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Gas-phase H/D exchange and density functional theory study of the Asp and Glu side-chain carboxylic group intrinsic
reactivity is reported. H/D exchange site specific treatment and some additional theoretical calculations showed that a sidechain carboxylic group may initiate proton transfer along with bond formation to one of its oxygens, i.e., possibility to initiate
selective of cleavage peptide bond (“aspartic acid effect”). That finding is used to select aspartic acid cleavage mechanisms
(side-chain proton transfer either to backbone carbonyl or to amide nitrogen) for further computational study.
B3LYP/6-31G(d) and G3(MP2)//B3LYP potential energy profiles of both mechanisms on a model system CH3CO-AspNHCH3 were constructed. Although energy employed in low-energy collision induced dissociation suffices for both
mechanisms thresholds, energy transferred to specific modes suggests a complex one-step mechanism of proton transfer (from
the side-chain carboxylic group to the backbone amide group), bond formation (between deprotonated carboxylic group and
carbon atom of the backbone carbonyl), and peptide bond cleavage as favorable.

umerous studies [1–9] have shown residual
specific cleavage especially at Pro, Asp, Glu,
and oxidized Cys amino acid residues. In the
mass spectra of peptides (with no mobile protons)
containing Asp, Glu, and oxidized Cys, selective cleavage of the amide bond C-terminal is dominant (the
“aspartic acid effect”) and often results in loss of
sequence informative fragments side-chain carboxylic
group esterification, suspended dominant cleavage,
and provided a proof that the carboxylic group plays
the key role in the selective cleavage process [9]. It is
shown that aspartic acid effect in peptides predominates when the number of ionizing protons does not
exceed the number of basic residues and, also, that
cleavage occurs without involvement of the ionizing
proton [5, 9].
Several studies [3–5] proposed and discussed schematic mechanisms of the selective Asp cleavage,
Scheme 1 . Yu et al. [3] suggested a mechanism with
salt-bridge intermediate (Scheme 1a). Price et al. [4]
modified Yu’s mechanism, taking into account necessity for ⫺COO⫺ group stabilization by protonation of
Arg side-chain (Scheme 1b). On the other hand, it is
difficult to stabilize reactive acylium ion, i.e., Price’s
mechanism product. Thus, Gu et al. [5] suggested
another extension of Yu’s model (Scheme 1c).
A step towards revealing energetic and mechanistic
features of the fragmentation pathway was the investigation of protonated Arg-Asp-NH2 [7]. It indicated a
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mechanism (Scheme 1d) as the energetically most favorable and suggested that an energetically close mechanism (Scheme 1e) should be also considered. Although
Paizs et al. [7] took into account mechanisms A, B, D,
and E, they did not consider mechanism C. Moreover,
they analyzed the dipeptide combination Arg-Asp,
which is not likely to exist in experiments that use
trypsin for enzymatic digestion. Although investigated
mechanisms are probably very similar in Asp-Arg combination, there is a question whether mechanism E
yields the same product or the salt bridge conformation
is just an intermediate in mechanism D.
Recently, it was demonstrated that gas-phase H/D
exchange can be used to investigate the aspartic sidechain effect [9]. The experiment demonstrated carboxylic side-chain group hydrogen exchange in the absence
of a mobile proton. This result supports the idea of a
“locally” mobile proton able to initiate fragmentation.
Novel use of H/D exchange and interest to understand the aspartic side-chain effect motivated this
study. The first part is focused on the use of gas-phase
H/D exchange as probe for a “locally” mobile proton.
Information obtained from gas-phase site-specific H/D
exchange is used to select most probable mechanisms.
In the second part, structural details and energetics of
these mechanisms are examined by high level theoretical calculations on the CH3CO-Asp-NHCH3 model
system.

Experimental
The H/D exchange experiments were performed in a 3
T Fourier transform ion cyclotron resonance (FTICR)
mass spectrometer (Extrel FTMS 2001, Madison, WI).

nism barriers [12]. Consistently, in those calculations,
the D2O molecule was mimicked by H2O.
Model system (CH3CO-Asp-NHCH3) aspartic acid
cleavage mechanism potential energy diagrams were additionally calculated with the G3(MP2)//B3LYP
(G3MP2B3) computational protocol [13] to estimate the
accuracy of the calculated B3LYP barriers. The relative
barrier errors were up to ⬃30 kJ mol⫺1 (0.3 eV), and the
B3LYP/6-31G(d) treatment was considered acceptable for
this kind of problem (low-energy CID). All calculations
were performed using the Gaussian 03 [14] program
package.

