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The gas-phase structures of cationized arginine, Arg‚M+, M ) Li, Na, K, Rb, and Cs, were studied both by
hybrid method density functional theory calculations and experimentally using low-energy collisionally activated
and thermal radiative dissociation. Calculations at the B3LYP/LACVP++** level of theory show that the
salt-bridge structures in which the arginine is a zwitterion (protonated side chain, deprotonated C-terminus)
become more stable than the charge-solvated structures with increasing metal ion size. The difference in
energy between the most stable charge-solvated structure and salt-bridge structure of Arg‚M+ increases from
-0.7 kcal/mol for Arg‚Li + to +3.3 kcal/mol for Arg‚Cs+. The stabilities of the salt-bridge and charge-
solvated structures reverse between M) Li and Na. These calculations are in good agreement with the
results of dissociation experiments. The low-energy dissociation pathways depend on the cation size. Arginine
complexed with small cations (Li and Na) loses H2O, while arginine complexed with larger cations (K, Rb,
and Cs) loses NH3. Loss of H2O must come from a charge-solvated ion, whereas the loss of NH3 can come
from the protonated side chain of a salt-bridge structure. The results of dissociation experiments using several
cationized arginine derivatives are consistent with the existence of these two distinct structures. In particular,
arginine methyl esters, which cannot form salt bridges, dissociate by loss of methanol, analogous to loss of
H2O from Arg‚M+; no loss of NH3 is observed. Although dissociation experiments probe gas-phase structure
indirectly, the observed fragmentation pathways are in good agreement with the calculated lowest energy
isomers. The combination of the results from experiment and theory provides strong evidence that the structure
of arginine-alkali metal ion complexes in the gas phase changes from a charge-solvated structure to a salt-
bridge structure as the size of the metal ion increases.

Introduction

Zwitterions and salt bridges are ubiquitous in biological
molecules where they are of great functional and structural
significance. In water at neutral pH, single amino acid residues
and oligopeptides exist as zwitterions in which the N-terminus
is protonated and the C-terminus is deprotonated. Additional
charges occur on residues with acidic or basic side chains. These
charge-separated species are stabilized in vivo by multiple
interactions with solvent molecules. The stability of zwitterions
in the absence of solvent has been the subject of many theoreti-
cal1-8 and experimental9-16 investigations. Numerous studies
have shown that the simplest amino acid, glycine, is not a
zwitterion in the gas phase.1-6,9-11 However, calculations show
that the glycine zwitterion may be stabilized by as few as one5

or two6 water molecules. The side chain of arginine is signifi-
cantly more basic than the N-terminus. This should stabilize
the arginine zwitterion relative to the simple neutral structure.
Calculations using density functional theory with modest size
basis sets indicate that the stability of the zwitterion structure
of isolated arginine in which the side chain is protonated is
comparable with the nonzwitterion form.12 However, recent
results from IR cavity ringdown spectroscopy experiments
indicate that the nonzwitterion form is more stable.13 The
zwitterion form can be stabilized by the presence of an additional
charge, thereby forming a salt bridge. Recent experimental

results indicate that the proton-bound dimer of arginine is a salt
bridge in which one of the arginine molecules exists as a
zwitterion.12

There is now significant evidence that salt bridges play a role
in the chemistry of gas-phase biomolecule ions.17-29 For
example, the most stable form of protonated bradykinin, a nine
residue peptide, is one in which both terminal arginine residues
are protonated and the C-terminus is deprotonated.17 The salt
bridge is stabilized intramolecularly by interactions with car-
bonyl oxygens of the peptide backbone. Mechanisms involving
stable salt-bridge structures have also been proposed18,19 to
explain the facile cleavages seen after acidic residues in peptides
and proteins20-22 as well as fragmentations promoted by alkali
metal ion binding of peptides.22-24

Larger peptides are sufficiently flexible that intramolecular
solvation can help stabilize a salt bridge. The intramolecular
solvation occurs mostly through interactions of the charged
groups with polar groups in the molecule, primarily the carbonyl
oxygens of the oligopeptide backbone. These interactions
provide a near equivalent to a “solvent shell” around the charge.
The question remains as to how stable salt-bridge structures
are in smaller ions, such as amino acids, which have little or
no self-solvating ability. Calculations on glycine-alkali metal
ion complexes indicate that the salt-bridge structure is higher
in energy than the most stable charge-solvated (nonsalt-bridge)
form by only 1-4 kcal/mol.7,8 Results from ion mobility
experiments on sodiated glycine show that these ions exist in
the charge-solvated form.14* To whom correspondence should be addressed.

9266 J. Phys. Chem. A1999,103,9266-9274

10.1021/jp9931307 CCC: $18.00 © 1999 American Chemical Society
Published on Web 11/03/1999



Very recently, the results of ion mobility studies of protonated,
sodiated, and cesiated arginine have been reported.30 Single
peaks were observed in the arrival time distributions of each
Arg‚M+ at 300 K, indicating the presence of one or more
structures with the same cross section or several structures that
rapidly interconvert. The measured cross sections of each Arg‚
M+ are consistent with the range of cross sections calculated
for both the charge-solvated and salt-bridge forms of these ions.
Thus, no definitive conclusions about the structure of these ions
could be deduced from these experiments. Ab initio calculations
on a similar but smaller molecule, sodiatedN-amidinoglycine
(NAG), indicate that the salt-bridge form is more stable than
the charge-solvated form, but the ion mobility experiments were
more consistent with a charge-solvated form. The authors stated
that “at this point, no definitive conclusion can be made about
the structure of [NAG]Na+.”

