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Reactivity and Gas-phase Acidity Determinations
of Small Peptide Ions Consisting of 11 to 14 Amino
Acid Residues

Scott R. Carr and Carolyn J. Cassady
Department of Chemistry, Miami University, Oxford, Ohio 45056, USA

Small peptides ions consisting of a comparable number of amino acid residues but varying in composition and
sequence were allowed to undergo gas-phase deprotonation reactions. These multiply protonated ions were gener-
ated by electrospray ionization and analyzed in a Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometer. The peptides studied contain 11–14 amino acid residues and included adrenocorticotropic hormone
(ACTH) fragment (11–24), Ðbrinopeptide B (human), gastrin I fragment (1–13) (human), renin substrate tetra-
decapeptide (horse), somatostatin, substance P and tyrosine protein kinase. Rate constants were determined for the
deprotonation reactions of the peptide ions with a series of reference compounds of known gas-phase basicities
ranging from 190.0 to 232.6 kcal mol—1. From these values, apparent gas-phase acidities were assigned to(GA

app
)

[M + nH ] n‘ (n P 2), of each peptide. All of the multiply charged peptide ions were sequentially deprotonated to
the + 1 charge state by ion–molecule reactions. The ranged from 193.3 kcal mol—1 (for [M + 4H ]4‘ ofGA

app
s

renin substrate, the ion most readily deprotonated) to > 232.6 kcal mol—1 (for [M + 2H ]2‘ of ACTH (11–24),
the ion most difficult to deprotonate). The proximity of intrinsically basic sites (and therefore potential protonation
sites) has an e†ect on the observed deprotonation rates. Ions experiencing Coulomb repulsion resulting from adja-
cent protonation sites often show more facile deprotonation. However, the intrinsic basicity of a protonation site
also plays a role in determining the ease of deprotonation. As a result, some lower charge state peptide ions
deprotonate more readily than other peptides with higher charges but with more basic protonation sites. In addition,
conformation and the inÑuence of intramolecular hydrogen bonding may a†ect the reactivity of some peptide ions.
Also observed was non-linear kinetic behavior that indicates multiple isomers at certain charge states for some
peptides, e.g. [M + nH ] n‘, (n = 2 and 3) for ACTH 11–24 and [M + 3H ]3‘ for somatostatin. 1997 by John(

Wiley & Sons, Ltd.
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INTRODUCTION

Electrospray ionization (ESI) has greatly facilitated the
analysis of biomolecules in the gas phase. It is now
common to study the gas-phase reaction chemistry of
large multiply charged ions produced via this ionization
process. For example, hydrogenÈdeuterium exchange
reactions,1,2 ionÈion reactions3,4 and ionÈmolecule
proton transfer reactions1,5h9 have been performed to
probe the characteristics of ESI-generated biomolecular
ions.

Protons on multiply charged peptides have been sug-
gested to be located primarily on basic amino acid resi-
dues.2,10h12 Of the common a-amino acids, three are
signiÐcantly more basic than the other, namely arginine,
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lysine and histidine.13h15 In addition, the N-terminal
amino group is considered a possible protonation site.10
Proline, glutamine and tryptophan residues have also
been suggested as sites of protonation for higher charge
state ions.16 The e†ects of proton locations on the con-
formation and reactivity of biomolecules are in an
active area of research.1,6,7,17h19 Proton transfer
properties of biomolecules in solution are important in
physiology where the conformation may be vital to a
moleculeÏs functioning. Determining the extent and sites
of protonation for a biomolecule in the gas phase may
provide information that increases the understanding of
solution-phase mechanisms.

Several studies have examined the thermodynamic
properties of apparent gas-phase acidity and(GAapp)basicity for multiply charged bio-(GBapp)molecules.1,6h9,16,20h22 Fenselau and co-workers have
determined the for [M] H]` of the non-GBappsapeptide bradykinin20 and des-Arg9-bradykinin22 by a
modiÐed kinetic method. Similar studies were per-
formed on [M] nH]n` (n \ 2 and 3) for the 26 residue
peptide melittin.21 This group also used kinetic energy
release measurements to evaluate the reverse activation
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barrier resulting from Coulomb repulsion during depro-
tonation of multiply charged ions.20 In addition, depro-
tonation reactions have been used to obtain
thermodynamic values for peptide and protein ions. For
example, Gross and Williams8 measured the forGBapp[M ] H]` of the cyclic decapeptide gramicidin S by
deprotonation of [M ] 2H]2`. From the deprotona-
tion data and molecular modeling results, they deter-
mined values for Coulomb energy and dielectric
polarizability related to this system. Williams and co-
workers have also used deprotonation reactions to
obtain for larger protein ions from cytochromeGBappsc9 and lysozyme.7 The data obtained in these studies
allow the evaluation of likely sites of protonation and
the extent of electrostatic interactions, in addition to
their e†ects on structural conformation.

