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Selective Removal of Alkali Metal Cations
from Multiply-Charged lons via Gas-Phase lon/lon Reactions
Using Weakly Coordinating Anions

Carl A. Luongo, Jiexun Bu, Nicole L. Burke,' Joshua D. Gilbert," Boone M. Prentice,’
Steven Cummings,? Christopher A. Reed,? Scott A. McLuckey'

lDepar'[ment of Chemistry, Purdue University, West Lafayette, IN 47907-2084, USA
*Department of Chemistry, University of California Riverside, Riverside, CA 92521, USA
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Abstract. Selective removal of alkali metal cations from mixed cation multiply-
charged peptide ions is demonstrated here using gas-phase ion/ion reactions with
a series of weakly coordinating anions (WCAs), including hexafluorophosphate
(PF®7), tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (BARF),
tetrakis(pentafluorophenyl)borate (TPPB), and carborane (CHB''CI''"). In all cases,
a long-lived complex is generated by dication/anion condensation followed by ion
activation to compare proton transfer with alkali ion transfer from the peptide to the
anion. The carborane anion was the only anion studied to undergo dissociation
exclusively through loss of the metallated anion, regardless of the studied metal

adduct. All other anions studied yield varying abundances of protonated and
metallated peptide depending on the peptide sequence and the metal identity. Density functional theory
calculations suggest that for the WCAs studied, metal ion transfer is most strongly favored thermodynamically,
which is consistent with the experimental results. The carborane anion is demonstrated to be a robust reagent for
the selective removal of alkali metal cations from peptide cations with mixtures of excess protons and metal

cations.
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Introduction

Widely employed ionization methods for non-volatile,
thermally labile compounds [e.g., electrospray ioniza-
tion and matrix-assisted laser desorption ionization (MALDI)],
commonly generate positive ions with one or more excess
small cation adducts, usually protons and/or alkali cations.
Mixtures of excess cations are particularly common in the case
of ESI, which tends to generate multiply-charged ions. The
identities of the adduct ions obviously play a role in determin-
ing molecular mass and can also play roles in signal levels [1,
2] and spectral complexity [3] if there are mixtures of cations.
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(doi:10.1007/s13361-014-1052-3) contains supplementary material, which is
available to authorized users.
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Furthermore, metal-cationized analytes have been shown to
favor different fragmentation routes upon collisional-induced
dissociation (CID) than their protonated analogues [4, 5]. Metal
adduction is a ubiquitous phenomenon as low concentrations
of salts are often present in the background even when analyt-
ical grade solvents are used [1].

Several methods based on altering ionization conditions
have been developed to influence the cation distribution pres-
ent in analyte ions in ESI. The size of the ESI capillary can be
decreased to effect nano-ESI (nESI), which has been shown to
improve salt tolerance by approximately one order of magni-
tude [6]. Techniques implemented prior to ESI-MS, such as
liquid chromatography [7, 8], ion exchange [9], solid phase
extraction [10], and dialysis [11, 12] have been shown to aid in
salt removal; however, these methods add both time and com-
plexity to the experiment. Vapor exposure [13] and solution
additives [3, 14] have also been demonstrated to minimize
metal cation adduction.
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Approaches to alter charge state distributions and, conse-
quently, the relative excess cation composition of an analyte
ion after ion formation have involved either ion/molecule or
ion/ion reactions. Proton transfer ion/molecule reactions have
been used to alter charge state distributions [15, 16], although
selective removal of alkali ions in the presence of excess
protons using ion/molecule chemistry has not been reported
to our knowledge. Gas-phase ion/ion reactions have been
shown to be particularly effective in transforming ions from
one type to another [17, 18]. Such ion transformations include,
inter alia, acid/base reactions (i.e., proton transfer) [19, 20],
reduction/oxidation reactions (i.e., electron transfer) [21-23],
incorporation of metal ions into peptides (i.e., metal transfer)
[24, 25], and covalent [26-28] and/or electrostatic modification
[29, 30]. Prior experience has shown that the large majority of
anions that remove protons from multiply-protonated species
tend not to remove alkali cations when both excess protons and
excess alkali ions are present. We noted in previous work an
exceptional case in which ion/ion reactions between the weakly
coordinating anion (WCA) hexafluorophosphate (PF¢ ) and
mixed protonated/metallated dications resulted in the removal
of some sodium adducts though proton removal was present as
a competing process [31].