Here, we present evidence that the structure of arginine-
alkali metal ion complexes (Arg‚M+), M ) H, Li, Na, K, Rb,
and Cs, depends on the size of the cation. For M) H and Li,
the gas-phase complex appears to exist predominantly as a
charge-solvated (nonzwitterion) structure, whereas for M) K,
Rb, and Cs, the structure is a salt bridge. These conclusions
are based on the results of dissociation experiments using both
thermal radiation and collisional activation techniques as well
as hybrid method density functional theory (DFT) calculations.
For M ) Na, experimental results indicate that the charge-
solvated form is favored, whereas the calculations indicate that
the salt-bridge form is favored. The DFT calculations show a
clear trend that salt-bridge structures become more stable relative
to the charge-solvated structures as the metal ion size increases.

Experimental Section

Mass Spectrometry.All experiments were performed on a
home-built Fourier-transform mass spectrometer which has a
2.7 T superconducting magnet. The instrumentation has been
described in detail elsewhere.31 Protonated ions are formed by
electrospray ionization. The ions are guided through five stages
of differential pumping into the ion cell where they are trapped.
A pulse of nitrogen gas at a pressure of 2× 10-6 Torr is used
during ion accumulation to assist in trapping and thermalization
of the ions. The base pressure of the cell at other times is less
than 3 × 10-8 Torr. The ion accumulation time is varied
between 1 and 10 s to optimize ion signal. After the ion
accumulation event, a shutter is closed to prevent additional
ions from entering the cell. The complexes are isolated using a
series of stored waveform inverse Fourier transform, chirp, and
single frequency excitation waveforms. For the blackbody
infrared radiative dissociation (BIRD) experiments, complexes
are stored inside the vacuum chamber which is heated to
temperatures between 180 and 206°C. The complexes are
allowed to dissociate for times up to 300 s. For the sustained
off-resonance irradiation collisionally activated dissociation
(SORI-CAD) experiments, a RF waveform (1.6Vp-p for M )
Li, Na, K, Rb, and Cs; 2.4-2.7Vp-p for M ) H) with a
frequency corresponding to 1.0 mass-to-charge unit below that
of the isolated molecular ion is applied for a duration of 1 s.
Nitrogen is used as the collision gas in the SORI-CAD
experiments. These conditions correspond to maximum center-
of-mass collision energies ranging from 0.24 to 1.11 eV. A
broad-band excitation rf chirp at a sweep rate of 3200 Hz/µs
was used to excite the ions for detection. A Finnigan Odyssey
data system (Madison, WI) was used to collect the data at an
acquisition rate of 2286 kHz (m/z 36 cutoff) for all complexes.
For ions containing Na+, additional data sets using an acquisition
rate of 5333 kHz (m/z 15 cutoff) were collected.

Arginine (Arg), N,N-dimethylarginine (DMArg), andN-
acetylarginine (AcArg) (Scheme 1) were purchased from Sigma
Chemical Co. (St. Louis, MO) and were used without further
purification. Arginine methyl ester (ArgME) was synthesized
by adding a drop of concentrated sulfuric acid to a∼10-4 M
solution of arginine in methanol and allowing the mixture to
sit overnight. Metal complexes were formed in solution by
mixing a concentrated solution of the metal acetate salt in water
into ∼10-4 M methanol solutions of Arg, DMArg, AcArg, and
ArgME in ratios which optimized the amount of metal-argi-
nine (or Arg derivative) complex formed.

Computational Methods. Three isomers of the arginine-
alkali metal ion complexes (Arg‚M+) were built using the
Insight/Discover package (Biosym Technologies, San Diego,
CA) for each M ) Li, Na, K, Rb, and Cs. In one of these
isomers, the arginine is a zwitterion (protonated guanidino group
of the side chain and deprotonated carboxylate group at the
C-terminus). With the addition of a metal ion, the complex
becomes a salt bridge and is termed SB. In the remaining two
isomers, the arginine is not a zwitterion; instead the guanidino
group of the side chain is not protonated, and the C-terminus is
a carboxyl (COOH) group. The site of deprotonation of the
guanidino group distinguishes these two isomers. With the
addition of a metal ion to these nonzwitterionic arginine
structures, these are called the “charge-solvated” (ChS) com-
plexes.