Recently, Zhang and Cassady6 used deprotonation
reactions with a series of reference compounds to obtain

values for [M ] nH]n` produced from the smallGAapppeptide renin substrate (n \ 2È4) and from larger pep-
tides insulin chain B (n \ 2È5) and ubiquitin (n \ 4È13).
(The quantity of is essentially theGAapp([M ] nH]n`)
same as has beenGBapp([M ] (n[ 1)H](n~1)`) ; GAappsuggested as a more appropriate term for use with
multiply charged ions because it directly relates to the
parent ion being deprotonated.23h25) This work sug-
gested that, at a given mass-to-charge ratio, the GAappsof peptide ions agree to within 10 kcal mol~1
(1 kcal\ 4.184 kJ) despite large di†erences in mass and
charge. However, the smallest peptide studied, renin
substrate, deviated most from this observation, which
may indicate that as the number of potential proto-
nation sites decreases intrinsic basicity of the residues
becomes more of a factor in deprotonation processes.

The present study focuses on seven multiply charged
peptide ions which consist of 11È14 amino acid residues,
but vary in composition and sequence. The e†ects of
primary peptide structure on deprotonation reactivity
and on charge state production are explored. The GAappvalue for each charge state produced by ESI was
obtained from the deprotonation reaction data.

EXPERIMENTAL

All experiments were performed using an external
Analytica of Branford (Branford, CT, USA) ESI source
interfaced to a Bruker (Billerica, MA, USA) BioAPEX-
47e Fourier transform ion cyclotron resonance (FT-
ICR) mass spectrometer. Some experimental details
have been described previously.1,6 BrieÑy, solutions of
small peptides were prepared in a waterÈmethanolÈ
acetic acid solvent (49.5 : 49.5 :1) in a concentration
range of (1.0È5.0)] 10~5 M and were introduced into
the ESI source by a syringe pump at a Ñow rate of
0.8È3.0 ll min~1. The peptide solutions Ñowed through
a grounded ESI needle and passed into an electric Ðeld
with a 3È4 kV potential at atmospheric pressure.
Heated (180È200 ¡C) was used as a drying gas toCO2facilitate evaporation of the sprayed solutions. The
multiply charged peptide ions, [M] nH]n`, were trans-
ferred to the FT-ICR cell via electrostatic focusing.
Owing to Ðve stages of di†erential pumping, a back-

ground pressure in the analyzer region of D5 ] 10~10
Torr (1 Torr \ 133.3 Pa) was maintained during oper-
ation of the ESI source. In the cell, [M] nH]n` were
m/z-selected by resonant frequency ejection tech-
niques,26 including correlated sweeps,27 and were then
allowed to react with reference compounds present at a
static pressure of (2È60) ] 10~8 Torr. Because ionic
charge a†ects image current detection efficiency, all
measured ion peak intensities were corrected for charge
state before calculation of experimental rate constants.
Reaction efficiencies are reported as the ratio of the
experimental rate constant to the collision rate(kexp)constant obtained via thermal capture rate calcu-(kcap)lations.28,29 Pressures were determined with a cali-
brated ionization gauge.30

The peptides used in this study were obtained from
Sigma (St Louis, MO, USA) and Bachem Bioscience
(Philadelphia, PA, USA). The reference compounds
were purchased from Aldrich (Milwaukee, WI, USA).

RESULTS AND DISCUSSION

The primary structures of the peptides studied are
shown in Table 1. The three most basic amino acid resi-
dues and the N-terminal amino acid residue, which are
likely protonation sites, are shown in capitalized and
bold-faced text in the primary sequence in the table.
These biomolecules contain a variety of amino acid resi-
dues and have di†ering sequences. For example, one of
the peptides, ACTH (11È24), has six basic amino acid
residues and contains a series of four adjacent basic
residues, namely two lysine residues followed by two
arginine residues. Another peptide, gastrin I (1È13), has
only one intrinsically basic site, the N-terminal amino
acid, and contains Ðve adjacent glutamic acid residues.
The remaining peptides examined in this study fall
between these two extremes.

