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Abstract: The gas-phase iermolecule reactions of neutral alanylglycine have been examined with various
mass-selected acylium ions REQR= CHs, CDs, CsHs, CsFs and (CH) 2N), as well as the transacylation
reagent O-benzoylbenzophenone in a Fourier transform ion cyclotron resonance mass spectrometer. Reactions
of the gaseous dipeptide with acylium ions trapped in the ICR cell result in the formation of energized [M
RCOJ" adduct ions that fragment to yield N-terminal b-type and C-terminal y-type product ions, including a
modified by ion which is typically not observed in the fragmentation of protonated peptides. Judicious choice

of the acylium ion employed allows some control over the product ion types that are observed (i.e., b versus

y ions). The product ion distributions from these tamolecule reactions are similar to those obtained by
collision-activated dissociation in a triple quadrupole mass spectrometer of the authentic N-acylated alanylglycine
derivatives. These data indicate that derivatization of the peptide in the gas-phase occurs at the N-terminal
amine. Ab initio molecular orbital calculations, performed to estimate the thermochemistry of the steps associated
with adduct formation as well as product ion formation, indicate that (i) the initially formed adduct is energized
and hence likely to rapidly undergo fragmentation, and (ii) the likelihood for the formation of modified b

ions in preference toyions is dependent on the R substituent of the acylium ion. The reaction of the tetrapeptide
valine—alanine-alanine-phenylalanine with the benzoyl cation was also found to yield a number of product
ions, including a modified bion. This result suggests that the new experimental approach described here may
provide a tool to address one of the major limitations associated with traditional mass spectrometric peptide
sequencing approaches, that is, determination of the identity and order of the two N-terminal amino acids.
Analogies are made between the reactions observed here and the derivatization and N-terminal cleavage reactions
employed in the condensed-phase Edman degradation method.

Introduction Indeed, interpretation of the collision-activated dissociation

The Edman degradation method for N-terminal sequence product ion spectra of peptides is rapidly becoming routine, with
analysis of proteiishas been in use for over 50 years. Its & Well-accepted sequence ion nomencletarel automated data
advantages include well-characterized conditions for the de- 2n@lysis programs available for sequence ion assignrhdifits.
rivatization and cleavage reactions, high stepwise yields and Sduence analysis of novel or modified peptides by “de novo”
simple chromatographic identification of the cleaved phenyl- S€quencing strategies however, remains a challenge. This is
thiohydantoin amino acid. Disadvantages however, include low commonly due to the production of “poor” product ion spectra

sensitivity, the requirement for highly purified samples and long "esulting from incomplete fragmentation of many of the peptide
cycle times, making the rapid identification and characterization ackbone amide bonds, thereby yielding insufficient information
of trace amounts of proteins difficult. Tandem mass spectrom- t0 determine the complete amino acid sequéfte particular,
etry2 with demonstrated high sensitivity and rapid data acquisi- the identity and order of the.two N-terminal residues of peptides
tion capabilities, is now accepted as the method of choice for annot regularly be determined due to the common absence of
the identification and characterization of proteins and pepfides. fragmentation at the N-terminal amide bond. As the combined
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nominal masses of many two amino acid pairs are identical, b, ions’® Recently, Gaskell et &% have demonstrated that
(for example, the mass of the amino acid pairs AsnAla and N-terminal derivatization of peptides with phenylisothiocyanate
GInGly, and that of the amino acid Trp all equal 186 Da), the and related derivatization reagents, followed by collision-
presence of any of these combinations at the N-terminal may activated dissociation, results in the selective formation of
result in ambiguity in the amino acid sequence. Hence, a methodmodified thiazolone bions. Additionally, an analogy was made

to distinguish these possibilities is required to unequivocally between this reaction and the condensed phase anhydrous acid
assign complete amino acid sequences by mass spectrometricleavage step in the Edman degradation protess.

methods alone. Several groups have explored the use of gas-phase ion
Neighboring group participation reactions based on the molecule reactions in mass spectrometers to gain additional
“mobile” proton modél have been proposed for the fragmenta-  structural information on biomoleculé%:16 There are two types
tion of the amide bonds, with formation of the structurally of ion—molecule reactions that can be employed to form
relevant N-terminal ptype ions ( = 2),” wheren equals the ~ modified b ions. The first involves the reaction of a charged
number of amino acid residues from the N-terminus, and peptide ion (for example, the [M- H]* ion) with a neutral
complementary C-terminalptype sequence iorfswhere n reagent. Nibbering et af.have shown that the [M- H]* ions
equals the number of amino acid residues from the C-terminus.of simple peptides react with 2,5-hexanedione to yield N-
These mechanisms also readily explain the lack of cleavage atterminal pyrrole derivatives, that fragment to yield N-terminal
the N-terminal amide bond, with the general absence ajris modified a- and b-type product ions, including a modified b
and common lack ofy.1 ions, wheren equals the total number  jon. Recently, O’Hair and Reid reported that the gas-phase
of amino acid residues in the peptide. (The general absence ofreaction between the [M- H]* ions of simple peptides with
the b ion? has been shown to be due to the unstable nature of neutral acetone, resulted in the formation of N-terminal deriva-
simple aliphatic acylium ions, which fragment via the loss of tized Schiff's base adducts (Scheme 1). These derivatives were
CO to yield a ions.! The common lack of thepy ion® s likely shown to fragment via an enamine intermediate to yield a
to be due to the absence of a suitable neighboring group thatmodified pyrrolinone hion 15 Unfortunately, this reaction does
would facilitate fragmentation at the N-terminal amide béf)d.  not occur for peptides with high proton affinities because the
Several condensed-phase methods have been employed téirst step of the reaction, proton transfer from the protonated
overcome this problem. Hunt et al. have utilized a single Edman peptide to acetone, is thermodynamically unfavorable (Scheme
degradation cycle to remove the N-terminal residue followed 1).
by mass determination of the truncated peptide, thus identifying  The second type of iormolecule reaction, that may prove
the N-terminal amino aciéi®®An examination of the literature  seful for a wider range of peptides, is that between a neutral
reveals that fragmentation of the [M H]* ions of N-acylated  peptide and a reagent idhAcylium ions (RCO) are attractive
peptides often yields modified; tiype ions indicative of the a5 potential reagents for the formation of modifigddns via
N-terminal residué®**Harrison has suggested that thesiobs  this type of ion-molecule reaction for the following three
have protonated oxazolone structures, similar to those of largerreasons. (i) Previous studies have demonstrated that acylium
ions react with simple amines ¢§NR') in Fourier transform ion
cyclotron resonance, triple quadrupole, and ion trap mass
spectrometers to yield adduct ions [RC(O)}R] .17 In a sector
mass spectrometer, the reaction of the acetone chemical ioniza-
tion'® reagent ions CkCO" (m/z 43) and (CH),CO(CHCO)"
(m/z 101) with simple amino acids has been shown to yield
acetylated product ioh% (Scheme 2). Although this study did
not involve mass selection of each of the chemical ionization
reagent ions, it was suggested that the-fMCH3CO]* adduct
ion resulted from reaction with acetylated acetorméz(101)
via a transacylation reaction. Such transacylation reactions have
also been implicated in the gas-phase chemistry of butanedione
chemical ionization reagent ioA% (i) a wide range of acylium
ions can be generated in the gas-phase from readily available
precursors; and (iii) solution-phase derivatitf&s of many of
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and the tetrapeptide valir@lanine-alanine-phenylalanine
(VAAF), desorbed by LIAD, was shown to result in intact [M
CH, + H]* ions, whereas thermal desorption resulted in substantial

