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Abstract

Proton transfer properties were studied for doubly-protonated ions from bradykinin and seven smaller peptides who
sequences have C-terminal residues successively removed from bradykinin. lons were generated by electrospray ioniza
(ESI) and their deprotonation reactions were investigated in a Fourier transform ion cyclotron resonance mass spectrome
Sustained off-resonance irradiation (SORI)-collision-induced dissociation (CID) was used to obtain information on sites c
protonation, while molecular dynamics calculations provided information on peptide ion conformations and Coulomb enel
gies. As the number of amino acid residues decreases the peptide ions undergo proton transfer more readily. Apparent gas-p
acidities (GAypps), for the doubly-protonated ions decreased as the peptide size decreased, with values spanning the rangs
2258+ 4.2 kcal/mol for the nonapeptide bradykinin to 186 4.4 kcal/mol for the tripeptide AfPre?Prc®. The magnitude
of the drop in GAppas a residue was removed varied from 10.9 kcal/mol for removal of the highly basieo®¢cal/mol for
removal of Ph&(whose phenylalanine ring juts away from the peptide backbone and does not participate in hydrogen bonding
Hydrogen bonding in the modeled structures decreased as the peptide chain length decreased. The lowest energy structur
doubly-protonated bradykinin contained nine hydrogen bonds, while only one hydrogen bond was found for the tripeptide ion
In addition, the tripeptide ions had an extended structure, while the larger peptide ions were compact. There is no single rea:
that the peptide ions become more acidic (i.e., more reactive to proton transfer) as the peptide chain length is decreased. Dep
ing upon the situation, factors that play a role in the proton transfer reactivity include intrinsic basicity of the protonation sites
intramolecular hydrogen bonding (particularly involving the protonated residue), Coulombic repulsion of charge sites, and co
formational considerations such as accessibility/shielding of the protonation site. (Int J Mass Spectrom 219 (2002) 115-1:
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction studies in the past decade. Proton transfer is important

_ to biological mass spectrometry because the ioniza-
The gas-phase proton transfer properties of pep-tjon event often involves the addition of protons to

tides and their ions have been the focus of numerous ihe peptide. The locations of these added protons can
_— _ _ affect how a peptide dissociates under MS/MS con-
* Corresponding author. E-mail: cassadcj@ua.edu .. . . .
Lpresent address: PHARMACIA, 7265-300-305, 301 Henrietta ditions and can thus impact the sequence information
St., Kalamazoo, MI 49007, USA. that is obtained1-8].
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Insight into the proton transfer properties of pep- than two peptides that had considerably less charge
tide ions can be gained from gas-phase deprotona-repulsion. In addition, a direct manifestation of the
tion reactions. Using a trapping mass spectrometer, effect of Coulomb energy on proton transfer is that
the kinetics and energetics of deprotonation can be the rate of deprotonation increases as the number
probed by employing a series of neutral reactants of of protons attached to a peptide or protein increases
known gas-phase basicity (GB) and monitoring the [15-20]
reaction progress as a function of time. This allows  The third factor affecting proton transfer reactivity,

the apparent gas-phase acidity, £/9,10] of a mul- ion conformation, is often closely related to Coulomb
tiply protonated peptide [M+ nH]"*, to be mea- energy. As the lysine—glycine dodecapeptide work
sured. illustrates[16,17], a three-dimensional structure may

Three major factors influence gas-phase deprotona-be elongated to maximize the distance between charge
tion reactivity of [M+nH] ™ intrinsic acidity/basicity sites (i.e., minimize Coulomb energy) or the struc-
of the reactive sites, Coulomb repulsion resulting when ture may compact and charge sites may be stabilized
multiple charge sites are present on the reactant ion, by extensive hydrogen bonding. Conformation has
and peptide conformatiofi1-13] These factors are  also been a focus of several deprotonation studies
interrelated and have each been the subject of severalinvolving disulfide-intact and -reduced peptide ions
studies involving multiple-charged ions produced by [20-23] In these studies, amino acid sequences and
electrospray ionization (ESI). thus intrinsic basicities are the same for a pair of

The impact of intrinsic basicity of the site being disulfide-intact and -reduced ions. There is no general
deprotonated was investigated by Carr and Cassadyrule on how cleavage of a disulfide bond, and the re-
[14] using a series of small peptides with 11-14 sulting change in conformation and Coulomb energy,
amino acid residues but differing sequences. Pep- will affect proton transfer reactivity. For some com-
tides with highly basic arginine residues were more pounds, intact bonds give more compact structures,
difficult to deprotonate. However, in another study greater Coulomb energies, and faster rates of deproto-
involving peptides with up to 76 amino acid residues, nation. For other compounds, the enhanced flexibility
the effects of intrinsic basicity on deprotonation were of cleaved bonds results in more compact structures
shown to diminish as the size of the peptide increased and faster rates. If a structure is too compact, proton
[15]. transfer rates may also be lessened because the reac-

The study of small peptide deprotonatifi] also tant neutral may have difficulty accessing the site to
revealed that Coulombic repulsion can sometimes be deprotonated.
overrule intrinsic basicity and become the deciding  In the present study, we explore the effects of pep-
factor in reactivity. More facile deprotonation was tide chain length on the proton transfer properties
evident when ions experienced Coulombic repulsion of doubly-charged ions generated by ESI. The com-
from adjacent protonation sites. This phenomenon pounds under study are bradykinin, a common non-
was further probed in our laboratory using three model apeptide that has been the subject of numerous mass
dodecapeptides that were all composed of four high spectral investigation§7,24—-46] and seven smaller
basicity lysine (K) residues and eight low basicity peptides (i.e., fragments) that have the C-terminal
glycine (G) residue$16,17] but with varying orders residue sequentially removed from the bradykinin
of the residues. Because these peptides had identi-sequence. The G, for each [M+ 2H]?t was mea-
cal amino acid compositions, intrinsic basicity at the sured by deprotonation reactions. Molecular mod-
atom being deprotonated was not a factor in compar- eling was used to provide insight into peptide ion
ing reactivities. For “fully protonated” [M+ 4H]**, conformation, while collision-induced dissociation
the peptide with high Coulomb energy due to four (CID) yielded information on potential protonation
adjacent lysine residues deprotonated far more readily sites.
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2. Experimental
2.1. Mass spectrometry

All experiments were performed using a Bruker
(Billerica, MA, USA) BioAPEX 47e Fourier trans-
form ion cyclotron resonance (FT-ICR) mass spec-
trometer with a 4.7 T superconducting magnet. lons
were produced with an external Analytica of Branford
(Branford, CT, USA) ESI source and moved into the
ICR cell by electrostatic focusing.