Table 2 contains the efficiencies for the reactions of
[M ] nH]n` from the seven peptides (M) studied with
selected reference compounds (B) of known gas-phase
basicity. The reaction monitored was

[M] nH]n` ] B] [M] (n [ 1)H](n~1)`] BH` (1)

The Gibbs free energy, *G, for the deprotonation of
[M ] nH]n`, as shown in the equation

[M ] nH]n`] [M] (n [ 1)H](n~1)`] H` (2)

is equal to the Gibbs gas-phase acidity :

GA([M] nH]n`) \ *G (3)

Owing to the reverse activation barrier (RAB) present in
reaction (1), what is actually determined experimentally
is the apparent gas-phase acidity, as seen in theGAapp,equation6,23h25
GAapp([M] nH]n`)\ GA([M] nH]n`) ] RAB

B GBapp([M] (n [ 1)H](n~1)`) (4)

The determined of each charge state is listed inGAappTable 3. Note that a lower value means that anGAappion more readily donates a proton (i.e. is more acidic)
and a higher value means that an ion more readily
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Table 1. Small peptides involved in this study

Molar No. No. Max. No.

mass of of basic of H½s

Compound (Da) residues residuesa addedb Sequence

ACTH (11–24) 1652 14 6 5 LYS1-Pro-Val-Gly-LYS5-LYS6-ARG7-ARG8-Pro-Val-LYS11-Val-Tyr-Pro

(human)

Fibrinopeptide B 1553 14 2 2 GLP1-Gly-Val-Asn-Asp-Asn-Glu-Glu-Gly-Phe-Phe-Ser-Ala-ARG14

(human)

Gastrin I (1–13) 1706 14 1 2 GLP1-Gly-Pro-Trp-Leu-Glu-Glu-Glu-Glu-Glu-Ala-Tyr-Gly-Trp

(human)

Renin substrate 1759 14 4 4 ASP1-ARG2-Val-Tyr-Ile-HIS6-Pro-Phe-HIS9-Leu-Leu-Val-Tyr-Ser

(horse)

Somatostatin 14 1638 14 3 3 ALA1-Gly-Cys-LYS4-Asn-Phe-Phe-Trp-LYS9-Thr-Phe-Thr-Ser-Cys

Substance P 1348 11 2 2 ARG1-Pro-LYS3-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH
2

(synthetic)

Tyrosine protein kinase 1593 13 3 3 ARG1-ARG2-Leu-Ile-Glu-Asp-Asn-Glu-Tyr-Thr-Ala-ARG12-Gly

(synthetic)

a Basic residues refers to the number of arginine, lysine, histidine and N-terminal residues. If a lysine or arginine residue is located on the
N-terminus, then it is counted as only one basic residue.
b Maximum number of protons added by ESI for ions produced in greater than 10% intensity.

retains a proton (i.e. is more basic). As discussed pre-
viously by Zhang and Cassady,6 the assignment of

is set at an efficiency of 0.10. The valuesGAapp GAappinclude an uncertainty calculated from half of the di†er-
ence in GB between the bracketing reference com-
pounds at 0.10 efficiency plus an additional 2.0 kcal
mol~1 to account for uncertainties in the literature GBs
of the reference compounds.

In Table 2, relatively low efficiencies are seen for
several reactions with triethylamine and N,N-dimethyl-
1,3-propanediamine. This e†ect is reproducible but the
reason is unclear. Steric hindrance due to the size of the
reference compound may be limiting access to the
protonation site on the peptide. Steric hindrance has
previously been observed to lower efficiencies for reac-
tions involving various tert-butylated pyridine neu-
trals.31 This phenomenon could a†ect the correct
assignment of the for [M ] 2H]2` of tyrosineGAappprotein kinase (TPK).

For later reference, Table 4 lists the GBs of amino
acids that may be serving as peptide protonation sites in
the present study.