An ensemble of low-energy conformations of each of the
three isomeric complexes was generated through molecular
dynamics simulations using the AMBER force field provided
with the Discover package. For the SB structures, dynamics
were carried out at 900 K for 5 ps. The ChS structure dynamics
were run for 5 ps at 700 K for M) Li and Na, at 600 K for M
) K and Rb, and at 400 K for M) Cs. This was followed by
simulated annealing to 200 K over an additional 5 ps. Each
conformer was subsequently energy minimized. The energy
minimized conformer was archived and used as the starting
geometry for a new dynamics simulation. A total of 120
structures for each isomer were generated following this
procedure. All archived structures within 5 kcal/mol were
examined to find starting structures for higher level geometry
optimization and energy calculations. The archived structures
were classified into families according to intramolecular arginine
interactions and arginine-metal ion interactions. The potential
energy surfaces for these complexes have many minima and
are quite complicated. Thus, families of structures selected
represent only a subset of possible structures. Often, several
structures with similar number and types of interactions were
found. To choose among these, the structures were optimized
at a higher level, and if they optimized to different geometries,
the most stable structure was selected. In this fashion, a total
of seven families of structures, three different families of salt-
bridge structures and two families of each of the charge-solvated
structures, were selected to optimize for each Arg‚M+ at a higher
level of theory.

The hybrid method B3LYP was used for geometry optimiza-
tion and energy evaluation of each of the seven families of
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structures selected from dynamics simulations. These calcula-
tions were done using Jaguar v. 3.0 and 3.5 (Schrodinger, Inc.,
Portland, OR) on a DEC alpha 500 AU workstation. The basis
set used in these calculations is LACVP** which is a basis set
of double-ú quality incorporating an effective core potential of
Hay and Wadt32 for the K, Rb, and Cs metals and using the
6-31G** basis set for the other atoms. The starting geometry
used for the first Arg‚M+ calculated for any family was from
dynamics. Subsequent calculations used the B3LYP/LACVP**
geometry for an M of neighboring size as the starting point.
For example, the salt-bridge conformer selected from dynamics
for Arg‚K+ was optimized at the B3LYP/LACVP** level. This
optimized geometry was then used as a starting structure for
Arg‚Na+ and Arg‚Rb+ of the same salt-bridge family, and so
on. In addition to the 35 structures reported in this paper,
geometry optimizations on over 30 other structures were
performed at the B3LYP/LACVP** level in the course of
selecting the seven families of structures for optimization with
all M's. Thus, although results from only a subset of possible
structures are reported, these structures should represent the
more stable salt-bridge and charge-solvated structures of the
Arg‚M+ complexes.

Higher level calculations using larger basis sets were per-
formed using Jaguar v. 3.5 and GAUSSIAN 92/DFT (Gaussian
Inc., Pittsburgh, PA) on the lowest energy LACVP** charge-
solvated and salt-bridge structures. After reoptimization, fre-
quencies for the lowest energy charge-solvated and salt-bridge
structures were calculated at the RHF/3-21G level for all
metalated arginine ions except Cs for which the basis set is not
available. Structures at this level were very similar to the B3LYP
geometries. The frequencies are all real and were used to
calculate zero-point energies after scaling by 0.90.33

Results and Discussion

Dissociation of Arg‚M+. Figure 1 shows the results of
collisionally dissociating Arg‚M+, M ) H, Li, Na, K, Rb, and
Cs using sustained off-resonance irradiation collisionally acti-

vated dissociation (SORI-CAD). With SORI-CAD, ions are
subject to rf radiation slightly off-resonance from their cyclotron
frequency. Ions undergo periodic acceleration/deceleration
cycles during which collisional activation at low energy occurs.
In all experiments, the entire isotopic distribution of the
precursor ions was isolated. The frequency of the SORI
waveform is higher (lowerm/z) than the cyclotron frequency
of the ions. This results in preferential excitation and dissociation
of the lowestm/z ion in the isotopic cluster. Using SORI-CAD,
Arg‚H+ and Arg‚Li+ dissociate exclusively by loss of H2O (parts
a and b of Figure 1). Arg‚Na+ dissociates predominantly by
loss of H2O; a small amount of loss of NH3 is observed (Figure
1c). For Arg‚K+, the relative abundances of these two losses is
reversed (Figure 1d); the major fragment corresponds to a loss
of NH3, and a small amount of loss of H2O is observed. No
metal ion ejection is observed from either Arg‚Na+ or Arg‚K+.
Arg‚Rb+ and Arg‚Cs+ dissociate primarily by loss of NH3 with
some Rb+ and Cs+ observed. No loss of H2O is seen for either
of these larger metal ions. Dissociation spectra obtained using
blackbody infrared radiative dissociation (BIRD) show the same
fragmentation products as the SORI-CAD results. In the BIRD
technique, the entire vacuum chamber is heated to a uniform
temperature, and the ions are activated by direct absorption of
photons emitted by the vacuum chamber walls.

These results clearly show that the fragmentation observed
under low-energy dissociation conditions depends strongly on
the size of the metal ion. Protonated arginine and arginine
complexed with small metal ions fragment by loss of H2O;
arginine complexed with large metals fragment by loss of NH3

with some metal ion ejection also observed. The cross over
between loss of H2O and NH3 is between Arg‚Na+ and Arg‚
K+. These data are summarized in Table 1. The results suggest
that the gas-phase structure of the Arg‚M+ complex is different
for small and large M.