o}
\l/ ~cZ degradation of the neutral peptiéf.
HNI I Here, to systematically study the reactivity of various gas-

CH,3

phase acylium ions toward simple peptides, the reactions of the
R acylium ions RCO (R = CHg, CDs, CgHs, CsFs and (CH)2N)
, ) ) (Scheme 3), as well as the transacylation reagebenzoyl-
the [RC(O)NHR]™ adduct ions formed in the gas-phase can e, ophenone (Scheme 4), with neutral alanylglycine have been
be easily synthesized. The fragmentation of these solution-phase,y amined in a Fourier transform ion cyclotron resonance mass

derivatives can be used to help elucidate the mechanisms ofghecrometer. To demonstrate that gas-phase acylation reactions

the gas-phase reactions. Importantly, gas-phase qcylgtion reacr-.nay be used to form modified;bype ions, and therefore
tions also enable the formation of some acyl derivatives that ide additional structural information to complement tradi-
may not be stable in solution. While the previous studies {j,ha1 mass spectrometric methods for de novo sequencing

described above have been successfgl in examining some OEtrategies, the reaction of the tetrapeptide VAAF with the
the fundamental aspects of gaseous ion chemistry of S'mplebenzoyl cation has also been examined.

peptides, there are significant difficulties associated with des-
orbing larger neutral biomolecules into the gas-phase due to
their limited thermal stability? Therefore, the ability to
evaporate intact neutral peptides into the gas-phase in the Materials. Alanylglycine, VAAF, and pentafluorobenzoy! chloride
absence of neutral fragments caused by thermal degradation isvere purchased from Sigma (St. Louis, MO). Acetone (spectroscopic
a key prerequisite to developing gas-phase—igmlecule grade) was from Mallinckrodt (Paris, KY). Benzophenone was pur-
reactions involving larger peptides. chased from Fisher Scientific (Fair Lawn, NJ). Acetailg99.5% D),

Recently, Peez et ak® have demonstrated that intact neutral N,N_—dimethylaminocarbgmyl chlqride were ob_tained fro_m Aldrich
peptides can be desorbed into a Fourier transform ion cyclotron (Miliwaukee, WI). Acetic anhydride andi-acetic anhydride were
resonance mass spectrometer using high-amplitude acousti urchased from Fluka (Buchs, Switzerland). Benzoyl chlqndewasfrom
waves, generated by firing a laser at copper or titanium foil plIJDr;"icgi%?lI& England). All compounds were used without further
from the opposite side of where a sample is deposited (laser-

. . . R Condensed-Phase Synthesis of N-Acylated Alanylglycine Deriva-
induced acoustic desorption, LIAD). lonization of the desorbed tives. N-acetyl,ds-acetyl, benzoyl, and pentafluorobenzoyl derivatives

molecules was then performed by electron impact or chemical ot 4janyiglycine were prepared by the addition of 10 of acetic
ionization using reagent ions trapped in the cell of the Fourier anhydride, g-acetic anhydride, benzoyl chloride, or pentafluorobenzoyl
transform ion cyclotron resonance mass spectrometer. Forchloride, respectively, to 5 mg of alanylglycine dissolved in 200of
example, the proton-transfer reaction between protonated aniline50 mM ammonium bicarbonate (pH 7.8). The reaction was allowed to
proceed fo 1 h atroom temperature. Samples were diluted 100 fold in

ggg (21‘;“’;; S Eﬁg%tzco?g,mcsef;g\?/\?atlkzihg,svges;' Vaughn, W, £ L1 CHOH/HO containing 1.0% acetic acid prior to direct mass
Kenttamaa, H. I.J. Am. Soc. Mass Spectrot999 10, 1105-1110. (b) spectrome'trlc' analysis. Attem_pts to synthesize the dlmet_hylamlnocar-
Paez, J.; Rarftez-Arizmendi, L. E.; Petzold, C. J.; Guler, L. P.; Nelson, bamyl derivative of alanylglycine were unsuccessful as this compound
E. D.; Kenttanaa, H. I.Int. J. Mass Spectron200Q 198 173-188 was found to be unstable in solution.

