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Ion/ion charge inversion via multiple proton transfer reactions occurs via a long-lived
intermediate. The intermediate can be observed if its lifetime is long relative to mechanisms for
removal of excess energy (i.e., emission and collisional stabilization). The likelihood for
formation of a stabilized intermediate is a function of characteristics of the reagent and analyte
ions. This work is focused on the role acidic and basic sites of a deprotonated peptide play in
the formation of a stabilized intermediate upon charge inversion with multiply protonated
polypropyleniminediaminobutane dendrimers. A group of model peptides based on leucine
enkephalin was used, which included YGGFL, YGGFLF, YGGFLK, YGGFLR and YGGFLH as
well as methyl esterified and acetylated versions. Results showed that peptides containing
basic amino acid residues charge inverted primarily by proton transfer from the DAB
dendrimer to the peptide, whereas peptides without basic amino acids charge inverted
primarily by complex formation with the DAB dendrimer. The modified versions of the
peptides highlighted the importance of the presence of the C-terminus as well as the basicity
of the peptide in the observation of a stabilized intermediate. These results provide new
insights into the nature of the interactions that occur in the charge inversion of polypeptide
anions via ion/ion reactions. (J Am Soc Mass Spectrom 2009, 20, 180–187) © 2009 Published
by Elsevier Inc. on behalf of American Society for Mass Spectrometry

Tandem mass spectrometry is commonly used to
derive sequence information from protein and
peptide ions. The quality and extent of the se-

quence information obtained using a tandem mass
spectrometry experiment are dependent upon the na-
ture of the ion (e.g., even-electron versus odd-electron,
polarity and magnitude of charge, etc.) and the condi-
tions used to induce dissociation. In general, the nature
of the ion is defined by the ionization method. How-
ever, gas-phase ion/ion reactions provide a means for
transforming one ion type into another and thereby
allow for a decoupling of the ion type formed initially
by the ionization method and the nature of the ion
subjected to ion activation. One such ion transformation
is charge inversion, whereby ions initially formed in
one polarity are converted to ions of the opposite
polarity [1–3]. Unlike highly endothermic charge inver-
sion reactions involving electronic transitions that can be
induced via high-energy collisions [4–7], ion/ion charge
inversion is a highly exothermic process that occurs via
multiple ion transfers in a single collision. Efficiencies
about 10% can therefore be obtained with the ion/ion
reaction approach without the need for high acceler-
ating voltages, provided the chemistry for multiple

ion transfers is favorable [1, 2]. Furthermore, the
electronic transitions associated with the high-energy
collision approach are vertical and often lead to the
population of excited states and subsequent fragmen-
tation of the analyte ions. No analyte ion fragmenta-
tion has yet been observed with ion/ion charge
inversion. Ion/ion charge inversion is one of a larger
class of approaches for manipulating the charge
states of macro-ions. Methods for altering charge
states of ions formed via electrospray ionization (ESI)
[8] include the manipulation of solution conditions [9],
and the use of either ion/molecule [10–13] or ion/ion
chemistry [14–19] to reduce ion charge in the gas-phase.
Ion/ion reactions have proven to be particularly effec-
tive in manipulating charge states due to their high
exothermicities and large reaction cross-sections [20].
Charge state reduction, either before sampling ions into
a mass spectrometer or within an ion trap, has been
demonstrated to be useful in a number of applications
such as the simplification of ESI mass spectra of mix-
tures [18–21]. Ion/ion charge state reduction in ion
traps has also been demonstrated to simplify product
ion spectra derived frommultiply charged ions [5–7, 22,
23] and to concentrate ions into a single charge state
[24]. Singly charged reagent ions are well-suited to
reducing analyte ion charge states within a single
polarity manifold but are not well-suited for charge
inversion because the analyte must go through the
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neutral state. Due to the limited time that a neutral
species remains in the reaction volume, the relatively
low ion and analyte neutral densities, and the lower
cross-sections associated with ion/molecule reactions,
the likelihood is very low that a neutralized analyte will
be subsequently ionized by the reagent ions. Charge
inversion is much more likely to occur if two or more
charge-transfer reactions occur in a single ion/ion en-
counter. Multiple charge transfers are most likely to
occur via the formation of a relatively long-lived com-
plex; as depicted for the charge inversion of a singly
deprotonated analyte, M, to form a singly protonated
analyte via reaction with a multiply protonated re-
agent, X:

(M�H)� � (X�mH)m�

¡ [(M�X� (m� 1)H)](m�1)��

¡ (M�H)n� � (X� (m�n� 1)H)(m�n�1)� (1)

Previous work with deprotonated bradykinin and
anions of model peptides of sequence GAILXGAILR
and KGAILXGAILR, where X � the amino acids
D/K/P, have shown that the nature and charge state of
the reagent can play a major role in the extent to which
the intermediate species breaks up into multiple proton
transfer products versus the extent to which the stabilized
intermediate, [(M�X� (n� 1)H)](n�1)�, is observed [25].
For example, when multiply protonated insulin was used
as the charge inversion reagent, significant adduct for-
mation was observed (i.e., the stabilized intermediate
was formed). Multiply protonated polypropylenimine-
diaminobutane dendrimers, on the other hand, showed
no propensity for adduct formation with bradykinin or
any of the other model peptides. All of the model
peptides, however, contained at least one basic amino
acid residue. In this work, we examine the role of
peptide composition in the competition between charge
inversion via adduct formation versus proton transfer
for cases in which a basic amino acid is not present in
the peptide using dendrimers as the charge inversion
reagents.

Experimental

Materials

Methanol, ammonium hydroxide, and glacial acetic
acid were purchased from Mallinckrodt (Phillipsburg,
NJ). The peptides YGGFL, YGGFLK, YGGFLR, and the
polypropylenimine-diaminobutane (DAB) dendrimers
were purchased from Sigma Aldrich (St. Louis, MO).
Custom peptides YGGFLF, YGGFLH, YGGHFL, and
YGGKFL were purchased from CPC Scientific (San Jose,
CA). Procedures for peptide modifications (acetylation
and methyl esterification) are included in the Supple-
mentary Information section, which can be found in the
electronic version of this article. Primary amine func-
tionalized DAB generations 4 and 5 were each electro-

sprayed from an aqueous �2% acetic acid solution that
had a dendrimer concentration between �1% and 2%
by weight (see Supplementary Figure 1). Negatively
charged peptide ions were formed by nanospray from
a 50/50 (vol/vol) water/methanol solution that con-
tained 2% to 5% ammonium hydroxide and had a
peptide concentration of 10–20 �M.

Apparatus

All experiments were performed using a modified
version of a 4000 QTRAP (Applied Biosystems/MDS
SCIEX, Concord, ON, Canada) that had been modified
for mutual storage ion/ion reactions. The instrument is
composed of four quadrupole arrays arranged in series,
which are referred to as Q0–Q3. The 4000 QTRAP was
modified to allow for mutual storage ion/ion reactions
in the first quadrupole Q0, the third quadrupole (colli-
sion cell) Q2, and/or the fourth quadrupole (mass
analyzer) Q3 by allowing for the application of auxiliary
RF to the end lenses of Q2 and Q3 and to the end lens
of Q0. Additionally, all three quadrupoles (Q0, Q2, and
Q3) were equipped to allow for the application of an
auxiliary RF voltage in dipolar fashion to one of the
pairs of opposing rods in each of the arrays. Finally, a
homebuilt system allowed independent triggering of
up to three nanospray sources for the introduction of
positive and negative ions into the mass spectrometer
[26]. All experiments were controlled by a research
version of MS Expo software version 3.7 provided by
MDS SCIEX.
For ion/ion reaction experiments, the positive high-

