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a b s t r a c t

The conversion of deprotonated bradykinin, as well as anions derived from other polypeptides, to proto-
nated species has been demonstrated via ion/ion reactions with multiply protonated polypropylenimine
diaminobutane (DAB) dendrimers and proteins in a linear ion trap. The charge inversion characteristics of
both the proteins and the dendrimers were examined with emphasis on the extent of charging of the ana-
lyte and the tendency for adduct formation. Multiply protonated proteins, for example, tended to result
in significant adduct formation whereas the multiply protonated amino-terminated dendrimers showed
essentially no adduct formation. Ions derived from five dendrimer generations were examined as charge
inversion reagents with deprotonated bradykinin serving as a peptide model. Both the size and the charge
state of the dendrimer reagent ion played a role in determining the number of protons transferred from
the reagent cation to the peptide anion. For a given dendrimer generation, the tendency is for increasing
numbers of protons to transfer with increasing dendrimer charge. For a given charge state, the numbers
of protons transferred tends to be inversely related to dendrimer size. All of the observed data are consis-

tent with charge inversion taking place via a long-lived intermediate complex with the ultimate products
being determined by the fate of the complex (i.e., stabilization of the complex versus break-up into one
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. Introduction

Mass spectrometry has come to play a central role in the
dentification and characterization of proteins. In the frequently
ncountered cases in which mixtures of peptides or proteins are
resent, tandem mass spectrometry is routinely performed to
btain structural information. The quality and quantity of structural
nformation that can be obtained with a tandem mass spectrometry
xperiment is largely dependent upon the gas-phase ion chem-
stry of the peptide or protein ions that takes place between stages
f mass analysis. Ionization is essential to any mass spectrome-
ry application and the two principle ionization methods that are

ost commonly used to generate large peptide and protein ions
re matrix-assisted laser desorption ionization (MALDI) [1,2] and
lectrospray ionization (ESI) [3]. In the positive ion mode, MALDI

ypically yields primarily singly protonated molecules, in some
ases along with some multiply protonated molecules of lower
bundance. The formation of primarily singly charged ions facil-
tates mixture analysis in single stage mass spectrometry because
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t avoids charge state ambiguity, but singly charged protein ions
end to provide limited structural information upon interrogation
y commonly used gas-phase dissociation methods. In part for
his reason, MALDI is not as widely used as ESI as an ionization

ethod for tandem mass spectrometry of proteins. ESI typically
orms multiply charged ions of peptides and proteins, and usu-
lly provides a distribution of charge states from molecules that
re capable of accommodating multiple charges. Previous studies
ave shown that gas-phase fragmentation can be highly sensitive
o parent ion charge state [4–8] and that complementary structural
nformation can be obtained from dissociation of ions of different
harge states, highlighting the significance of controlling the charge
tates of macro-ions [9].

The charge state manipulation of macro-ions formed by ESI
as been effected by several methods including manipulation of
olution conditions [10], and the use of either ion/molecule or
on/ion chemistry to reduce ion charge in the gas-phase [11–14].
on/ion reactions have proven to be particularly well suited for
harge state manipulation of gas-phase ions [11–13,15–17]. The

ighly exothermic nature of virtually all ion/ion reactions makes
hem efficient in reducing charge states of macro-ions to arbi-
rarily low values [18]. Care must be taken to choose reagents
hat avoid the formation of reagent–analyte complexes, which also

ay be observed with ion/molecule reactions intended to lead to

http://www.sciencedirect.com/science/journal/13873806
mailto:mcluckey@purdue.edu
dx.doi.org/10.1016/j.ijms.2008.04.013
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roton transfer [18,19]. Most detailed studies of ion/ion reactions
ave been conducted via ion trap tandem mass spectrometry. A
umber of analytically useful measurements involving protein ion
harge state manipulation within ion traps has been demonstrated
5–7,20], which include the use of ion/ion reactions to simplify

ass spectra of protein mixtures [6,21,22], to simplify protein prod-
ct ion spectra derived from multiply charged ions [5,6,23,24], to
oncentrate ions into a single charge state [25], and to dissoci-
te multiply charged ions via electron-transfer dissociation (ETD)
26,27].