+

Experimental Section
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Scheme 3 Scheme 4
0 o}
|c oo+ HN g NH—CH ﬂ OH ﬂ Y ﬁ» (A)
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R R X
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(1) Tl R= CH3, CD;, C6H5, C6F5, (CH3)2N R= CGHS! X= (C6H5)2C0, Y= CH(CH3)C(O)NHCH2COZH

for the ions specifiedO-benzoylbenzophenonenz 287) was formed
0 CH; X TRt .
. via self-chemlcal ionization (approxmately 4 s)_ from benzophenone.
R HN C——NH—CH,—C—OH | (A) Reactant ions were transferred into the other side of the dual cell and
kinetically and internally cooled fdl s byallowing time for IR emission
and by colliding the ions multiple times with argon atoms pulsed into
the cell via a pulsed valve assembly (the nominal peak pressure was
H' transfer 1.0-2.0 x 10°° Torr). lons of interest were isolated by ejecting all
unwanted ions from the cell through the application of a stored
waveform inverse Fourier transform (SWIETgxcitation pulse to the
excitation plates of the cell (Extrel SWIFT module).

)

-

0 CH;,

O The neutral peptides alanylglycine and VAAF were introduced into
R HN- C—NH—CH,—C—O0H | (B) the mass spectrometer by laser-induced acoustic desorption (LIAD)
(l)| 4 described in detail earli@f.Samples (1.5 mg) were dissolved ik

glacial acetic acid, sonicated for 30 min and then diluted to 1.5 mL
with anhydrous methanol. Then 2& (approximately 25:g) of this

€ solution was applied by electrospray deposition onto a copper foil of
9 mm diameter and 1@m thickness at a rate of 2L/min using a
spray voltage of 5.56.0 kV. After sample deposition, the foil was

transferred to the sample support stage of the laser desorption probe.

R o o o e
Y LIAD was performed by transmission mode laser irradiation (532 nm
| HzN_CHZ_ﬁ_OH Continuum Minilite Il Nd:YAG laser (Continuum, Santa Clara, CA)).
m‘i - o} Each experiment involved desorption of neutral molecules by3aD
3

laser shots applied at 70 ms intervals (due to the 15 Hz maximum trigger
rate of the laser). Each laser shot resulted in a population of neutral
(4a) (4b) molecules with a resonance time of approximately PHisie desorbed
/ \ . neutral molecules were allowed to react with the reagent ion of interest
o H;NCH,COH stored in the ICR cell. After reaction, the ions were excited for detection
using a broadband “chirp” excitation sweep (1.9 kHz to 2.6 MHz; 200V
*by \“/ * peak-to-peak; sweep rate 3200 k). Spectra were recorded as 64 K
N R 0. 0 data points at an acquisition rate of 2000 kHz. The time domain data
CH, Y was subjected to Hanning apodization, followed by augmentation of
N the data by one zero fill prior to Fourier transformation. Each spectrum
+ H,NCH,CO,H CHy shown was the result of a single scan.
For sustained off-resonance irradiatiezollision-activated dissocia-
. . ) tion experimentd? helium was pulsed into the cell (momentary high
Laser-Induced Acoustic Desorption Fourier Transform an pressure of 1.0« 1075 Torr) via a pulsed valve assembly and the ion
Cyclotron Resonance Mass Spectrometrylon—molecule reaction  f interest fragmented for approximately 300 ms using an activation
experiments were performed using an Extrel Model 2001 FTMS Fourier frequency 1.0 kHz higher than the cyclotron frequency of the ion.
transform ion cyclotron resonance mass spectrometer described previ- Electrospray lonization Triple Quadrupole Mass Spectrometry.
ously? The instrument contains a differentially pumped dual cell that - Apqysis of authentic N-acylated alanylglycine derivatives synthesized
is placed within the magnetlc_fleld produced bya3.0-‘_|' superconducting i, solution was performed using a Finnigan model TSQ (San Jose,
magnet operated at approximately 2.8 T. The nominal base pressureca) triple quadrupole mass spectrometer equipped with an electrospray
was less than 10 Torr, as malntal_ned by two Balzers tu_rbomolecular ionization source. Peptide samples (0.05 mg/mL), dissolved in 1z CH
pumps (330 L/s), each backed with an Alcatel mechanical pump. The op/H,0 containing 1.0% acetic acid, were introduced into the mass
pressure was measured with two ionization gauges located on each sidgpectrometer at 24L/min. Collision-activated dissociation experiments
of the dual cell. The two cells are separated by a common wall \yere performed on mass-selected ions using standard procé8ures.
(conductance limit) that contzsra 2 mmhole in the center. lons were Ab Initio Molecular Orbital Calculations. To estimate the relative
transferred from one cell into the other by grounding the conductance gnergies of several species involved in steps along the proposed reaction
limit plate for approximately 15@s. Unless otherwise noted, this plate pathways (Schemes 3 and 4), ab initio molecular orbital calculations

and the two end trapping plates were mainti\inea‘at\/. were performed at the Hartre&ack level of theory, using GAUSSIAN
The acylium ions CHCO" (m/z 43), CD,CO" (mVz 46), GHsCO" 9825 A set of conformers for each model structure were initially

(m'z 105), (CH).NCO" (m'z 72), and GFsCO™ (m/z 195) ions were optimized at the AM1 semiempirical level of theétyfollowed by
generated in one side of the d'ua! cell by electron ionization (typlcally further optimization of low-energy conformers at the Hartréeck
20 eV electron energy, GA emission current, 40 ms ionization time)  |eye| of theory using the standard 6-31G* basis?etll optimized
from_acetonede-acetone, benzoyl chlo_rlde, d|methylam|noca_rbamyI structures were subjected to vibrational frequency analysis with the
chloride, and pentafluorobenzoyl chloride4 x 1078 Torr nominal

reagent pressures), respectively, which resulted in an abundant signal (22) (&) Chen, L.; Wang, T.-C. L.; Ricca T. L.; Marshall, A. @nal.
Chem 1987, 59, 449-454. (b) Marshall, A. G.; Wang, T.-C. L.; Ricca, T.