The loss of H2O must come from the C-terminus, as this is
the location of the only oxygens in the Arg‚M+ ions. It is
difficult to rationalize how a loss of H2O could come from a

Figure 1. Low-energy collisionally activated dissociation spectra of Arg‚M+, M ) H, Li, Na, K, Rb, and Cs. The isotopic distribution of the
complex is isolated, but the lowestm/z isotope is preferentially excited and dissociated under the conditions of the experiment. The parent ion is
indicated by a (b) in each spectrum. (*) indicates frequency noise.
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salt-bridge structure. The first step of the mechanism for this
loss would have to be the protonation of the carboxylate, thus
destroying the zwitterionic character of the arginine and hence
the salt bridge. On the other hand, loss of NH3 can readily come
from a salt-bridge structure. Scheme 2 shows simple mecha-
nisms which have been proposed for the loss of H2O from a
charge-solvated structure and loss of NH3 from the protonated
guanidino group of the arginine side chain.25 In both these
mechanisms, as well as in several others that can be drawn for
these losses, a hydrogen migration is necessary prior to
dissociation. While the loss of H2O is suggestive of a nonzwit-
terionic form and the loss of NH3 is suggestive of a zwitterionic
form of arginine, these dissociation pathways are indirect
evidence of equilibrium structure. Isomerization of the structures
can occur prior to the observed fragmentation. To the extent
that the transition state entropy for dissociation by these two
pathways is similar (both are simple rearrangement reactions),
then the change in fragmentation of Arg‚M+ from loss of H2O
for M ) H to Na to loss of NH3 for M ) K to Cs suggests that
the complex changes from a charge-solvated species with the
small metal ions (Li+, Na+) to a salt-bridge species with the
larger metal ions (K+, Rb+, Cs+). Another possible explanation
is that these ions all have one structure or isomerize prior to
the observed fragmentation but that the relative fragmentation
activation energy or entropy for these two processes change as
a function of cation size. To distinguish between these possible
explanations, additional dissociation experiments were per-
formed on several series of arginine derivative-cation com-
plexes.

Dissociation of Arg-Derivatives‚M +. Cationized arginine
methyl esters (ArgME‚M+) cannot form salt-bridge structures.
Dissociation of the protonated and all metalated species, ArgME‚
M+, using both SORI-CAD and BIRD results in neutral loss
of 32. This corresponds to a loss of CH3OH, i.e., loss of the

derivatized C-terminus, analogous to loss of H2O from Arg‚
M+. The larger metalated species, ArgME‚Cs+, ArgME‚Rb+,
and to some extent ArgME‚K+, also dissociate by metal ion
ejection. No loss of NH3 was observed for any of the ArgME‚
M+ species. The absence of the NH3 loss pathway for the larger
metal ions is consistent with a charge-solvated structure for these
methyl esters.

To investigate the origin of the loss of NH3, two series of
N-terminally derivatized arginine-cation complexes were dis-
sociated. SORI-CAD spectra of protonated and metalatedN,N-
dimethylarginine (DMArg‚M+) are shown in Figure 2. Loss of
H2O is observed for both M) Li and Na (parts b and c of
Figure 2). DMArg‚K+ dissociates primarily by loss of H2O, but
a small amount of NH3 loss is observed (Figure 2d). For the
larger metals, water loss decreases and the loss of NH3 increases.
Roughly equal amounts of NH3 and H2O loss are observed in
the SORI-CAD spectrum of DMArg‚Cs+ (Figure 2f). Similar
results are obtained from BIRD experiments. The change in
fragmentation pathways with increasing metal ion size is similar
to the pattern observed for Arg‚M+, except that the cross over
point (defined as the point where fragments corresponding to
losses of NH3 and H2O are equal in abundance) for the DMArg‚
M+ species is at M) Cs compared to between M) Na and M
) K for the Arg‚M+ species. In addition to the losses of NH3

and H2O, some loss of 45 (presumably loss of dimethylamine
from the N-terminus) as well as ejection of M+ is observed for
M ) K, Rb, and Cs. In this series of experiments, the loss of
NH3 must occur from the side chain, not the (derivatized)
N-terminus. This indicates that it is possible for Arg‚M+ to lose
NH3 from the arginine side chain.

The fragment ion corresponding to the loss of 45 from the
DMArg‚M+ species is similar in abundance to the fragment ion
corresponding to the loss of NH3. This may mean that some or
even all of the loss of NH3 could possibly occur from the

TABLE 1: Fragmentations Observed from Cationized Arginine and Arginine Derivatives from Both Thermal Radiation and
Collisional Activation Dissociation Experiments (Most Abundant Fragment Indicated by Bold Type)

M Arg‚M+ ArgME‚M+ DMArg‚M+ AcArg‚M+

H -H2O -CH3OH -H2O, -NH3, -45 -H2O, -NH3, -60
Li -H2O -CH3OH -H2O -H2O, -60
Na -H2O, -NH3 -CH3OH -H2O -H2O
K -H2O, -NH3 -CH3OH, K+ -H2O, -NH3, K+, -45 -H2O, -60
Rb -NH3, Rb+ -CH3OH, Rb+ -H2O, -NH3, Rb+, -45 -H2O, -60
Cs -NH3, Cs+ -CH3OH, Cs+ -H2O, -NH3, Cs+, -45 Cs+
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N-terminus in Arg‚M+. Protonation of the N-terminus seems
less likely since the gas-phase basicity of the N-terminus of
amino acids is lower than that of the guanidino group of the
side chain by∼20 kcal/mol34 making it energetically much less
favored. However, we cannot rule out this possibility.