Most ion/ion reactions have emphasized the use of singly
harged reagent ions that give rise to either single proton or sin-
le electron transfer. The reduction of a protein’s charge state by
ore than one charge can be achieved via sequential ion/ion reac-

ions. However, sequential single charge transfer reactions are not
uitable for changing the polarity of a protein ion. Previous meth-
ds for changing ion polarity in the gas-phase include ion/neutral
ollisions, generally conducted at kiloelectron-volt collision ener-
ies, involving electronic transitions [28,29]. Product ions of these
eactions are often formed in excited electronic states, which
ften results in extensive fragmentation [28,30,31]. Ion/ion reac-
ions at low relative translational energies provide an alternative
o ion/neutral collisions at high translational energies for charge
nversion. In addition, ion/ion reactions have cross-sections orders
f magnitude larger than those of the endothermic reactions asso-
iated with the high-energy beam experiments with little or no
ragmentation being observed in ion/ion reactions, when appro-
riate conditions are used. Ion/ion charge inversion reactions have
igh enough efficiencies to allow sequential charge inversion reac-
ions (i.e., positive to negative-to-positive and vice versa) to be
onducted with overall efficiencies on the order of tens of percent
32,33]. The negative-to-positive charge inversion efficiency, which
s defined as the fraction of anions of the analyte undergoing ion/ion
eactions that are converted to cations, is highly dependent on the
hemical and physical properties of the charge inversion reagent
sed.

A charge inversion step enables ion formation in one polarity
nd analysis in the opposite polarity mode. It has been observed
hat fragmentation of ions of opposite polarity can provide com-
lementary structural information [34]. Interrogating protein or
eptide ions of both polarities is seldom performed, however, even
hen potentially valuable information might be obtained, presum-

bly due to the additional time and experimental effort associated
ith analysis of the sample in both polarities. The ability to manip-
late ion charge states and polarities independent of a fixed set
f ionization conditions would facilitate access to the complemen-
ary structural information available from both ion polarities. For
nstance, negative-to-positive charge inversion would allow for
cquisition of collision-induced dissociation (CID) data from posi-
ive ions, which often give more informative dissociation data than
egative ions. Other dissociation techniques such as ETD also work
ore efficiently on multiply positively charged ions and charge

nversion of a negative ion to a multiply charged positive ion enables
nalyte interrogation via ETD. The utility of this approach was
emonstrated through the charge inversion of a negative phos-
hopeptide ion to a doubly positively charged phosphopeptide

on followed by ETD analysis [35]. Recently, negative-to-positive
nd positive to negative charge inversion of bradykinin has been
erformed using multiply charged dendrimer ions as charge inver-
ion reagents [9,36]. In the positive to negative charge inversion

ase, ubiquitin ion charge was inverted using both dendrimer
nions and smaller organic anions. In the current study, we sys-
ematically investigate the merits of proteins and dendrimers as
egative-to-positive charge inversion reagents via reactions with
ingly deprotonated peptides.
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. Experimental

Positive protein ions were formed via electrospray from a
2% (v) aqueous acetic acid solution of ∼50–100 �M concen-

ration. Negative peptide ions were formed via electrospray
rom a ∼50–100 �M aqueous solution of ∼2–5% (v) ammonium
ydroxide. The peptide mixture solution containing GAILXGAILR
X = the amino acids D/K/P] and KGAILXGAILR [X = the amino acids
/P/D/K] and the bradykinin solution were electrosprayed from
ethanol/H2O (50/50, v/v) with ∼2–5% ammonium hydroxide.
iaminobutane (DAB) dendrimers were subjected to electrospray

rom a ∼2% acetic acid aqueous solution with a dendrimer concen-
ration between ∼1–2% by weight. Bovine cytochrome c, bovine
nsulin, bradykinin, and the DAB dendrimers were purchased from
igma (St. Louis, MO), while the GAILXGAILR and KGAILXGAILR
eptides were obtained from SynPep Corp. (Dublin, CA).

The charge inversion experiments using DAB dendrimer gen-
rations 1–5 as sources of reagent ions for charge inversion
xperiments of bradykinin −1 were performed on a Finnigan-ITMS
uadrupole ion trap mass spectrometer, which is equipped with
our homebuilt ion sources that included two electrospray sources
nd two glow discharge sources [37]. This four-source 3D ion trap
nstrument allowed for sequential injection and reaction of oppo-
itely charged ions formed via electrospray. All experiments were
ontrolled by ICMS software [38], and the negative ions were accu-
ulated in the ion trap followed by multiple resonance ejections

teps [39] to isolate a single charge state before the introduction of
he positive ions leading to the charge inversion reaction. A mutual
torage period of typically 100–300 ms allowed ions of opposite
olarities to react before mass analysis was performed by reso-
ance ejection [40]. Finally, experiments involving the reactions
etween bradykinin and DAB dendrimer generations 3, 4, and 5
ere repeated on a modified MDS Sciex 2000 QTRAP (a hybrid

