3COOH [23]) compared with the gua-
nidine group (PA � 251.2 kcal/mol for arginine [23]) or
N-terminus (PA� 211.9 kcal/mol for glycine [23]). That
is, all the experimental data and results of energetic
calculations suggest that the ionizing proton is located
on the guanidine group. Owing to the large differences
in PA of ND3 (204 kcal/mol [23]) and the carboxylate
anion (PA � 343.2 kcal/mol for CH3COO

– anion [23]),
H/D exchange between ND3 and the �COOH group
would not normally be energetically favorable. On the
other hand, methylation of the C-terminus greatly re-
duces (by a factor of�103) the H/D exchange efficiency
of arginine as well as the di- and tri- arginine-containing
[M � H]� ions, thus H/D exchange must somehow be
directly linked to the carboxylic acid group. It is also
worth noting that arginine and arginine containing
peptide [M � H]� ions are unique in this regard. For
example, we also examined the H/D exchange ion-
molecule reaction of [M � H]� ions of histidine, lysine,
and the histidine and lysine containing di- and tripep-
tides, all of which exhibit temporal plots that are very
different from the arginine [M � H]� ions. Specifically,
the histidine and lysine [M � H]� ions react very

efficiently (kexp/kcoll � 0.75) and undergo complete
exchange of all labile hydrogen atoms [50].
Secondly, we compared the sequence dependence of

the H/D exchange reaction. The numbers of H/D
exchanges observed does not show significant sequence
dependence, i.e., the numbers of exchanges for RG and
GR [M � H]� ions are very similar and the same is true
for RGG, GRG, GGR [M�H]� ions. On the other hand,
the H/D exchange efficiencies (kexp/kcoll) are sequence
dependent (Table 1). In the following sections we will
limit our discussion to the first H/D exchange reaction
because reactive ion-neutral encounters, which do not
yield H/D exchange product ions, may play an impor-
tant role at longer reaction times. That is, possibly
collisions between the [M � H]� ion and solvent
molecule occur but do not result in H/D product ions;
however, such collisions could result in a structural
change (interconversion between conical and zwitteri-
onic forms) of the reactant ion via a shuttling mecha-
nism without H/D exchange [27].
The first H/D exchange reaction for arginine [M �

H]� ions is relatively efficient (kexp/kcoll � 24%), as are
the reactions of GR (17%), RGG (27%), and GGR (28%)
[M�H]� ions. Note the reaction efficiencies of RG (7%)
and GRG (6%) [M � H]� ions. These differences in
reaction efficiencies will be rationalized on the basis of
ion structures and the mechanism described below.
Close inspection of the temporal plots suggests that
decay of initially formed [M � H]� ion may be biexpo-
nential; however, this is probably the result of a small
amount of back exchange (with residual NHxDy or
other background gases, possibly H2O) from the [M �
D]� ion formed by the exchange of a single H atom.
On the basis of experimental and extensive compu-

tational studies, we derived a potential energy surface

Figure 2. The potential energy surface for H/D exchange of protonated arginine with ND3, as
calculated at the MP2/6-31�G(d,p) level of theory. The numbers given in brackets are in kcal/mol.
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for H/D exchange of arginine ions [M � H]� (see
Figure 2). The reaction pathway is initiated as the [M �
H]� ion approaches ND3 to form the ion-neutral Com-
plex 2. It is interesting to note that the first transition
state TS1(4) cannot be achieved directly via the lowest
energy collision Complex 2 unless the carboxylic acid
group undergoes a rotation to form Complex 3. Al-
though the lowest energy conformation does not al-
ways position the carboxylic acid group in such a
manner as to insure interaction with the guanidinium
ion of arginine of the reacting ion, the introduction of a
solvent molecule (ND3) appears to facilitate rearrange-
ment, which is subject to an energy barrier of 7.5 kcal
mol�1, to achieve bridging between these two func-
tional groups. If the carboxylic acid group is anti rather
than syn (as shown in Figure 2), the corresponding
transition state cannot be achieved and the energy
of the intermediate is about 8 kcal mol–1 higher than
that of Complex 2. Following geometric adjustment, the
O–H bond of the carboxylic acid group is weakened by
the strong electrophilic nature of the neighboring gua-
nidinium ion, thereby facilitating proton transfer from
the carboxylic acid group to ND3 via TS1.
From TS1, there are two energetically feasible reac-

tion channels: (1) the incipient ND3H
� ion can revers-

ibly transfer a deuteron or proton back to the carboxylic
acid group, resulting in a single H/D exchange at the
C-terminus or (2) ND3H