Peptide solutions, with concentrations ranging from
(4108 x 107> M, were prepared in a 50:50:1 mixture
by volume of methanol:water:acetic acid. The solu-
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For sustained off-resonance irradiation (SORI)-CID
[52] experiments, ions were activated 500-1400 Hz
above and below their resonance frequencies us-
ing a 5-1Wp, pulse for 50-200 ms. The collision
gas was a pulse of xenon that reached a maximum
pressure of 10°Torr. After ion activation, a 1s
delay allowed time for collisional dissociation and
for the xenon to pump away prior to the detection
event.

Bradykinin and its N-terminal fragment peptides
were purchased from Sigma (St. Louis, MO, USA),
Bachem Bioscience (Philadelphia, PA, USA) and
Quality Controlled Biochemicals (Hopkinton, MA,
USA). Reference compounds were purchased from

tions were introduced into the ESI source at a flow rate Aldrich (St. Louis, MO, USA), Eastman Kodak Com-

of 0.75uL/min and flowed through a grounded needle

pany (Rochester, NY, USA) and Fisher Scientific (Fair

at atmospheric pressure before being electrosprayedLawn, NY, USA). All compounds were used without

across a 4 kV potential through a heated (20DCO,
counter-current drying gas.

The apparent gas-phase acidities gf) of
[M + 2H]?*, which are equivalent to the apparent
gas-phase basicities (G§s) of [M+H]* [9,10] were

additional purification.
2.2. Molecular dynamics calculations

Molecular modeling was performed with Hyper-

assigned using the bracketing method. This involved Chem for SGI version 4.5 from Hypercube Inc. (Wa-
isolating [M+2H]?* by correlated ion ejection sweeps terloo, Ontario, Canada). Using amino acid structures
[47] and allowing these ions to react with reference from the HyperChem data base, starting structures
compounds of known GB. The reference compounds were built for [M + 2H]?* from each peptide un-
were present in the FT-ICR analyzer vacuum chamber der study. As needed, protons were added to the
at static pressures a#—10 x 10~8Torr. Pressures  N-terminal amino groups or to basic sites on the
were measured with an ion gauge that was calibrated side chains of arginine or proline residues. For pro-
against an ion/molecule reaction with a known re- line residues, this involved adding a proton to the
action rate constant (CJ-|+ CHy) and corrected for  pyrrolidine ring’s —NH group. This —NH group is
reactant gas ionization efficien¢48,49]. Deprotona- part of an amide linkage that includes the carbonyl
tion rate constants were determined by observing the group of the neighboring residue (on the N-terminal
pseudo-first-order decay in reactant ion intensity as a side of the peptide). For simple amides, gas-phase
function of reaction time. Reported reaction efficien- protonation occurs on the carbonyl oxygen rather
cies are the ratio of the experimental rate constant than the nitroger{53]. However, if the nitrogen is

to the theoretical collision rate constant, which was involved in a ring system, its basicity is frequently
obtained using Su and Chesnavich parameterizedincreased and N-protonation may become favored

trajectory (thermal capture) calculatiofs0,51] A
reaction efficiency break point of 0.10 was used to
assign GApgs values for each [Mr 2H]?". Recent
work in our laboratory{46] has shown that this effi-
ciency criteria gives reasonable results for bradykinin
analogues.

over O-protonatior[53]. In addition, in a modeling
study of peptide protonation by ESI, Schnier et al.
[54] found that proline is a preferential charge site
with protonation at its “side chain.”

Dynamics calculations employed the Bidorce
field, which is an implementation of the CHARMM
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force field[55]. In a typical simulation, the ions were The Gibbs free energy\G, for the deprotonation of
heated from 0 to 500K in 1.0ps, followed by dy- [M 4 zH]"*, as shown irEq. (3)
namic simulation for 15 ps with 0.001 ps time steps,
and then cooling to 300K in 2ps. The newly ob-
tained low energy structure was geometry optimized s equal to the gas-phase acidity
and used as the starting point for another simulation.
Twenty-five simulations were run for each structure. GA(M +nH]"") = AG (4)
During each 15 ps simulation, hundreds of snapshot
files were also saved and reviewed to determine if
a significant lower energy structure might have been
“passed over” during the simulation. That is, although
only 25 structures for each peptide were used to ob- GAapp([M + nH]"*) = GA(M + nH]"") + RAB
tain Coulomb energy data, many more where actually )
acquired.