The motivation in this work is to identify an anionic reagent
that shows high selectivity for metal ion removal. Therefore,
other WCAs, which are characterized by low proton affinities
such that the conjugate acids are often referred to as
‘superacids,” have been evaluated as selective reagents for
metal cation removal from multiply-charged analytes. Weakly
coordinating anions fall into a variety of compound classes,
such as oxyanions, fluoroanions, tetraarylborates, carbanions,
bis(perfluorosulfonyl)imides, polyoxometalates, and
carboranes [32, 33]. The WCAs investigated here are PFg ,
the tetrakis[3,5-bis(trifluoromethyl)phenyl]borate anion
(BAREF), the tetrakis(pentafluorophenyl)borate anion (TPPB),
and the carborane anion (CHB;;Cly; ) [34] (Figure 1b—e,
respectively). Deprotonated benzene sulfonic acid ((BMSA —
H]") (Figure 1a) [30], a non-WCA, was also included in the
study as an example of a reagent that typically shows proton
transfer and that generates intact ion/ion complexes. The gen-
eration of ion/ion complexes is desirable for the determination
of relative tendencies for proton versus metal ion transfer
because each complex can be subjected to roughly similar ion
activation conditions, which minimizes ambiguities that might
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arise because of unknown differences in internal energies of the
ion transfer intermediates.

Methods

Mass Spectrometry

All experiments were performed on a QTRAP 4000 hybrid
triple quadrupole/linear ion trap (LIT) mass spectrometer (AB
SCIEX, Concord, ON, Canada), previously modified for ion/
ion reactions [35]. Singly charged reagent anions and multiply-
charged peptide cations were independently ionized using
alternately-pulsed nano-electrospray (nESI) emitters [36], iso-
lated in the Q1-mass filter and sequentially introduced into the
g2 reaction cell. While in g2, the ions underwent a defined
mutual storage ion/ion reaction period of 80 ms—1 s, allowing
for a substantial amount of the electrostatic complex to be
formed. The ion/ion reaction complex was then transferred to
Q3 LIT for further isolation and CID via resonant excitation.
The products were mass-analyzed via mass-selective axial
ejection (MSAE) [37].

Calculations

In order to reduce computational time, full geometry optimiza-
tion and harmonic frequency calculations were not performed
on all of the lysine-, histidine-, and arginine-containing pep-
tides interrogated experimentally. Instead, calculations were
performed on simplified model dibasic systems: a diamine, a
diimidizole, and a diguanidine, respectively. Comparison be-
tween the diamine calculations and calculations on one of the
experimentally studied peptides, KAKAKAA, validates the
choice of using these simplified dibasic model systems for
the computational work. Geometry optimization and harmonic
frequency calculations were carried out using the Gaussian09
program to calculate the zero point energies at the B3LYP/6-
31+G(d) level of theory for the diamine, diimidizole,
diguanidine, KAKAKAA, [BMSA - H], PF¢ , and
CHB,;,Cl;; systems [38]. For the model systems and the
smaller reagent anions, the molecules were small enough to
not require a conformational search prior to geometry optimi-
zation. For the largest of the reagent anions, CHB{,Cl;; , the
structure previously determined by Kass et al. [39] was used for
geometry optimization. Prior to the geometry optimization of

Figure 1. Stick structures of (a) [BMSA — H]7, (b) PFs™,

c) BARF~, (

TPPB_, and (e) CHB11C|11
hydrogen, yellow: sulfur, red: oxygen, orange: phosphorous blue: quorlne, pink: boron, and green: chlorine

