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a  b  s  t  r  a  c  t

We  present  a first  study  of  the  energetics  and dynamics  of  dissociation  of  deprotonated  peptides  using
time-  and  collision-energy  resolved  surface-induced  dissociation  (SID)  experiments.  SID of  four  model
peptides  (RVYIHPF,  HVYIHPF,  DRVYIHPF,  and DHVYIHPF)  was  studied  using  a specially  designed  Fourier
transform  ion cyclotron  resonance  mass  spectrometer  (FT-ICR  MS)  configured  for  studying  ion-surface
collisions.  Energy  and  entropy  effects  for  the  overall  decomposition  of  the  precursor  ion were  deduced
by  modeling  the  time-  and  collision  energy-resolved  survival  curves  using  an  RRKM  based  approach
developed  in  our  laboratory.  The  results  were  compared  to the  energetics  and  dynamics  of  dissociation  of
the  corresponding  protonated  species.  We  demonstrate  that  acidic  peptides  are  less stable  in the  negative
mode  because  of  the  low  threshold  associated  with  the kinetically  hindered  loss  of  H2O  from  [M−H]−

−
ctivation entropy
harge-remote fragmentation

ions.  Comparison  between  the  two basic  peptides  indicates  that  the lower  stability  of  the  [M−H] ion  of
RVYIHPF  as compared  to HVYIHPF  towards  fragmentation  is  attributed  to  the  differences  in  fragmentation
mechanisms.  Specifically,  threshold  energy  associated  with  losses  of  NH3 and  NHCNH  from  RVYIHPF  is
lower  than  the  barrier  for backbone  fragmentation  that dominates  gas-phase  decomposition  of  HVYIHPF.
The  results  provide  a  first quantitative  comparison  between  the  energetics  and  dynamics  of  dissociation
of  [M+H]+ and  [M−H]− ions  of acidic  and  basic  peptides.
. Introduction

Tandem mass spectrometry (MS/MS) is widely used in applica-
ions focused on identification of peptides and proteins [1].  These
tudies examine structure-specific fragmentation of positive or
egative ions of the analyte molecules in the gas-phase. Identi-
cation of the precursor ion relies on the basic understanding
f the dissociation pathways. The distribution of product ions in
S/MS  spectra is determined by the energetics and dynamics of

issociation of peptide ions, the internal energy distribution of
he vibrationally excited ions, and the time frame of the experi-

ent [2,3]. Soft ionization techniques such as electrospray (ESI)
4] or matrix assisted laser desorption ionization (MALDI) [5] are
ommonly used to generate both positive and negative ions of pep-

ides and proteins for subsequent MS/MS  characterization. Because
f the higher ionization yields obtained in the positive mode,
ragmentation of protonated peptides has been extensively inves-
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tigated [6–13].  Gas-phase fragmentation of protonated peptides is
commonly initiated by the transfer of the ionizing proton followed
by heterolytic cleavage of the backbone bond [9].  Collision-induced
dissociation (CID) of protonated peptides typically results in cleav-
ages of the amide bonds and the formation of b- and y-ions [10].
These processes have been extensively studied using both experi-
mental and theoretical approaches.

In contrast, relatively little is known about the energetics and
mechanisms of fragmentation of deprotnated peptides. Bowie
and co-workers conducted high-energy CID studies for a variety
of deprotonated peptide sequences [14]. Losses of small neutral
molecules (e.g., NH3, H2O, CO2, NHCNH) often dominate dissoci-
ation of small di- and tripeptides [15] while larger ions undergo
facile amide and N–C� bond cleavages. Many fragmentation path-
ways are catalyzed by the charged groups. For example, Beauchamp
and co-workers demonstrated that the loss of the deprotonated C-
terminal amino acid resulting in formation of the y1 ion may  be
catalyzed by the deprotonated C-terminal carboxyl group [16]. Sim-
ilarly, acidic residues often promote backbone fragmentation of the
deprotonated peptides. For example, Brinkworth et al. [17] showed

that CID spectra of deprotonated peptides containing aspartic (D)
and glutamic acid (E) residues are dominated by selective cleavages
of N–C� bonds at the acidic residues, which could be used to iden-
tify the presence and position of D and E in the sequence. Similar

dx.doi.org/10.1016/j.ijms.2011.07.003
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
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elective fragmentation was  reported by Harrison [18] who demon-
trated that N–C� bond cleavages occur directly from [M−H]−

recursor ions when D is positioned at the C-terminus. However,
oss of H2O precedes N–C� bond fragmentation when D is located
nside the sequence.