Results and Discussion
H/D Exchange

Scheme 1

Asp and Glu (Fluka, Buchs, Switzerland) MALDI samples were prepared with a standard dried-droplet procedure using 2,5-dihydroxybenzoic acid (DHB) as matrix. Protonated ions were generated in the ICR cell with
two consecutive 337 nm laser pulses from a nitrogen
laser (VSL 337 NSD, LSI Laser Science, Newton, MA).
After formation, all ions were allowed to cool for 0.5 s
and then the monoisotopic ions were isolated with a
SWIFT waveform. These ions were then allowed to
react with a background pressure of a deuterium donor.
The deuteration reagent was D2O (99.8%, Aldrich, Milwaukee, WI). The stabilized reagent gas pressure of ⬃2
· 10⫺5 Pa used in the exchange experiments was measured with a Bayard-Alpert type ionization gauge using
parameterized response factors for calibration [10]. All
experiments were performed at an ambient temperature of 300 K. The experimental data were treated as if
they referred to five independently exchanging sites.
Site-specific reaction rate constants were determined by
applying “probability” treatment as suggested in reference [11]. The curve fitting was done in Mathematica 4.0
(Wolfram Research, Champaign, IL).
Calculations for various structures were performed
using B3LYP functional with 6-31G(d) basis set. Stationary
points [i.e., the minima and transition states on the potential energy surface (PES)] were tested by harmonic frequency analysis. Transition-state structures were additionally tested by intrinsic reaction coordinate (IRC)
analysis. Displayed energies were not corrected for zero
point energies.
Final energetics of H/D exchange complex were
done at the B3LYP/6-311 ⫹⫹ G(d,p) level to get more
accurate comparison with previously obtained mecha-

To properly test for locally mobile proton using H/D
exchange, one has to consider influence of the deuterating
agent on (1) the secondary structure of the analyte and (2)
the side-chain carboxylic group H/D exchange mechanism. Concerning (1), it was recently shown [15] that in
the interaction between protonated amino acid and water,
H/D exchange is favored over conformational changes;
(2) study of H/D exchange mechanism showed that
isotopic exchange of carboxylic hydrogen mainly occurs
by barrierless “flip-flop” reaction, i.e., at a high exchange
rate [12, 16]. Moreover, reaction proceeds without influence of ionizing proton, and the deuterating agent is
stabilized solely at one site. The same might be true for
Asp and Glu side-chain carboxylic groups.
In the gas-phase H/D exchange of AspH⫹ and
GluH⫹ with D2O, all five weakly-bound hydrogens get
exchanged. The determined reaction rate constants for
site-specific H/D exchange are shown in Table 1.
The rate constants indicate presence of two fast
exchanging and three equivalent slowly exchanging
hydrogens. In accordance with calculated structures of
AspH⫹ and GluH⫹ (Figure 1), the two fast exchanging
sites correspond to carboxylic groups and the three
equivalent ones to protonated ␣-amino group. Sitespecific kinetic studies [12, 17, 18] of aliphatic amino
acids enable comparison of the exchange rates. The rate
constant values are consistent with previous studies [12,
17], but some difference to those obtained by He et al.
[18] exists in their magnitude (arising mainly from the
pressure measurement). Comparing our exchange rates
with those from previous studies, one may conclude

Table 1. Site-specific H/D exchange rate constants (⫻10⫺11
cm3 s⫺1 molecules⫺1) for reaction of the studied protonated
amino acids with D2O
Amino acid
k1
k2
k3
k4
k5

AspH⫹

GluH⫹

11.4
2.06
0.6
0.6
0.6

6.15
0.58
0.3
0.3
0.3

Table 2. The absolute energies (in Eh) and relative stabilities
(in kJ mol⫺1) of AspH⫹-D2O and GluH⫹-D2O complexes
B3LYP/6-31G(d)
Reaction
complex
⫹

AspH ⫹ D2O
AspH⫹⫺D2O (1)
AspH⫹⫺D2O (2)
AspH⫹⫺D2O (3)
AspH⫹⫺D2O (4)
GluH⫹ ⫹ D2O
GluH⫹⫺D2O (1)
GluH⫹⫺D2O (2)
GluH⫹⫺D2O (3)
GluH⫹⫺D2O (4)

Figure 1.