The dissociation ofN-acetylarginine complexes (AcArg‚M+)
was also investigated. For M) Li, Na, and K, the primary
dissociation pathway was loss of H2O. For M ) Rb and Cs,
the primary fragment was M+, although some loss of H2O was
observed from AcArg‚Rb+. SORI-CAD spectra also showed
a loss of 60. This loss has previously been assigned to the loss
of H2O followed by loss of HNdCdNH due to a rearrangement
of the arginine side chain in peptides containing C-terminal
arginine residues.23,25 No loss of NH3 was observed in either
the BIRD or SORI-CAD spectra for any of the metalated
species of AcArg. The loss of H2O that is seen for all M is
consistent with AcArg‚M+ being a charge-solvated structure.
The additional carbonyl of the acetyl group (H3CCO-) is
expected to increase the solvating ability of AcArg compared
to Arg which apparently results in greater stabilization of the
charge-solvated complex.

Interestingly, both DMArg‚H+ and AcArg‚H+ require a great
deal more energy to dissociate than any of the metalated species.
DMArg‚H+ showed no fragmentation using BIRD at 195°C
with a 100 s reaction delay compared to greater than 88%
dissociation for all metalated species under the same conditions.
The SORI-CAD spectrum obtained for DMArg‚H+ shows
some loss of H2O and 45 as well as a small amount of NH3

loss (Figure 2a), similar to DMArg complexed with the larger
cations. However, the major fragments seen are atm/z 88 and
116 which are not observed from any of the metalated species.
These fragments most likely correspond to cleavage between
the â and γ carbons of the arginine side chain. AcArg‚H+ is
also thermally stable in comparison to the metalated species
and could not be dissociated using BIRD. A SORI-CAD
spectrum of AcArg‚H+ (using a maximum center-of-mass
collision energy of 1.1 V compared to 0.4-1.0 V for the

metalated species) shows a similar fragmentation pattern to the
metalated species. Some loss of NH3 as well as H2O is observed,
although loss of 60, corresponding to a loss of water followed
by a rearrangement reaction and loss of part of the side chain,23,25

is the major fragment. The much greater dissociation energy
required for all the protonated species and the greater number
of fragmentation channels observed make it difficult to draw
structural comparisons to the metalated species.

Fragmentation Efficiencies.Figure 3 shows BIRD dissocia-
tion spectra for Arg‚K+, ArgME‚K+, DMArg‚K+, and AcArg‚
K+ measured at a cell temperature of 200°C. Parts a-c of
Figure 3 are taken after a reaction delay of 30 s. Figure 3d
(AcArg‚K+) has a reaction delay of 100 s. These complexes
should have similar IR absorption rates due to their structural
similarities. Thus, the relative fragmentation efficiency should
be a rough indication of the accessibility of the corresponding
dissociation pathway for a given complex. After 30 s at 200
°C, Arg‚K+ is ∼80% dissociated. The main fragment ion is
loss of NH3 (∼85%), with some loss of H2O (∼15%, Figure
3a). After the same reaction delay, ArgME‚K+ is only ∼10%
dissociated (loss of CH3OH is the only product). The greater
stability of ArgME‚K+ compared to Arg‚K+ indicates that loss
of CH3OH is not an intrinsically low-energy process. Rather,
the pathway for loss of NH3 is shut down, consistent with a
change from a salt-bridge to a charge-solvated structure upon
formation of the methyl ester. This result indicates that the
change in fragmentation pathways with increasing cation size
is due to a change in structure and not simply an effect of
changes in the relative transition state barrier heights with cation
size.

The fragmentation efficiency of DMArg‚K+ (Figure 3c) is
similar to that of Arg‚K+ and is significantly greater than that
of AcArg‚K+. After 30 s, DMArg‚K+ is over 80% dissociated
(Figure 3c) while AcArg‚K+ is <3% dissociated (not shown).
After 100 s, AcArg‚K+ shows only 10% dissociation (Figure
3d). Similar relative fragmentation efficiencies of DMArg‚M+

and AcArg‚M+ are obtained for M) Na to Cs by both SORI-

Figure 2. Low-energy collisionally activated dissociation spectra of cationizedn,n-dimethylarginine (DMArg‚M+). The parent ion is indicated by
a (b) in each spectrum. (*) indicates frequency noise.
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CAD and BIRD. The low fragmentation efficiency of AcArg‚
K+ supports the explanation that acetylation of the N-terminus
increases the charge solvation, thus stabilizing the ion.

Experimental Summary. The abrupt change in fragmenta-
tion pathways from loss of H2O to loss of NH3 with increasing
alkali metal ion size is remarkable. A critical question in these
dissociation experiments is whether the fragment ions corre-
sponding to loss of H2O or to loss of NH3 reflect an equilibrium
ion population, or whether the ions isomerize to alternate
structures during the activation process. If the latter occurs, these
fragment ions would not necessarily be characteristic of the
equilibrium population at room temperatures. It is also possible
that the relative transition state barriers for these processes
reverse with increasing alkali metal ion size. The experiments
with ArgME‚M+ suggest that this is not the case. However, we
are not able to definitively distinguish between these possibilities
by these experiments alone. For this reason, the relative energies
of the structures were investigated computationally.