riple quadrupole/linear ion trap instrument) [41] taking advan-
age of its superior ability to isolate both the reagent ion and the
nalyte ion prior to the ion/ion reaction. Both the reagent and ana-
yte ions were selected by the mass-resolving quadrupole (Q1) and
ccumulated in the collision cell (Q2), which was operated as a
inear ion trap. After a mutual ion storage period of 100–300 ms,
ations were transferred to the Q3 linear ion trap for subsequent
ass analysis via mass selective axial ejection [41]. Charge inver-

ion reactions involving the GAILXGAILR and KGAILXGAILR peptide
ixture with the DAB dendrimers were performed with an MDS

ciex 4000 QTRAP, which was modified similarly to the 2000 QTRAP
or ion/ion reactions. This instrument was used simply because it
as available and not because of any fundamental differences in

he abilities of the two different models of QTRAP for executing
xperiments of this type. In this case, the reagent ions were iso-
ated prior to the ion/ion reaction whereas the mixture of peptide
nalyte ions was admitted with Q1 operated in RF-only mode. All
pectra shown here represent an average of 20–100 scans and in all
he spectra that are directly compared, as in Fig. 3 for example, the
ame reaction time (either 100 ms or 300 ms, depending upon the
omparison) was used and the same number of scans were taken to
llow for a direct comparison between the spectra.

. Results

.1. Charge inversion using proteins as reagent ions
The tendency for proteins to form multiply charged ions via ESI
s well known. Therefore, protein ions are plausible candidates for
harge inversion reagents. Wells et al. reported reactions between
ppositely charged protein ions that resulted in proton transfer and
dduct formation but did not identify charge inversion products



104 J.F. Emory, S.A. McLuckey / International Journal of Mass Spectrometry 276 (2008) 102–109

F
b
w

d
f
a
b
c
e
f
e
o
r
f
a
p
r

i
t
[
o
r
t
b
t
r
r
c
r
b
t
e
t
b
f
i
i
p

a
a
d
a
e
s

F
[
d

d
i
a
c
p
n
i
o
[
t
l
i
t
b
c
d
F
i
a
r
s
m
c
t
a
a
n
a
t
b
t
a

3

c
r
r

ig. 1. (a) Post-ion/ion reaction spectrum of cytochrome c [C+15]15+ ions with
radykinin [B−H]− ions; (b) post-ion/ion reaction spectrum of insulin [I+6H]6+ ions
ith bradykinin [B−H]− ions.

ue to the fact that both the anions and cations were formed
rom the same protein [42]. To evaluate the utility of protein ions
s charge inversion reagents, ion/ion reactions of deprotonated
radykinin (i.e., [B−H]−) with multiply protonated cytochrome
([C+nH]n+) and multiply protonated insulin ([I+nH]n+) were

xamined. The reactions resulted in the conversion of bradykinin
rom [B−H]− to [B+H]+ and, for some reagents, to [B+2H]2+, various
xtents of deprotonation of the protein ions, as well as attachment
f bradykinin to cytochrome c and insulin, respectively. Fig. 1 shows
esults for [C+15H]15+ (Fig. 1a) and [I+6H]6+ (Fig. 1b). Contributions
rom both first and higher generation products, the latter of which
re formed via sequential reactions, were noted in much of the data,
articularly for the more highly charged reagents, due to the higher
ates associated with the more highly charged protein cations [43].

The relative abundances of the bradykinin [B+H]+ and [B+2H]2+

ons differed significantly in the post-ion/ion reaction spectra for
he different reagent cations. For example, both the [C+15H]15+ and
I+6H]6+ species showed relatively high tendencies for the transfer
f three protons, thus giving rise to the [B+2H]2+ product. Both give
ise to +2:+1 bradykinin ion abundance ratios significant greater
han 1, with the ratio resulting from the reaction with [I+6H]6+

eing the greatest of all of the reagents studied in this work. Clearly,
he absolute charge of the reagent ion is not the sole or over-
iding factor in determining the +2:+1 bradykinin ion abundance
atio because the insulin ion carries fewer charges than does the
ytochrome c ion. The number of protons that transfer from the
eagent cations to the analyte anions is expected to be influenced
y the numbers of basic sites in the reactants, the inherent basici-
ies of those sites (i.e., in the absence of multiple charging), and the
ffect that electrostatic repulsion plays in altering the basicities of
he sites due to multiple charging. This is highlighted in particular
y the fact that the [I+5H]5+ showed almost no tendency to trans-
er three protons to [B−H]− (see below). The dramatic difference
n results for the insulin [I+5H]5+ and [I+6H]6+ ions highlights the
mportant role that Coulomb repulsion can play in determining the
artitioning of charge between the reactants [42].