voltage power supply for the nanospray source of DAB
dendrimer ions was pulsed on while the second quad-
rupole (Q1), operated in mass resolving mode, was
used to isolate and transmit the DAB charge state of
interest into the third quadrupole (Q2) where the ions
were trapped and cooled. The DAB dendrimer ions
were cooled in Q2 at a pressure of 6 to 8 mTorr of
nitrogen, for 50 ms, during which time the high voltage
on the first emitter was turned off. After the cooling
step, the power supply connected to the second nano-
ESI emitter, which was operated in the negative polar-
ity, was triggered on to generate negative peptide ions,
which were isolated by Q1 in mass resolving mode
while being transmitted into the Q2 collision cell. The
dc potentials applied to the ion path before Q2 were
adjusted to allow ions of the opposite polarity to enter
Q2. The positive DAB dendrimer ions and the negative
peptide ions were stored together in Q2 for 500 ms. The
frequency of the auxiliary rf signal applied to the end
lenses was optimized for the ion/ion reaction experi-
ments to be 500 kHz applied at a fixed voltage of 350
mVp-p. After the mutual storage time, any remaining
analyte anions were removed by applying an attractive
dc potential on the Q2 containment lenses while the
auxiliary rf signals were terminated, and trapping dc
potentials were applied to trap the residual DAB cations
and charge inverted peptide ions inside the Q2 cell. In
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the final step, the product ions from the ion/ion charge
inversion reaction were transferred into Q3 (4.6 � 10�5

Torr) for mass analysis. The ions in Q3 were subjected
to mass-selective axial ejection [27, 28] using a supple-
mentary rf signal at a frequency of 310 kHz to eject the
ions from the Q3 cell. The spectra shown are typically
the averages of 20 individual scans.

Results and Discussion

An ion/ion charge inversion experiment using a DAB
dendrimer cation as the reagent is illustrated by the
spectra of Figure 1. Specifically, the spectra illustrate
the reaction of deprotonated YGGFLR with the 7�
ion of the generation 4 DAB dendrimer ([DAB4 �
7H]7�). The product ion spectrum (panel c) shows
protonated YGGFLR, residual [DAB4 � 7H]7� reactant
cations, and various charge-reduced reactant cations,
the most abundant of which is the [DAB4 � 5H]5� ion.
This product is expected to be largely produced via a
single ion/ion encounter that results in the transfer of
two protons from the reactant cation to deprotonated
YGGFLR. The transfer of two protons in a single
ion/ion encounter is expected to proceed via a rela-
tively long-lived intermediate but no evidence for a
stabilized complex is apparent in Figure 1. This obser-
vation is consistent with all previous studies involving
reactions of DAB dendrimer cations with polypeptide
anions. However, the formation of adduct ions upon
charge inversion has been noted with reagents, such as
multiply protonated polypeptides, that interact strongly
with the analyte in the long-lived intermediate.
The peptide YGGFLR contains one basic amino acid,

arginine, and all other polypeptide ions demonstrated
to undergo ion/ion charge inversion have also con-
tained at least one basic amino acid (i.e., lysine, argi-
nine, or histidine), in addition to the N-terminus. How-
ever, small polypeptide ions that lack a basic amino

acid residue have been noted to show a significantly
greater tendency to form adduct ions with DAB den-
drimer charge inversion reagents, as illustrated in the
data of Figure 2. Figure 2a shows the product ion
spectrum from the reaction of deprotonated YGGFLF
with [DAB5 � 9H]9�while Figure 2b shows the product
ion spectrum for the reaction of deprotonated YGGFLH
with the same reagent cation. The predominant product
ion from a single ion/ion reaction encounter involving
deprotonated YGGFLF is a complex of YGGFLF with
the DAB dendrimer to form the primary reaction prod-
uct [DAB5 � YGGFLF]8�. Ion/ion reaction products
produced via multiple reactive collisions (i.e., from
subsequent ion/ion reactions) are also noted including
a product with four YGGFLF ions complexed with one
DAB dendrimer ion to give [DAB5 � 4YGGFLF]5�. The
spectrum also contains a small signal for protonated
YGGFLF as well as a small signal from the transfer of a
single proton, which neutralizes the peptide and leads
to [DAB5 � 8H]8�. Single proton transfer in this case
can occur via the formation of a long-lived complex
with loss of a neutral peptide or via a “hopping”
mechanism [29]. Small signals from products that may
arise from subsequent reactions involving the [DAB5 �
8H]8� product, such as the [DAB5 � YGGFLF]7� ion,
also appear in Figure 2a. The reaction of deprotonated
YGGFLH, on the other hand, shows both charge inver-
sion by double proton transfer to yield protonated
YGGFLH as well as adduct formation. However, ad-
duct formation is the minor process with this peptide.
The comparison of Figure 2a and 2b strongly sug-