Calculations. The energy of three salt-bridge structures
(SB1-3) and four charge-solvated structures (ChS1-4) as well
as more than 30 additional structures were evaluated for Arg‚
M+, M ) Li, Na, K, Rb, and Cs at the B3LYP/LACVP** level
of theory. The seven families of structures presented here were
selected to represent the range of low-energy salt-bridge and
charge-solvated conformations that the Arg‚M+ complexes may
adopt. For example, out of 120 structures archived for Arg‚K+

from each dynamics simulation, one charge-solvated isomer had
67 different conformers that were within 5 kcal/mol of the lowest
energy conformer. The other charge-solvated isomer had 66

unique conformers, and the salt-bridge isomer had 23 unique
conformers within this range. It was not feasible to do higher
level calculations on all the low-energy conformations generated
from the dynamics simulations. The seven structures chosen as
starting geometries for each series of Arg‚M+ B3LYP calcula-
tions represent the lowest energy geometry found within each
of the seven families. The structures selected should be repre-
sentative of the lower energy conformations. In particular, the
more limited variety and number of different low-energy salt-
bridge structures generated by dynamics (e.g., 23 versus 123
for the charge-solvated isomers of Arg‚K+) made it possible to
more thoroughly explore the possible conformations of these
complexes.

The B3LYP/LACVP** geometry optimized structures for
each of the seven families of Arg‚K+ evaluated are shown in
Figure 4. The salt-bridge structures differ from each other by
whether the N-terminus points in toward the pocket formed by
the arginine and helps solvate the side-chain guanidino group
(SB1) or points out of the pocket and solvates the carboxylate
(SB2) or the metal ion (SB3). The guanidino group at the end
of the arginine side chain is protonated in aqueous solution at
pH < 12.5. In the charge-solvated form, the arginine is not a
zwitterion and the side chain is not protonated. There are two
possible sites of deprotonation. Calculations were performed
on both isomers. The guanidino groups of structures ChS1 and
ChS2 are deprotonated at one of the terminal nitrogens [side
chain modeled as-(CH2)4NH-C(NH2)(NH)], while structures
ChS3 and ChS4 are deprotonated at the internal nitrogen of
the side chain [side chain modeled as-(CH2)4NdC(NH2)-
(NH2)]. Energies of four families of charge-solvated struc-
tures, consisting of two conformers of each isomer, were
calculated. The N-terminus of ChS1 and ChS3 points into the
pocket formed by the arginine and helps solvate the metal ion.
The N-terminus of ChS2 and ChS4 points out of the pocket
and forms a hydrogen bond with the acidic hydrogen of the
C-terminus.

Trends in Stability. The conformation of the arginine in SB1
does not change significantly with cation size due to the two
intramolecular hydrogen bonds; thus, the energy of this con-
former is chosen as a reference for each of the Arg‚M+

structures. The difference in energy between the structures with
SB1 taken as the zero in energy (solid line) for each Arg‚M+ is
shown in Figure 5. From this figure, it is apparent that the
charge-solvated forms in which the side chain guanidino group
is modeled as-(CH2)4NdC(NH2)(NH2) (ChS3 and ChS4) are
all higher in energy than the similar structures in which the
side chain is modeled as-(CH2)4NH-C(NH2)(NH) (ChS1 and
ChS2), so only conformations of the latter charge-solvated
isomer will be compared to the salt-bridge structures.

The major trend apparent from Figure 5 is that the stability
of the salt-bridge structures increases relative to the charge-
solvated forms as the metal ion size increases. In fact, for Arg‚
K+, Arg‚Rb+, and Arg‚Cs+, all three of the salt-bridge struc-
tures modeled are more stable than the charge-solvated struc-
tures.

Further calculations were performed on the lowest energy
charge-solvated and salt-bridge structure for each of the Arg‚
M+. Frequencies for the lowest energy charge-solvated and salt-
bridge structure for each of the metalated arginine ions except
Cs were calculated at the RHF/3-21G level. This basis set is
not available for Cs. The calculated frequencies were all real,
confirming that each of these structures is a minimum on the
potential energy surface. The frequencies were scaled by 0.9033

and were used to calculate zero-point energies for each of the

Figure 3. Blackbody infrared radiative dissociation spectra of potas-
sium ion complexed with (a) arginine, (b) arginine methyl ester, (c)
n,n-dimethylarginine, and (d)n-acetylarginine. All spectra were obtained
at 200°C with a 30 s (a-c) or a 100 s (d) reaction delay. (*) indicates
frequency noise.
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structures. In all cases, the zero-point energy of the charge-
solvated structure is lower by∼0.4 kcal/mol (Table 2). However,
at the RHF/6-31+G* level, the reverse was found for Arg‚Li+

and Arg‚Na+, the only complexes for which this calculation
was done. The zero-point energy for the charge-solvated struc-
ture is higher than that of the salt-bridge by 0.5 and 0.6 kcal/
mol, respectively (Table 2). Because of this discrepancy and

the cost of doing frequency calculations with the larger basis
set, zero-point energies are listed in Table 2, but these values
are not included in the reported energy differences between
structures.