B3LYP/6-311 ⫹⫹ G(d,p) AspH⫹-D2O complexes.

that the fastest exchange occurs at the carboxylic group,
and the three equivalent sites correspond to the protonated ␣-amino group. The remaining fast exchanging site
would then be the side-chain carboxylic group. However, definite assignment of carboxylic groups needs
additional arguments, vide infra.
Thus, the formation of H/D exchange reaction complexes was analyzed to assign the fast exchanging sites
to corresponding carboxylic groups. First, the AspH⫹
and GluH⫹ most stable structures were considered. Sun
et al. [19] found the most stable conformation of GluH⫹
at the B3LYP/6-31 ⫹ G(d,p) level. Same conformation
was reoptimized at the B3LYP/6-31G(d) level together
with similarly formed AspH⫹. The structures are stabilized by two intramolecular hydrogen bonds, both
involving protonated ␣-amino group and carbonyl
group oxygens. Previous investigations of H/D exchange on similar systems showed that, depending on
direction of attack, during a few ps the deuterium
donor stabilizes near the active/preferred site [11, 20].
In present systems, four such structures for each amino
acid were identified starting from AspH⫹ and GluH⫹
most stable structures. Since AspH⫹ and GluH⫹ formed
“identical” complexes, only AspH⫹-D2O complexes are
depicted at Figure 1.
In Complex 1 D2O appears close to carboxylic group
while in Complex 2 D2O is close to ␤-carboxylic group
(or to ␥-carboxylic group in case of the GluH⫹). Complexes 3 and 4 are defined with D2O stabilized between
the protonated␣-amino group and the␤-carboxylic
group (or ␥-carboxylic group in case of the GluH⫹).
Complexes 1 and 2 contribute only to exchange of their
corresponding carboxylic group hydrogen (“flip-flop”
mechanism [12, 16] while Complexes 3 and 4 to the
exchange of both the ␣-amino hydrogens and corresponding carboxylic group hydrogen. Starting Com-

B3LYP/6-311 ⫹⫹
G(d,p)

E

⌬

E

⌬

⫺588.927703
⫺588.956877
⫺588.955026
⫺588.955808
⫺588.954339
⫺628.224546
⫺628.25276
⫺628.250106
⫺628.249624
⫺628.24174

0
⫺76.6
⫺71.7
⫺73.8
⫺69.9
0
⫺74.1
⫺67.1
⫺65.8
⫺45.1

⫺589.30806
⫺589.33477
⫺589.333062
⫺589.334288
⫺589.333246
⫺628.644955
⫺682.670622
⫺682.668272
⫺682.668509
⫺682.660325

0
⫺70.1
⫺65.6
⫺68.8
⫺66.1
0
⫺67.4
⫺62.1
⫺61.9
⫺40.4

plexes 1 to 4 were optimized at the B3LYP/6-31G(d)
level, while final energies and relative stabilities were
obtained at the B3LYP/6-311 ⫹⫹ G(d,p), Table 2.
The H/D exchange rate depends mainly on the potential energy profile of the reaction [12]. Here, the greater
stability of starting complexes correlates well with the
observed higher exchange rate. Comparison of relative
energies and exchange rates at the two carboxylic groups
suggests a slower exchange for the side-chain carboxylic
group hydrogen. According to the barrier of 104.6 kJ
mol⫺1 (relative to initial starting complex) for H/D exchange in similar position [12], the GluH⫹ Complex 4
stabilization of only 40.4 kJ mol⫺1 suggests lack of exchange, in agreement with observed experimental rate
decrease (␣-amino and ␥-carboxylic group). Deuterium
incorporation to GluH⫹ ␣-amino group proceeds through
Complex 3 while ␥-carboxyl deuteration is a result of
“flip-flop” mechanism in Complex 2. Overall, H/D exchange of the AspH⫹ and GluH⫹ side-chain carboxylic
hydrogen is mainly result of “flip-flop” mechanism,
Scheme 2. That supports the possibility of a side-chain
carboxylic group proton transfer, which initiates a simultaneous bond formation with one of its oxygens, i.e.,
existence of a locally mobile proton that may initiate
fragmentation through mechanisms C or D.

Aspartic Acid Effect Mechanism
Recent studies [1, 7, 9] showed that selective Asp cleavage
mechanism is still uncertain and its energetics unknown.
Thus, Herrmann et al. [9] discuss that it is not clear
whether the mechanism involves proton transfer to the
carbonyl oxygen (Scheme 1c) or to the amide nitrogen
(Scheme 1d). To increase our understanding of the aspartic acid effect, mechanisms C and D were examined on a
model system CH3CO-Asp-NHCH3. Mechanism E

Scheme 2

Figure 2. Conformers C-NN0 and C-NN1. Corresponding
B3LYP/6-31G(d) energies and G3MP2B3 enthalpies are shown in
Appendix Tables 1 and 2.

