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The gas-phase deprotonation reactions of multiply protonated bovine ubiquitin, insulin chain
B, and renin substrate tetradecapeptide ions have been studied in a Fourier transform ion
cyclotron resonance mass spectrometer coupled with an external electrospray source. Rate
constants were measured for the reactions of these peptide ions with a series of reference
compounds of known gas-phase basicities ranging from 195.6 to 232.6 kcalyrnol. The
apparent gas-phase acidities (GA app) of the multiply protonated peptide ions [M + nH]n+
were determined with deprotonation reactions. The deduced values of GA app show a strong
dependence on the charge states of the multiply protonated peptide ions. In general, the
values decrease as the charge states of the peptide ions increase. For ubiquitin ions, the
determined GAapps values decrease from > 232.6 to 205.0 kcalyrnol for n = 4-13; for
insulin B ions, the GAapps decrease from > 232.6 to 198.2 kcalyrnol for n = 2-5; for renin
substrate ions, the GAapps decrease from 221.6 to < 195.6 kcalyrnol for n = 2-4. Interest
ingly, at a given mass-to-charge ratio, the GAapps of these peptide ions agree within 10
kcalyrnol despite large differences in their mass and charge. The ubiquitin and insulin B ions
generated under the present conditions reveal multiple isomers at certain charge states,
n = 4, 5, 6, 12 for ubiquitin and n = 4, 5 for insulin B, as evidenced by the fact that the
isomers display distinctively different deprotonation reaction rates with certain reference
compounds. © 1996 American Society for Mass Spectrometry (J Am Soc Mass Spectrom 1996,
7, 1211-1218)

The development of electrospray ionization (ESI)
mass spectrometry has provided exceptional op
portunities for studying large biomolecules in

the gas phase [1-3] . In addition to offering new capa
bilities for analyzing biomolecules by mass spectrome
try, ESI opens up a new class of ions for studies of
gas-phase ion chemistry. A number of experimental
techniques have been employed to probe gas-phase
structures and ion chemistry such as proton transfer
[4-13], hydrogen/deuterium exchange [13, 14], colli
sion-induced dissociation [13, IS, 16], collisional scat
tering [17, 18], and clustering reactions [19].

Proton transfer reactions in biological systems have
been of long standing research interest. The highly
protonated nature of biological ions generated by elec
trospray is ideal for experimental studies of proton
transfer reactions in the gas phase. McLuckey et al. [4]
were the first to demonstrate the dependence of reac
tivity on charge state for proton transfer reactions of
large multiply charged ions. They found that the reac
tion rate increased as the charge state of multiply
protonated ions of cytochrome c increased when react
ing with dimethylamine. In addition, deprotonation
reactions of multiply protonated proteins were studied
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in a reaction chamber attached to the inlet of a triple
quadrupole mass spectrometer by Ikonomou and Ke
barle [5]; semiquantitative rates were determined for
reactions of multiply charged cytochrome c and tri
butylamine. Smith and co-workers [6-10] conducted a
series of experiments to probe proton transfer reactions
by using a "V-tube" inlet/reactor coupled to a
quadrupole mass spectrometer. Proton transfer reac
tions of both multiply charged cations with bases and
multiply charged anions with acids were investigated.
Recently, Cassady et al. [11, 13] measured the reaction
rates of multiply charged ubiquitin ions with different
bases in a Fourier transform ion cyclotron resonance
(Ff-ICR) mass spectrometer. Hunter et al. [12] studied
the proton transfer reactions of multiply charged pep
tide ions with ammonia in a triple-quadrupole spec
trometer. For highly protonated peptide ions, sequen
tial deprotonation reaction products were observed.