~. Gray represents carbon, white:
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the full peptide KAKAKAA, a conformational search was
performed with the MACROMODEL suite of programs to
generate a set of starting structures [40]. The Amber* force
field was used to find stable minima within a 50 kJ/mol
window of the global minimum [41]. The five lowest energy
structures were then optimized using density functional theory,
with the lowest energy one being used for the numerical
comparisons presented here. For the proton/sodium transfer
reactions of the model diamine with PFs and CHB,,Cl;; ,
the freezing string method [42] [B3LYP/6-31+G(d)] was used
to locate the reaction paths in Q-Chem 4.0 [43]. The highest
energy node from each pathway is taken as an approximation
for the transition state energies.

Materials

Methanol was purchased from Mallinckrodt (Phillipsburg, NJ,
USA). Bradykinin (RPPGFSPFR) was purchased from
Bachem Americas Inc. (King of Prussia, PA, USA). Model
peptides KAKAKAA, HAHAHAA, and RARARAA were
synthesized by Pepnome Ltd. (Shenzhen, China). Lithium
chloride, sodium chloride, potassium chloride, cesium chlo-
ride, the sodium salt of benzene sulfonic acid (BMSA), ammo-
nium hexafluorophosphate (PF¢ ), sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (BARF), and lithium
tetrakis(pentafluorophenyl)borate ethyl etherate (TPPB) were
purchased from Sigma Aldrich (St. Louis, MO, USA). The
cesium salt of carborane, Cs(CHB;,Cl; ), was synthesized [44]
by Professor C. A. Reed’s group of the Department of
Chemistry, University of California, Riverside. All peptide
stock solutions for positive nanoelectrospray were prepared in
a 49.5/49.5/1 (vol/vol/vol) solution of water/methanol/metal

100% -
a) [M+H]*
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chloride salt at an initial concentration of ~1 mg/mL
and diluted 100-fold prior to use. The solutions contain-
ing anions of [BMSA-H], PFs, BARF, TPPB, and
CHB;Cl;; were prepared in a 50/50 (vol/vol) solution
of water/methanol at a concentration of ~1 mg/mL and
diluted 10-fold prior to use.

Results and Discussion
Tandem Mass Spectrometry Data

Collision-Induced Dissociation (CID) of Peptide Dication/
Anion Complexes The CID spectra of the complexes of
doubly protonated bradykinin, [RPPGFSPFR +2HJ**, with
the various acids are shown in Figure 2a—e, along with the
CID spectrum of [RPPGFSPFR+H]" in Figure 2f. These
benchmark spectra are included to illustrate that peptide
fragmentation from the peptide ion can compete with proton
transfer when the proton affinity of the anion is low. As the
anion proton affinity decreases, the barrier to proton transfer
from the complex increases, which allows for peptide cleav-
ages to become competitive. The proton affinities of the
anions in this study are expected to follow the trend
[BMSA — H] >PF, >BARF>TPPB>CHB,;,Cl;,” (these
values have been calculated for [BMSA — H], PFq , and
CHB,Cl;; ). In the cases of the complexes of [BMSA — H]
(Figure 2a) and PF¢  (Figure 2b), essentially no fragmentation
of the peptide is seen either to compete with or follow proton
transfer. However, with the complexes of the anions of BARF,
TPPB, and the carborane (Figure 2c—¢), extensive fragmenta-
tion of the peptide is observed. The CID spectrum of