(Scheme 1e) was not considered because it requires assistance of an additional functional group (e.g., guanidino) to
be able to form strong H-bond(s). In that case we believe
that intrinsic Asp side-chain effect is (in a way) hindered.
Furthermore, it is shown that selective cleavage occurs
despite lack of assisting group [5, 6, 9].
Previous structural calculations [9] on the same
model system have shown conformer C-NN0 as a
lowest energy structure, while our calculations show
conformers C-NN0 and C-NN1 to be degenerate in
energy, Figure 2. Structure C-NN1 represents starting
conformation in mechanism C. To properly simulate a
cleavage effect, one has to consider both syn (NHNH or
NN) and anti (NHCO or NC) orientations of amidic
hydrogens. Two possible orientations per two mechanisms yield four structures: C-NN1 (NN orientation in
mechanism C), C-NC1 (NC orientation in mechanism
C), D-NC1 (NC orientation in mechanism D), and
D-NN1 (NN orientation in mechanism D). Although
structure C-NN1 represents NC orientation, it is converted to NN orientation structure through transitionstate C-NN12. Here, is important to stress that comparison of relative stabilities of starting intermediates is not
significant because that stability is not necessarily re-

flected in a real system. It is reasonable to expect
presence of syn and anti orientation in peptide ions
undergoing MSMS. Also, low-energy CID is an energy
rich process compared with the small energy difference
(⬃15 kJ mol⫺1) between conformers (except for DNN1), thus making conceivable that structures easily
convert one to another.
The potential energy profiles, together with optimized
structures for the mechanisms C (C-NN and C-NC) and D
(D-NN and D-NC), are shown in Figures 3 and 4. Absolute energies (E) and relative stabilities (⌬) of computed
structures are given in Appendix Tables 1 and 2. Potential
energy diagrams are obtained at the B3LYP/6-31G(d)
level of theory and with the G3MP2B3 computational
protocol. One may note that the B3LYP/6-31G(d) energies
and especially dissociation thresholds are in good agreement with the G3MP2B3 enthalpy values. Final point
(product) on potential energy profiles in all presented
mechanisms represents dissociated fragments.
Mechanism C is a two-step reaction, which begins
with concerted proton transfer/bond formation in the
transition-state C-NC12 (or C-NN12), respectively.
Here, a proton is transferred from side-chain Asp
carboxylic group to the backbone carbonyl group and,
simultaneously, a bond between deprotonated carboxylic group and carbon atom of the backbone carbonyl is
formed. Peptide bond cleavage occurs in the second
reaction step, which represents proton transfer to the
amide group. The corresponding transition-state CNC23 (or C-NN34), respectively, is associated with the
energetically highest barrier. Additional points C-NN23
and C-NN3 (structures not shown in Figure 3) on
mechanism C-NN potential energy profile represent
rotation of amide methyl group needed to remove
constrain for proton transfer.
On the other hand, mechanism D is a one step
reaction that occurs through transition-state D-NC12 (or
D-NN12). It involves proton transfer (from side-chain
Asp carboxylic group to the backbone amide group),

Figure 3. Schematic representation of the mechanisms C-NC and C-NN potential energy profiles.
The relative energies and optimized structures were calculated at the B3LYP/6-31G(d) level of theory
while relative enthalpies obtained with G3MP2B3 computational protocol are depicted in grey color.

Figure 4. Schematic representation of the mechanisms D-NC and D-NN potential energy profiles.
The relative energies and optimized structures were calculated at the B3LYP/6-31G(d) level of theory
while relative enthalpies obtained with G3MP2B3 computational protocol are depicted in grey color.
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bond formation (between deprotonated carboxylic
group and carbon atom of the backbone carbonyl), and
peptide bond cleavage. An additional intermediate (DNN2) and corresponding transition-state (D-NN23) exist in the potential energy profile of the D-NN mechanism. However, corresponding minima in the D-NC
mechanism were not located because either following of
the reaction path in a flat part (where is not so reliable)
failed or a reaction path branching occurred. The question arises whether reaction products are formed directly (from transition-state(s) D-NC12 or D-NN12, respectively), or through depicted intermediate(s) (DNC2
or D-NN3) which then dissociate to final products.
Although this work does not provide such answers, it
indicates that in both cases neither high-energy intermediates nor transition states exist, i.e., the reaction
threshold is not changed.
Summarizing the results, these mechanisms seems to
be endothermic. Mechanism C threshold is almost twice
the threshold for mechanism D. Roughly speaking, during
CID process intermediate C-NC2 (or C-NN2) can be
equally formed as intermediate D-NC2 (or D-NN2) but
the high dissociation threshold for the second step in
mechanism C favors mechanism D. However, if sufficient
energy is transferred, both mechanisms may be operative.
Energies employed in low-energy CID were in the range
of 2 to 3.5 eV (190 to 330 kJ mol⫺1) [6], see Methods [21].
These energies are sufficient to cross reaction barriers for
both mechanisms. However, during CID translational
energy is transferred into internal, vibrational, and rotational states of peptide ion, which then undergoes dissociation. Energy-transfer efficiency depends on several factors: initial translational energy, size of peptide, mass of
collisional gas atom. For (Gly)4 (impact parameter of 0 Å)
it is found that 60 to 70% of CID energy is transferred to a
folded structure, while 55 to 65% is transferred to an
extended structure [22]. It can be fairly said that at most
160 to 200 kJ mol⫺1 is transferred into internal vibrational
states of analyzed peptide. That amount of energy exceeds
dissociation limits in both mechanisms. However, the