Thermodynamic information, such as gas-phase
acidity/basicity (GA/GB), is essential to the under
standing of proton transfer processes in the gas phase.
For a multiply protonated ion [M + nH]n+, the gas
phase acidity is related to the free energy change of
reaction

[M + nH]n+ ~ [M + (n - I)H](n-O+ + H+
GA([M + nH]"+) = AG (1)
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while the gas-phase basicity of [M + (n - l)H](n-l)+
is related to the free energy change of the reverse
reaction, that is,

[M + (n _l)H](n-ll+ + H+--+ [M + nH]"+

GB([M + (n - l)H](n - 1l+ = - dG (2)

Therefore, the quantity ofGA([M + nH]"+) is the same
as GB([M + (n - l)H](n-l l+). Since reaction 1 pro
ceeds with a reverse activation barrier (RAB) due to
the Coulomb repulsion of two charged product ions,
the term "apparent gas-phase acidity" (GAapp) was
introduced by Bohme and co-workers [20, 21] and is
defined as the sum of gas-phase acidity and the re
verse activation barrier. It was suggested [20-22] that
GA is a more sensible term for a multiply chargedapp
ion [M + nH] n+ because it is the quantity directly
determined from deprotonation reactions and indicates
the reactivity of [M + nH]"+. In contrast, reaction 2
(which is the protonation of [M + (n - l)H](n -1)+) is
barrier-inhibited, and gas-phase basicity is not directly
measurable. However, GBapp also has been used in
recent studies of multiply charged ions [23-28].
GB ([M + (/1 - l)H]<" -1)+) in those studies of de-app
protonation reactions [23-26] actually corresponds to
GA a ([M + nH]" +), while GBapp([MH]+) for dissocia
tion P6f doubly protonated dimer [+HM '" H + ... B]
was defined as the sum of GB of [MH]+ and the
reverse activation barrier due to the Coulomb repul
sion of [MH]+ and [BH]+ [27, 28]. Therefore, GA app
will be used consistently for deprotonation processes
throughout the following discussions.

Recently, several studies have been devoted to ob
taining thermodynamic information of multiply
charged biomolecules [24-28]. Gross and Williams [24]
determined GAapps of doubly protonated gramicidin S
and Williams and co-workers [25] determined GA apps
of multiply protonated cytochrome c ions. They also
proposed a model to quantify Coulomb energy of ions
at individual charge states [23-25]. In a further study
[26], the model was applied to calculate the maximum
charge state of peptide and protein ions formed by ESI.
It was suggested that the maximum charge state ob
served by ESI is determined by the GAapps of multiply
protonated peptide/protein ions and GBs of the sol
vent [26]. Fenselau and co-workers [27, 28] determined
the GBs of protonated bradykinin and des-Arg/
bradykinin by measuring both GBapps through the
kinetic method and the reverse activation barriers by
kinetic energy release.

In this work, gas-phase deprotonation reactions of
multiply protonated bovine ubiquitin, insulin chain B,
and renin substrate tetradecapeptide ions have been
studied systematically in an Ff-ICR. These peptides
were chosen because they have ions with similar mass
to-charge ratios (m/z) but varying molar mass (m),
The apparent gas-phase acidities of the multiply proto
nated peptide ions [M + nH]n+ were determined

J Am Soc Mass Spectrom 1996,7.1211 -1218

through deprotonation reactions. The implications of
deduced GA app values are discussed in terms of acidi
ties of deprotonation sites, Coulomb interaction, and
structures of the peptides.

Experimental

All experiments were performed by using a Bruker
(Billerica, MA) CMS-47X Fourier transform ion cy
clotron resonance mass spectrometer coupled with an
external ESI source. The 'experimental details have
been described in previous publications [11, 13] and
only those aspects pertinent to the present study are
given here. Briefly, (1.8-3.0) X 10-s-M peptide solu
tion formed in a 49.5:49.5:1.0 mixture (vol %) of
methanol:water:acetic acid was introduced into the
source at a flow rate of 1.0-3.0 JLL/min. The liquid
sample flowed through a grounded needle at atmo
spheric pressure and was electrosprayed across a 5-kV
potential through a heated (180°C) CO2 countercur
rent of drying gas. After passing through a series of
ion optics, the ions were transferred to the ion cy
clotron resonance OCR) cell for reaction and subse
quent detection. Multiple stages of differential pump
ing allowed a background pressure in the analyzer
region of 3 X 10-9 torr during the operation of the ESI
source. To study deprotonation reactions, the multiply
protonated peptide ion of interest was mass-to-charge
ratio-selected by resonant-frequency-injection tech
niques [29] and allowed to react with static pressures
of reference compounds. Pressures were measured with
a calibrated ionization gauge [11]. The reaction rate
constants were determined by observing the pseudo
first-order decay in reactant ion intensity as a function
of reaction time. In cases where isomers exist and
nonlinear kinetics were observed, the rate constants
and corresponding percentage of each isomer were
obtained by a best fit to the sum of multiple exponen
tial decays. In the present study, isomers were able to
be differentiated when their rate constants differ ap
proximately by a factor of 10 and/or their levels of
presence are about 10%. Reported reaction efficiencies
are the ratio of the experimental rate constant to the
collisional rate constant obtained by using the average
dipole orientation model [30].