d) y7| Ve

[M+H-H,0-NH=C=NH]*

0/ [ ~ +
50% Ve | [M+H-H,0] [M+2H+TPPB-H,0]*
[M+2H+BMSAJ* [Men)+ Va*TPPB
M+H]* 78" T +
l l JTPPB [M+2H+TPPB]
100% n ULl I.LJ L i 1
Z b) [M+H]* e) Y7
g [M+2H+CHB,,Cl,,-H,0]*
% 50% [M+2H+PFg]* Ve [M+2H+CHB, ,Cl,,]*
> \
3 be yg+CHB,Cl;,
& Iya y,+CHB,,Clyy
100% . TR 1| )
Ys
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Figure 2. lon trap CID spectra of the complex between doubly protonated bradykinin (RPPGFSPFR +2HJ**) and (a) [BMSA — HJ",
(b) PFs~, (c) BARF~, (d) TPPB, and (€) CHB+1Cly1~ (f) lon trap CID spectrum of the [RPPGFSPFR-+H]" ion. In all cases, precursor ions
were held at comparable g, values, such that the low mass cut-off values for the data of (c), (d), and (e) precluded storage of the b,

and bs-H,0O products noted in (f)
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[RPPGFSPFR+H]", given in Figure 2f, shows that the peptide
fragments generated from the complexes are generally those
noted from CID of the protonated molecule. Note that essen-
tially no intact proton transfer product (viz., the [M+H]" ion) is
observed from the dissociation of the complex with the
carborane anion.
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CID of bradykinin dications with an excess proton and a
lithium cation, [RPPGFSPFR+H+Li]**, complexed with the
various acids yielded the results of Figure 3a—¢. Proton transfer
dominates for both [BMSA — H] and PF4 (Figure 3a and b,
respectively) with very little peptide fragmentation. In the case
of the BARF anion (Figure 3c), proton transfer is again noted,

100%1 a) [M+Li]} [M+H+Li+BMSA]*
[{M+Li)*
|
50%1 ik,
1050 1075
L
100%
b) [M+Li]4
[M+Li]*
|
50% [M+H+Li+PF]* '
1050 1075
- 100% c) [M+H+Li+BARF]}
§ [M+H)* ['M+Li]’
;_i 50%- [M+Li)* . \
2 1050 1075
<
o
100% 1 i i i -
d)
[M+H+Li+TPPB]*
SOV | [M*i'H‘]+ [Nl“u]»
(] (LI
1050 1075
100%
e) (MeH] [M+H+Li+CHB,,Cl,,]*
ll
50% 1050 , 1075

200 500 800 1100 1400 1700 2000
m/z

Figure 3. Resonant excitation of the complex between protonated and lithiated bradykinin (RPPGFSPFR+H-+LiJ**) and (a) [BMSA —

HI", (b) PFs™, (c) BARF™, (d) TPPB, and (€) CHB4+Cly1~
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as reflected in the appearance of the [M+Li]" ion, with only a
very small lithium transfer product, along with extensive pep-
tide fragmentation. In the case of the TPPB anion, both proton
and lithium ion transfer are observed, as reflected in the ap-
pearance of the [M+Li]" and [M+H]" ions, respectively, along
with extensive peptide fragmentation. Both lithium and proton
bearing b-type and y-type ions appear in the peptide fragments
from complexes of the latter two ions. Supplemental Chart 1
provides a more extensive listing of peak assignments. For the
carborane anion, however, no [M+Li]" signal is observed.
Rather, a significant [M+H]" ion from lithium ion transfer is
noted, along with extensive peptide ion dissociation. Very little
evidence for the presence of lithium ions is present in the
peptide fragments from the carborane-containing complex.
These results are consistent with the presence of relatively
low barriers for proton transfer in the cases of [BMSA — H|
and PF¢ . Proton transfer also occurs for the BARF and TPPB
anions but the appearance of extensive peptide fragmentation
indicates that the barriers to proton transfer for these two anions
are higher than those for the complexes with [BMSA —H] and
PF¢ . Only in the cases of the TPPB and carborane anions is
lithium cation transfer observed and only in the case of the
carborane anion is proton transfer absent.