The basis set was increased with the addition of diffuse
functions, and single-point energies were calculated at the
B3LYP/LACVP++** level. The difference in energies between
the most stable charge-solvated complex and most stable salt-
bridge structure for each M is shown in Figure 6, and these
values are reported in Table 3. The relative stability of the
charge-solvated structure decreases with increasing metal ion
size. The lowest energy charge-solvated conformer of Arg‚Li+

is more stable than the lowest energy salt-bridge conformer by
0.7 kcal/mol. For Arg‚Na+, the relative stabilities of the most
stable salt-bridge and the lowest energy charge-solvated con-
former reverse; the salt-bridge structure is favored by 0.7 kcal/
mol. This energy difference increases to 3.2 kcal/mol for Arg‚
K+. The difference then remains about the same and is
calculated to be 3.7 and 3.2 kcal/mol for Arg‚Rb+ and Arg‚
Cs+, respectively. The trends seen in these calculations are

Figure 4. The seven families of structures obtained from molecular dynamics and selected for higher level calculations. The structures shown are
the B3LYP/LACVP** geometry optimized structures for Arg‚K+. The structures labeled SB and ChS are salt-bridge and charge-solvated structures,
respectively. The guanidino group of the Arg side chain of ChS1 and ChS2 is deprotonated at a terminal nitrogen, whereas the ChS3 and ChS4 are
deprotonated at the internal nitrogen of the side chain.

Figure 5. Relative energies of the seven structures for each Arg‚M+

calculated at the B3LYP/LACVP** level of theory. The energy of SB1
(+) is taken as the zero energy for each M. The other salt-bridge
structures are SB2 (b) and SB3 (9). Salt-bridge structures are connected
by solid lines. The charge-solvated structures are ChS1 (O), ChS2 (0),
ChS3 (]), and ChS4 ()) and are connected by dashed lines.

TABLE 2: Difference in the Zero-Point Energy between the
Lowest Energy Charge-Solvated and Salt-Bridge Structures
of Arg ‚M+

∆E (kcal/mol)

M RHF/3-21G RHF/6-31+G*

Li -0.4 +0.5
Na -0.5 +0.6
K -0.2
Rb -0.3
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consistent with the gas-phase structure of the Arg‚M+ complex
changing from a charge-solvated complex with the small metal
ions to a salt-bridge structure with the large cations.

It should be noted that these calculations (with zero-point
energies) reflect 0 K structures. The internal energy of the ions
in the BIRD experiment correspond to temperatures of roughly
550-580 K. In the SORI-CAD experiment, the internal energy
is slightly higher. Thus, the calculations and the experiment are
not directly comparable due to the difference in internal energy.
The charge-solvated form may be entropically favored; there
are more structures of similar low energy for the charge-solvated
vs salt-bridge form. This would favor the charge-solvated
structure under the conditions of the experiment and may explain
the difference in crossover point observed by experiment vs
that calculated at 0 K.

Effect of Basis Set.Additional energy calculations on the
lowest energy salt-bridge and charge-solvated B3LYP/LACVP**
optimized structures of Arg‚M+ for M ) Li, Na, and K were
performed to investigate the effect of basis set (Table 3). The
inclusion of additional valence functions to describe Arg‚Li+

and Arg‚Na+ resulted in a small increase (0.6 kcal/mol) in the
stability of the salt-bridge structures over the charge-solvated
structures; at the 6-311G++** level, the geometry optimized
charge-solvated Arg‚Li+ is more stable than the salt-bridge
structure by 0.1 kcal/mol compared to 0.7 kcal/mol at the
LACVP++** level (equivalent to the 6-31G++** level for
these ions). At this level, the salt-bridge structure of Arg‚Na+

is favored over the charge-solvated structure by 1.3 kcal/mol.
Replacing the effective core potential on K of the LACVP**

basis with the 6-31G** basis increases the calculated stability

of the salt-bridge structure from 1.6 to 3.4 kcal/mol. Using the
triple-ú 6-311G** basis set, this difference further increases to
4.1 kcal/mol. The latter two calculations were done using the
GAUSSIAN 92/DFT program.

These calculations indicate that with increasing the basis set,
the trends in stability are maintained. It appears that the use of
the effective core potential may lead to an underestimation of
the relative stability of the salt-bridge structure of complexes
for which it is used (M) K, Rb, Cs). However, even at a high
level of theory (6-311G++**), the charge-solvated structure
is marginally more stable than the salt-bridge structure for Arg‚
Li+. Electron correlation may help to stabilize the charge-
solvated compared to the salt-bridge structures. MP2/6-31G+*
calculations indicate that the charge-solvated structure of Arg‚
Li+ is more stable than the lowest energy salt-bridge structure
by 3.2 kcal/mol.

The calculated energy difference between these isomers is
small. Nevertheless, the similar results obtained with larger basis
sets provide an additional indication that the salt-bridge structure
is favored for the larger alkali ions.