gests that the composition of a peptide ion can play a
significant role in the tendency for charge inversion via
adduct formation or via multiple proton transfer. To
examine factors underlying this observation, several
singly deprotonated peptides with and without basic
residues were subjected to ion/ion reactions with mul-
tiply protonated DAB dendrimer ions derived from
generations 4 and 5, specifically [DAB4 � 7H]7� and
[DAB5 � 9H]9�. The peptides studied were YGGFL,
YGGFLF, YGGFLK, YGGFLR, YGGFLH, YGGHFL, and
YGGKFL. Anions derived from the latter two pep-
tides were examined to determine if the location of
the basic residue is a factor in determining the extent
of adduct formation upon charge inversion with the
DAB cations. Comparisons of the behaviors of dep-
rotonated YGGFLH and YGGHFL and deprotonated
YGGKFL and YGGFLK indicated that the location of
the basic residue is not an important factor in the
reactivities of these model peptides (i.e., the isomeric
peptide ions showed essentially identical charge in-
version behavior [data not shown]).
Figure 3 summarizes the charge inversion results of

five of the model peptides tested and gives the percent-
age charge inversion by proton transfer (open columns)
and percentage complex formation (filled columns) of
all the peptides. Percent charge inversion by proton
transfer was calculated by dividing the abundance of
the charge inverted peptide by the sum of the abun-

Figure 1. Summary of a negative to positive ion/ion reaction
charge inversion experiment. (a) Isolated singly deprotonated
YGGFLR; (b) Isolated [DAB4 � 7H]7� reagent; (c) Positive product
ion spectrum from the reaction of singly deprotonated YGGFLR
with [DAB4 � 7H]7�.
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dances of the charge inverted peptide and all the
complexes formed between the peptide and dendrimer.
Additionally, percent charge inversion by complex for-
mation was calculated by dividing the total abundance
of the dendrimer/peptide complexes by the sum of the
abundances of the charge inverted peptide and all the
dendrimer/peptide complexes. The peptides with no
basic amino acid show almost exclusive adduct forma-
tion for both reagent ions. Note that collision-induced
dissociation of the adduct species in all cases showed
dissociation to the protonated peptide and the comple-
mentary DAB ion, which supports the conclusion that
the adduct species is a stabilized intermediate in the

proton transfer process. The peptides with a lysine or
arginine residue react predominantly via double proton
transfer (i.e., very little adduct formation is observed).
Deprotonated YGGFLH is the only analyte that gives
substantial percentages of charge inversion by both
proton transfer and complex formation. When reacted
with the [DAB5 � 9H]9� ion, for example, YGGFLHwas
charge inverted by �52% proton transfer and �48%
complex formation (see Figure 3b), showing somewhat
less charge inversion by proton transfer than with the
[DAB4 � 7H]7� ion (see Figure 3a). The overall trend is
consistent with the proton affinities of the side chains in
the peptides. Those of YGGFL and YGGFLF are much
less basic than histidine, lysine, or arginine. For exam-
ple, at 220.9 kcal/mol, tyrosine has the highest proton
affinity of all of the amino acids in YGGFL and YGGFLF
whereas the proton affinities of histidine, lysine, and
arginine are 231.5 kcal/mol, 235.6 kcal/mol, and 244.8
kcal/mol, respectively [30]. There is some variation in
reported amino acid proton affinities but the order
indicated by these numbers is consistent with most
listings [31]. The difference in the partitioning of the
products for deprotonated YGGFLH using [DAB5 �
9H]9� versus [DAB4 � 7H]7� as reagents is consistent
with a greater degree of electrostatic repulsion in the
intermediate comprised of [DAB4 � 7H]7� (m/z � 503)
(i.e., [DAB4 � YGGFLH � 6H]6�) than that comprised
of [DAB5 � 9H]9� (m/z � 797) (i.e., [DAB5 � YGGFLH �
8H]8�). Although the absolute charge is greater in the
latter case, the smaller volume of the DAB4 species is
expected to more than compensate for the lower charge.
Charge inversion via multiple proton transfer is
favored at higher electrostatic fields because repul-
sion is minimized by the separation of products of
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Figure 2. (a) Positive product ion spectrum from the reaction of singly deprotonated YGGFLF with
[DAB5 � 9H]9�; (b) Positive product ion spectrum from the reaction of singly deprotonated YGGFLH
with [DAB5 � 9H]9�.