The data of Figure 4 depict the behavior noted for the
[RPPGFSPFR+H+Na]*" ion. Activation of the complex
formed between deprotonated BMSA and the bradykinin cat-
ion results in exclusive proton removal to yield the [M+Na]"
species (Figure 4a). The first of the WCA/peptide complexes
studied, [M+H+Na+PF,]", displays both dissociative pathways
upon CID, with the proton removal pathway being more fa-
vorable (Figure 4b). Both dissociation pathways are observed
for resonant excitation of the complex formed between the
peptide and BARF ", ([M+H+Na+BARF]"), but sodium re-
moval dominates in this case. For the TPPB and carborane
anions, essentially no proton transfer to yield the [M+Na]" ion
is observed. Peptide ion fragmentation, which yields products
largely devoid of sodium ions, is noted for the BARF, TPPB,
and carborane anions. The extent of peptide fragmentation
associated with complexes comprised of these anions is less
than that observed with the doubly protonated species
(Figure 2) and protonated/lithiated species (Figure 3).

The results for the potassium-containing analogs of the
bradykinin dications (i.e., [RPPGFSPFR+H+K]*") are shown
in Figure 5. Resonant excitation of the electrostatic complex
formed with deprotonated BMSA anion and potassiated bra-
dykinin, [RPPGFSPFR+ H+K+BMSA]", yielded both disso-
ciation channels (i.e., the loss of the proton and the loss of the
potassium cation) (Figure 5a). The removal of a proton is
shown to be slightly more favorable than the removal of a
potassium cation. The PF4  anion is the only WCA that ex-
hibits some proton removal while the other WCAs (i.e., BARF,
TPPB, and CHB;;Cl;; anions) show no evidence for proton
transfer (Figure Sb—e, respectively). Rather, these anions lead
to a dominant potassium cation transfer product (viz., [M+H]")
with far less peptide fragmentation than observed with the
smaller cations. It is apparent that as the alkali cation size
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increases, the barrier for metal transfer decreases such that
peptide cleavage becomes less competitive. In line with this
observation, data collected with the cesiated peptide,
[RPPGFSPFR+H+Cs]*", showed exclusive cesium ion transfer
with all WCAs. Even with the [BMSA — H] anion, cesium ion
transfer is the predominant process, although proton transfer is
also observed (see Supplemental Figure 1).

Effect of the Basic Residues on Sodium Cation Removal The
competition between metal ion transfer and proton transfer is
clearly dependent on the metal ion and proton affinities of the
anion. The metal ion and proton affinities of the analyte ion
also play roles in this competition. In practice, sodium ions are
the most frequently encountered alkali ions in ESI experiments.
We have, therefore, examined the role of the basic side-chain
identity in affecting the competition between proton and sodi-
um ion transfer. Electrostatic complexes between model pep-
tides of the form [XAXAXAA+H+NaJ**, where X = Lys, His,
or Arg, and deprotonated BMSA, PF4, and CHB;;Cl;; were
studied (see Table 1). These reagent anions were chosen to
represent anions of relatively high, intermediate, and low pro-
ton affinities, respectively. The BARF and TPPB anions are
intermediate to PFs and CHB{;Cl;; .

Dissociation of the electrostatic complexes formed between
the anions and the [XAXAXAA+H+Na]*" model peptides
showed very little peptide fragmentation, unlike those of bra-
dykinin. This is likely due to the fact that the main dissociation
channels observed with the sodium containing bradykinin
complex were proline-related [45] cleavages and proline is
absent in the model peptides. The information in the product
spectra could, therefore, be summarized in tabular form. The
spectra from which the table was generated are provided in
Supplemental Figure S2. [KAKAKAA+H+Na]*" and [HAHA
HAA+H+Na]*" complexes behaved similarly. Both reacted
exclusively by proton transfer with [BMSA — H] and both
reacted exclusively by sodium ion transfer with the carborane
anion. Both proton and sodium ion transfer were observed with
PF¢ with proton transfer dominating in both cases.
Dissociation of the electrostatic complexes and the dication
[RARARAA-+H+NaJ** showed that the tendency for removal
of a sodium cation was more favorable with [BMSA — H] and
PF¢ anions than was observed for the other model peptides.
Sodium ion transfer was the exclusive process for all of the
carborane anion complexes. This greater tendency for sodium
jon transfer from [RARARAA+H+Na]*" is attributed to the
significantly greater proton affinity of arginine relative to those
of lysine and histidine.