Charge state of [M + 5H ]5‘

Of the peptides examined, only ACTH (11È24) readily
attached Ðve protons. Figure 1 shows a mass spectrum
of the ACTH (11È24) ions as produced directly from the
electrospray process. The peaks present in the Ðgure
correspond to [M] nH]n`, n \ 2È5. It should be noted
that ACTH (11È24) contains a total of six intrinsically
basic sites (Table 1), namely four lysine and two argin-
ine residues (with one lysine as the N-terminal residue).
The [M] 6H]6` ion was observed, but could not be
isolated for reactivity studies owing to its very low
intensity. Attachment of six protons to this bioactive
tetradecapeptide represents protonation of 43% of the
residues. This high degree of protonation is noteworthy,
but it is not unprecedented. Downard and Biemann32
have observed a maximum protonation level of 42% for
synthetic dodecapeptides containing arginine (by far the

most basic amino acid, see Table 4) and glycine resi-
dues.

The [M] 5H]5` ion was produced in large abun-
dance and allowed to undergo deprotonation reactions
with a series of reference compounds. If the Ðve protons
are attached to only the most intrinsically basic sites in
the peptide, then signiÐcant Coulomb repulsion may
exist in the ACTH (11È24) ions. This may be especially
true if the most basic residues (Arg7 and Arg8) are both
protonated. In this case, the most favorable sites of
protonation may be at Lys1, Lys5, Arg7, Arg8 and
Lys11 in order to maximize the distance between charge
sites, but still retain them on the most basic residues.
Although protonation on two adjacent residues might
be expected to be unfavorable, the protons on the d-
guanido group of the arginine side chains are separated
by 14 atoms. A recent study by Dongre� et al.33 employ-
ing surface-induced dissociation (SID) has shown evi-
dence that adjacent arginine residues on a peptide can
be protonated. Also, Downard and Biemann32 provided
collision-induced dissociation (CID) results indicating

Figure 1. ESI-FT-ICR mass spectrum of ACTH (11–24) showing
ÍM½nHËn½, where n ¼2–5.

( 1997 by John Wiley & Sons, Ltd. JOURNAL OF MASS SPECTROMETRY VOL. 32, 959È967 (1997)
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Table 2. Reaction efficiencies for the deprotonation of small peptide ions, [M + nH ] n‘

Reference base (GB)a

MEAb NH
3

2-CPb 2-FPb 3-FPb NPAb CHAb DEAb DPAb TEAb TPAb DMPAb TMDABb

Peptide n 190.0 195.6 200.3 202.8 206.2 210.1 213.4 217.7 219.7 224.5 226.2 229.4 232.6

ACTH (11–24) 5 —d 0.007c 0.244 0.462 0.193 0.736 0.269 0.420 0.677 0.587 0.754 0.332 0.818

ACTH (11–24) 4 — 0.000 0.004 0.004 0.109 0.502 0.605 0.483 0.755 0.290 0.680 0.459 0.760

ACTH (11–24) 3 — — — — — 0.001 0.010 (21%)e 0.195 0.676 0.439 0.453 0.342 0.639

0.070 (79%)

ACTH (11–24) 2 — — — — — — — — — — — 0.001 0.006 (26%)

0.071 (74%)

Fibrinopeptide B 2 — — — — — 0.000f 0.022f 0.350 0.627 0.161 0.585 0.708 0.720

Gastrin I 2 — — — — — 0.000f 0.000f 0.074f 0.728 0.200f 0.913 0.105 0.499

Renin substrate 4 0.000 0.170 0.342 0.400 0.479 0.510 0.587 0.636 1.099 0.469 0.718 0.889 0.746

Renin substrate 3 — — 0.000 0.002 0.018 0.225 0.522 0.618 0.883 0.389 0.766 0.951 0.724

Renin substrate 2 — — — — — 0.000f 0.000f 0.000f 0.135f 0.150 0.323 0.841 0.417

Somatostatin 3 — 0.001 0.006 0.007 (30%) 0.185 0.640 0.492 0.869 0.851 0.581 0.679 0.361 0.769

0.034 (70%)

Somatostatin 2 — — — — — 0.009f 0.030f 0.066f 0.118f 0.228 0.138 0.021 0.543

Substance P 2 — — — — — — — — 0.002f 0.011 0.078 0.447 0.284

TPK 3 — 0.000 0.000 0.000 0.001 0.082 0.258 0.332 0.521 0.181 0.506 0.309 0.633

TPK 2 — — — — — — — — 0.000f 0.009 0.136 0.019 0.483

a All GBs of reference compounds are from Ref. 46 and are given in kcal molÉ1.
b MEA ¼methyl acetate ; 2-CP ¼2-cyanopyridine ; 2-FP ¼2-fluoropyridine ; 3-FP ¼3-fluoropyridine ; NPA ¼n-propylamine; CHA ¼cyclohexylamine; DEA ¼diethylamine; DPA ¼di-n-pro-
pylamine; TEA ¼triethylamine; TPA ¼tri-n-propylamine; DMPA ¼N,N-dimethyl-1,3-propanediamine; TMDAB ¼N,N,N¾,N¾-tetramethyl-1,4-diaminobutane.
c Reaction efficiencies are the ratio of the experimental and theoretical rate constants : k

exp
/k

cap
.