The peptides, bovine ubiquitin, bovine insulin chain
B, renin substrate tetradecapeptide (horse), and the
reference compounds were purchased from Fluka
(Ronkonkoma, NY), Sigma Chemical Co. (St. Louis,
MO), and Aldrich Chemical Co. (St. Louis, MO) and
were used without further purification.

Results and Discussion

Deprotonation Reactions and Gas-Phase Acidities

It has been well established [31-35] that the gas-phase
acidity (dG of deprotonation) of a protonated ion AH+
can be determined by studying the deprotonation reac-
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tions between AH + and a series of reference com
pounds B with known gas-phase basicity:

[M + nH]"+ + B ~ [M + (n - l)H](II-J)+ + BH+
(4)

The value deduced from the deprotonation reaction is
defined as the apparent gas-phase acidity of [M +
nH]"+ [20,21]; that is, the sum of the gas-phase acidity
of [M + nH]" and the RAB. For [M + nf-I]"", reaction
efficiencies display a gradual increase as a function of
the overall exoergicity of the deprotonation reactions,
partially due to the large number of degrees of free
dom to dissipate the excess energy in biomolecules. As

an example, the reaction efficiencies of the multiply
charged ubiquitin ion [ubiquitin + 13H]l3+ are also
plotted as a function of the GBs of reference com
pounds in Figure 1. It is evident that [ubiquitin +
13H]l3+ shows a more gradual increase of reaction
efficiencies as compared to [GlySer]H+. Therefore, the
absolute value of apparent gas-phase acidity is quite
sensitive to the assignment of the "break point." How
ever, the relative values (or trend) at individual charge
states are insensitive to the assignment of the break
point, since the error associated with the assignment is
systematic. In the present study, all the break points
are assigned at reaction efficiencies equal to 0.1 since it
also marks a transition in reaction efficiency plot as
shown in Figure 1. Williams and co-workers [25] used
a reaction efficiency around 0.00005 as the break point
in their study of multiply protonated peptide ions. In a
recent computational work [22], the GA app of doubly
protonated 1,7-diaminoheptane was determined as
- 200 kcaljmol from the calculated GA and the RAB.
This value is substantially higher than the experimen
tal value of - 190 kcaljmol reported by Williams and
co-workers [23]. By comparing the difference in the
calculated and experimental GA app values, Gronert
[22] suggested that a reaction efficiency value of 0.1-0.2
may be more appropriate as a break point for determi
nation of GAapps of multiply protonated ions .