Adduct species from both single and sequential ion/ion reactions
re also often prominent in the data for the protein reagents, as is

15+ 5+
pparent in the [C+15H] data (see Fig. 1a) and in the [I+5H]
ata (see Fig. 2a). Note that the [I+6H]6+ ion showed very little
dduct formation when the mass range of the instrument was
xtended to scan over the range indicated in Fig. 2a (data not
hown). The [C+15H]15+ ion, with its greater charge, shows evi-
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ig. 2. (a) Post-ion/ion reaction spectrum of insulin [I+5H]5+ with bradykinin
B−H]− anions (mass range extended by a factor of 2); (b) ion trap collision-induced
issociation of the [I+B+4H]4+ complex (200 mVp-p, 100 ms).

ence for more sequential reactions than does the insulin [I+5H]5+

on under the conditions used here. For comparable reaction times
nd cation charge densities, such a result is expected due to the
harge-squared rate dependence for ion/ion reactions. For exam-
le, cytochrome c ions with up to three bradykinin adducts are
oted, whereas only one major adduct ion is observed for the insulin

ons. Comparison of Figs. 1a and 2a also indicates that the fraction
f ion/ion reactions that lead to adduct formation is lower for the
C+15H]15+ reagent than for the [I+5H]5+ ion. All ion/ion reactions
hat lead to charge inversion are expected to go through a relatively
ong-lived intermediate complex. The adduct ions are stabilized
ntermediates (see Section 4). The number of protons transferred to
he analyte species is determined by the charge partitioning upon
reak-up of the complex. Collisional activation of the [I+B+4H]4+

omplex, for example, leads to the [B+H]+ and [I+3H]3+ ions as the
ominant set of complementary fragment ions, as illustrated in
ig. 2b. It is noteworthy that essentially no [I+4H]4+ signal is noted
n the collision-induced dissociation of the complex, despite the
ppearance of a relatively abundant [I+4H]4+ signal in the ion/ion
eaction data (see Fig. 2a). Previous studies have suggested that
ingle proton transfer reactions can take place via a curve crossing
echanism and need not proceed through a long-lived chemical

omplex (see Section 4). Evidence for single proton transfer reac-
ions is also apparent in the data for the [C+15H]15+ ion by the
ppearance of a relatively small signal for the [C+14H]14+ species
nd in the [I+6H]6+ data by the appearance of the [I+5H]5+ sig-
al. The charge inversion experiments involving protein cations
s reagents clearly indicate that the tendencies for adduct forma-
ion and for transferring one, two, or three protons to deprotonated
radykinin are dependent upon charge as well as other characteris-
ics of the ion, such as size and, perhaps, composition (e.g., numbers
nd exposures of basic, acidic, and other polar sites).

.2. Charge inversion using DAB dendrimers

To investigate the effects of dendrimer size and charge state on
harge inversion reactions, DAB dendrimer generations 1–5 were
eacted with the bradykinin [B−H]− ion. The dendrimer cations
epresent reagents with much less variability than the protein

eagents in that their surfaces are composed of primary amino
roups. Hence, the comparison of two dendrimer ions of the same
harge but different generation is more straightforward to make
han, for example, a comparison between the same charge states of
ytochrome c and insulin. None of the dendrimer ions, regardless
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Table 1
Summary of charge inversion results of bradykinin [B−H]− from ion/ion reactions
with generation 1–5 DAB dendrimers

Dendrimer generation Bradykinin ratio: +2/+1

[DAB1+2H]2+ –
[DAB2+2H]2+ 0
[DAB2+3H]3+ 0
[DAB3+2H]2+ –
[DAB3+3H]3+ 0
[DAB3+4H]4+ 0
[DAB3+5H]5+ 0.8
[DAB4+5H]5+ <0.1
[DAB4+6H]6+ 2
[DAB4+7H]7+ 2
[DAB5+7H]7+ 1.3
[DAB5+8H]8+ 2.8
[DAB5+9H]9+ 3.0
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from the smaller dendrimer (2) is larger than that formed from the
larger dendrimer (1.3) of the same charge state. Such a result is con-
sistent with a greater extent of proton transfer to bradykinin from
dendrimer ions with greater electrostatic repulsion between the
he charge inversion ratio of bradykinin +2/+1 was calculated by dividing the abso-
ute intensity of the bradykinin +2 ion by the absolute intensity of the bradykinin
1 ion in the post-ion/ion spectrum.