Potential energy values were obtained directly from The GAypp of the reactant [M+ nH]"™* also corre-
the HyperChem program. Coulomb or electrostatic en- sponds to the apparent gas-phase basicityg Bf
ergy, ¢, was obtained from the modeled structures the product [M+(n —1)H]*~D*. The term “apparent
usingEg. (1) gas-phase acidity” was first introduced by Bohme and
coworkerq9,10]; it is the quantity that can be directly

pe— (1) measured from deprotonation reactions and indicates
ij y the reactivity of [M+ nH]™*. (In contrast, GByp is
wherez; andz; are the nominal values of the inter- Ot directly measurable because adding a proton to
acting chargese the charge on an electron;; the an already.protonated ion is barrier-inhibited and will
distance between two charged atoms in the model N0t occur in a thermal gas-phase process.) The de-
structuresg, the dielectric constant, ang is a con-  termined GApp of each doubly-protonated peptide is
stant known as the vacuum permittivity. A value of liSted inTable 2 Note that a numerical lower Ggyp
1.0 was used for the dielectric constaat; recent value means that an ion more readily donates a proton
studies[56,57] have suggested that this value is ap- (i.e., is more acidic) and a higher value means that an

propriate for small multiply charged ions in the gas- ion more readily retains a proton (i.e., is_ more .basic).
phase. For the values offable 2 the uncertainties listed

were determined from the GB range of the two brack-

eting reference compounds (before and after a reaction
3. Results and discussion efficiency of 0.10) and from the uncertainties associ-

ated with the reference compound GBs. The reference

The [M + 2H]?* ions were isolated and deproto- basicities are often reported to be known to within

nated to [M+ H]™ using reference compounds with 0.2 kcal/mol, although error limits ar&2 kcal/mol
GBs ranging from 182.2 to 237.3 kcal/mdlable 1 for some compounds. As a conservative measure, a
contains the measured reaction efficiencies for the re- range of 2 kcal/mol has been included in all reported
actions of [M+nH]™* from the peptides (M) studied  uncertainties irTable 2to account for errors associ-
with selected reference compounds (B) of known GB. ated with reference compound GBs.

M +nH]"" — [M 4+ (n — DH]" D L 1t (3)

Due to the reverse activation barrier (RAB) present in
reaction 2, what is actually determined experimentally
is the GAypp, as seen irq. (5) [9,15,58,59]

ZiZ ‘62
Coulomb energy= ¢ = » "~

The reaction monitored was SORI-CID fragmentation for the peptide ions un-
N D+ N der investigation are listed ifable 3 The peptide
n n—

[M +nH]"" +B — [M + (n — DH] +BH fragment ion nomenclature is based on that pro-

(2) posed by Roepstorff and Fohim$0] and modified



Table 1

Deprolonation reaction efficiencies for [M + 2H]** rom bradykinin and its [ragment peplides

Reference compound GB (kcal/mol)* Reaction cfficicncy
RPP RPPG RPPGF RPPGFS RPPGFSP RPPGFSPF® Bradykininb

RPPGFSPFR
Propylbenzene 182.2 0.01 £+ 0.01¢
2-Butanol 187.5 0.01 + 0.01
Benzaldehyde 191.7 0.07 £ 0.01 0.01 £ 0.01
Cycloheptanone 195.0 0.07 + 0.01 0.01 + 0.01 0.01 + 0.01

BREAK!
Acetophenone 198.3 0.20 + 0.02 0.07 + 0.02 0.01 + 0.01
BREAK
Aniline 203.3 0.13 + 0.06 0.21 + 0.08 0.04 + 0.01 0.03 + 0.01
m-Toluidine 206.5 0.20 £ 0.12 0.26 £ 0.20 0.03 £ 0.01 0.02 £ 0.01
BREAK
3-Fluoropyridine 208.0 0.62 £ 0.44 0.41 £ 0.03 0.20 £ 0.10 0.02 £ 0.01
Ethylamine 210.0 0.47 + 0.23 0.41 + 0.02 0.18 + 0.06 0.09 + 0.03 0.02 + 0.01
BREAK
n-Propylamine 2113 0.63 £ 0.17 0.56 £ 0.03 0.38 £ 0.07 0.26 £ 0.11 0.04 £ 0.02 0.02 £ 0.02 0.00 £ 0.00
Pyridine 214.7 0.52 £ 0.19 0.48 £ 0.03 0.33 £ 0.03 0.36 £ 0.08 0.07 £ 0.01 0.01 £ 0.01 0.00 £ 0.00
BREAK BREAK

Cyclohexylamine 215.0 0.63 £ 0.33 0.47 £ 0.04 0.49 £ 0.12 0.41 £ 0.07 0.20 £ 0.05 0.13 £ 0.02 0.00 £ 0.00
N,N-Dimethylamine 2173 0.48 £ 0.16 0.52 £ 0.04 0.42 £ 0.01 0.40 £ 0.06 0.27 £ 0.01 0.19 £ 0.06 0.00 £ 0.00
3-Methylpyridine 218.0 0.40 £ 0.03 0.16 £ 0.01 0.00 £ 0.00
Diethylamine 219.7 0.33 £ 0.04 0.33 £ 0.06 0.02 £ 0.01
Di-i-propylamine 224.3 0.36 £ 0.07 0.09 £ 0.04

BREAK
Triethylamine 2273 0.33 £+ 0.01 0.14 £+ 0.08
Tripropylamine 229.5 0.23 + 0.07
N,N,N' ,N'-Tetramethyl- 2373 0.30 &+ 0.01

1,4-diaminobutane

2 All GBs of reference compounds are from [62].

b Results for bradykinin and des-Arg®-bradykinin were obtained previously in our laboratory and published in [46].

¢ Reported values are mean £ S.D.