Figure 3. (a) Percent charge inversion of five model peptides by
proton transfer or by complex formation with DAB generation 4
dendrimer�7. (b) Percent charge inversion of five model peptides
by proton transfer or by complex formation with DAB generation
5 dendrimer �9.
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like charge. Hence, the lesser degree of adduct for-
mation with the [DAB4 � 7H]7� reagent is consistent
with this picture.

Modified Model Peptide Studies: Methyl
Esterification and Acetylation

To investigate the nature of the interactions within the
intermediate, the peptides YGGFL, YGGFLF, YGGFLK,
YGGFLR, and YGGFLH were modified by C-terminal
methyl esterification or by N-terminal acetylation, or
both. In all cases, the [DAB4 � 7H]7� reagent was used
to assess charge inversion reactivity. The methyl ester-
ification of the C-terminus was performed to determine
the possible role of the carboxylate group in determin-
ing the kinetic stability of the intermediate complex (i.e.,
its role in determining the likelihood for adduct forma-
tion). Methyl esterification of YGGFLF, for example,
resulted in charge inversion of the deprotonated pep-
tides predominantly by proton transfer (86%) instead of
by complex formation (14%), in contrast with the un-
modified species, which reacted essentially 100% by
complex formation. Methyl esterification had no effect
on charge inversion of either YGGFLK or YGGFLR in
that double proton transfer was the dominant channel
for both modified and unmodified forms. Methyl ester-
ification of the YGGFLH anion resulted in essentially all
charge inversion proceeding via double proton transfer
(i.e., the complex formation channel also noted for the
unmodified anion was essentially absent in the methyl
esterified species).
Themethyl esterification results clearly suggest that the

C-terminal carboxylate group plays a role in the observa-
tion of adducts ions in the charge inversion of deproto-
nated YGGFL and YGGFLF. Two likely sites of interaction
between the protonated amine group of the dendrimer
and the peptide are the C-terminus of the peptide and the
basic site(s) of the peptide, such as the N-terminus. Den-
sity functional theory (DFT) calculations were performed
using Gaussian 03 [32] to determine the relative strengths
of the interactions of protonated methylamine, which
serves as a model for the protonated amine group of the
dendrimer, with the carboxylate group and with the NH2
terminus of the model peptide glycine. The interaction
between protonated methylamine and the N-terminus of
the peptide gives rise to a proton bound dimer, as shown
in the top structure of Figure 4, whereas the interaction
between the COO� group on the peptide’s C-terminus
and the dendrimer allows for the formation of a hydrogen
bonded six-membered ring structure, as indicated in the
bottom structure of Figure 4. Density functional theory
optimization calculations at the ub3lyp/6-31g(�), d, p
level show that the hydrogen bonded six membered ring
formed between the C-terminus of the peptide and the
protonated amine terminal group of the dendrimer is �6
kcal/mol more stable than the proton bound dimer be-
tween the dendrimer and peptide’s N-terminus. This
result is consistent with the experimental data, which

suggests that the C-terminal carboxylate of the peptide is
important for stable complex formation between the pep-
tide and dendrimer.
Modification of primary amine groups of the peptides

YGGFLF and YGGFLR gave rise to no observable change
in the charge inversion reactivity, whereas differences
were noted formodified YGGFLK andYGGFLH.A single
acetylation of YGGFLK is likely to lead to a mixture of
structures with acetylation at either the N-terminus or
the �-amine of lysine. The anion of singly acetylated
YGGFLK showed 84% proton transfer and 16% com-
plex formation, which contrasts with the 100% proton
transfer noted for the unmodified peptide. When both
the N-terminus and the �-amine of the lysine side chain
were acetylated in this peptide, which converted both of
the basic sites of the peptide to less basic amides, the
deprotonated species reacted 100% by complex forma-
tion. Acetylation of the YGGFLH anion altered the
partitioning of products from 82% proton transfer in the
unmodified form to 31% proton transfer in the modified
form. The N-terminal acetylated YGGFLF anion charge
inverted 100% by complex formation just as the unmod-
ified form of the peptide did. The N-terminal acetylated
YGGFLR anion charge inverted 100% by proton trans-
fer, in direct analogy to its unmodified counterpart.
Methyl esterification of the peptides highlighted the