Calculations

A generic energy diagram for a case in which proton transfer
from [M+H+Na]*" to a reagent anion A~ is favored thermody-
namically over sodium ion transfer is given in Figure 6. The
blue arrows in Figure 6 represent the calculated values for the
sodium cation affinity of the reagent anions, proton affinity of
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Figure 4. Resonant excitation of the complex between protonated and sodiated bradykinin ((RPPGFSPFR+H-+Na]**) and (a)

[BMSA — H", (b) PFs, (c) BARF-, (d) TPPB~, and () CHB1Cly1~

the reagent anions, sodium cation affinity of the peptides, and
proton affinity of the peptides. These enthalpies have been
estimated via DFT calculations of the various zero-point ener-
gies for the relevant reactants and products. The difference in
the enthalpies for proton and sodium transfer has been estimat-
ed from the difference in zero-point energies for proton and
sodium ion removal by the anion from the complex (viz.,

AAH~AE=Ey: removal — ENat remova)- The energies required
to reach the respective transition states, Enas’” and Ey.”, are
indicated by green arrows.

Relatively simple model compounds that consisted of either
two amino, two imidazole, or two guanidine groups linked by a
three-carbon chain were used to simulate the peptides
KAKAKAA, HAHAHAA, and RARARAA, respectively.
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Figure 5. Resonant excitation of the complex between protonated and potassiated bradykinin (RPPGFSPFR+H+K]**) and (a)
[BMSA — HJ, (b) PFs™, (c) BARF, (d) TPPB™, and (e) CHB¢;Cl;1~

The peptide KAKAKAA'’s sodium and proton affinities were =~ Table 2. The AAH values for the complexes of the diamine,
also calculated to indicate how closely the small model diimidazole, and KAKAKAA with deprotonated BMSA are
matched the peptide. The calculated AAH values are listed in ~ negative indicating that proton removal is thermodynamically
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Table 1. Observed Relative Partitioning Between Proton Transfer Versus Sodium Ion Transfer from the Complexes of [BMSA-H] , PF¢ , and CHB,,Cl;, with the

Three [XAXAXAA+H+Na]*" Model Peptides

Na' versus H' transfer

Analyte [KAKAKAA+H+Na]*" [HAHAHAA-+H+Na]*" [RARARAA+H+Na]*"

Pathway Anion Na' removal H' removal Na’ removal H' removal Na' removal H' removal
[BMSA-H]” 0 100 100 10 90

PFq 20 80 90 85 15
CHB,,Cly; 100 0 0 100 0

preferred over sodium removal. The positive AAH value for the
diguanidine case, on the other hand, indicates that sodium ion
transfer to deprotonated BMSA is thermodynamically favored.
The only peptide ion observed in this study to transfer the
sodium ion to [BMSA — H]™ was [RARARAA+H+Na]*".
However, proton transfer was the dominant process. This is
one of several results that suggest that, in general, sodium ion
transfer is kinetically disfavored relative to proton transfer
unless AAH strongly favors sodium ion transfer. The kinetic
factor can arise from a higher transition state barrier and/or a
tighter transition state associated with sodium ion transfer (see
below).

The positive AAH values calculated for the PF4  anion
indicates that the sodium cation transfer channel is thermody-
namically favored with all of the calculated systems with the

largest AAH value obtained for the diguanidine system. Indeed,
sodium ion transfer is observed with all of the model peptide
ions but is the dominant process only for [RARA
RAA+H+Na]*". These findings again point to one or more
differences in the transition states for proton versus sodium
transfer that disfavor sodium ion transfer. The calculations
involving the carborane anion show the highest AAH values
favoring sodium ion transfer for all systems examined and is
the only anion of the three that leads to essentially exclusive
sodium ion transfer in each case.