Although selective N–C� bond cleavages at acidic residues result
n formation of c- and z-ions, CID spectra of deprotonated acidic
eptides are dominated by b- and y-ions produced through non-
elective amide bond cleavages [19,20].  In contrast, c-ions are often
ominant backbone fragments of basic peptides [21,22]. Cassady
nd co-workers compared post-source decay (PSD) of [M+H]+ and
M−H]− ions of several basic peptides. They observed y-ion forma-
ion in both positive and negative modes [21]. In addition, abundant
-ions and minor a-ions were observed in the negative mode. The
-ion formation was particularly pronounced for peptides lacking
cidic residues suggesting that the observed N–C� bond cleavage
ikely involves a mobile deprotonation site along the peptide back-
one or charge-remote fragmentation. More recently the same
roup examined fragmentation of polyalanine peptides contain-
ng one basic residue [22]. This study demonstrated that basic
esidues have little or no effect on the dissociation of deprotonated
eptides. Efficient hydrogen atom scrambling in CID of deproto-
ated peptides reported by Bache et al. [23] indicates that amide
ydrogens undergo facile migration prior to fragmentation of vibra-
ionally excited deprotonated peptides. It follows that migration
f amide hydrogens is likely responsible for the N–C� bond cleav-
ges observed in the negative mode CID of basic peptides. However,
he presence of acidic residues may  promote other low-energy dis-
ociation pathways suppressing the efficiency of c-ion formation
15].

In this study we examined the effect of the acidic and basic
esidues on the stability of deprotonated peptides using time- and
ollision-energy resolved surface-induced dissociation (SID) exper-
ments on a specially designed Fourier transform ion cyclotron
esonance mass spectrometer (FT-ICR MS)  [24]. We  used two acidic
nd two basic angiotensin analogs as model systems. The ener-
etics, dynamics and mechanisms of fragmentation of protonated
ngiotensin ions have been studied in great detail [25,26],  which
ake these ions ideal candidates for obtaining detailed under-

tanding of the effect of the charge and sequence on the stability of
aseous peptide ions. Time- and collision-energy resolved SID com-
ined with Rice–Ramsperger–Kassel–Marcus (RRKM) modeling of
he experimental data is a valuable tool for studying the energet-
cs and dynamics of the gas-phase fragmentation of peptide ions
nd non-covalent complexes [11,27,28].  Here we report the first
tudy focused of the energetics and dynamics of dissociation of
eprotonated peptides.

. Experimental

.1. Chemicals

Angiotensin II and III (DRVYIHPF and RVYIHPF) and 1-
odecanethiol were purchased from Sigma/Aldrich (St. Louis, MO).
HVYIHPF and HVYIHPF were synthesized according to literature
rocedures. Fmoc-protected amino acids and the Wang resin were
urchased from Advanced ChemTech (Louisville, KY). Samples
ere dissolved in a 70:30 (v/v) methanol:water solution contain-

ng 1% acetic acid to a final concentration of ca. 50 �M.  A syringe
ump (Cole Parmer, Vernon Hills, IL) was used for direct infusion of
he electrospray samples at flow rates ranging from 20 to 50 �L/h.
.2. SID target

The self-assembled monolayer surface of 1-dodecanethiol
HSAM) was prepared on a single gold {1 1 1} crystal (Monocrys-
ass Spectrometry 308 (2011) 275– 280

tals, Richmond Heights, OH) using a standard procedure. The target
was cleaned in a UV cleaner (Model 135500, Boekel Industries Inc.,
Feasterville, PA) for 10 min and allowed to stand in a solution of
1-dodecanethiol for 10 h. The target was removed from the SAM
solution and washed ultrasonically in ethanol for 10 min to elimi-
nate extra layers.