As has been previously noted [11], some reaction
efficiencies are greater than 1. This was attributed to
the underestimation of collision rates calculated by
average dipole orientation (ADO) [30] theory. Point
charge is assumed in ADO theory but may not best
describe large peptide ions. It is plausible that a large
peptide ion has higher probability of undergoing a
collision than a point charge. However, for large pep
tide ions, many collisions that might be energetically
capable of leading to a reaction may not do so because
of unfavorable geometric configuration, which may
result in the maximum reaction rate less than the
collision rate . This may offset the underestimation of
the ADO collision rate to a certain extent. Also, to
further complicate the situation, for reactions that are
sufficiently exoergic, the peptide ion may have several
sites where proton removal is energetically favorable;
in contrast, for a near thermoneutral reaction, there
may be only a single proton that the reference com
pound is capable of extracting. Although ADO theory
is not ideal for large biomolecules, it is used here
because there are no models available to calculate
collision rates for large molecules. By using ADO rates
we can, to some extent, take properties of the reference
compounds and the effects of ion charge on rate con
stants into consideration.
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When GA of AH+ is less than GB of B (note that GB of
B is also the GA of BH+), the deprotonation reaction
proceeds at very low efficiency due to the endoergic
reaction. When GA of AH+ is greater than GB of B, the
deprotonation reaction is at high efficiency . The plot of
reaction efficiencies as a function of GB of the reference
compounds generally displays an abrupt transition or
break point. The corresponding value at the break
point is assigned as GA of AH+. For example, Figure 1
displays reaction efficiencies [35] of the protonated
peptide ion [GlySer]H+ as a function of GBs of refer
ence compounds. It is evident that a sharp transition of
reaction efficiencies occurs in a narrow GB range.
Hence, the determined GA values of the small mono
protonated peptides are not sensitive to the assign
ment of break point. A reaction efficiency criterion of
0.10 has been utilized in previous studies [34-36] as
the break point, which generally represents a sharp
transition between slow (endoergic) and facile (ex
oergic) deprotonation reactions.

In the case of multiply charged ions, [M + nH]"+,
the deprotonation reaction with reference compound,
B, proceeds with a reverse activation barrier (RAB) due
to the Coulombic repulsion of two charged product
ions:
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Figure 1. Plots of reaction efficiencies versus gas-phase basicity
(GB) of reference compounds.

Reaction Efficiencies of Multiply Charged
Peptide Ions

In this work, the multiply protonated peptide ions
[M + nH]"+ were generated by electrospray ionization
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of solutions of denatured peptides. The highest charge
states observed are n = 13, 5, and 4 for ubiquitin,
insulin B, and renin substrate, respec tively, which are
equal to the total number of basic residues (arginine,
lysine, and histidine) in the corresponding peptide
plus one additional N-terminal protonation site. This
observation is consistent with previous studies of pep
tides under similar cond itions [11, 14].

A series of reference compounds with known gas
phase basicities [37] was used for reactions with the
selected peptide ions. In the ubiquitin system, the
deprotonation reactions of multiply protonated ubiqui
tin ions, [M + nH]" +, n = 4-13, have been studied
previously with four reference compounds [11]. In the
present work, two additional reference compounds
(ammonia and 2-fluoropyridine) are used to study the
reactions of multiply protonated ubiquitin ions. For all
the processes studied, deprotonation was the only sig-

J Am Soc M ass Spectr om 1996, 7,1211 - 1218

nificant reaction pathway. When highly protonated
ions react with more basic compounds, sequential de
protonation reactions also occurred [11]. For most of
the reactions studied, reac tant ions exhibited linear
first-order kinetics and reaction rate constants were
determined by best fit of a single exponential decay.
However, nonlinear kinetics [11, 13] were found for
ubiquitin ions in the following cases: [M + 4H]4+ with
N,N,N ',N ' -tetramethyl-1,4-butanediamine; [M +
5HJS+ with tripropylam ine; [M + 6H] 6+ wi th
dipropylamine; [M + 12H] ~2 + with ammonia and 2
fluoropyridine. All the experimental reaction rate con
stants (kexp) and reaction efficiencies ( kexp/kAOO ) are
summarized in Table 1. It can be seen that, in general,
reaction rates increase as the charge states increase.
This is in agreement with previous studies [4, 11, 25].