d Indicates that a reaction was not performed.
e In cases where an ion reacts at multiple rates, the percentage of the population reacting with each reaction efficiency is shown in parentheses.
f Adduct formation of the reference compound and peptide ion was observed.
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Table 3. Apparent gas-phase acidities for the deprotonation of
peptide ions [M + nH ] n‘

Peptide n m /z GA
app

a (kcal molÉ1)

ACTH (11–24) 5 331 197.4 À4.3

4 414 205.9 À3.8

3 552 215.5 À4.2 (20%)b

214.4 À4.2 (80%)

2 827 ¿232.6 (25%)

¿232.6 (75%)

Fibrinopeptide B 2 777 214.4 À4.2

Gastrin I (1–13) 2 854 217.8 À3.0

Renin substrate 4 441 193.3 À4.8

3 587 207.7 À4.0

2 881 219.2 À3.0

Somatostatin 14 3 547 204.5 À3.8 (30%)

204.7 À3.8 (70%)

2 820 219.0 À3.0

Substance P 2 675 226.4 À3.6

Tyrosine protein kinase 3 532 210.4 À3.6

2 797 225.7 À2.8

a All values are adjusted to the scale of Ref. 46. A lower GA
app

value indicates that an ion is more acidic and a higher value that
an ion is more basic.
b In cases where multiple isomers were observed, the percentage
of the ion population that has the listed is shown in par-GA

app
entheses.

the feasibility of adjacent sites of protonation. In com-
parison, a study employing a modiÐed kinetic method
on a series of doubly protonated nonapeptides showed
no di†erence in either the or Coulomb repulsion,GBappwithin experimental error, for terminal arginine residues
(bradykinin, RPPGFSPFR) and adjacent arginine resi-
dues (RRPPGFSPF).20

For [M] nH]n` from a single peptide, the facility of
deprotonation increases as the charge state
increases.5,7,34 However, our results indicate that a
higher charge state peptide ion does not necessarily
deprotonate before a lower charge state ion from
another peptide of the same size. For example, both
ACTH (11È24) and renin substrate have 14 amino acid
residues, but the [M ] 4H]4` of renin substrate is dep-
rotonated more readily than [M ] 5H]5` of ACTH
(11È24). The major di†erence between the two peptides
is the abundance of highly basic residues present in

Table 4. Gas-phase basicities of amino
acids discussed in the text

Amino acid GBa (kcal molÉ1) Ref.

Arginine 235.8 13

Lysine 220.8 44

Histidine 220.8 44

Tryptophan 217.6 46

Proline 213.3 41

Glutamine 210.6 46

Aspartic Acid 208.9 46

Glutamic Acid 208.7 46

Alanine 204.6 39

Glycine 201.4 48

aAll values are adjusted to the scale of
Ref. 46.

ACTH (11È24). Not only are the composition and
sequence of the two peptides di†erent, but also the
intramolecular interactions, such as intramolecular
hydrogen bonding, between functional groups may
di†er. It has been shown previously that intramolecular
hydrogen bonding can exist in singly charged small ions
of peptides35h41 and amino acids,37,38,42,43 as well as
larger multiply protonated peptide ions9 ; the result is
an enhanced stability for the protonated ion. In particu-
lar, a recent study conducted in this laboratory suggests
that the presence of intramolecular hydrogen bonding
inÑuences the basicities of di- and tripeptides containing
lysine and histidine.44 Peptides that contain a lysine
residue generally have a higher GB than similar
histidine-containing peptides.44 This was attributed to
the n-butylamine side-chain of lysine more readily
forming intramolecular interactions than the imidazole
ring side-chain of histidine. The presence of the above
interactions could stabilize [M] 5H]5` of ACTH
(11È24) and thus play a role in making this ion more
difficult to deprotonate than renin substrate
[M ] 4H]4`.