9 BREAK indicates that the point where the GA,pp value is assigned for the peptide ion.

TET-STT (2002) 6Tz Anewonoads SSe JO [eulnor feuoiieusoiu|/ApesseD D ‘siue|fed V'O

6TT
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Table 2 ions are the most basic and least reactive by proton
EXp?;imema' Ghpp for [M+2H]* of bradykinin and its fragment  yansfer. This is consistent with the fact that bradykinin
eptides - .

pep : has two arginine residues (Argnd Ard) that are the
Peptide GAypp (kcal/mol) probable protonation sites because of their very high
RPPGFSPFR 225.8 4.2 intrinsic basicities. Arginine is by far the most basic
EEEEIEEF ;ﬁ-: gg amino acid with a GB of 240.6 kcal/m®62,63] In
RPPGES 210.6- 3.0 several previous studig®6,44-46] the side chains
RPPGF 207.2+ 3.2 of the two terminal arginine residues have also been
RPPG 200.8+ 5.6 assumed to be the protonation sites for bradykinin
RPP 196.6+ 4.4

[M + 2H]?*. As we discussed in a recent publication
[46], it is also possible that, under some experimental
conditions, bradykinin [M-2H]>* may have a zwitte-
rionic structure with two protonated arginine residues,

by Biemann[61]. The first part ofTable 3lists all
N-terminal product ions, which are predominantly
singly-charged b-ions. Similarly, the second part of protonation at another basic site (e.qg., oo Prd),
Table 3lists all C-terminal products, which mainly and deprotonation at the C-terminal carboxylic acid
consist of the singly-charged y-series. Not present in group. For singly-charged bradykinin ions, numerous
the tables are peaks associated with water loss fromstudies[31,34—40]using a variety of techniques sug-
the parent ion. Because all of the assigned product gest that a similar salt-bridge zwitterionic structure is
ions are listed in the tables, the actual CID spectra are the most stable gas-phase conformer.

not shown for every peptide. However, to illustrate
the typical quality of the datakig. 1 provides the
CID spectra of [M4- 2H]?+ from the octapeptide and
tetrapeptide bradykinin fragments.

The SORI-CID spectrum of the [M- 2H]>* for
bradykinin is dominated by singly-charged b- and
y-ions. Cleavage does not occur at every residue
and is preferential adjacent to the proline or arginine

Coulomb and potential energy values obtained from residues. Fragmentation at the amide bond to proline

molecular modeling for the [M- 2H]?* of each pep-
tide are reported ifiable 4 Protonation sites assigned

is often dominant in peptide CID spectja 64—66]
In peptide ions containing highly basic arginine

for the calculations are shown in boldface. Reported residues, it is well established that sequestering the
Coulomb and potential energy values are averagescharge on arginine side chains limits backbone disso-
for 25 low energy simulations involving geometry ciation[1-5]. Thus, the general lack of fragmentation
optimized structures. For each doubly-protonated in the bradykinin [M+ 2H]>* SORI-CID spectrum
peptide under study, numerous structures were foundis consistent with the two arginine residues being
with similar potential energies within the range of a protonation sites.
few kcal/mol. The lowest energy modeled structures  The use of CID to determine protonation sites for
proved to be good representations for the general peptides must be done with caution because protons
structural trends of each doubly-protonated peptide, movement is possible, especially in cases of high
thus the discussion below will focus on these lowest Coulomb repulsion between potential charge sites
energy structures. [5,7,8,67] Thus, in discussions of CID products it
should be kept in mind that the data can provide sup-
port for protonation sites, but not conclusive evidence.
For bradykinin [M+ 2H]2*, the presence ofif and
y1* in the SORI-CID spectrum are consistent with
The GAgppfor bradykinin [M+2H]?* was recently ~ protonation at the highly basic residues of Amnd
determined to be 228 + 4.2 kcal/mol in our labo- Arg®, respectively. Complementary pairs of b- and
ratory [46]. Of the peptides studied here, bradykinin y-ions may also provide information on protonation

3.1. Bradykinin,
Argt—Pro?—Pro®—Gly*—Phe®—Ser—Pro’—Phe?-Arg?



Table 3
SORI-CID products of bradykinin and its fragment peptides
[M 4 2HP" byt byt [bp-17]F [by-17-18]F [by-58]F [by-17-58]F bs™ byt bsT bet [bs-18]" [b6-36]* by + bst [bg-18]" Others
N-terminal CID products
RPPGFSPFR s w m w agt(w),
[as-18]* (W)
RPPGFSPF w  w w w w m s w - - b72*(m)
RPPGFSP m w s m - - - be2 (W)
RPPGFS s w s - - - - - -
RPPGF w S w w s - - - - - - -
RPPG S w w - - - - - - - -
RPP s W w - - - - - - - - - la;-17]F
yst oyt oyt [ye-18]F  ys* [ys-181"  ya® [ya-181F y3* [ys-17]" [y5-18]F yo [y2-18]" y1* Others
C-terminal products
RPPGFSPFR w m m w W m  yg?t(w), zzt(w),
[ys-R* (%)
RPPGFSPF - W ww s w  F(w), PGFS(w),
PGFS-28(w)
RPPGFSP - - A w w W w s
RPPGFS - - = - w s w F(w), PGF(w)
RPPGF - - = - - - m m  F(w), PG(m)
RPPG - - - - - - - - m PP(w)
RPP - - - - - - - - - - - m s

Product intensities are designated as w, m or s, where w is weak (<30% of the base peak), m is medium (30-60%), and s is strong (>60%). Dash indicates product
ions that are not possible for the given peptide sequence.

TET-STT (2002) 6Tz Anewonoads SSe JO [eulnor feuoiieusoiu|/ApesseD D ‘siue|fed V'O

x4



122 G.A. Pallante, C.J. Cassady/ International Journal of Mass Spectrometry 219 (2002) 115-131

(a) Y, 8 4 1
RPPGFSPF
1 4 8
[be-18]°
b,"
PGFS-28
[ -17]*ib72*
[b,-58]" | - Ya il [M+2H-18]?* .
b | s
b [ .|| PGFS |&, ©
i ," : Ey3 /’ ﬁ -‘I:w +
v i & = |Ye
l *h I.Yu 'j-'n" | ._.‘IYJI lhnl_hrl | I l h .J‘i
T T T T
I 2;)0 I 3100 4(I)0 50l0 I 600 miz
4 1 b
(b) RPPG
1 4
2y
[b,-17-18]*
electronic PP ’
noise
[b,-171"
[M+2H]?*
Ly " " " [ " } [ J il
l 1:10. l 1;30 ‘ 1I80 I 2;)0 I 2I20 I 2:10 I 2|60 Imlz