Reactions of ions at charge states n = 2-5 for in
sulin Band n = 2-4 for renin substrate with six refer-

Table 1. Reaction rate constants and efficiencies of ubiquitin ions 1M + nH )" +

Ref. compound NH 3 " 2·Fp· NPAb DPAb TPAb TMD b

n GBc (kcaf/rnot) 195.6 202.8 210.1 219.7 226.2 232.6

13 Expd 7.45 X 10 12 1.01 X 10 - 9 2.70 X 10 9 8.05 X 10 9 1.29 X 10 6 1.71 X 10 6

Eff ie· 0.00036 0.057 0.20 0 .66 1.12 1.37
12 Exp 5.40 X 10 - 131 2.80 X 10 - 121 1.56 x 10 - 6 6.57 X 10 - 9 8.81 x 10- 9 1.21 X 10 - 6

Eff ie 0.00003 (40%)g 0 .0002 (54%) 0.12 0 .58 0 .83 1.05
Exp 8.40 x 10 - 12 3 .80 x 10 - 10

Effie 0.0004 (60%) 0.0023 (46%)

11 Exp 1.01 x 10 - 12 2.67 X 10 - 11 4 .44 X 10 - 10 4.65 x 10 - 9 7.54 x 10 - 9 1.20 x 10 - 6

Eff ie 0.00006 0.0018 0 .039 0.45 0 .77 1.13
10 Exp 3.26 x 10 - 13 1.59 x 10 - 11 2.39 x 10 - 10 4 .26 x 10 - 9 3.82 X 10 - 9 1.15 xlO- 6

Effie 0 .00002 0.0012 0.023 0.45 0.43 1.19

9 Exp 3.76 x 10 - 13 1.58 x 10 - 11 1.60 x 10 - 10 4 .38 x 10 - 9 4.42 x 10 - 9 9 .18 X 10 - 9

Effie 0.00003 0.0013 0.017 0.52 0 .55 1.06
8 Exp 2.25 X 10 - 13 8.77 X 10 - 12 2.78 X 10 - 11 4 .05 x 10 - 9 4 .39 X 10 - 9 9.44 X 10 - 9

Effie 0.00002 0 .0007 0.0033 0.54 0 .62 1.23
7 Exp NAh 3.64 X 10- 13 NA 7.68 x 10 - 10 2.37 X 10 - 9 8 .96 x 10 - 9

Effie 0 .00004 0.12 0 .38 1.33
6 Exp NA NA NA 2.76 x 10 - 10 6.17 xlO - 1O 5.99 x 10 - 9

Eff ie 0.049 (80%) 0.12 1.04
Exp 1.13 x 10 - 11

Effie 0.0020 (20%)
5 Exp NA NA NA NA 7.05 x 10 -10 3.76 X 10 - 9

Eff ie 0.15 (59%) 0.78
Exp 1.93 x 10 - 11

Effie 0.0042 (41%)
4 Exp NA NA NA NA NA 4.41 x 10 - 10

Eff ie 0.12 (62%)
Exp 2.78 x 10 - 11

Effie 0.007 (30%)
Exp < 1.00 X 10 - 12

Eff ie 0.0002 (8%)

" Data from present work. 2-FP =2- f1uoropyrid ine .
b Data from ref 11 ; NPA = n -propylam ine ; DPA = d i -n-propylamine ; TPA = t ri -n-propyl amine; TMD = N,N ,N ' ,N ' -te t ra-

meth yl-1,4-butanediamine.
cA li GBs of reference compounds are from ref 37.
d Experimental rate constants are in un its of centimeter cubed per molecule per second.
; Reaction efficiencies are the ratio of the expe r imental and theoretical rat e constants: k . xp/k ADO'
Data from ref 13.

g In cases where an ion reacts at multiple rates, the percentage of the population react ing w ith each rate constant is shown in
parentheses.

h NA indicates that an ion did not form in sufficient intensity for study w ith the reference compound of interest.
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ence compounds were also studied in the present work.
In cases where the ion of interest was not formed in
high yield by ESI (e.g., n = 4-7 for ubiquitin, n = 2,3
for insulin B, and n = 2 for renin substrate), the entire
ion population was allowed to react with the reference
compound to shift the distribution to lower charge
state prior to ion isolation [11]. All these deprotonation
reactions exhibit linear first-order kinetics except reac
tions of [insulin + 4H]4+ and [insulin + 5H]s+ with
2-fluoropyridine, where nonlinear kinetics were ob
served. Similar to the ubiquitin ions, deprotonation
reactions were the only significant reaction pathway in
all cases with two exceptions: doubly protonated renin
substrate with n-propylamine and dipropylamine,
where only adduct ions were formed. The results of
these two systems are summarized in Table 2.