importance of the C-terminus in adduct ion formation,
presumably due to its relatively strong interaction with
the dendrimer amine groups, and primary amine acet-
ylation of YGGFLK confirmed the importance of having
a relatively strong basic site for double proton transfer.
The two modifications tend to work at cross purposes
(see below). Peptides YGGFL, YGGFLK, and YGGFLH
were subjected to both primary amine acetylation and
C-terminal methyl esterification to determine the effect

(a)

(b)

Figure 4. (a) Model interaction of dendrimer NH3
� terminal

group with the peptide N-terminus from DFT calculations.
(b) Model interaction of the dendrimer NH3

� terminal group
with the C-terminal carboxylate of a peptide.
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of both removing the C-terminus and reducing the
peptide basicity. The doubly modified YGGFL anion
charge inverted 100% by complex formation, in analogy
with the unmodified YGGFL anion.
Triply modified YGGFLK (in which both the N-

terminus and the lysine side-chain amine were acety-
lated and the C-terminus was methyl esterified) charge
inverted by 100% complex formation, unlike the un-
modified version of the anion, which reacted 100% by
double proton transfer, but like the doubly acetylated
version of the anion. As with the doubly modified
YGGFL anion, methyl esterification may reduce the
thermodynamic stability of the complex but the reduc-
tion of the basicity of the peptide by acetylation appar-
ently increases the kinetic stability of the complex to the
extent that it more than compensates for the reduction in
thermodynamic stability. Doubly modified YGGFLH,
whose side chain cannot be acetylated, charge inverted
mainly by proton transfer (75%). This result is consistent
with the behavior of the other forms of YGGFLH in that
methyl esterification alone increases proton transfer, acet-
ylation alone reduces proton transfer, and both modifica-
tions present simultaneously leads to an intermediate
degree of proton transfer.
The results reported here all appear to be consistent

with the relative contribution of adduct formation to the
ion/ion charge inversion production spectrum being
related to the lifetime of the long-lived intermediate and
that the chemical composition of the peptide can play a
significant role in determining the lifetime. The various
observations can be put into context by reference to the
generalized energy diagram of Figure 5, which shows
potential energy as reactants proceed through the inter-
mediate and on to products from left to right for the
case of a singly deprotonated molecule, M, in reaction
with a multiply protonated DAB dendrimer, (DAB �
nH)n�. Specifically, the diagram represents the case for
the net conversion of (M – H)� to (M � H)� and with
the reagent ion retaining a positive charge such that the
exit channel shows a so-called Coulomb barrier. This
case applies to the experiments described herein. The
likelihood that the long-lived intermediate separates to

products or is stabilized by emission or collisions is
dependent upon a number of factors, which include the
overall heat of reaction, �Hrxn, the number of degrees of
freedom of the reactants, reaction conditions (such as
pressure and reactant relative velocity), reactant charge
states and sizes, etc. In the cases described here, for a
given reagent cation, the reaction conditions, contribu-
tion to the energy surface due to charges of the ions,
and numbers of degrees of freedom are very similar for
each of the model peptide experiments. The major
difference between the various model peptides is likely
to be the magnitude of the dissociation barrier. In this
work, the magnitude of this barrier could be affected by
methyl esterifying the C-terminus, which mostly affects
the position of the minimum of the potential well of the
intermediate by eliminating the possibility for the rela-
tively strong interaction between the carboxylate of the
peptide and a protonated amine of the dendrimer, and
varying the proton affinity of the analyte ion, the major
effect of which is to alter the position of the height of
barrier to products. All else being equal, increasing the
proton affinity has the effect of reducing the barrier
height. The dissociation barrier is the difference be-
tween the barrier height and the minimum of the
potential well.
All of the unmodified model peptides can form the