Fig. 1. SORI-CID mass spectra for [M 2H]?t of (a) des-Ar§-bradykinin and (b) the tetrapeptide ArgPréd—Pré-Gly*.

sites [2,68]. For bradykinin [M+ 2H]?t, comple- a distance between the charge sites of 6-7 A. There
mentary pairs of " /yg™, by /y7T, and 3T /y; T are are nine locations of hydrogen bonding (with lengths

consistent with the proposed protonation sites. of 2.5A or less), which are shown by dashed lines in
Fig. 2 shows the lowest energy structure obtained Fig. 2 Both protonated residues are heavily involved
by molecular modeling on [M- 2H]2* of bradykinin in hydrogen bonding, which should stabilize the pro-

with the ionizing protons placed on the side chains of tonation sites and contribute to the high basicity of
Arg! and Ard. The structure is very compact and has bradykinin. Atoms on the N-terminal arginine residue,
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Table 4 contributes to the compactness of the structure. In ad-
Molecular dynamics results for [M- 2HJ** from low eneray gition, Prd appears to be oriented in a manner that
structures for bradykinin and its fragment peptides . . . .

Y 9 pep shields the protonation site of Atglt is well estab-

2+ 1 . . .

M+ 2H] g(‘;‘;'lj’r;":l )ae”ergy (FI’(‘;;EI;‘:[:‘Z'I )f”ergy lished that proline residues have a pronounced effect
5 on chain conformation and the process of protein fold-

RPPGFSPR 47 + 14 50+ 9 ) o P L
RPPGEBE 44+ 11 734 9 ing. A proline-induced “kink” in ana-helix is ofter_1
RPPGF® 46 + 13 44+ 5 observed in globular proteins and may bend a helix by
RPPGF 46+ 15 29+ 3
RPPG 43+ 10 25+ 3 9 .
RPP 324+ 1 26+ 2 3.2 des-Arg -bradyk| nn,

Arg'-Pro’—Pro®-Gly*-Phe®—Ser®—Pro’—Phe?

@Mean= S.D. for 25 modeled structures.
b The protonated residue for the modeling is shown in boldface.
The N-terminal fragment peptides all lack brady-

kinin’s C-terminal arginine residue. Thus, their second
Arg?, participate in four hydrogen bonds to carbonyl ionizing proton must reside at a less basic site (or
oxygens along the peptide backbone at?Pierc’, sites). Intrinsic basicity considerations indicate that
Sef, and Ph&. The C-terminal arginine residue, &g  [M + 2H]?t of the fragment peptides should proton
undergoes three hydrogen bonds with its interactions transfer more readily than ions from bradykinin itself.
involving Gly*, Phe, and Prd. In particular, one hy-  This was observed experimentally, with [M2H]?+
drogen bond between the amide of Plaad the car-  from des-Ard-bradykinin having a GApp which is
bonyl of Arg! has a length of 2.15 A and appreciably 10.9 kcal/mol lower than that of bradykinin iof#é6].

. Carbon

Nitrogen

N-terminus

Oxygen
O Hydrogen

Fig. 2. Lowest energy structure for [M 2H]?+ of bradykinin, *Arg'-Pré—Pré-Gly*—Phé—Sef—Prd-Phé—*Arg®. Atom legends are
displayed in the top, left corner of the figure. Protonated residues are indicated with an asterisk. Hydrogen bonds are illustrated by dast
lines and the bond lengths shown are in units of angstroms.
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This great difference in deprotonation energetics upon as being consistent with protonation sites atAagd

removal of Arg is further evidence that both arginine
residues are protonation sites in bradykinin.

For des-Ar§-bradykinin, one protonation site is
undoubtedly the side chain of ArgThe site (or sites)

Pro’. Only singly-charged & formed, however, the
observation of a doubly-protonated ion afb pro-
vides further support for protonation of the N-terminal
Arg! and Prd. The presence ofdd is also consistent

of the second proton is less clear. Protonation at the with protonation at or near the N-terminal residue.

N-terminal amino group of Argis unlikely because
of the high Coulomb repulsion that would result. The
addition of two protons to one residue is not known to
occur by ESI and, in the present study, the dipeptide
Arg’-Pr& did not form doubly-protonated ions. If

Fig. 3 shows the lowest energy structure for M
2H]?* of des-Ard-bradykinin, with Argt and Prd
serving as protonation sites for the modeling. The
guanidino side chain of Afgis surrounded by the
peptide backbone. This increases hydrogen bonding

amino acid gas-phase basicities are used as a predicand shields the protonation site. Hydrogen bonding
tor of residue basicity, the second most basic residue occurs in five locations for des-A¥goradykinin ions.

in these peptides is proline (GB- 214.9 kcal/mol
[72]). Thus, Pré or Prd are potential sites of pro-
tonation. Previous molecular modeling studies by
our group[46] have shown that protonation at Pro
lowers the energy associated with Coulombic repul-
sion by ca. 5 kcal/mol relative to protonation at ®ro
However, it should be pointed out that the actual
gas-phase ion population could be a mixture of two
or more protonation site isomers with similar ener-
gies. Surface-induced dissociation (SID) studies by
Wysocki and coworker$7] on des-Ar§-bradykinin

[M +2H]?* and [M+H]* showed that the fragmenta-
tion efficiency curve for the 2 ion was dramatically
shifted to lower energy relative to the curve for the
1+ ion. This suggests that the second ionizing proton
on the 2+ ion may be “mobile”; that is, not fixed to
one location throughout the ion population. In addi-

Prc? and Pré are involved in stabilizing the protona-
tion site on the Ard side chain through these hydro-
gen bonds. Hydrogen bonding between the N-terminal
amino group and Procontracts the peptide structure.
The other important hydrogen bond is occurring be-
tween the amide protonation site of Prand the car-
bonyl on Sef.