Determination of GAapps

By using a reaction efficiency of 0.1 as the break point
between endoergic and exoergic processes, the appar
ent gas-phase acidities of multiply charged peptide
ions were determined and summarized in Table 3. In
cases where the reaction efficiencies are substantially
below or above the break point, only a low or a high
limit of GA.pp is given. The error of the determined
GA.pps is estimated as half of the GB difference of two
nearest reference compounds at the break point plus

an additional 2-kcaljmol error for literature values.
Although the error of the determined GAapps is fairly
large due to the large GB gap between reference base
compounds, the relative values among different charge
states are readily established.

To better visualize the general trend, the deter
mined GAapps are plotted as a function of charge state
in Figure 2. Also included in Figure 2 are the experi
mental GAapps of multiply protonated cytochrome c
ions [M + nH]"+, n = 4-16, determined by Williams
and co-workers [25]. From Figure 2, it is obvious that
the GA.pp values decrease as the charge states of the
peptide ions increase. This can be attributed to several
factors: intrinsic GA of the deprotonation site, Coulomb
energy, and three-dimensional structures. It is known
that protonated arginine is the most acidic amino acid
with a GA of 235.8 kcaljmol [38], while protonated
lysine and histidine have similar acidity with GAs of
220.8 kcaljmol [39], which is substantially lower than
that of arginine. It is reasonable to assume that argi
nine is a more preferred site for protonation at low
charge states and therefore deprotonation reactions are
more likely to proceed at protonated arginine sites. At
higher charge states, the deprotonation reactions may
occur at less acidic sites. This is consistent with the
decreasing trend of GA apps. Furthermore, as the charge
state increases, the Coulomb energy increases sig
nificantly [25]. This would also lead to reduced gas-

Table 2. Reaction rate constants and efficiencies of insulin B and renin substrate ions [M + nH)"+'

Ref. compound NH3 2-FP NPA DPA TPA TMD
n GBb Ikcal/moll 195.6 202 .8 210.1 219 .7 226 .2 232 .6

Insulin, chain B
5 Expc 2.82 x 10- 11 1.09 x 10 -10 5.47 x 10 - 9 4.73 x 10 - 9 6.61 xlO- 9 5.85 x 10- 9

Effied 0.0036 0.016 (38%)· 1.04 0.99 1.48 1.20
Exp 1.86 x 10 - 9

Effie 0.27 (62%)

4 Exp 6.59 X 10 - 12 2.10 xlO- 11 2.27 x 10- 9 4.06 x 10 - 9 3.54 x 10- 9 3.74 x 10 - 9

Effie 0.0010 0.0038 (32%) 0.54 1.07 0.99 0.96
Exp 3.50 x 10 - 10

Eff ie 0.064 (68%)

3 Exp NA' NA NA 1.10 x 10 - 9 1.79 X 10 - 9 1.77 x 10 - 9

Effie 0.38 0.67 0.61

2 Exp NA NA NA NA NA NR9

Effie
Renin substrate tetradeeapeptide

4 Exp 1.08 x 10 - 9 2.75 X 10- 9 2.36 x 10 - 9 4.56 x 10- 9 2.75 x 10 - 9 3.16 x 10 - 9

Effie 0 .17 0.49 0 .55 1.18 0.76 0.76

3 Exp NR 9.96 x 10 - 12 9.17 X 10 - 10 2.75 x 10- 9 2.20 x 10 - 9 2.30 x 10 - 9

Effie 0.002 0.29 0 .95 0.81 0.74

2 Exp NA NA 1.70 x 10 - 11 2.80 x 10 -10 6.19 X 10 - 10 8.81 X 10 - 9

Effie 0 .008 0.15 0.34 0 .44

• 2-FP = 2-fluoropyridine; NPA = n-propvtam ln e: DPA = di·n -propylamine; TPA = tri-n -propylamine; TMD = N,N,N ' ,N'-
tetramethvl-t ,4-butanediamine.

bAil GBs of reference compounds are from ref 37.
C Experimental rate constants are in units of centimeters cubed per molecule per second.
dReaction effclencles are the ratio of the experimental and theoretical rate constants: kex p/k A OO '

·In cases where an ion reacts at multiple rates, the percentage of the population reacting w ith each rate constant is shown in
parentheses.