2.3. Surface-induced dissociation experiments

SID experiments were conducted on a specially fabricated 6 T
FTICR mass spectrometer described in detail elsewhere [24]. The
SID target is introduced through a vacuum interlock assembly
and positioned at the rear trapping plate of the ICR cell. Ions are
electrosprayed at atmospheric pressure and transferred into the
vacuum system via an electrodynamic ion funnel and a collisional
quadrupole. Mass selection is achieved using an Extrel quadrupole
(mass range up to 4000 amu) controlled by a 300 W,  880 kHz 150-
QC Extrel power supply (Extrel, Pittsburgh, PA). Mass-selected
ions are accumulated for 0.2–1 s in a collisional octopole held
at (2–5) × 10−3 Torr and transferred into the ICR cell. SID exper-
iments are performed by allowing ions collide with the surface
positioned at the rear trapping plate of the ICR cell. The colli-
sion energy is defined by the difference between the potential
applied to the accumulation quadrupole and the potential applied
to the rear trapping plate and the SID target. In the negative
mode, scattered ions are captured by decreasing the potentials
on the front and rear trapping plates of the ICR cell by 10–20 V.
Time-resolved mass spectra were acquired by varying the delay
between the gated trapping and the excitation/detection event (the
reaction delay) from 1 ms  to 1 s. Immediately following the frag-
mentation delay, ions are excited through a broadband chirp and
detected.

2.4. RRKM modeling

Time-dependent survival curves (SCs) were constructed from
experimental mass spectra by plotting the relative abundance of
the corresponding ion as a function of collision energy for each
delay time. SCs were modeled using an RRKM-based approach
described elsewhere [29,30].  First, the microcanonical rate coef-
ficient, k(E), was  calculated as a function of internal energy using
the microcanonical RRKM/QET expression. Next, the survival prob-
ability of the precursor ion as a function of the internal energy of the
ion and the experimental observation time was calculated from the
rate-energy k(E) dependency, taking into account radiative decay
of the excited ion population. The overall signal intensity at a given
collision energy was  obtained by integrating the survival proba-
bility over the internal energy distribution of vibrationally excited
ions. The internal energy deposition function was  determined by
fitting the experimental SCs of the singly protonated RVYIHPF, for
which the dissociation parameters are known from our previous
studies [25].

Vibrational frequencies of the peptide were adopted from our
previous study [25]. Vibrational frequencies for the transition state
were estimated by removing one C–N stretch (reaction coordinate)
from the parent ion frequencies, as well as scaling all frequencies in
the range of 500–1000 cm−1 to obtain the best fit with experimen-
tal data. The calculated SCs were compared to the experimental

data. The fitting parameters included critical energies and activa-
tion entropies for different dissociation channels of the precursor
ion. They were varied until the best fit to experimental SCs was
obtained.
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f  (a) DRVYIHPF at 48.5 eV; (b) DHVYIHPF at 53.5 eV; (c) RVYIHPF at 87.5 eV; (d)
VYIHPF at 98.5 eV for 1 s reaction delay.

. Results and discussion

.1. Fragmentation pathways

In this study we used acidic and basic angiotensin analogs
DRVYIHPF, DHVYIHPF, RVYIHPF and HVYIHPF) to examine the
nergetics and dynamics of dissociation of deprotonated peptides
n the gas-phase. Fig. 1 shows SID spectra of these species cor-
esponding to ca. 90% fragmentation of the precursor ion at 1 s

eaction delay; all SID fragments are listed in Table 1. Note that
e adopted the fragment nomenclature used by Harrison [31], in
hich backbone cleavages are indicated using standard symbols

able 1
ragment ions observed for [M−H]− precursor ions of acidic and basic angiotensin analog

DRVYIHPF 

Acidic peptides
Common fragments M-H2O, M-H2O–NH3 , M-2H2O–NH3,

M-NH3–H2O–CO2, y7, y6, y5 , y4, y2

Distinct fragment M-2NH3–H2O, M-H2O–NHCNH,
M-NH3–H2O–NHCNH, ′′x6, ′′H

RVYIHPF 

Basic peptides
Common fragments y5 , y4 , ′′c3 , ′′b3 , ′′c2 , y2 , ′′c2-H2O,

′′IH, y2-NH3 , y2-H2O, y1

Distinct fragments M-NH3 , M-NHCNH, ′′c3-NHCNH, ′′′c3-NHC
ass Spectrometry 308 (2011) 275– 280 277