The AAH values in Table 2 for the diamine, diimidizole, and
diguanidine systems were generated from the calculated AH
values for each of the processes (i.e., Na" and H' removal)
listed in Table 3. As expected, the AH values for the diamine
and diimidizole systems are similar given the similar proton

M+ H*+ Nat + A

Na* Affinity of A-

[A+Na] + M + H*

H* Affinity of M
TS

Energy

[M+H]* + ANa

AH

Na+ Removal

[M+Na+H]?* + A

Na* Affinity of M

[M+Na]*+H" + A"

H* Affinity of A

[M+Na]* + AH

AH

H+ Removal

[M+Na+H+A]*

Figure 6. Energy diagram depicting the two dissociation channels from the ion/ion complex that lead to either proton transfer or
sodium ion transfer. The channel on the left illustrates the removal of the sodium from M by the reagent resulting in a protonated
analyte, whereas the channel on the right illustrates the removal of the proton by the reagent resulting in a sodiated analyte
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Table 2. Calculated Energy Difference Between Proton Removal and Sodium
Removal on Model Systems or the Peptide KAKAKAA by [BMSA — HJ,
PF¢, or CHB;;Cly; . The model Systems Were Two Amines, Two Imidazole
Rings, or Two Guanidines Linked by a Three-Carbon Chain

AAHZAEHJr removal — Na+ removal (ZPE) keal/mol

Analyte Anion  Diamine Diimidizole =~ Diguanidine = KAKAKAA
[BMSA —H] —-10.69 —6.13 10.36 —4.23
PFs 14.68 19.23 35.72 21.12
CHB,,Cl;; 35.16 39.72 56.21 41.60

affinities of these basic sites. Table 3 shows that the AAH
value trends in Table 2 arise from opposing trends in AH
values for the two cations. That is, the AH values for
sodium cation removal decrease in going from [BMSA —
H] to the carborane anion whereas the AH values for
proton transfer increase in going from [BMSA — H] to
the carborane anion.

Tables 2 and 3 provide calculated thermodynamic
values relevant to Figure 6. As the competition between
proton transfer and sodium ion transfer upon activation of
the ion/ion complex is under kinetic control, the Eﬂf and
Enas” values and entropies associated with the transition
states are key to the outcome to the ion transfer competi-
tion. These factors are less readily determined than the
thermodynamic values due, in part, to mechanistic uncer-
tainties (e.g., location of the transition state). However,
given the experimental evidence for differences in transi-
tion state barriers, two systems, [diamine+H"+Na"]*"/
CHB,,Cl;; and [diamine+H+Na]2+/PF67, were examined
more closely by calculating approximate transition state
energies. The [diamine+H+Na]**/CHB;,Cl,;~ system was
chosen because the carborane anion was clearly shown to
be the anion most likely to remove alkali ions experimen-
tally and was calculated to strongly favor sodium transfer
on thermodynamic grounds. The [diamine+H+Na]*'/PFs
system was selected as an example where sodium ion
transfer was calculated to be favored thermodynamically
but the KAKAKAA experiment showed proton transfer to
be more competitive (although sodium transfer was also
observed). In the case of [diamine+H+Na]2+/CHB11C11f,
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Enas” is estimated to be 49.12 kcal/mol, which is much
higher than AHy,. transfer, calculated to be 19.29 kcal/mol
(see Table 3). Nevertheless, Enn:” remains lower than
AHy, transfer, calculated to be 54.45 kcal/mol.
Therefore, regardless of the magnitude of Ey.”, which
must be greater than or equal to 54.45 kcal/mol, the barrier
to sodium transfer is lower for the carborane anion than the
barrier to proton transfer. The calculations indicate that the
barriers for both proton and sodium ion transfer are rela-
tively high for the carborane anion, which likely underlies
the observation of peptide ion fragmentation for the
[bradykinin+2H]?"/CHB,,Cl,,  (Figure 2e),
[bradykinin+H+Li]2+/CHB1]Cll1_ (Figure 3e), and
[bradykinin+tH+Na]**/CHB,,Cl;,  (Figure 4¢) cases.
Calculations performed by Paizs and Suhai have shown
that dissociation energies for an amide protonated, non-
arginine containing peptide to by-y, ions range from ~25-
40 kcal/mol [45]. Hence, peptide bond cleavage can be
competitive with ion transfer from the carborane com-
plexes and might also arise from consecutive fragmenta-
tion. This is also presumably underlies similar behavior
with the BARF and TPPB anion data, although no calcu-
lations were performed for these WCAs.