(21) (a) Lin, P.; Kenttemaa, H. 1.Org. Mass Spectroni992 27, 1155~ L. J. Am. Chem. Sod 985 107, 7893-7897.
1156. (b) Smith, R. L.; Chyall, L. J.; Stirk, K. M.; Kernittza, H. 1.0rg. (23) Gauthier, J. W.; Trautman, T. R.; Jacobson, DABal. Chim. Acta
Mass Spectron1993 28, 1623-1631. (c) Leeck, D. T.; Stirk, K. M.; Zeller, 1991 246, 211-225.
L. C.; Kiminkinen, L. K. M.; Castro, L. M.; Vainiotalo, P.; Kenttaaa, H. (24) (a) Yost, R. A.; Enke, C. GI. Am. Chem. S0d 978 100, 2274~
I. J. Am. Chem. Sodl994 116 3028-3038. (d) Li, R.; Smith, R. L,; 2275. (b) Reid, G. E.; Simpson, R. J.; O’'Hair, R. A.JJAm. Soc. Mass

Kenttamaa, H. 1.J. Am. Chem. Sod 996 118 5056-5061. Spectrom1998 9, 945-956.
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Table 1. Gas-Phase lonMolecule Reactions between Various Reagent lons and Neutral Alanylgylcine in a Fourier transform lon Cyclotron

Resonance Mass Spectrometer

ion m'z productionsym/z, (identity), % abundanée
(CHa),COH* 59 147, (M+ H*), 100; 119, (M+ H* — CO), 7; 44, (a),5
CHsCO* 43 147, (M+ H*), 100; 114, (*h), 13; 86, (*a), 7
CD;CO" 46 148, (M+ D%), 63; 147, (M+ HY), 100; 120, (M+ D* — CO), 12; 117, (*h), 14; 89 (*a), 44
(CHs),NCO* 72 173, (M+ (CH3):NCO" — (CHa)NH), 8; 147, (M+ H™), 95; 143, (*h), 100; 129, (b), 18;
115, (*a), 31; 46, ((CH).NH;"), 21
CeHsCO* 105 176, (*h), 90; 148, (*a), 33; 147, (M+ H*), 100; 129, (b), 12
CsFsCO" 195 266, (*h), 13; 238, (*a), 45; 147, (M+ H*), 100; 129, (b), 8; 76, (\), 14; 44, (a), 9
(CsHs),COGHsCO* 287 251, (M+ CeHsCO™), 100; 176, (*h), 53; 147, (M+ H*), 75; 129, (b), 17

aOnly those product ions observed at greater than 5% relative abundance are shown.

Table 2. Collision-Activated Dissociation Spectra of N-Acylated Alanylglycine Derivatives in a Triple Quadrupole Mass Spectrometer

species nm'z productions/z, (identity), % abundanée
[alanylglycine+ H]* 147 129, (b), 1; 119, CO), 3; 101, (8, 1; 76, 1), 1; 44, (a), 100
[CHsCO-alanylglycinet H]* 189 171, (*b), 1; 147, (y), 2; 114, (*h), 100; 86, (*a), 9; 76, (), 3
[CDsCO-alanylglycinet+ H]* 192 174, (*b), 1; 147, (v), 1; 117, (*h), 100; 89, (*a), 9; 76, (), 3
[CeHsCO-alanylglycinet H]* 251 233, (*h), 1; 176, (*h), 100; 148, (*a), 9; 105, (GHsCO"), 2
[CeFsCO—alanylglycine+ H]* 341 323, (*h), 5; 266, (*h), 100; 238, (*a), 32; 195, (GFsCO"), 1; 76, (\), 45

aOnly those product ions observed at greater than 1% relative abundance are shown.

same basis set to ensure that they corresponded to minima on theof the [M + H]* ion as the major product is also consistent
potential energy surface. Calculation of the correlated energy was thenwith previous work by Speir and Ams#&mho reported, using

performed at the MP2(FC)/6-31G* level of theory (ECfrozen core).
Energies were corrected for zero-point vibrations scaled by 0.2135.

Throughout this paper, the energy of each structure discussed will be

given at the MP2(FC)/6-31G*//HF/6-31G* level of theory. Cartesian
coordinates of each of the ab initio optimized structures as well as
their total and zero point vibrational energies are supplied as Supporting
Information.

Results and Discussion

LIAD/Acetone Chemical lonization of Alanylglycine Re-
sults in the Formation of Intact [M + H]* lons. The
preliminary results reported by Re et ak® demonstrated that
LIAD provides a useful tool for the evaporation of intact neutral

both laser desorption and substrate-assisted laser desorption/
chemical ionization techniques, that proton-transfer reactions
on simple peptides with reaction exothermicities less than
approximately 30 kcal mof result in little fragmentation. These
findings also agree with the combined results of two recent
theoretical studies by Paiz et #l.and Csonka et &l. that
indicated an overall energetic requirement for fragmentation of
the amide bond in protonated-formyl glycinamide to yield
separated ionic and neutral products to be approximately 37
kcal mol-L. Therefore, it appears that the LIAD technique results
in the desorption of relatively cool neutral molecules.