same study shoved that more than 80% of transferred
energy corresponds to peptide torsional modes, while the
energy transferred to heavy atom-hydrogen stretch is
negligible (⬍1%). The imaginary frequencies of mechanism D transition states (D-NC12 265.7i cm⫺1 and DNN12 102.4i cm⫺1) both correspond to torsional movement. On the other hand, mechanism C transition-state
imaginary frequencies (C-NC23 1644.8i cm⫺1 and C-NN34
1663.7i cm⫺1) correspond solely to H stretch between
hydroxylic oxygen and amide nitrogen. With all this in
mind, it seems that aspartic acid selective cleavage proceeds through mechanism D.

Conclusions
Experimental and theoretical results showed that H/D
exchange of the AspH⫹ and GluH⫹ side-chain carboxylic
hydrogen is mainly result of “flip-flop” mechanism. That
conclusion supports the possibility of a side-chain carboxylic group proton transfer, which initiates a simultaneous
bond formation to one of its oxygens. This is consistent
with the idea that the backbone carboxylic proton is
“locally mobile” and may potentially initiate selective
cleavage of the amide bond (“aspartic acid effect”). The
corresponding mechanistic study suggests the process to
proceed by a complex one-step mechanism including
proton transfer (from side-chain carboxylic group to backbone amide group), bond formation (between deprotonated carboxylic group and carbon atom of the backbone
carbonyl), and peptide bond cleavage.
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Appendix
Table 1. The B3LYP/6-31G(d) energies (in Eh) and relative stabilities (in kJ mol⫺1) of model system CH3CO-AspNHCH3 mechanisms C and D structures
Structure
C-NN0
C-NN1
C-NN12
C-NN2
C-NN23
C-NN3
C-NN34
C-NN4
C-NN5
D-NN1
D-NN12
D-NN2
D-NN23
D-NN3
D-NN4

E

⌬

Structure

E

⌬

⫺684.426059
⫺684.426660
⫺684.364905
⫺684.386022
⫺684.382179
⫺684.388792
⫺684.330625
⫺684.402209
⫺684.385568
⫺684.405764
⫺684.367369
⫺684.376268
⫺684.374674
⫺684.403225
⫺684.385568

⫺106.3
⫺107.9
54.3
⫺1.2
8.9
⫺8.5
144.3
⫺43.7
0.0
⫺53.0
47.8
24.4
28.6
⫺46.4
0.0

C-NC1
C-NC12
C-NC2
C-NC23
C-NC3
C-NC4

⫺684.420885
⫺684.368082
⫺684.389942
⫺684.340463
⫺684.396402
⫺684.385568

⫺92.7
45.9
⫺11.5
118.4
⫺28.4
0.0

D-NC1
D-NC12
D-NC2
D-NC3

⫺684.420885
⫺684.364880
⫺684.397259
⫺684.385568

⫺92.7
54.3
⫺30.7
0.0

Table 2. The G3MP2B3 enthalpies (in Eh) and relative stabilities (in kJ mol⫺1) of model system CH3CO-Asp-NHCH3
mechanisms C and D structures
Structure
C-NN0
C-NN1
C-NN12
C-NN2
C-NN23
C-NN3
C-NN34
C-NN4
C-NN5
D-NN1
D-NN12
D-NN2
D-NN23
D-NN3
D-NN4

H(298K)

⌬

⫺683.487141
⫺683.486769
⫺683.430294
⫺683.456350
⫺683.452968
⫺683.460016
⫺683.403352
⫺683.461092
⫺683.446630
⫺683.470796
⫺683.433914
⫺683.439920
⫺683.437527
⫺683.460507
⫺683.446630

⫺106.4
⫺105.4
42.9
⫺25.5
⫺16.6
⫺35.1
113.6
⫺38.0
0.0
⫺63.4
33.4
17.6
23.9
⫺36.4
0.0
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