Comparison of [M + 4H ]4‘

ACTH (11È24) and renin substrate were the only pep-
tides studied that attached four protons. The reaction
efficiencies of these two compounds are shown graphi-
cally in Fig. 2 as a function of the GB of the deproton-
ating neutral. In Fig. 2, and also in Figs 3 and 4, not all
of the data points from Table 2 are plotted in order to
reduce the complexity of the graphs. However, all data
used in the assignments are included in theGAappÐgures.

As seen in Fig. 2, the renin substrate [M ] 4H]4`
deprotonates more readily (i.e. has a lower value)GAappthan [M ] 4H]4` of ACTH (11È24). Protonation of
renin substrate probably occurs at the four intrinsically
basic sites, which are Arg2, His6, His9 and the N-
terminal amino group of Asp1. If the lysine and arginine
residues are the sites of protonation on [M ] 4H]4` of

Figure 2. Reaction efficiencies for ÍM½4HË4½ versus gas-phase
basicity of reference compounds.

( 1997 by John Wiley & Sons, Ltd. JOURNAL OF MASS SPECTROMETRY VOL. 32, 959È967 (1997)
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ACTH (11È24), the Coulomb repulsions present may
separate the protons as far as possible, such as Lys1,
Lys5, Arg7 or Arg8 and Lys11. Alternatively, as stated
above, protonation of adjacent arginine residues could
exist and lead to placement of protons on Lys1, Arg7,
Arg8 and Lys11. Examining all of the strong candidates
for basic sites in these two peptides, the aspartic acid
residue located on the N-terminus of renin substrate has
by far the lowest intrinsic basicity and is expected to
have the most easily removed proton. This is consistent
with our experimental Ðndings on the ease of deproton-
ation of renin substrate [M ] 4H]4`.

The data on [M ] 4H]4` of ACTH (11È24) provide
additional support for the conclusion that a protonated
siteÏs intrinsic acidity/basicity can sometimes be a more
dominant factor than Coulomb repulsion in dictating
the ease of deprotonation. Although it has a higher
charge, [M] 4H]4` of ACTH (11È24) does not lose a
proton as readily as [M ] 3H]3` of somatostatin. For
the somatostatin ions, protons may be removed from
the low basicity N-terminal alanine residue while
ACTH (11È24) ions would require the proton to be
stripped from a considerably more basic lysine or argin-
ine residue.

Comparison of [M + 3H ]3‘

ACTH (11È24), renin substrate, somatostatin and TPK
produced [M ] 3H]3` directly from the electrospray
process. The data on [M ] 3H]3` reveal further selec-
tivity in deprotonation reactions. Figure 3 shows that
somatostatin [M ] 3H]3` is the most readily depro-
tonated, followed by renin substrate, then TPK and
Ðnally ACTH (11È24) is the most difficult to deproton-
ate. As noted above, since somatostatinÏs three most
basic sites include Ala1, Lys4 and Arg9, the logical site
for deprotonation would be the alanine residue owing
to its low intrinsic basicity. In contrast, the
[M ] 3H]3` of renin substrate is probably protonated
on Arg2, His6 and His9 which have higher intrinsic
basicities and therefore should not deprotonate as
readily.

Figure 3. Reaction efficiencies for ÍM½3HË3½ versus gas-phase
basicity of reference compounds.

The [M] 3H]3` of somatostatin showed non-linear
pseudo-Ðrst-order kinetic behavior during deprotona-
tion reactions with 2-Ñuoropyridine. (The somatostatin
used in this study contained an intact disulÐde (Cys3È
Cys14) bond.) Similar behavior has previously been
observed with other peptide ions and is an indication
for the existence of structural isomers of
[M ] nH]n`.1,5h7,9 Because our peptides were analyzed
from a denaturing solution, the ions may be unfolded
relative to their native structure ; however, incomplete
unfolding is also possible. As a result, isomers may be
produced with di†erent sites of protonation and/or dif-
ferent conformations. Evidence for structural isomers is
generally only observed for thermoneutral deprotona-
tion reactions. In each case here and in other studies in
our laboratory1,6 the isomers were only seen when the
reaction efficiency was below 0.10.