Low-Energy Structures. Figure 7 shows the lowest energy
salt-bridge and charge-solvated conformers found for Arg‚Li+

and Arg‚Cs+. For Arg‚Li+, these are SB3 and ChS1. For Arg‚
Cs+, these are SB2 and ChS2. In the lowest energy salt-bridge
structure of Arg‚Li+ (Figure 7a), the Li+ is stabilized through
interactions with the N-terminus and one oxygen of the
C-terminal carboxylate of the Arg. The structure is further
stabilized by a hydrogen bond between the other carboxylate
oxgygen and the protonated side chain. In the most stable
charge-solvated structure of Arg‚Li+ (Figure 7b), the arginine
surrounds the Li+ and solvates the charge through multiple
interactions with the N-terminus, the carbonyl oxygen, and a

Figure 6. Energy difference between the most stable charge-solvated
structure and the most stable salt-bridge structure at the B3LYP/
LACVP++** level of theory as a function of metal ion size.

TABLE 3: Effect of Basis Set on the Difference in Energy
between the Lowest Energy Charge-Solvated and Salt-Bridge
Conformers of Arg‚M + d

∆E (kcal/mol)

M LACVP** LACVP ++** 6-31G** 6-311G** 6-311G++**

Li -1.5a -0.7 -1.5a -0.1a

Na 0.6a 0.7 0.6a 1.3a

K 1.6a 3.2 3.4b,c 4.1b,c b
Rb 1.9a 3.7 b b b
Cs 2.1a 3.3 b b b

a Geometry optimized at this level.b Basis set not available for M
in the Jaguar v3.5 package.c Calculation done using Gaussian 92/DFT.
d Values correspond to the differences in B3LYP single-point energy
calculated from the B3LYP/LACVP** geometry unless otherwise noted
and do not include a zero-point correction.

Figure 7. Geometry optimized structures for the lowest energy (a)
salt-bridge and (b) charge-solvated structures of Arg‚Li + and (c) salt-
bridge and (d) charge-solvated structures of Arg‚Cs+. Structure b is
more stable than structure a by 0.7 kcal/mol. Structure c is more stable
than structure d by 3.3 kcal/mol.
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terminal nitrogen of the side chain. In contrast, the much larger
Cs+ ion cannot fit inside a pocket formed by the arginine (parts
c and d of Figure 7). In the lowest energy charge-solvated
structure of Arg‚Cs+ (Figure 7d), the Cs+ only superficially fits
within the pocket formed by the Arg; the Cs+ sits on the side
of the Arg and solvation is not nearly as effective as it is for
Arg‚Li+. Although a hydrogen bond between the N-terminus
and the acidic hydrogen of the C-terminus helps stabilize this
structure, it is higher in energy than the salt-bridge structure by
3.3 kcal/mol. In the lowest energy salt-bridge structure, the Cs+

interacts with both oxygens of the carboxylate. A hydrogen bond
between the guanidino group and carboxylate lends additional
stability to the structure. The Arg‚Cs+ of the SB3 family (not
shown) is only 0.3 kcal/mol higher in energy than SB2 at the
LACVP** level of theory.

Conclusions

Results from both experiment and theory indicate that the
structure of gas-phase arginine-alkali metal complexes changes
as the size of the metal ion increases. For the smaller metal
ions, the neutral arginine solvates the metal ion. For the larger
metal ions, a salt bridge is formed in which the arginine exists
as a zwitterion (side chain protonated, C-terminus deprotatoned).
DFT calculations at the B3LYP/LACVP++** level indicate
that the salt-bridge form of these ions becomes progressively
more stable relative to the charge-solvated form with increasing
cation size. For Arg‚Li+, the charge-solvated form is 0.7 kcal/
mol more stable. For Arg‚Na+, the salt-bridge form is 0.7 kcal/
mol more stable. For Arg‚M+, M ) K, Rb and Cs, the salt-
bridge structure is 3.2-3.7 kcal/mol more stable.

These calculations are in good agreement with the observed
unimolecular dissociation pathways of these ions. The primary
dissociation product under low-energy conditions changes from
loss of H2O for H, Li, and Na to loss of NH3 for K, Rb, and
Cs. The loss of water can only come from a charge-solvated
ion, whereas loss of NH3 can readily occur from the protonated
side chain of arginine, consistent with a salt-bridge structure.
Loss of NH3 is observed forN,N-dimethyl arginine‚M+ with
M ) H, Na, K, Rb, and Cs, indicating that loss of NH3 can
originate from the guanidine group of the side chain in this ion.
Dissociation of cationized methyl esters of arginine results in
the loss of CH3OH and M+ (for larger M); loss of NH3 is
observed only from the protonated species. The methyl ester
cannot form a salt bridge. The higher thermal stability of the
methyl ester form of Arg‚K+ indicates that loss of CH3OH is
not an intrinsically low-energy process but rather the pathway
for loss of NH3 has been shut down in the metalated arginine
methyl esters. Dissociation of N-acetylated arginine complexes
results in loss of H2O for all metal ions with no loss of NH3
observed. The additional carbonyl group on the N-terminus of
acetylated arginine results in increased charge-solvating ability,
stabilizing the charge-solvated form.

Although the dissociation experiments provide indirect evi-
dence of the isomeric structure of these ions, the experimentally
observed dissociation pathways are in good agreement with the
relative stabilities of these ions calculated using density
functional theory. Taken together, both the experiments and
theory provide strong support for the change in structure of Arg‚
M+ from a charge-solvated ion to a salt-bridge structure with
increasing alkali metal ion size.
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