� in TS1 can undergo a rotation
relative to arginine to yield Complex 5. Collision Com-
plex 5may transfer a proton or deuteron to the adjacent
N-terminus via TS2(6), to form a solvent-stabilized
zwitterionic Complex 7, which can transfer a proton or
deuteron from the N-terminus back to the C-terminus
through TS3 (8) to form a non-zwitterionic Complex 9.
Upon completing this reaction channel, a single ex-
change or no net exchange has occurred, depending on
whether ND3 or ND2H is released from Complex 9. The
apparent site for a single exchange is statistically parti-
tioned between the two termini depending on whether
a proton or deuteron is transferred back from the N-
terminus to C- terminus. In addition, if a single ex-
change occurs and a proton (rather than a deuteron) is
transferred back from the N-terminus to C-terminus,
then successive collisions can lead to second and third
exchanges with ND3.
The detailed potential energy surface illustrates key

points that explain why k1= is approximately an order of
magnitude greater than k2= and k3=. For H/D exchange
to be initiated at the C-terminus, the complex
ND3 . . . RH

� (Complex 2; Figure 2) must be formed.
The potential energy surface suggests that if the system
overcomes the energy barrier at TS1, a single H/D
exchange can occur at the C-terminus. On the other
hand, for exchange to occur at the N-terminus the
system must sample the entire potential energy surface
and overcome barriers imposed by TS2 and TS3. Dur-
ing a single ion-neutral encounter it is unlikely that the
collision complex will sample the entire potential en-
ergy surface, thus the majority of exchange occurs at the

C-terminus without participation by the N-terminus,
thus k2= and k3= are much smaller than k1=. Further-
more, reaction channels (1) and (2) can occur without
H/D exchange, which lowers the reaction efficiencies
further.
The H/D exchange mechanism developed for argi-

nine [M � H]� ions also explains the H/D exchange
chemistry of di- and tri-arginine containing peptide
ions. For example, the energies of the ionic species as
well as the energies of various transition states follow
the same general trends as observed for arginine [M �
H]� ions; the calculated potential energy surfaces for
these ions are available as Supplemental Material. For
tripeptide ions, when ND3 approaches the peptide ions,
the C-terminus can be positioned near the guanidinium
ion and this interaction facilitates C-terminal H/D
exchange. In addition, through some geometric rear-
rangements, the N-terminus can also be positioned in
close proximity to the guanidinium ion as well. If such
rearrangements are achieved, then H/D exchange can
involve the hydrogen atoms of both the carboxylic acid
group as well as the N- terminus. Therefore, the maxi-
mum number of H/D exchanges with measurable rate
within the experimental time frame is three (the only
exception is RGG, in which the TS2 and TS3 along the
potential energy surface are higher in energy than that
for GGR and GRG, therefore the corresponding k2= and
k3= are much smaller than k1=, but close to k4=).
For dipeptides [M � H]� ions, the H/D exchange