The modeled structures for bradykinirig. 2) and
des-Ard-bradykinin Fig. 3 have similar general
conformations. Both structures are compact with ex-
tensive hydrogen bonding. The structures have nearly
identical Coulomb energies (s@able 4, which also
supports conformational similarity. Consequently,
changes in conformation or Coulomb energy do not ac-
count for the 10.9 kcal/mol difference in Gy This
indicates that intrinsic acidity/basicity of the site being
deprotonated is the dominant factor here. That is, dou-

tion, the amide backbones of other residues, such asble protonated des-Afgoradykinin is significantly
Phe, may serve as protonation sites because their baimore reactive to proton transfer (i.e., more acidic) than

sicities may be similar to that of the proline backbone.
In the SORI-CID spectrum of [M- 2H]?t from
des-Ardg-bradykinin (seeFig. 1), the major prod-
ucts are y*, bot, bst, bgt, and b?t. The intense
beT/y>* complementary pair suggests that one proton
may be located somewhere on the N-terminal frag-
ment of Arg—Pré—Pro-Gly*~Phé—Sef and an-
other proton on the C-terminal fragment of Frhé.
In low energy CID studies on a triple quadruple mass
spectrometer, Boyd and coworkdrs] also observed
this complementary pair, along with further fragmen-
tation of y™ to as™. They interpreted these fragments

doubly-protonated bradykinin because the site being
deprotonated on des-Atdradykinin is of lower ba-
sicity than the highly basic ARyesidue of bradykinin.

3.3. Heptapeptide,
Arg*-Pro?-Pro®-Gly*—Phe®—Ser6—Pro’

The GAgpp of [M + 2H]?* for the heptapeptide is
2149 + 2.3 kcal/mol, which is identical to the value
obtained for ions of the des-Atgoradykinin octapep-
tide. This indicates that PReloes not contribute any
additional stabilizing factors to the protonated ion.
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N-terminus

Pro2

Pro3

>
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Phe8

C-terminus

*Pro7

Fig. 3. Lowest energy structure for [M 2H]?" of des-Ard-bradykinin, *Arg'—Pré—Pro—Gly*~Phé-Sef—Prd’—Phé. Atom legends

are the same aBig. 2 Protonated residues are indicated with an asterisk. Hydrogen bonds are illustrated by dashed lines and the bor

lengths shown are in units of angstroms.

This conclusion is supported by the modeled structure

of Fig. 3, which shows PHeto be jutting away from
the peptide backbone and uninvolved in hydrogen
bonding.

The SORI-CID spectrum is once again dominated
by singly-charged b- and y-ions. All possible b ions
are present except fonth and ™. For the y-series,
yit, yoT and y* occur. The very intense comple-
mentary pair of y*/beg* supports protonation on Pro
and somewhere on the first six N-terminal residues.
Formation of b suggests that the AtgPrc region
is protonated.

The lowest energy structure for the heptapeptide
[M + 2H]?* has four hydrogen bonds, three of which
involve the N-terminal protonated residue Ar(Fig.

4). The highly folded nature of the peptide also leads
to a hydrogen bonding interaction between Aend
Pro’, which are the two protonated residues in this
model. The structure shows the amide bond of Foo

The calculated structures for the heptapeptide with
Arg! and Prd protonated have an average Coulomb
energy of 46+ 13 kcal/mol. Keeping the same gen-
eral conformation but changing a protonation site from
Pro’ to Pré increases the Coulomb energy to ca.
56 £+ 7 kcal/mol. This is significantly higher than the
Coulomb energies for the other ions involved in this
study and suggests that protonation at'Rsgreferred
over protonation at Pfo

3.4. Hexapeptide,
Arg'—Pro?>—Pro®-Gly*—Phe®—Ser®

The GAgpp Of [M + 2H]?* for the hexapeptide is
2106 £ 3.0 kcal/mol, which is 4.3 kcal/mol less than
that of the heptapeptide ions. This relatively large drop
in GAgppis consistent with Proserving as a protona-
tion site for at least some of the hepta- and octapep-
tide ion populations. ESIs ability to continue to pro-

be oriented towards the center of the structure, which duce the 2- charge state once Pris removed means

may lessen its accessibility by the reactant base.

that the second ionizing proton can also be located
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at sites further down the peptide backbone. Intrinsic
C-terminus basicity of the remaining residues suggests that Pro

or Pra is protonated, although other amide backbone
*Pro7 sites cannot be ruled out. Minimization of Coulomb
energy points to protonation at Praather than Pra

For the SORI-CID spectrum of hexapeptide
[M + 2H]?*, an intense complementary pair is seen
with byt and w* or [ys-H20]*. The ™ signi-
fies that a proton most likely resides on Argas
expected. The 7 and associated jyH,O]* sug-
gests that the other proton is somewhere on the
Pre*-Gly*—Phé@—Sef portion of the peptide, which
supports protonation at PfoThe presence off3 and
bs™ suggests that the second proton can be mobile
during the fragmentation process and illustrates that
Phe5 CID data must be interpreted cautiously.

Using Arg! and Prd as protonation sites, the lowest
energy modeled structure has three hydrogen bonds
Fig. 4. Lowest energy structure for [M2H]?* of the heptapeptide,  (Fig. 5). Two hydrogen bonds at Ptand Phé are in-
*Arg'-Pré—Pro-Gly*-Phé-Sef—Pro’. Atom legends are the  yplved in stabilizing the protonated side chain of Arg
same ad-ig. 2 Protonated residues are indicated with an asterisk. The other hydrogen bond is between the carbonyl of

Hydrogen bonds are illustrated by dashed lines and the bond 1 i .
|engths shown are in units of angstroms. Al’g and the pl’OtonatIOH site on Iﬁr(NOte that as the

C-terminus Ser6

N-terminus
Phe5

*Pro3

Fig. 5. Lowest energy structure for [M 2H]?+ of the hexapeptideArg'—Pré—*Pra-Gly*~Phé-Sef. Atom legends are the same as
Fig. 2 Protonated residues are indicated with an asterisk. Hydrogen bonds are illustrated by dashed lines and the bond lengths shown are
in units of angstroms.
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peptide chain length decreases, the number of hydro-

gen bonds also decrease.