In examining the primary structures of ACTH
(11È24) and TPK, the abundance of arginine residues
stands out. TPK contains three (Arg1, Arg2, Arg12),
whereas ACTH (11È24) has two (Arg7, Arg8) and four
lysine residues. Since arginine is by far the most basic
amino acid, protonated arginine residues should not
readily lose a proton ; in turn, this will increase the

values of the peptide parent ions. Owing to itsGAapplarger number of arginine residues, one might expect
TPK to be more difficult to deprotonate than ACTH
(11È24) ; in fact, the opposite trend is observed.
Coulomb repulsion may be the major factor here. In
particular, note that both peptides have adjacent argin-
ine residues. TPKÏs options for protonation sites may
be limited to its three arginine residues, yielding greater
Coulomb repulsion and therefore increasing the facility
with which a proton is lost from its [M] 3H]3`. In
contrast, ACTH (11È24) has multiple potential proto-
nation sites that may allow the charge to be distributed
to minimize Coulomb repulsion and maximize the sta-
bility of its [M] 3H]3`. Also, the lysine residues
within ACTH (11È24) can form extensive intramolecular
hydrogen bonds adding to the stabilization of the
protonation sites. For near thermal reactions,
[M ] 3H]3` and [M] 2H]2` of ACTH (11È24) also
exhibited non-linear pseudo-Ðrst order kinetic behavior.
This is evidence for two isomeric ion structures, which
in this case may be due to di†erences in proton distribu-
tion among the six available basic sites.

Comparison of [M + 2H ]2‘

All of the peptides would be expected to form
[M ] 2H]2` with the exception of gastrin I (1È13). This
peptide contains a large number of adjacent glutamic
acid residues but only one basic site, the N-terminal
residue. However, gastrin I (1È13) also forms
[M ] 2H]2`, as seen in the data in Table 2 and Figure
4. One proton may be located on the N-terminal pyro-
glutamate residue. However, the nitrogen of pyrogluta-
mate is incorporated into an amide functionality, which
should lower its basicity relative to that of an amine
nitrogen. Recently, ionÈmolecule reactions with hydro-
iodic acid have suggested that the N-terminal pyroglu-
tamate is not a basic site for multiply protonated
neurotensin.45 (Whereas the GBs of the 20 common
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Figure 4. Reaction efficiencies for ÍM½2HË2½ versus gas-phase basicity (GB) of reference compounds.

a-amino acids have been measured, that of pyrogluta-
mate is unknown; however, amides are known to have
lower GBs than their primary amine counterparts.46)
Other possible protonation sites for gastrin I (1È13) are
Pro3, Trp4 and Trp12. Molecular modeling studies by
Schnier et al.16 have suggested proline, tryptophan and
glutamine as protonation sites for ESI. Protonation
along the carbonyl backbone is also conceivable.

The reaction efficiencies of [M] 2H]2` show Ðbri-
nopeptide B to be deprotonated most readily, followed
by gastrin I (1È13). This trend is consistent with the
trends in intrinsic basicity of the protonation sites.
Fibrinopeptide B has several acidic residues (i.e. Asp5,
Glu7 and Glu8), in addition to a basic residue at the
C-terminus (Arg14) and a pyroglutamate residue at the
N-terminus. The highly basic arginine residue should
remain protonated in [M ] H]` of Ðbrinopeptide B.
With regard to the remaining potential protonation
sites, the site on Ðbrinopeptide B (i.e. Glp1) has a lower
intrinsic basicity than those on gastrin (1È13) (i.e. Glp1,
Pro3, Trp4 and Trp14) ; consequently, Ðbrinopeptide B
ions are deprotonated before the gastrin (1È13) ions. It
should be noted that for ion production by ESI, the
[M ] 2H]2` of Ðbrinopeptide B and gastrin (1È13)
were substantially less abundant than the [M ] 2H]2`
of the other peptides in this study. This could be attrib-
uted to lack of strong candidates for protonation sites
on these acidic peptides in addition to the ESI condi-
tions, such as source design, solvent composition and
tuning parameters, that may discriminate against for-
mation of [M] H]`. (As is evident from Fig. 1, our
ESI-FT-ICR system tends to favor the formation of
higher charge state ions.)