f generation or charge state, showed adduct formation with the
radykinin anion, which stands in contrast to the behavior noted
ith the protein cations, and also simplifies comparisons of +2:+1

radykinin abundance ratios. For generations 3, 4, and 5, exper-
ments were performed both on the 3D ion trap (multi-source
nstrument) and on a QTRAP 2000 instrument. For quantitative
omparisons of bradykinin product ion abundance ratios, the
TRAP data are reported herein due to its superior reactant ion

solation capability. It was noted that the +2:+1 abundance ratios
ere sensitive to the number of DAB dendrimer reagent ions at long

eagent ion accumulation times and/or high reagent signal levels in
he mass spectrum. Specifically, the +2:+1 ratio could be increased
ramatically by use of very high numbers of reagent ions. Data col-

ected as a function of reagent ion accumulation time and with con-
tant numbers of the bradykinin [B−H]− ions showed that the +1
ons were reduced at high reagent ion densities. This phenomenon
s consistent with a space charge effect that discriminates against
he [B+H]+ ions. Under the constant storage conditions used in this
ork, the singly protonated bradykinin products are formed in a

hallower trapping well than are the doubly protonated species. The
ingly charged ions are therefore more prone to loss from ion–ion
epulsion, principally from the multiply charged dendrimer reagent
ons present in high numbers. The ratios reported below, therefore,

ere collected under conditions in which they were insensitive to
he number the reagent ions present (i.e., under conditions with

inimal ion loss due to ion–ion repulsion). Table 1 summarizes
he +2:+1 bradykinin abundance ratios obtained using the DAB
endrimer reagent ions studied here in the QTRAP instrument.

.3. Dendrimer generation and charge state comparisons

No charge inversion was observed using the generation 1
DAB1+2H]2+ dendrimer ion, and limited charge inversion was
bserved using generation 2 [DAB2+2H]2+ and [DAB2+3H]3+ ions.
he latter ions produced low levels of [B+H]+ ions upon reac-
ion with [B−H]− but neither yielded readily measurable signals
ue to [B+2H]2+ ions. The generation 3 dendrimer [DAB3+3H]3+,
DAB3+4H]4+, [DAB3+5H]5+ ions all converted at least some of the
B−H]− ions to [B+H]+ whereas the [DAB3+2H]2+ ion gave rise to
ssentially no charge inversion of deprotonated bradykinin. Of the
eneration 3 ions studied, only the [DAB +5H]5+ ion showed a ten-
3
ency to yield significant abundances of both [B+H]+ and [B+2H]2+

ons. All of the DAB generation 4 and 5 ions studied, which carried
et charges of +5 or greater, showed formation of both [B+H]+ and
B+2H]2+. For a given dendrimer generation, the general trend is to

F
i

ig. 3. Post-ion/ion reaction spectra from reaction of bradykinin [B−H]− ions
ith generation 4 DAB dendrimer ions (a) [DAB4+5H]5+, (b) [DAB4+6H]6+, and (c)

DAB4+7H]7+.

bserve a higher propensity for charge inversion and higher +2:+1
bundance ratios as the charge state of the dendrimer increases.
ee Fig. 3, for example, which shows a comparison of data col-
ected with the [DAB4+5H]5+, [DAB4+6H]6+, and [DAB4+7H]7+ ions.
here is clearly a dramatic difference in going from [DAB4+5H]5+

o [DAB4+6H]6+, although the ratio does not change significantly
rom [DAB4+6H]6+ to [DAB4+7H]7+. There is a consistent trend in
ncreasing +2:+1 bradykinin abundance ratios in the DAB5 data.

For a given charge state, however, the size of the dendrimer is
lso expected to be a factor via its role in determining the elec-
rostatic repulsion within the multiply charged ion. Higher charge
ensities are expected to lead to a greater tendency for the trans-
er of multiple protons. This data set tends to support this notion. A
omparison of Fig. 3c with Fig. 4, which show data for the reaction of
radykinin [B−H]− with the +7 charge states of DAB generations 4
nd 5, respectively, indicates that +2/+1 bradykinin abundance ratio
ig. 4. Post-ion/ion reaction spectrum from the reaction of the bradykinin [B−H]−

on with the +7 charge state of DAB generation 5.
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ig. 5. The post-ion/ion reaction product ion spectrum of a mixture of singly
eprotonated peptide anions using (a) [DAB3+4H]4+ as the reagent and (b) using
DAB5+9H]9+ as the reagent.

xcess protons, as might be expected for the smaller dendrimer. A
imilar comparison for the +5 charge state ions derived from gener-
tions 3 and 4 show a similar tendency with the +2/+1 ratios being
.8 and <0.1, respectively.