reactions are adequately described by the proposed
mechanism despite the fact that the exchange chemistry
differs significantly from that of arginine and the tri-
peptides. Such differences can be rationalized in terms
of structural differences. For example, the dipeptide
ions react by a single exchange with ND3 (Table 1 and
Figure 1), and this exchange occurs at the C-terminal
carboxylic group, and like arginine and the tri-peptides,
the reaction is facilitated by the adjacent guanidinium
ion. On the other hand, the lack of conformation flexi-
bility of the peptide backbone makes it difficult to
position the N-terminus sufficiently close to the reaction
center to allow further exchange reactions to occur, i.e.,
proton/deuteron shuttling between the N-terminus
and the carboxylic acid group is subject to geometric
constraints. The difference in the H/D exchange reac-
tion for the di-peptides underscores the importance of
structures on H/D exchange ion-molecule reaction
chemistry. That is, the rates and extent of H/D ex-
change do not simply reflect the number of labile
hydrogen atoms present in the molecule; issues related
to “solvent accessibility” and structural flexibility also
play an important role in the H/D exchange process.
It is worthwhile to compare the mechanism pro-

posed here with Beauchamp’s proposed mechanism for
H/D exchange of glycine oligomer [M � Na]� ions
with ND3 [25a]. Although both models include proton
(or deuteron) shuttling between C- and N-termini of a
zwitterionic complex intermediate stabilized by a posi-
tive charge site, our mechanism further rationalizes
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why hydrogen atoms of the guanidinium ion are not
exchanged. Owing to the large difference in proton
affinity of the guanidine group and ND3 the hydrogen
atoms of guanidine group are nonlabile, thus the gua-
nidinium ion functions as a localized charge site, which
through intramolecular interactions facilitates exchange
reactions occurring at the C-terminus. Although not
specifically noted by Beauchamp [25a], a similar ratio-
nale can be used to explain the exchange reactions of
glycine oligomer [M � Na]� ions with ND3, i.e., Na

� is
probably bound to the �COOH group and acts as a
localized charge site, which increases the lability of the
carboxyl hydrogen, thereby promoting H/D exchange
with ND3. Both mechanisms can be generalized as
follows: H/D exchange which occurs at the C-terminus
of any peptide with ND3 is the result of a localized
charge site near the C-terminus, which increases the
acidity of the carboxylic acid and initiates exchange.
The mechanism described here is similar to that pro-
posed by Bowers and Wyttenbach [26] and Bowers and
Wysocki and coworkers [27] because both mechanisms
emphasize the importance of proton shuttling between
the C- and N- terminus and the formation of a low-
energy “salt-bridge” between the guanidinium ion and
C-terminus.

Conclusions

We propose that the carboxylic acid group plays an
important role in gas-phase H/D exchange reactions of
protonated arginine and arginine-containing di- and
tripeptides with ND3. The proposed involvement of the
C-terminus in H/D exchange is primarily based on the
observation that [M � H]�ions of the methyl ester of
arginine do not undergo H/D exchange with ND3. For
arginine and arginine-containing peptide [M � H]�

ions, the number and rate of H/D exchange depend on
the length of peptide chains. For example, three H/D
exchanges are observed for [M � H]� ions of arginine
and tripeptides, whereas the dipeptide ions only ex-
change a single hydrogen atom. To explain these results
we develop a general mechanism for H/D exchange.
The key feature of this mechanism is that both C- and
N-termini must be located in close proximity to the
guanidinium ion. Intramolecular interactions between
the guanidinium ion and the carboxylic acid group
increase the acidity of the C-terminus, which facilitates
deprotonation of the C-terminus by ND3. The incipient
ammonium ion also functions as a H/D shuttle, result-
ing in H/D exchange of the hydrogen atoms of the
N-terminus (maximal three exchanges via sequential
collisions). The H/D exchange reactions of protonated
tripeptides are accurately described using a similar
mechanism. Although the arginine containing dipep-
tide [M � H]� ions also react by H/D exchange at the
C-terminus, the N-terminal H/D exchange reactions are
blocked by geometric constraints.
The results of this study underscore the importance

of structure, especially intramolecular interactions, on

H/D exchange ion–molecule reaction chemistry. Such
interactions affect the efficiency, both kinetics and num-
ber of exchanges, of H/D exchange. That is, H/D
exchange does not simply reflect the number of labile
hydrogen atoms present in the molecule because issues
related to “solvent accessibility” and structural flexibil-
ity also play an important role in the H/D exchange
process.
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