Deprotonation reactions of renin substrate and
somatostatin occur at equal efficiency within experi-
mental error. For renin substrate, likely sites of proto-
nation are Arg2 and either His6 or His9. Somatostatin
has basic residues at Lys4 and Lys9. This means that for
both [M] 2H]2` the sites of the most easily removed
proton are of near equal basicity (i.e. histidine and
lysine).44 Also, the charge sites are spaced at least four
residues apart for each peptide. Thus, the presence of
similar intrinsic basicities and minimal Coulomb repul-

sion is consistent with the [M ] 2H]2` of renin sub-
strate and somatostatin having near equal GAapps.Gross and Williams8 used deprotonation reactions to
bracket the of gramicidin S [M] 2H]2` with aGAappseries of reference compounds (the literature values were
reported as of [M ] H]`, which is essentiallyGBappequal to the of [M] 2H]2`). The wasGAapp GAappfound to be 215.4 kcal mol~1. Gramicidin S contains
two ornithine residues separated by four residues in a
cyclic decapeptide structure (cyclo[-PVOLF-]2).Although the GB of the amino acid ornithine has not
been determined, it di†ers in structure from lysine by
only one less methylene group in its side-chain, that is,
ornithine has an n-propylamino group where lysine has
an n-butylamino group. Consequently, the GBs of these
two individual amino acids should be similar at
D 220.8 kcal mol~1.44 Somatostatin [M ] 2H]2` con-
tains two protonated lysine residues also separated by
four residues and has an of 219.0 kcal mol~1GAappwhich is in good agreement with the gramicidin S
[M ] 2H]2` data.

In contrast to renin substrate and somatostatin, basic
sites on the other peptides are more closely spaced,
namely, ACTH (11È24) has no separation between
protonation sites of Arg7 and Arg8, substance P has one
residue between Arg1 and Lys3 and TPK has no
separation between Arg1 and Arg2 or 10 residues
between Arg1 and Arg12. Although these three peptide
ions may experience greater Coulomb repulsion, they
are all more difficult to deprotonate than the
[M ] 2H]2` of renin substrate and somatostatin.
Hence the high intrinsic basicities of arginine and lysine
are the dominant factor here in determining the GAapp.In particular, [M ] 2H]2` for peptides containing two
arginine residues were least susceptible to deprotona-
tion ; as a result, ACTH (11È24) and TPK ions have the
highest values (i.e. are the most basic) of [232.6GAappand 225.7 kcal mol~1, respectively. The values ofGAappACTH (11È24) and TPK are in the same range as the

of bradykinin [M ] 2H]2`, which was deter-GAappmined by a modiÐed kinetic method to be 231.4 kcal
mol~1 (the literature values were reported as ofGBapp[M ] H]`, which is essentially equal to the ofGAapp

( 1997 by John Wiley & Sons, Ltd. JOURNAL OF MASS SPECTROMETRY VOL. 32, 959È967 (1997)



966 S. R. CARR AND C. J. CASSADY

[M ] 2H]2`).20 (Bradykinin (RPPGFSPFR) is a nine-
residue peptide with an arginine residue on each ter-
minus.)

The [M] 2H]2` of substance P deprotonated inter-
mediate to the ions of TPK and ACTH (11È24). The
protons on substance P are probably located at Arg1
and Lys3. This peptide also contains three amide nitro-
gens (Gln5, Gln6, Met11) that are capable of forming
intramolecular hydrogen bonds with the long side
chains of the protonated residues ; this may contribute
to the slight increase in of substance P ions overGAappthose of TPK.

The [M] 2H]2` ions possess similar mass-to-charge
(m/z) ratios, but the values vary over a range ofGAapp[18 kcal mol~1. For larger peptides and proteins, we
previously observed variations of \10 kcalGAappmol~1 for ions of similar m/z.6 The present study sug-
gests that for smaller peptide ions, factors such as
intrinsic basicity of protonation sites and charge site
proximity are of greater importance in dictating GAapp.For most of the peptides ions in the ]2 charge state,
adduct formation of the reference compound and
peptide was observed as noted in Table 2. The number
of reference compound molecules that attached varied
from one to two depending on the peptide and its
charge state. Adduct formation often occurred for near
thermoneutral reactions and has also been reported in

previous studies with singly charged amino acid and
peptide ions generated by FAB.38h40,44,48 Studies are in
progress to explore the sites of these adduct attach-
ments.

CONCLUSIONS

Seven small peptides of varying amino acid composition
and sequence were analyzed by electrospray ionization
in a Fourier transform ion resonance cyclotron mass
spectrometer. Deprotonation reactions were used to
obtain apparent gas-phase acidities for each peptide
charge state that was formed (i.e. [M] nH]n`, where
n [ 1). For these small peptides, intrinsic basicity of the
protonation sites has a major impact on gas-phase reac-
tions. The proximity of protonation sites is also of
importance, a†ecting both Coulomb repulsion and
intramolecular hydrogen bonding (i.e. conformation).
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