.4. Charge inversion of a peptide mixture

The preceding results were obtained using a single peptide
nion, deprotonated bradykinin, as a model and using the +2/+1
bundance ratio of the bradykinin products as a measure of the
xtent of proton transfer from a multiply protonated reagent. It is
lear that the size and charge state of the reagent plays a major
ole in determining the extent of proton transfer to the peptide ion.

e also examined a mixture of peptide ions comprised of a lim-
ted number of sequence differences to examine the role of peptide
omposition on the extent of proton transfer. Fig. 5 compares the
ost-ion/ion reaction data for the reaction of a mixture of depro-
onated peptides comprised of the sequences GAILXGAILR (X = D,
, and K) and KGAILXGAILR (X = D, P, A, and K) with [DAB3+4H]4+

Fig. 5a) and with [DAB5+9H]9+ (Fig. 5b). The data show that each
f the peptides anions in the mixture underwent at least some

harge inversion and also that the relative abundances of the singly
rotonated peptides formed via charge inversion are similar for
oth reagents. The greatest difference noted for the comparison
f the two reagents is that essentially no doubly protonated pep-

4

o

ig. 6. Relative abundance of peptide anions prior to charge inversion (blue) and after
endrimer cations (red).
f Mass Spectrometry 276 (2008) 102–109

ides appear in the data for the [DAB3+4H]4+ reagent whereas five
f the seven mixture components show some charge inversion to
he doubly protonated species when [DAB5+9H]9+ serves as the
eagent. All of the mixture components that are observed as dou-
ly protonated species are comprised of at least two basic amino
cids (i.e., all contain the C-terminal arginine and at least one lysine
lsewhere in the peptide) as well as the N-terminus. Only the pep-
ides lacking two basic amino acid side chains failed to yield doubly
rotonated species upon charge inversion. This set of data indi-
ates at least some degree of selectivity in −/n+ charge inversion
on/ion reactions can be obtained with the appropriate selection of
eagent cations. In this case, the [DAB5+9H]9+ reagent is capable of
onverting selectively to doubly protonated species those mixture
omponents with at least two basic amino acids.

It is also of interest to compare the relative abundances of the
harge inversion products of the peptide mixture components to
he relative abundances of the deprotonated species subjected to
on/ion reactions. The relative signal levels associated with each
eptide before (deprotonated peptide) and after (sum of signal
ue to singly and doubly protonated peptide) charge inversion is
hown in Fig. 6 (normalized to the GAILKGAILR signal, which is the
reatest of all mixture components in all spectra). The data for the
DAB3+4H]4+ reagent reflects fairly well the relative abundances
f the singly protonated products derived from both reagents, as
hey were very similar. The relative abundances of the deprotonated
eptides and protonated peptides do not show dramatic differences
ut it is clear that the cation signals do not reflect the anion sig-
als with a high degree of fidelity. The mixture components that
ppear to undergo charge inversion least efficiently are those with
n aspartic acid residue (i.e., KGAILDGAILR and GAILDGAILR). For
hese peptides, the relative abundance of the protonated species
an be as little as half that of the corresponding deprotonated
pecies. The difference in the overall cation relative abundances
or the two reagents is largely due to the presence of doubly proto-
ated mixture components in the case of the [DAB5+9H]9+ reagent,
nd the contributions of the doubly protonated species tends to
ncrease the relative responses noted for those peptides with two
r more basic amino acids. This data implies that acidic residues
ay decrease the charge inversion efficiency of peptides and that

he amino acid composition of a peptide may play an important
ole in determining both the efficiency and the extent of charge
nversion for a specific peptide.
. Discussion

The conversion of a singly deprotonated molecule to a singly
r multiply protonated molecule requires the transfer of two or

charge inversion with generation 3 dendrimer cations (yellow) and generation 5
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ore protons. It is highly unlikely that two or more successive pro-
on transfer reactions will occur via sequential collisions under
hese reaction conditions due to the fact that the first proton
ransfer would form a neutral analyte molecule. The small abso-
ute numbers of neutral analyte species formed by neutralization,
oupled with the inherently low ion number densities in an ion
rap, makes the probability for an ion/molecule collision involv-
ng a molecule formed by neutralization of an anion far too low
o account for the observed signal levels. The formation of a mul-
iply protonated molecule via a third consecutive proton transfer
eaction is even less likely due to the repulsive interaction between
he singly protonated analyte and the multiply protonated reagent.
herefore, the charge inversion products must arise from single
on/ion reaction encounters that give rise to an intermediate com-
lex with a sufficient lifetime to allow for multiple proton transfers.
ence, the relative abundances of the charge inversion products are
etermined by how the intermediate analyte–reagent complex ion
ragments.