relatively strong interaction between the C-terminal car-
boxylate group and the protonated amine of the den-
drimer. However, YGGFLH, YGGFLK, and YGGFLR are
significantly more basic than either YGGFL or YGGFLF
because the former have two basic sites (i.e., the side-
chain of the basic residue and the N-terminus) whereas
the N-terminus is the only basic site in the latter two
peptides. Hence, the barrier height for the nonbasic
peptides is likely to be higher than for the basic pep-
tides. Hence, the peptides with a lower basicity tend to
show more adduct formation. Methyl esterification re-
duces the dissociation barrier for all peptides by in-
creasing the minimum of the well-depth and, as a
result, all methyl esterified anions that are not acety-
lated show little adduct formation. Acetylation of a
primary amine significantly reduces the basicity of the
modified site. This modification affected the charge
inversion behaviors of the anions of YGGFLH and
singly-acetylated YGGFLK modestly, and that of the
doubly-acetylated anion of YGGFLK dramatically. In
the former cases, acetylation impacted only one of the
basic sites whereas in the latter case both basic sites
were modified. As a result, in the case of the YGGFLK
anion, the doubly-acetylated form of the peptide anion
reacted predominantly via adduct formation. The reac-
tivity of the anion of the nonbasic peptide YGGFLF was
unchanged upon modification because it reacted by
adduct formation even before modification. Reducing
the basicity of the N-terminus would be expected to
stabilize the complex even further. The basicity of
YGGFLR was apparently insufficiently reduced by acet-
ylation of the N-terminus to result in any adduct
formation but an increase in adduct formation was

Figure 5. Generalized energy diagram for the reaction of a
deprotonated peptide, (M�H)�, with a multiply protonated DAB
dendrimer reagent ion to yield the protonated peptide, (M � H)�.

185J Am Soc Mass Spectrom 2009, 20, 180–187 PEPTIDE COMPOSITION AND ION/ION CHARGE INVERSION



clearly apparent from acetylation of the N-terminus
YGGFLH.
Methyl esterification and acetylation tend to have op-

posing effects on the lifetime of the intermediate. In the
cases of YGGFL, acetylation of the N-terminus apparently
more than compensates for methyl esterification of the
C-terminus such that adduct formation dominates. This is
also the case with methyl esterified YGGFLK with both
primary amine groups being acetylated. Acetylated and
methyl esterified YGGFLH, on the other hand, reacts
predominantly via double proton transfer. Acetylation of
the N-terminus of this peptide has little effect on its charge
inversion behavior, relative to the methyl esterified-only
version, because the histidine side chain is unaffected by
the acetylation. The barrier height is therefore minimally
affected in this case.

Conclusions

The composition of a peptide anion can play a signifi-
cant role in its charge inversion resulting from an
ion/ion reaction with a multiply-protonated DAB den-
drimer. Charge inversion can occur either by multiple
proton transfers via a long-lived complex intermediate
or via adduct formation resulting from stabilization of
the intermediate. Two particularly important composi-
tional characteristics of the peptide ion have been found
to influence the extent to which the stabilized interme-
diate is observed. First, the C-terminus can engage in a
relatively strong interaction with a protonated amine
group of the dendrimer, thereby increasing the stability
of the long-lived collision complex. Second, the basicity
of the peptide plays a role in determining the barrier
height for dissociation of the complex to yield proton
transfer products. When a basic amino acid is present in
the peptide, charge inversion via multiple proton trans-
fers tends to be the dominant process for the relatively
small model peptides examined here.
A number of factors can potentially play a role in the

extent to which adduct formation is observed in an
ion/ion charge inversion reaction. These include, for ex-
ample, the composition and charge state of the reagent ion
and the reaction conditions. The use of conditions that
would give rise to mild collisional activation of the ion/
ion reaction products, for example, would tend to disso-
ciate any complexes and thereby mask the effects noted
here. This work highlights the first example of the role that
the chemical composition of a peptide analyte can play in
determining the extent to which attachment can occur in
an ion/ion charge inversion reaction. The results hint at
the possibility of the use of ion/ion charge inversion
reactions to screen for chemical functionalities in analyte
species on the basis of ion/ion attachment versus multiple
proton transfers.
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