I NA indicates that an ion did not form in sufficient intensity for study with the reference compound of interest.
9 NR indicates that no reaction was observed.
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Figure 2. Plots of apparent gas-phase acidities (GA.pp ) of mul
tiply protonated peptide ions, [M + nHl"+, as a function of their
charge state n. (Cytochrome c data from ref 25)

(with only a few exceptions) despite large differences
in molecular weight and charge state of these pep tides.
This correlation of GAapp with mass-to-charge ratio
may be due to the fact that 1/(m/z) provides a quali
tative measure of average charge separation. The
smallest peptide studied-renin substrate-deviates
most from this observation; this may suggest that as
the number of potential protonation sites decreases,

phase acidity. It is important to realize that the three
dimensional structures as well as the solvation energy
of a peptide at various charge states may be different.
The ions at small charge states may have a more
compact structure with higher solvation energy. This is
supported by the findings that neutral peptides have
substantially higher gas-phase basicities than the in
trinsic gas-phase basicities of amino acids [25, 28]. The
structures may become less compact at higher charge
states due to the increasing Coulomb repulsion. There
fore, the acidity of the peptide ions would decrease as
charge state increases.

It is interesting to note the deduced GAapps of both
renin substrate and insulin B drop significantly (» 25
kcalymol) from n = 2-4, while the values of ubiquitin
show a more gradual change as a function of charge
state from n = 4-13 as shown in Figure 2. Since the
molecular weights (renin substrate of 1759.1 u; insulin
B of 3495.9 u; ubiquitin of 8564.8 u) and the charge
states are quite different for these pep tides, the GAapps
are plotted as a function of mass-to-charge ratio in
Figure 3 to further understand the general GAapps
trend. Also included in Figure 3 are the experimental
GAapps of multiply protonated cytochrome c [25]. In
terestingly, the GAapps generally agree within about
10 kcalyrnol at a given mass-to-charge ratio value

Table 3. Apparent gas-phase acidities (GA.pp ) for deprotonation of peptide ions [M + nf-l]""

Peptide n mtz GA opp Ikcat/rnotl

Ubiquitin (bovine) 13 660 205.0 ± 5.7
12 715 205.6 ± 5.7 (50%)0

208.9 ± 5.7 (50%)

11 780 211.5 ± 6.8

10 857 211.8 ± 6.8

9 952 211 .7±6.8

8 1072 211.8 ± 6.8

7 1225 218.1 ± 5.3

6 1428 224.4 ± 5.3 (80%)
225.1 ± 5.3 (20%)

5 1714 224.0 ± 5.3 (59%)
227.0 ± 5.3 (41%)

4 2143 224.0 ± 5.3 (62%)
231.5 ± 5.3 (30%)

> 232.6 (8%)
Insulin, chain B 5 700 198.2 ± 5.6 (38%)

203.4 ± 5.7 (62%)

4 875 203.4 ± 5.7 (68%)
204.1 ± 5.7 (32%)

3 1166 212.2 ± 6 .8

2 1749 > 232.6
Renin substrate

tetradecapeptide 4 441 < 195.6

3 587 205.3 ± 5.7
2 880 221.6 ± 5.3

o'n cases where multiple isomers exist, the percentage of the ion population that has the listed GA opp
is shown in parentheses.
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The apparent gas-phase acidities of multiply proton
ated ubiquitin, insulin B, and renin substrate ions were
determined through deprotonation reactions. The de
duced GAapp values decrease as the charge states of
the peptide ions increase. At a given mass-to-eharge
ratio (m/z), the obtained GAa~ps of ions with different
mass (m) and charge state (z) generally agree within
about 10 kcaljmol. Furthermore, multiply protonated
insulin Band ubiquitin ions at certain charge states
reveal isomeric structures, as evidenced by the fact
that these isomers have different GA apps.