(a, b, c, x, y, z) and primes refer to the number of lost or added
hydrogens. For example, in this nomenclature yn

− refers to the
negative y-ion two  mass units less than the positive yn

′′+ product
ion while ′′cn

− corresponds to a negative c-ion two  mass units less
than the positive cn

+ product ion. Dissociation of acidic peptides
is dominated by the loss of water molecule followed by sequen-
tial losses of H2O, NH3, CO2, and NHCNH [17]. Backbone fragments
are observed as minor products at high collision energies. SID of
both DRVYIHPF and DHVYIHPF results in formation of a complete
series of y-ions. In addition, N-terminal backbone fragmentation is
observed for DHVYIHPF following H2O and NH3 losses.

Fragmentation of deprotonated RVYIHPF (Fig. 1c) is initiated
by the loss of NHCNH from the arginine side chain [17]. Colli-
sion energy resolved data shown in Fig. 2a indicate that primary
low-energy dissociation channels for this precursor ion correspond
to losses of NHCNH and NH3 while higher appearance energies
are associated with the formation of backbone fragments. In con-
trast, backbone fragments are primary dissociation products of the
deprotonated HVYIHPF (Figs. 1d and 2b). SID of basic peptides pro-
duces a number of abundant c- and y-type backbone fragments. In
addition, an even-electron ′′′z1 ion and several b- and a-ions were
observed for HVYIHPF. These observations are consistent with the
previous study by Cassady and co-workers who examined frag-
mentation of deprotonated polyalanine peptides containing basic
residues [22].

3.2. Relative stabilities of [M−H]− and [M+H]+ ions

Relative stabilities of the four peptides towards fragmen-
tation are compared in Fig. 3. The presence of an acidic
residue in the sequence has a strong destabilizing effect on
peptide anions resulting in more than 30 eV shift in the
position of SCs between acidic and basic peptides. The rel-
ative stability towards fragmentation increases in the order
DRVYIHPF < DHVYIHPF < <RVYIHPF < HVYIHPF. Fig. 4 compares the
experimentally measured collision energies required to observe
50% fragmentation of the precursor ion (E50%) for [M+H]+ and
[M−H]− ions of the four angiotensin analogs examined in this study
for reaction delay times of 1 ms  and 1 s. The value of E50% is deter-
mined by the amount of the internal energy required to observe
fragmentation (the kinetic shift), the reaction delay and the effi-
ciency of the kinetic-to-internal (T–V) transfer in collisions. Because
the differences in the E50% values are attributed to the differences in
the kinetic shifts [32]. The kinetic shift is strongly dependent on the
threshold energy for dissociation (E0) and the activation entropy

s. Major fragments are highlighted in bold.

DHVYIHPF

M-3H2O–NH3,
′′b6–H2O–NH3,
′′a6-2H2O–NH3,
′′a5-2H2O–NH3,
′′b4–H2O, ′′IH, y1

HVYIHPF

NH ′′b5, ′′b5–CO2, ′′HP, ′′a2-H2O,
C7H6N3O2 (His), C7H11N2O2

(Ile), ′′c1 , ′′′z1
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�S‡). Large kinetic shifts are associated with high reaction bar-
iers and low activation entropies characteristic of tight transition

tates. For large molecules, the kinetic shift increases with decrease
n reaction delay because even if the molecule is excited above the
issociation threshold it may  not have enough time to fragment on

 time scale of the experiment.

able 2
issociation parameters for the total decomposition of deprotonated peptides examined 

RVYIHPF HVYIHPF 

[M+H]+ [M−H]− [M+H]+ [M

E0, eV 1.62 1.60 1.53 1.7
�S‡ , eua −3.9 −5.6 0.8 −5
A,  s−1 4 × 1012 2 × 1012 4 × 1013 2 ×
E (k = 1 s−1), eVb 8.1 7.3 6.1 8.2

he estimated uncertainties are ±7% for threshold energies and ±3 eu for activation entro
a eu = entropy units = cal/(mol K); activation entropies and pre-exponential factors at 4
b The internal energy of the ion necessary to obtain to the microcanonical rate constan
Colli sion E nergy, e V

e deprotonated (a) RVYIHPF; (b) HVYIHPF at a reaction delay of 1 s.