Sustained off-resonance irradiatiecollision-activated dis-

peptides for subsequent chemical ionization studies in a FourierSociatiort® of protonated alanylglycine was performed in the
transform ion cyclotron resonance mass spectrometer. Thus, thé-OUrier transform ion cyclotron resonance mass spectrometer

LIAD approach was used here to systematically examine the
reactions of the dipeptide alanylglycine, which exhibits signifi-

to provide a reference for later comparison with the product
ion spectra from the ionmolecule reactions of the acylium ions

cant degradation upon thermal desorption. Indeed, the proton-With alanylglycine. Dissociation of protonated alanylglycine

transfer reaction between protonated acetomé&z 69) and
alanylglycine desorbed by LIAD yielded the intact [# H]™
ion (m/z 147) as the major product (Table 1). Using known
proton affinity values? this proton-transfer reaction was
predicted to be exothermic by 31.5 kcal mbIThe observation

(25) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.7; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(26) Gronert, S.; O’'Hair. R. A. 1. Am. Chem. S0d.995 117, 2071
2081.

(27) Hehre, W. J.; Pople, J. A.; Radom, L. Wiley, New York, 1986.

(28) Scott, A. P.; Radom, L1. Phys. Cheml996 100, 16502-16513.

(29) (a) Values for the proton affinities of acetone (194 kcal THohnd
H,NCH; (214.9 kcal mott) were taken from Hunter, E. P.; Lias, S. G.
Phys. Chem. Ref. Dat&a998 27, 413-457. (b) The proton affinity of
alanylglycine (225.5 kcal mol) was taken from Cassady, C. J.; Carr, S.
R.; Zhang, K.; Chung-Phillips, AJ. Org. Chem 1995 60, 1704-1712.

(c) Zhang, K.; Zimmerman, D. M.; Chung-Phillips, A.; Cassady, CJ.J.
Am. ChemSoc 1993 115 10812-10822.

resulted in formation of thejaion (m/z 44, 100% relative
abundance) and the [M H — COJ" ion (m/z 119, 50% relative
abundance) as the only products. Collision-activated dissociation
of the [M + H]* ion of alanylglycine formed by electrospray

in a triple quadrupole mass spectrometer also resulted in similar
product ion yields (Table 2). It is important to note thata b
ion, indicative of the N-terminal amino acid, was not observed
in either experiment.

LIAD/Acylium lon Chemical lonization of Alanylglycine
Results in the Formation of Modified b; lons. Examination
of Table 1 reveals that the acetyhg 43), ds-acetyl (/z 46),
dimethylaminocarbamyl nyz 72), benzoyl vz 105), and
pentafluorobenzoyl nfYz195) acylium ions each react with
neutral alanylglycine to yield a number of new product ions,
including modified h ions (designated hereafter as}brhere
are four key steps associated with the proposed mechanism
shown in Scheme 3 for formation of these;*lons. Step 1
involves initial formation of [M+ RCOJ" adduct ions. The
regioselectivity and exothermicity of this step will depend on
the acyl cation affinity of each site within the neutral peptide.
It is anticipated that the acyl cation affinities of each site will

(30) (a) Speir, J. P.; Amster, I. Anal. Chem.1992 64, 1041-1045.
(b) Speir, J. P.; Amster, I. J. Am. Soc. Mass Spectrof995 6, 1069
1078.
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Table 3. Gas-Phase Thermochemistry for the Adduct-Forming Reaction’RE®I,NCH; — RCONH,CH3*

species E (HF)? E (MP2y species E (HF)© E (MP2) AE (HF)® AE (MP2)
RCO" RCONHCHz"

R=CH;s —152.01527 —152.42874 R= CHjs —247.22133 —247.94186 —37.15 —44.09
= (CHa)N —246.05216  —246.75798 (CH)N —341.24922  —342.26664 —31.51 —41.28
= CgHs —342.49907 —343.53135 GHs —437.69041 —439.03401 —27.91 —37.52
=CeFs —836.71110 —838.58540 GFs —931.92092 —934.10466 —39.51 —47.94

HoNCH;3 —95.14686 —95.44287

aEnergies (in hartrees) of RCQdetermined at the HF/6-31G+ ZPVE level of theory? Energies (in hartrees) of RCQletermined at the
MP2(fc)/6-31G*//HF/6-31G*+ ZPVE level of theoryf Energies (in hartrees) of RCONBH;" determined at the HF/6-31G*+ ZPVE level of
theory.d Energies (in hartrees) of RCONBH;" determined at the MP2(fc)/6-31G*//HF/6-31G* ZPVE level of theory £ Energy (in kcal mot?)
for the reaction RCO + H,;NH; — RCONHH;"

follow their proton affinities, Therefore, we would expect that Scheme 5

acylation will occur primarily at the N-terminal amine. Step 2 A
entails intramolecular proton transfer from the nitrogen at which (f

adduct formation has occurred to the adjacent amide nitrogen C+

or carbonyl oxygen heteroatoms, thereby generating a leaving Hﬂf) ﬁ

group. (For experimental evidence supporting O-protonated 1|1 H,N C—NH—CH,—C—OH
peptide structures as fragmenting species in amide bond cleavage S

reactions, see refs 8k and 31.) Step 3 involves nucleophilic attack CHs

by the amide produced in step 1 at the adjacent protonated amide B

to induce amide bond cleavage by a neighboring-group mech-

anism. Finally, step 4 involves dissociation of the-toreutral o CHs

complex to yield either a *pion, or a y ion, the relative H,C l C;z; | C—NH—CH,—C—OH

abundances of which will depend on their relative proton [ [l I

affinities 3233 as well as the lifetime of the intermediate ien H\_/O

neutral complexX:34 Several of the issues associated with steps

1 and 4 of the proposed mechanism, that is, adduct formation

and relative product ion abundances, respectively, are addresse{Scheme 5B). Alternatively, secondary proton-transfer reaction

below. processes, by intermolecular proton transfer to neutral alanylg-
Inspection of the data in Table 1 reveals several points. First, lycine from fragment ions formed by dissociation of [M

intact [M + RCOJ" adduct ions (cf. step 1 in Scheme 3) were RCOJ" adducts, may also lead to the formation of fMH]*

not observed. Ab initio calculations, usingMCHs as a model ions. To examine this further, the reaction betweerdtacety!