The magnitudes and charge state dependencies of overall
on/ion reaction rates at or near thermal energy are consistent with
he formation of an orbiting ion pair bound by the Coulombic attrac-
ion of oppositely charged reactants [42]. Previous studies involving
eactions of multiply protonated proteins with multiply deproto-
ated proteins have suggested that after formation of the orbiting
air, two distinct proton transfer channels can be operative. One

nvolves the formation of a long-lived “chemical” complex followed
y dissociation of the complex, which is presumably the origin of
he charge inversion products, and another involves charge transfer
ithout the formation of a long-lived complex. The former process

s analogous to ion/molecule proton transfer reactions at thermal
nergies that proceed through a long-lived intermediate [44]. The
atter mechanism, referred to herein as “proton hopping”, arises
rom the relatively high electric fields associated with oppositely
harged ions as they approach each other and allows for proton
ransfer over distances sufficiently long to avoid formation of a
omplex [9]. The general kinetic scheme associated with the charge
nversion of a singly deprotonated peptide, [M−H]−, with a reagent

ith n excess protons, [R+nH]n+, is shown in Scheme 1.
The scheme shows a rate constant for the formation of the

on/ion reaction pair, kpair, which is the overall rate determining
tep. Ion trajectories within this orbiting pair are expected to be
lliptical with varying degrees of eccentricity (a circular orbit repre-
ents a special case). Orbits that bring the ion pair sufficiently close
or proton transfer but not close enough for a collision in which the

artners come into intimate contact can lead to proton hopping and
eutralization of the analyte. In this scheme the rate constant for
roton hopping is represented by khop. The formation of a long-lived
hemical intermediate is represented by the rate constant kc. The

e
c

m

Scheme 1. Generic kinetic scheme for charge inversion of a singly deproton
f Mass Spectrometry 276 (2008) 102–109 107

ntermediate can be stabilized via collisions and/or emission with
n overall rate constant represented by kcool, or it can dissociate into
ne of n proton transfer channels, represented by the various kdiss
ate constants. The channel represented by kdiss1 reflects a single
roton transfer to the analyte anion resulting in neutralization of
he analyte. This process is experimentally indistinguishable from
eutralization of the analyte via proton hopping. The other extreme,
hereby all of the excess protons initially present on the reagent

on are transferred to M, thereby neutralizing the reagent, is rep-
esented by kdissn. The channels represented by kdiss1 and kdissn
hare similar energy surfaces in that the products are comprised of
n ion and a neutral species. All other dissociation channels rep-
esent cases in which both dissociation products are charged and
re of like polarity. Such channels are characterized by a so-called
oulomb barrier [45], which can play a significant role in determin-

ng the rates of such reactions. One advantage to the product ions
nd the reagent ions being the same polarity is that further reaction
f the reagent ions with the product ions is prevented. This indi-
ates that charge inversion reactions could, in theory, have higher
fficiencies than ion/ion reactions in which the desired product ions
an react further with the reagent ions.

Two key figures of merit for a charge inversion reagent are the
verall efficiency of conversion of the deprotonated analyte to ana-
yte cations and the extent of charging in the charge inversion
roducts, as reflected by the bradykinin +2/+1 abundance ratio in
his study. Obviously, it is always desirable to maximize the overall
fficiency but the desired extent of charging can be expected to be
pplication dependent. A third figure of merit might be the extent of
omplex formation, although this can often be dealt with via subse-
uent activation of the complex to yield the desired analyte ions (for
xample, see Fig. 2b). The outcome of an ion/ion reaction reflected
y Scheme 1, from which the figures of merit just described can be
scertained, is determined by the competition between proton hop-
ing, which leads to analyte neutralization, and long-lived complex
ormation, which can lead to adduct formation, analyte neutraliza-
ion, and/or charge inversion with varying extents of charging. To

aximize overall efficiency, it is desirable to minimize the magni-
ude of khop relative to kc and to minimize kdiss1 relative to the
ther kdiss values. For a given charge state, the magnitude of kc

s expected to increase relative to khop as the cross-section for a
hysical collision increases. This favors the use of relatively large
eagents. Larger reagents may also reduce electrostatic repulsion
ithin the reagent thereby reducing khop. However, increasing the

ize of the reagent for a given charge state may tend to decrease the

xtent of charging, as noted in the [DAB4+7H]7+ versus [DAB5+7H]7+

omparison.
The outcome of the pathway leading to long-lived complex for-

ation determines the extent of charging and the tendency for

ated analyte, [M−H]− , with a multiply protonated reagent, [R+nH]n+.
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bservation of ion/ion attachment. The latter phenomenon is deter-
ined by the relative magnitudes of kcool and the various kdiss

alues. The latter determine the lifetime of the ion/ion complex
ntermediate, the species indicated as [M+R+(n − 1)H](n−1)+*. If the
ifetime of the complex is sufficiently long to allow for collisional
nd radiative cooling to occur, ion/ion attachment, as frequently
bserved with the protein reagent ions (see above), can dominate.
he relatively strong non-covalent interactions that can take place
etween polypeptides (e.g., interactions between acidic and basic
ide chains) tend to stabilize the complex with respect to dissoci-
tion and thereby maximize the likelihood for complex formation.
he DAB dendrimers, on the other hand, with their monofunc-
ionality at the surface apparently engage in weaker non-covalent
nteractions in the complex such that essentially none of the inter-

ediate complexes appear in the post-ion/ion reaction product ion
pectra.