Comparison of protonated and deprotonated angiotensin
analogs shows that although, as expected, higher E50% values are
observed at short delay times, the general trend in the relative
stability of all species towards fragmentation is independent of
the reaction time. Specifically, deprotonated DRVYIHPF, DHVY-
IHPF and RVYIHPF are less stable towards fragmentation than the
corresponding protonated species, whereas the [M−H]− ion of
HVYIHPF is the most stable species at all reaction delays. Inter-
estingly, this is the only ion, for which fragmentation is dominated
by backbone cleavages while other species undergo facile losses
of small neutral molecules. Previous studies showed that addi-
tion of an acidic residue to a peptide sequence facilitates selective
charge-remote fragmentation of protonated arginine-containing
peptides that shifts the observed fragmentation towards lower
collision energies [33,34]. Here we show that the presence of an
acidic residue in the sequence has a substantially more pronounced
destabilizing effect in the negative mode, which is reflected in
very low values of E50% obtained for deprotonated DRVYIHPF and
DHVYIHPF. Finally we note that arginine-containing peptide anions
(RVYIHPF and DRVYIHPF) are slightly less stable towards fragmen-
tation than the corresponding species in which arginine is replaced
with histidine (HVYIHPF and DHVYIHPF). In contrast, arginine has
a strong stabilizing effect on singly protonated peptides. This effect
is attributed to the high basicity of the arginine side chain that
sequesters the ionizing proton [6,9]; this hinders proton-driven dis-
sociation and often opens up alternative fragmentation pathways
[35,36].
The stability of different ions towards fragmentation was further
quantified using the RRKM-based modeling of SCs outlined earlier.
Fig. 5 shows an example of the RRKM modeling for deprotonated

in this study.

DRVYIHPF DHVYIHPF

−H]− [M+H]+ [M−H]− [M+H]+ [M−H]−

4 1.13 0.90 1.45 0.97
.5 −21.6 −24.5 −2.5 −23.7

 1012 5 × 108 1 × 108 7 × 1012 2 × 108

 5.5 3.6 6.2 3.8

pies.
50 K.
t of 1 s−1.
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VYIHPF, while the dissociation parameters for both [M+H]+ and
M−H]− ions of all four peptides are summarized in Table 2. Sim-
lar threshold energies and activation entropies were obtained for
M+H]+ and [M−H]− ions of RVYIHPF indicating that charge has no
ignificant effect on the energetics and dynamics of dissociation of
hese species. It is interesting to note that fragmentation of both
recursor ions is initiated by the loss of small neutral molecules:
H3 and NHCNH for the [M−H]− ion and NH3 for the [M+H]+ ion
25,26]. Fig. 6 shows time- and collision energy resolved fragmen-
ation efficiency curves (TFECs) obtained for these small neutral
osses from [M+H]+ and [M−H]− ions of RVYIHPF. Interestingly,
nly a small difference in TFECs is observed for the loss of NH3 from
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and c) loss of NHCNH from [M−H]− ion of RVYIHPF. The results are shown for delay
times of 1 ms  (diamonds), 10 ms  (open triangles), 50 ms  (squares), and 1 s (open
circles).

the [M+H]+ and [M−H]− ions. Similar energetics and kinetics of the
NH3 loss from the protonated and deprotonated RVYIHPF (Fig. 6a
and b) indicate that loss of ammonia from this peptide most likely
proceeds through a charge-remote pathway.

Loss of NHCNH (42 Da) from deprotonated RVYIHPF efficiently
competes with the NH3 loss (Fig. 6c). This fragmentation channel
is commonly observed in MS/MS  spectra of deprotonated peptides
and peptides cationized on metals. Summerfield et al. suggested
that this loss is produced through charge-remote fragmentation of
the neutral arginine side chain [37]. Because of efficient protonation
of the arginine side chain in [M+H]+ ions this fragmentation path-
way is not observed for protonated arginine-containing peptides
such as RVYIHPF examined in this study. From the above discussion
it follows that charge-remote dissociation pathways determine the
relative stability of both positive and negative ions of RVYIHPF
towards fragmentation.