for alanylglycine (Table 3j%2predict that each of the reactions ~cation (CRCO", m'z46) and neutral alanylglycine was carried
are highly exothermic (ranging from 37.5 kcal mblfor the out. It can be seen from Table 1 that both [MD]* ions,
benzoyl cation reaction to 47.9 kcal mélfor the pentafluo-  indicative of primary proton-transfer processes, as well as [M

robenzoyl cation reactions). It is expected that the exothermicity = H]™ ions, indicative of secondary proton transfer, were
of these adduct forming reactions will provide the driving force observed. Therefore, it appears that both primary and secondary
required to surmount the barriers for subsequent fragmentationproton-transfer processes operate under the experimental condi-
reactions. Given the 37 kcal mdlvalue determined by Paizs tions employed here. As secondary proton-transfer reactions may
et alhi for amide bond cleavage, it is expected that the deplete the abundance of the primary product ions formed by
energized [M+ RCOJ" ions of alanylglycine (which has a  fragmentation of the [Mt RCOJ" adduct, determination of the
proton affinity 10.6 kcal mai® higher than that of bNCHz)2% branching ratios, which are normally used to express the ratios
formed under the low-pressure conditions employed in the of product ions formed in ionmolecule reactions, was not
Fourier transform ion cyclotron resonance mass spectrometerperformed here. Instead, the percent product ion abundances,
will undergo facile fragmentation reactions and hence will not relative to the most intense product ion in each spectrum, are
be seen. used throughout.

Second, the [M+ H]* ion of alanylglycine was observed as Finally, a numb_er of new product ions that were not o_bserved
the most abundant product (100% relative abundance) in all in the fragmentation spectrum of protonated alanylglycine were
cases, with the exception of the dimethylaminocarbamyl cation 0bserved for all the acylium ion reactions examined here (Table
reaction, where it was observed at 95% relative abundance. In1). In the majority of cases, these new product ions corresponded
the case of the acetyl and dimethylaminocarbamyl systems, thist® *P1 (step 4a in Scheme 3) and,*®@ns, modified by addition
[M + H]* ion is most likely formed by primary proton-transfer ~ Of the acyl group. Thus, these rfand *a ions are readily
reactions involving either intermolecular proton transfer from distinguished from band g ions arising from the unmodified
the acylium ion (Scheme 5A), or by intramolecular proton [M =+ H]* ions. Of note was the observation of the fbn as
transfer within the [M+ RCOJ" adduct ion initially formed the most abundant product in the reaction of the dimethylami-
nocarbamyl cation with neutral alanylglycine (Figure 1A). The
(31) O’'Hair, R. A. J.; Styles, M. S.; Reid, G. B.. Am. Soc. Mass loss of (CH;)ZNH and formation of (szNH2+ from the

Spectrom1998 9, 1275-1284. . . ) .
p(32) Nold, ﬁ,l 1. Cerda, B. A Wesdemiotis, G. Am. Soc. Mass energized [M+ (CHz),NCO]" adduct ion in this example (see

Spectrom1, 1-8. Table 1) are rationalized in Scheme 6.
(33) () Morgan, D. G.; Bursey, M. MOrg. Mass Spectroni994 29, Interestingly, the yion was also observed in the reaction of
2o 359, $0) Morgan, D. G.; Bursey, M. MDrg. Mass Spectroml393 the pentafluorobenzoyl cation with neutral alanylglycine (Figure
(34) Tu, Y. P.; Harrison, A. GJ. Am. Soc. Mass Spectrort998 9, 1B) (step 4b in Scheme 3), suggesting that the nature of the

454-462. acylium ion may influence the product ions that are observed.
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1004 4 o, MHT tions (Table 4) are in qualitative agreement with the experi-
1431 | | 147 mental observations (Figure 1).

Collision-activated dissociation of the N-acylated alanylgly-
. cine derivatives independently synthesized in solution (with the
(CH,),NH," 11s.1 R exception of the\,N-dimethylaminocarbamyl derivative which
4.1 1201 [*M-(CH,);NH' was not stable), was performed in a triple quadrupole mass
| \ ”f" spectrometer (Table 2) to determine whether the product ions
A A —— v — observed were similar to those formed by -“enolecule
40 60 80 100 120 140 160 180 200 . . . .
1004 T reactions in the Fourier transform ion cyclotron resonance mass
B 1471 spectrometer. By comparing Tables 1 and 2, it can be seen that
the product ions observed by fragmentation of the authentic
2"3"*81_0 N-acylated alanylglycine derivatives are essentially the same
b, as the product ions resulting from fragmentation of the{M
s W 2 *, RCOT" adducts formed in the gas-phase. Thus, these results
440 760 \ 2660 indicate that the gas-phase iemolecule reactions result in

L | TSN SN ST WO \ 1 , N-terminal derivatization of the neutral peptide.
30 100 150 m/z200 250 300 350 LIAD/ O-Benzoylbezophenone Transacylation Chemical