The conformation of [Mr-2H]?* from the hexapep-
tide is less compact than that of the larger bradykinin
fragments. This can be seen by comparffing 5with
Figs. 2—4 (All of the modeled structures are drawn to
the same scale.) Also, as seen from the dafiabfe 4

the average hexapeptide structure has a Coulomb en-

ergy that is 7 kcal/mol lower than that of the larger
ions. This lessening of Coulomb energy means that
the charges are further apart fig. 5 Lowering of

the Coulomb energy would make the peptide less re-
active to deprotonation (i.e., increases £4. How-
ever, this factor is offset by the lowered incidence of
hydrogen bonding, which would make the ion more
reactive (i.e., decreases G#).

3.5. Pentapeptide, Arg'—Pro?—Pro—Gly*—Phe®

The GAgpp Of [M + 2H]?* for the pentapeptide
is 207.2 £+ 3.2 kcal/mol, which is 3.4 kcal/mol less
than that of the hexapeptide ions. This is a relatively
small decrease in G#ypin comparison to the removal
of other residues from the bradykinin chain. The
implication is that Sé plays a minimal role in inter-
acting with the protonation sites of the hexapeptide
ions. This is consistent with the modeled structure of
Fig. 5, which shows Sérto be jutting away from the
remainder of the peptide backbone.

For SORI-CID on [M+ 2H]?* of the pentapep-
tide, all b-ions form except 43, which is not ob-
served for any of the bradykinin-related peptides. For
the y-series, y© and y* are present. Again b sup-
ports the presence of a proton near the N-terminus,
while ys* suggests that an ionizing proton resides on
the C-terminal residues of PeGly*—Phé.

The lowest energy structure of [N 2H]?t from
the pentapeptide is shown Fig. 6, with protonation
sites at Arg and Pr&. The number of hydrogen bonds
has decreased to two, but they significantly impact the
conformation. Hydrogen bonding between Plamd
Prc? results in a more compact structure and the phenyl
group of Phe is oriented to enable some shielding of
the protonation site on PfoThe orientation of Prd
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N-terminus

> C-terminus

Phe5

Fig. 6. Lowest energy structure for [M 2H]2t of the pentapep-
tide, *Arg'-Pré—*Pro*-Gly*—Ph&. Atom legends are the same
asFig. 2 Protonated residues are indicated with an asterisk. Hy-
drogen bonds are illustrated by dashed lines and the bond lengths
shown are in units of angstroms.

may also shield the proton on Bradydrogen bonding
between the side chain of Argand the C-terminal
carboxylate group also compacts the structure and may
make the ion more basic (relative to a protonation site
without hydrogen bonding).

A comparison ofFigs. 5 and Ghows that the S&r
residue does not play a major role in the conforma-
tion. For example, irFig. 5, no heteroatoms on Ser
are involved in hydrogen bonding. However, removal
of SeP does cause the peptide ions to contract in size
slightly. As seen inTable 4 this leads to an increase
in the Coulomb energy back to the levels of ions
from bradykinin and the larger fragment peptides.
This increased Coulomb energy may contribute to the
pentapeptide ions greater proton transfer reactivity
relative to the hexapeptide ions.

3.6. Tetrapeptide, Arg'—Pro®>—Pro®-Gly*

The removal of Pheto produce the tetrapep-
tide decreases the Ggy of [M + 2H]** by 6.4 to
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2008 + 5.6 kcal/mol. This large drop in energy sug-
gests that the hydrogen bonds involving the carbonyl
oxygen and the amide nitrogen of phenylalanine were
involved in stabilizing protonated structure of the pen-
tapeptide ion. It is also possible that the amide group
of phenylalanine serves as a protonation site for some
of the doubly-protonated pentapeptide population. In
addition, as mentioned above, shielding of the pro-
tonation site at Promay also limit the pentapeptide
ions’ rate of proton transfer.

In the SORI-CID spectrum of [M-2H]?* from the
tetrapeptide (sekig. 1), the intense fragment ions of
b, and yt suggest that one proton lies on ArPrc
and the other on PPeGly*. The internal fragment
[Pr®—Prd’]* further suggests that a proton is present
on a proline residue. Coulomb repulsion of the two
charge sites would be minimized by having $pro-
tonated rather than PfoGlycine, whose peptide side
chain consists only of a hydrogen atom, is not ex-

of Mass Spectrometry 219 (2002) 115-131

*Arg1

Fig. 7. Lowest energy structure for [M2H]2* of the tetrapeptide,
*Argl-Pré—*Pro—Gly*. Atom legends are the same Biy. 2
Protonated residues are indicated with an asterisk. Hydrogen bonds
are illustrated by dashed lines and the bond lengths shown are in

pected to be a protonation site because it lacks a sideunits of angstroms.
chain heteroatom and because this residue can provide

little inductive stabilization if the peptide backbone is
protonated.