Substitution of R with H blocks these charge-remote reaction
channels and facilitates backbone fragmentation. This transition in
the fragmentation behavior is associated with a ca. 0.14 eV increase
in the dissociation threshold for the deprotonated molecule but
has little effect on the activation entropy. Our results indicate that
backbone fragmentation of the deprotonated molecules examined
in this study is characterized by higher threshold energies than

common side chain losses. Slightly smaller increase in the disso-
ciation threshold of 0.07 eV is observed for DHVYIHPF as compared
to DRVYIHPF. In contrast with the basic peptides, dissociation of
[M−H]− ions of both DRVYIHPF and DHVYIHPF is characterized by a
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arge negative entropy effect indicating a very tight transition state
or fragmentation. Entropy effects observed for deprotonated acidic
eptides are comparable to activation entropies reported previ-
usly for selective fragmentation of protonated peptides [25,34]
see data for [M+H]+ of DRVYIHPF in Table 2). It follows that similar
o the protonated DRVYIHPF that undergoes selective fragmenta-
ion, loss of neutral molecules from deprotonated acidic peptides
s associated with substantial rearrangement. Interestingly, much
igher activation entropy was obtained for dissociation of the pro-
onated DHVYIHPF. Low-energy fragmentation channels observed
or this ion (data not shown) include loss of H2O, the formation
f the y7 ion through selective cleavage at the aspartic acid, and
he formation of the b6 ion. The first two channels are kineti-
ally hindered while the formation of the b6 ion is a kinetically
avored process. The presence of the fast primary dissociation
athway contributes to the observed increase in the activation
ntropy for protonated DHVYIHPF as compared to its deprotonated
nalog.

. Conclusions

We presented a first quantitative experimental study of energy
nd entropy effects in gas-phase fragmentation of deprotonated
ngiotensin analogs as model systems for peptides containing
cidic and basic residues. Collision-energy resolved SID experi-
ents demonstrated that anions of acidic peptides undergo facile

ragmentation at relatively low collision energies. The stability of
he deprotonated peptides examined in this study inferred from
he experimental values of E50% increases in the order DRVY-
HPF < DHVYIHPF � RVYIHPF < HVYIHPF, which is quite different
rom the experimentally measured stability ladder observed in
he positive mode: HVYIHPF < DHVYIHPF < DRVYIHPF < RVYIHPF.
RKM modeling of time- and collision-energy resolved survival
urves provided quantitative information on the origin of the
bserved stability of deprotonated peptides. Specifically, we  found
hat loss of H2O, a dominant dissociation channel for acidic pep-
ides, is characterized by low threshold energy and very tight
ransition state. The activation entropy for this pathway is compa-
able to the values obtained for selective cleavages in protonated
ystems while the energy barrier is significantly lower. As a result,
eprotonated DRVYIHPF is much less stable towards fragmenta-
ion than its protonated analog. Substitution of R with a less basic H
esidue enhances non-selective fragmentation of the acidic peptide
n the positive mode. Consistent with previous studies, entropically
avorable non-selective fragmentation of DHVYIHPF is character-
zed by relatively high threshold energy.

In contrast with acidic peptides, decomposition of the positive
nd negative precursor ions of the most basic RVYIHPF peptide
s characterized by similar energy and entropy effects. For this
equence, dissociation in both modes is initiated by small molecule
osses. Interestingly, the charge state of the ion has only a minor
ffect on the kinetics of NH3 loss indicating that this is most likely

 charge-remote pathway. In contrast, charge state has a signifi-
ant effect on the stability of HVYIHPF that lacks the basic arginine
esidue. For this system, protonation and deprotonation have oppo-
ite effects on the threshold energy for fragmentation and on the
xperimental value of E50%. Specifically, based on the experimen-

al values of E50%, the deprotonated HVYIHPF that predominantly
ndergoes backbone cleavages is the most stable species exam-

ned in this study, while the protonated HVYIHPF is the least stable
pecies. Our findings are important for developing a fundamen-

[

[

ass Spectrometry 308 (2011) 275– 280

tal understanding of the factors that determine the quality of the
structural information obtained from MS/MS  experiments.
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