Figure 1. LIAD/chemical ionization of alanylglycine (MW 146.1) by ~ lonization of Alanylglycine Results in the Formation of
reaction with (A) the dimethylaminocarbamyl cation ((§#NCO") Intact [M + RCO]* Adduct lons. Given the exothermic nature
or (B) the pentafluorobenzoyl cation §&CO*). The reagent ion in of the acylation reactions discussed above (see Table 3), it is
each case is indicated by an asterisk. See the Experimental Section fonot surprising that intact adduct ions were not observed. Ab
details. The product ions are labeled according to the nomenclatureinitio calculations predict that an\g like transacylation reaction,
described in ref 4. An asterisk on the left-hand side of the labels denotesinv0|ving the reaction ofO-benzoylbenzophenone with the
an ion modified by the addition of (GtNCO (panel A) or GFsCO model amine HNCHs (Table 3), would be significantly less
(panel B). exothermic than the corresponding acylation reaction between
the benzoyl cation and MNCHs. Thus, the transacylation
reaction was predicted to be exothermic by only 2.3 kcafrhol
. e (Table 5) compared to 37.5 kcal méffor the acylation reaction
(CH3),NH NH (Table 3). Such transacylation reactions may allow the formation

N/ of stable intact adducts, that could then be isolated for
l subsequent fragmentation, in the absence of other competing

% Relative Abundance

Scheme 6

reaction pathways, thereby simplifying data interpretation. To
determine whether such reactions could potentially be of use
in forming stable [M+ RCOJ" adduct ions, the & like
transacylation reaction betwe@asbenzoylbenzophenone cation
(m/z 287) and neutral alanylglycine was examined experimen-
m/z 173 tally. From the data shown in Table 1, it can be seen that the
benzoyl alanylglycine adduct iom(z 251) was observed (100%
relative abundance), along with other ions corresponding to the
*pby ion (m/z 176, 53% relative abundance), as well as v
H]*™ (m/z 147, 75% relative abundance) ang(bvz 129, 17%
relative abundance) ions. The observation of ithiz 251 ion
signal indicates that a significant proportion of the initial adduct
ion population have internal energies smaller than that required
for subsequent fragmentation, in agreement with the theoretical
To examine the competition between;*ibn formation andy ~ Prediction. The appearance of the additional product ions
ion formation, the relative proton affinities of each of the *b ~nowever, which are similar to those observed in the acylation
ions compared to that of the jon (step 4 in Scheme 3) were ~ éaction between the benzoyl cation and alanylglycine (Table
determined by ab initio molecular orbital calculations. These 1), suggests that atleast some of the initial adduct ion population
data can be used as an indication of whether the ionizing protonhas sufficient interal energy to undergo subsequent fragmenta-
will be sequestered at either the N- or C-terminal fragment tion. Alternatively, these additional product ions could be formed
following amide bond cleavage. The data obtained (Table 4) Py dissociation of theéd-benzoylbenzophenone cation to the
are in good agreement with the relative proton affinities P€nzoyl acylium ion during the time frame of the experiment,

+ O0=C=—N

.
(CH3),NH,

m/z 46

determined for both glycine (213.5 kcal m&P%and 2-phenyl- which could then undergo subsequent exothermic acylation
5-oxazolone (i.e., the N-benzoyl #ion) (216.7 kcal mot?).32 reactions with the neutral peptide as described above.
As can be seen in Table 4, the;*ton formed in the reaction LIAD/Chemical lonization Can Be Used To Distinguish

between the dimethylaminocarbamyl cation and neutral ala- the Order and Identity of the Two N-Terminal Amino Acids
nylglycine is expected to be observed in a greater abundancein Peptides.To determine whether the LIAD/ chemical ioniza-
compared to the jyion since proton transfer from the {to tion method could be used to determine the identity and order
the v ion is predicted to be endothermic by 12.1 kcal mol of the two N-terminal amino acids within a peptide, thus

In the case of the pentafluorobenzoyl cation reaction however, overcoming one of the major limitations of conventional mass
we would expect the jyion to also be observed since proton spectrometric sequencing approaches, the reactions of the neutral
transfer from the *p ion to the y ion is predicted to be tetrapeptide VAAF, desorbed into the gas-phase by LIAD, with
exothermic by 4.5 kcal mot. Indeed, these theoretical predic- both protonated acetone and the benzoyl cation were examined.
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Table 4. Gas-Phase Thermochemistry for Formation of the Modifietbhs versus yions.

J. Am. Chem. Soc., Vol. 123, No. 6, 2001

Neutral Species EMHF)* EMP2)° Ionic Species EMHP)* EMP2)° PA(HF)* PA(MP2)

Y1

H,NCH,COOH -282.75190 -283.51736 HsNCH,COOH" -283.09349 -283.85792 214.4(0) 213.7(0)

by

CH3W -397.49266 -398.63426 CH3YO: /0 -397.83717 -398.96949 216.2(+1.8) 210.4(-3.3)

N

+

(CH3 1N -491.50428 -492.93840 (CHg)zNYO: A -491.87382 -493.29818 231.9(+17.5)  225.8(+12.1)

+

CGHSW -587.95396 -589.71807 C(’Hs\n/o: 0 -588.30924 -590.06227 222.9(+8.5) 216.0(+2.3)

+
-1082.19504 -1084.79806 -1082.53613 -1085.13137 214.0(-0.4) 209.2(-4.5)

a Energies (hartrees) determined at the HF/6-3%#GZPVE level of theory? Energies (hartrees) determined at the MP2(fc)/6-31G*//HF/6-31G*
+ ZPVE level of theory® PA = proton affinty expressed in kcal madl Relative proton affinities for each lion relative to the yion are given
in parentheses.