With the exception of the single proton transfer channel char-
cterized by kdiss1 in Scheme 1, the relative contributions of the
ompeting dissociation channels from the complex are reflected
n the extent of charging of the analyte. In this work, the most
ighly charged bradykinin ion was the +2 species, which is con-
istent with the presence of two strongly basic residues at each
nd of the nonapeptide. Hence, the only dissociation channels from
reak-up of the complex are those associated with one, two, or
hree proton transfers from the reagent. In the case of the doubly
rotonated reagents, only one and two proton transfers were pos-
ible. Hence, no dissociation channels involving charge separation
ere possible. It is interesting that neither the DAB1 nor DAB3 dica-

ions gave rise to measurable singly protonated bradykinin upon
eaction with deprotonated bradykinin, whereas the correspond-
ng DAB2 dication did. This might be rationalized on the basis that
he DAB1 dendrimer, being relatively small, tended to neutralize
eprotonated bradykinin via proton hopping with relatively little
omplex formation. The DAB2 results indicate that at least some of
he ion/ion interactions passed through a long-lived intermediate
hat would allow for two proton transfers. The fact that the DAB3
ons, which would be expected to engage in more complex forma-
ion than the DAB2 ions due to their larger collision cross-sections,
id not give rise to measurable charge inversion suggests that single
roton transfer (see the channel associated with kdiss1 in Scheme 1)
ominates for the DAB3 reagent whereas at least some two proton
ransfer reactions, leading to neutralization of the reagent, occurred
ith the DAB2 dications. It might be expected that the DAB3 den-
rimer can better compete for the proton upon dissociation of the
omplex than can the DAB2 dendrimer due to its greater number
f basic sites and consequent ability to solvate and stabilize the
roton.

For all dendrimer reagents with three or more excess charges,
lectrostatic repulsion between fragments of the complex and, in
ome cases, within fragments formed from the complex can play a
ignificant role in determining the relative barriers to dissociation
nd thermodynamic stabilities of the products. All charge separa-
ion channels are characterized by a Coulomb barrier, but the relief
f net electrostatic repulsion associated with separation of the frag-
ents tends to favor such channels on a thermodynamic basis. This

s increasingly true as the number of charges in the intermediate
omplex increases. Hence, the tendency for formation of doubly
rotonated bradykinin is expected, and is found, to increase with
he total charge of the dendrimer. The extent of electrostatic repul-
ion in the reagent is expected to be a function both of net charge

nd of size. Hence, it might be expected that for a given charge
tate, smaller multiply protonated dendrimers might favor a greater
xtent of charging of the analyte upon charge inversion. The lim-
ted number of relevant comparisons forthcoming from this work
ppears to be consistent with this expectation.

[

[
[
[

f Mass Spectrometry 276 (2008) 102–109

. Conclusions

Important characteristics of a reagent ion for charge inversion
f singly deprotonated polypeptides include the extent of neutral-
zation of the analyte ion, the magnitude of the positive charge
hat can be transferred to the polypeptide of interest, and the
xtent of ion/ion attachment. Multiply protonated proteins, which
re readily formed over a range of charge states, can serve as
harge inversion reagents but the formation of complexes is com-
only observed. This is likely due to the potential for multiple and

elatively strong non-covalent interactions between the protein
eagent and the analyte polypeptide in long-lived proton transfer
ntermediate. As the protein charge state increases, the net charge of
he intermediate also increases, which facilitates dissociation of the
omplex due to the relief of electrostatic repulsion. The smaller ten-
ency for observation of complexes with high charge state reagents

s consistent with this picture.
Multiply protonated amino-terminated dendrimers show no

vidence for adduct formation in reactions with deprotonated
radykinin. Studies with ions over a range of charge states and
ver a range of dendrimer generations indicate that the extent of
harging of bradykinin increases with the total charge of the den-
rimer for a given generation. For a given charge state, the extent
f proton transfer appears to be inversely related to dendrimer
ize. The extent of charging is interpreted as depending upon the
utcome of the competition between various dissociation chan-
els of a relatively long-lived intermediate within which proton
ransfer to the analyte from the dendrimer reagent can take place.
he lack of adduct formation and the ability to form reagents with
range of charge states and from a range of generations makes

mino-terminated dendrimers particularly attractive for inverting
he charge of deprotonated polypeptides.
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