Conclusion
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mass spectrometrist needs to know to experimentally
shift the charge state of a multiply protonated ion.

Implication of GAapps to Isomeric Structures

In previous studies [11, 13], nonlinear kinetics were
observed for reactions of ubiquitin ions at several
charge states, n = 4, 5, 6, 12. In the present work,
nonlinear kinetics were also seen in reactions of [in
sulin + 4H]4+ and [insulin + 5H]5+ with 2-fluoro
pyridine. Nonlinear kinetic behavior is generally in
dicative of the existence of multiple isomers. It can
be seen from Table 3 that these isomers do have dis
tinctively different GAapps, which may result from
the differences of protonation sites and/or three
dimensional structures.

It is interesting to note that isomers are only distin
guishable when reacting with selected reference com
pounds. For example, [insulin + 4H]4+ revealed two
isomers only when reacting with 2-fluoropyridine. This
is probably due to the fact that the GB of 2-fluoro
pyridine (202.8 kcalyrnol) [37] is very close to the
GAapps of the two isomers (203.4 and 204.1 kcaljmoD
making these reactions near thermoneutral. As another
example, [insulin + 5H]5+ revealed two isomers only
when reacting with 2-fluoropyridine since the GB of
2-fluoropyridine (202.8 kcalyrnol) [37] is between the
GAapp of the fast-reacting isomer (198.2 kcalyrnol) and
the GAapp of the slow-reacting isomer (203.4kcal /mof).
In general, when the GB of the reference compound is
substantially higher or lower than GAapps of both
isomers, the reaction becomes either too fast or too
slow to differentiate these isomers. Therefore, selection
of appropriate reference compounds is critical for dif
ferentiating different isomers through deprotonation
reactions.

• Ubiquitln

• Cytochrome c
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• Insulin B
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General Considerations of GA Determination
from GAapp
To determine GA of multiply charged ions from exper
imentally measured GAapp, the reverse activation bar
rier has to be known. In several studies of dications
[22, 27, 28], the RABs were determined either theoreti
cally by ab initio calculations [22] or experimentally
through kinetic energy release measurements [27, 28].
Values obtained from these studies are readily differ
ent for different systems; for example, a RAB of 18
kcaljmol was determined for deprotonation of doubly
protonated 1,7-diaminoheptane [22], while RABs of
13.6 and 22.4 kcal /rnol were obtained for dissociation
of doubly protonated bradykinin-Ileucine-enkephalln)
and (des-Arg'l-bradykininl-tripeptide, respectively [27,
28]. It was suggested [22, 27, 28] that locations of
protonation sites and structures of the ions have great
impact on the reverse activation barrier. For multiply
protonated ions, Williams and co-workers [23-26] esti
mated RABs by calculating the Coulomb repulsions in
the reactant complexes. However, Gronert's [22] calcu
lations indicated that even for a dication, the RAB
(- 18 kcaljmoD is much smaller than the Coulomb
repulsion (- 30 kcalyrnol) [23] in the reactant. The
overestimation of RABs by the Coulomb repulsions of
highly protonated ions may be more severe since the
Coulomb repulsion may increase much more rapidly
than the reverse activation barrier as charge state in
creases. Therefore, to determine GA of multiply
charged ions from GAapp' a reliable theoretical model
or experimental method (for example, kinetic energy
release measurements) is needed to obtain the reverse
activation barrier. It should be emphasized that al
though GA represents the fundamental acidity of a
multiply charged ion, GA app is also important since it
is directly related to the "observable acidity" of a
multiply charged ion. Thus, GAapp is the value that a

'85 +--,-------,,-----.------r---.---,--.----,--.-----I
300 600 900 1200 1500 1800 2100 20400 2700 3000 3300

mlz

Figure 3. Plots of apparent gas-phase acidities (GA,l'p) of mul
tiply protonated peptide ions, [M + nHl "+, as a function of their
mass-to-charge ratio mrz. (Cytochrome c data from ref 25)

the intrinsic basicity of the protonation sites becomes
more of a factor. Further studies are needed to general
ize and understand these empirical observations.
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