R

Table 5. Gas-Phase Thermochemistry for the Transacylation ReactigttsfCO(GHsCO)" + H,NCH; — CsHsCONH,CHz™ + (CgHs).CO

(CeHs)2CO(GsHsCO)" + HaNCH3 — CeHsCONH,CH5™ + (CgHs).CO
E (HF)? —915.34245 —95.14686 —437.69041 —572.79853 AE (HF)® +0.2
E( MP2y —918.19327 —95.44287 —439.03401 —574.60580 AE (MP2y —-2.3

aEnergies determined at the HF/6-316*ZPVE level of theory? Energies determined at the MP2(fc)/6-31G*//HF/6-31:6ZPVE level of
theory.© Energy (in kcal mot?) for the reaction (gHs).CO(GHsCO)" + H,NCH; — CgHsCONH,CH3™ + (CgHs).CO.

= valine—alanine, and subsequent absence of arbys ion, the
4073 order of these residues could not be assigned. Similar spectra
b, have been reported previously for protonated VAAF, using both

100 A

% Relative Abundance

100

b3
2422

2752

[M+H]*
407.3

T
200

T
300

T
400

LIAD/ chemical ionizatioR® and photodissociation techniqu®s,

in Fourier transform ion cyclotron resonance mass spectrom-
eters. In contrast, the spectrum resulting from the reaction of
neutral VAAF with the benzoyl cation (Figure 2B) reveals
several new product ions, including a;*ton (m/z 204), that
allows the assignment of the identity and order of the vatine
alanine N-terminal sequence.

Recall that several groups have employed techniques such
as manual Edman degradation or solution phase acylation to
obtain the additional structural information required to fully
characterize an unknown peptide sequenced by mass spectro-
metric method&:°216-12 However, as described above, this
additional structural information can readily be obtained in the

gas-phase. Therefore, it appears that LIAD, coupled with gas-
phase acylation reactions, may be a useful technique in providing
the additional structural information to complement traditional

-t ey ; mass spectrometric methods for de novo peptide sequencing.
The reagent ion in each case is indicated by an asterisk. See the

Experimental Section for details. The product ions are labeled according Edman Chemistry in the Gas-Phase7he gas-phase peptide

to the nomenclature described in ref 4. An asterisk on the left-hand acylation reactions discussed here (Scheme 3, step 1), are
side of the labels in panel B denotes an ion modified by addition of @nalogous to the initial step employed in the Edman method
CeHsCO. for formation of N-terminal phenylthiocarbamoy! derivatives.

Classical Edman chemistry involves the formation of a thio-
amide bond at the N-terminal of a peptide. However, our

N-terminallv directed ducts (Table 3). thi ‘i preliminary results (data not shown) indicate that thioacyl cations
-terminally directed products (Table 3), this reagent ion was are significantly less reactive than acyl cations in the gas-phase,

not employed here as the #Bon (GgHisN20,, m/z 171) of due to the cationic carbon of the thioacyl cation being less

VAAF formed using this reagent ion has the same mass as that Py . L )
o . . electrophilic than the corresponding oxygen containing cation.
of the unmodified bion.) It can be seen from Figure 2A, that P P g 9xyg g

exothermic proton transfer between protonated acetone andlt Is important to note however, that the modifiedins formed
. ; in the gas-phase iermolecule reactions described here, which
neutral VAAF results in the formation ob)(m/z 237.2) and b gas-p

. are expected to have protonated oxazlone structures, are
_(m/z 171.1) lons, as well asiy(m'z 166.1) and b(rr_)/z 242'2_) gtructurally closely related to the phenylthiocarbamoyl (PTC)
ions, corresponding to cleavage between the alanine-alanine an
alanine-phenylalanine residues of VAAF, respectively. Due to (35) Lebrilla, C. B.; Wang, D. T. S.; Mizoguchi, T. J.; Mclver, R. T. J.
the lack of cleavage between the two N-terminal residues, J. Am. Chem. S0d.989 111, 8593-8598.

Figure 2. LIAD/chemical ionization of the tetrapeptide VAAF (MW
406.2) by (A) a proton-transfer reaction with protonated acetare (
59) and (B) reaction with the benzoyl §8sCO") cation (nz 105).

(Although reactions involving the dimethylaminocarbamyl
cation were predicted to result in the preferential formation of




1192 J. Am. Chem. Soc., Vol. 123, No. 6, 2001 Reid et al.

derivatives formed by anhydrous acid cleavage in the Edman of the N-terminal residue by gas-phase derivatization/fragmenta-

degradation method. tion reactions should be achievable through the introduction of
One of the significant differences between the collision- a better neighboring group. While the formation of a thioamide
activated dissociation results obtained by Gaskell é &br would be attractive for this purpose, the limited reactivity of

the substituted thioacyl peptide derivatives formed in solution thioacylium ions in the gas-phase makes this “classical” solution-
and the gas-phase acylium ion derivatization/fragmentation phase derivative unsatisfactory for use in the gas-phase.
reactions described here is that the thioacyl derivatives frag- However, the vast scope for generating reactive reagent ions in
mented in a directed fashion to yield a single product (either b the gas-phase means that the potential for developing useful
or yn—1, depending on the nature of the substituent attached to gas-phase reactions to assist in the sequence analysis of peptides
the thioacyl group}? It is expected that this selected fragmenta- is far from exhausted.

tion is due to the enhanced nucleophilicity of the thioamide bond ]
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bonds throughout the peptide backbone. However, we have©f this work.

demonstrated here that modification of the R substituent in the
RCO" acylium ions does result in some control over which
products (b- or y-type) are observed, which is in agreement with
the results presented earlier by Gaskell é2 8elective cleavage

(36) Pfeifer, T.; Scheirhorn, A.; Freidemann, R.; Jakob, M.; Frank, R.;
Schutkowski, S.; Fischer, G. Mass Spectroni997 32, 1064-1071. JA003070E

Supporting Information Available: Cartesian coordinates
of each of the ab initio optimized structures as well as their
total and zero point vibrational energies (PDF). This material
is available free of charge via the Internet at http://pubs.acs.org.