With Arg! and Pré serving as protonation sites,
Fig. 7is the lowest energy structure for [M 2H]?t

3.7. Tripeptide, Arg'—Pro>—Pro®

The GAspp Of [M + 2H]?* for the tripeptide is

of the tetrapeptide. The peptide backbone essentially 196.6+4.4 kcal/mol, which is a 4.2 kcal/mol drop rel-

folds in half, with hydrogen bonding between the pro-
tonation site at Ar§ and the C-terminus at Glyand
between sites on Pfaand Prd. The general shapes
of the lowest energy structures for tetrapeptide ions
(Fig. 7) and pentapeptide iond=ig. 6) are similar,
with the phenylalanine ring of PRen the pentapep-
tide being uninvolved in this backbone geometry.
Both structures have nearly identical Coulomb ener-
gies, which also supports conformational similarity.
Consequently, major changes in conformation or
Coulomb energy do not account for the 5.6 kcal/mol
difference in GApp One possibility is that charge
shielding the protonation site of Frcby Phé in

the pentapeptide is the dominant factor here. That
is, tetrapeptide ions are more acidic than pentapep-
tide ions because the protonation site at3Rsn the
tetrapeptide is more accessible to collisions with a
neutral base.

ative to the tetrapeptide value. The tripeptide is the
most acidic and most reactive of the bradykinin-related
ions studied. In comparison to the hexapeptide, which
is the largest ion where Atgand Prd are believed

to be the protonation sites, the G# of tripeptide

[M + 2H]?* is 14.0kcal/mol lower. Thus, a substan-
tial change in proton transfer reactivity has resulted
from the loss of three residues (GiPhe—SeP) that

do not sequester an ionizing proton, but can hydro-
gen bond to the protonation sites and sterically shield
them from an incoming neutral reactant.

SORI-CID on the tripeptide ions reveals intensé b
and y.* product ions. This complementary pair is con-
sistent with protonation at Afgand Pré. In general
for the peptides involved in this work, an intense tis
seen. Such enhanced fragmentation on the N-terminal
side of a proline residue has also been reported in sev-
eral other studiefs4—-66,68]
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N-terminus

C-terminus
Pro2

Fig. 8. Lowest energy structure for [M 2H]?" of the tripeptide,*Arg'—Pré—*Prc®. Atom legends are the same Big. 2. Protonated
residues are indicated with an asterisk. Hydrogen bonds are illustrated by dashed lines and the bond lengths shown are in units of angstrc

The tetrapeptide and tripeptide [M2H]?* confor- incidence of hydrogen bonding and greater physical
mations are dramatically different. The tetrapeptide accessibility of the protonation sites.
ion of Fig. 7 has a compact, folded structure. In con-
trast, the tripeptide ion dfig. 8is elongated. For the 3.8, Dipeptide, Argl—Pr02
tripeptide, the protonated residue at Pis slightly
folded over Prd, but not to the extent observed for the The dipeptide did not produce [M 2H]?t under
larger peptides. This slight folding results in one hy- our ESI conditions. Only [M+ H]™ was observed.
drogen bond between the amide on¥and the car-  This suggests that Pfavas not typically protonated
bony! of Arg!. In prior work by our group, Ewing etal.  for the larger peptides under study here.
[72] used semiempirical calculations on [M H]*
of the dipeptide ProPro to investigate its elevated ba-
sicity when compared to ions from GlyPro and Pro- 4. Conclusions
Gly. It was found that the unique geometry of proline
caused the adjacent proline residues to fold towards As residues are sequentially removed from the
each other, which resulted in enhanced intramolecu- C-terminal side of bradykinin, a variety of factors
lar hydrogen bonding and lead to the high basicity cause the ions to more readily undergo proton trans-
of ProPro. The presence of adjacent proline residuesfer. The GAypp values for [M+4 2H]?* decrease as
may be a contributing factor in the ability of the small the peptide chain length is shortened; this means that
tripeptide Arg—Prd—Prc to sustain two charges. the ions become more acidic (i.e., less basic). The
The tripeptide ion structure has a Coulomb energy [M + 2H]?t of the nonapeptide bradykinin have a
that is ca. 11kcal/mol lower than that of the larger high GAgpp value because its two highly basic argi-
ions. As illustrated inFig. 8 this value corresponds nine residues can serve as sequestering protonation
to an extended conformation with the charges as far sites. The largest decrease in &4 (10.9 kcal/mol)
removed as possible. Lowering of Coulomb energy occurs when Argis removed from bradykinin. This
should decrease the rate of proton transfer. However, can undoubtedly be attributed to the loss of a proto-
the overriding factors that lead to the facile deproto- nation site of high intrinsic basicity. Removal of the
nation of tripeptide [M+ 2H]?* must be the other  next residue, PRe has no effect on the Gy, and
consequences of the open conformation: decreasedmolecular modeling shows that this residue does not
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interact with the remainder of the peptide backbone. as the peptide chain length decreases. Depending
This is followed by a 4.3 kcal/mol decrease in Gp upon the situation, factors that can play a role in
upon removal of Prf which is attributed to the  proton transfer reactivity include intrinsic basicity of
loss of a potential protonation site at a basic proline the protonation sites, intramolecular hydrogen bond-
residue. The modeled structures indicate that removal ing (particularly involving the protonated residue),
of Pro’ also decreases the intramolecular hydro- Coulombic repulsion of charge sites, and conforma-
gen bonding interactions of the peptide ions, which tional considerations such as accessibility or shielding

makes the hexapeptide [M 2H]*" less compact
than larger bradykinin fragment peptides. In turn, this
conformational change causes two opposing effects:

of the protonation site.

deshielding of the protonation site (which should in- Acknowledgements

crease proton transfer reactivity) and lowering of the
Coulomb energy (which should decrease reactivity).
Removal of the next residue, $epnly decreases the
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tential protonation site, Pfpthat is well-shielded by
the peptide backbone. In contrast, a relatively large
6.4 kcal/mol decrease in Gfy, occurs when Pheis
removed from the peptide structure. The loss of this
bulky residue may make the protonated Presidue
more accessible to the neutral reactants and also re-
duces the level of hydrogen bonding to rBemoval

of Gly#, to leave tripeptide ions, decreases thea A

by 4.2 kcal/mol. The Ar§ and Prd residues remain
on the peptide, and thus the protonation sites of the
tripeptide still have the same intrinsic basicities as
the protonation sites of the larger peptides. However,
while the tetrapeptide ions remain relatively compact
and folded, the tripeptide ions have a near linear con-
formation that bears little resemblance to the larger
peptide ion conformations. Although nine intramolec-
ular hydrogen bonds are seen for bradykinin ions, the
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