The [diamine+H+Na]*'/PFs  calculation yielded an
estimate of 32.16 kcal/mol for En,.” and 67.83 kcal/mol
for Eyy.”. The Eyn,.” value is lower than the AHyy, transfer
value, which was calculated to be 36.50 kcal/mol.
In contrast to the case with the carborane anion, which
showed no evidence for proton transfer from the
[KAKAKAA+H+Na]*" ion, the PFs anion showed both
proton transfer and sodium ion transfer with the former
being favored. The calculated barriers for sodium and proton
transfer are inconsistent with this observation as Ep.” is
much greater than Ey,”. Even if tunneling [46] were to
take place in the case of proton transfer, sodium ion transfer
would still be favored purely on energetic grounds since
Enat’ <AHy,. Provided the diamine is a reliable model for
KAKAKAA and the calculated values are even roughly
accurate, this observation strongly suggests that sodium ion
transfer is significantly slower than proton transfer. This
apparently underlies why sodium/metal ion transfer must
be strongly favored thermodynamically in order to overcome
a kinetic disadvantage relative to proton transfer.

Table 3. Calculated AH Energies Required to Transfer a Sodium Cation or a Proton from the Diamine, Diimidizole, or Diguanidine Model Systems by [BMSA —

H]i, PFsi, or CHB] 1C1117

AH for cation transfer from ion/ion complex (kcal/mol)

Analyte Diamine Diimidizole Diguanidine

AH_g0n Anion Na' removal H' removal Na' removal H' removal Na' removal H' removal
[BMSA-H]™ 39.05 28.37 34.84 28.71 36.75 47.14
PFq~ 21.82 36.50 22.09 4132 24.42 60.14
CHB,Cl;;~ 19.29 54.45 17.92 57.64 2.61 58.82
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Conclusions

Selective and complete alkali ion metal cation removal has been
demonstrated using ion/ion reactions with a carborane anion.
Resonant excitation of complexes comprised of a carborane
anion and a peptide containing an adducted alkali metal cation
results in selective removal of the metal cation adduct with no
evidence for any proton transfer. The carborane anion was the
only reagent to show no evidence for proton transfer for any of
the metal ions studied. Resonant excitation of the complexes of
a peptide adducted with metal cations and the anions studied
showed the selectivity for metal ion transfer to follow the order
CHB;,Cl;; >TBBP>BARF>PFs >[BMSA — H] . Density
functional theory calculations involving model dications and
the reagent anions CHBCly; , PF¢ , and [BMSA — H] indi-
cated that metal ion transfer is strongly favored thermodynam-
ically for the carborane anion. The calculations also suggest that
proton transfer is inherently a faster process because it is often
observed with other reagent anions for which metal ion transfer
is preferred thermodynamically, although not as much as the
carborane anion. Therefore, these results demonstrate that the
CHB,Cl;; is the most reliable reagent for the removal of
metal cations from peptide ions with mixtures of excess protons
and alkali metal cations.
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