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Gas-phase dissociation reactions of protonated amino-gpftylalanine, tyrosine, tryptophan, and histidine

are rich and diverse. Considerable similarities exist among the four amino acids, but there are also significant
differences. Facile reactions include the elimination ofsNebmmon to all aromatic amino acids except
histidine, and the concomitant elimination ob® and CO. Labeling experiments with deuteriums show
considerable H/D scrambling prior to dissociation involving, O—H, and C-H (both aliphatic and aromatic
hydrogens). Mechanisms of this scrambling are proposed. At higher collision energies, eliminatiofs of H
CO, CQ, and CHCO occur after that of N Similarly, eliminations of HCN, HCNK and NH; occur after

that of HO and CO. The elimination of CGi€O is preceded by migration of the hydroxyl ion from the
carboxylic group to the exocyclic carbon on the side chain. Aromatic amino acids, with the exception of
tyrosine, were observed to yield cationic radical fragments by eliminating small radicals, inclugi@éid

and NH=CH-.

Introduction fragmentation products were mass-analyzed using a downstream
qguadrupole. Abundant fragment ions were observed and are

The dissociation reactions of protonated amino acids (AAS) dentified: detailed f Lot h d. Whil
have attracted considerable attention, in part because they ma)'/ enttied, detalled fragmentation SChemes are proposed. e

serve as models for the fragmentation of protonated peptiolessimilarities do exisF in the qliss_ociation chemistries of the four
in gas-phase microsequencing using tandem mass spectrometrxprmonated 6.‘f°f.“.a“° AAS’ it will be shown that th?t there are
A variety of ionization techniques have been utilized in these a[so some 5|gn|f|9ant differences. Some of the unique chemis-
studies, including electron impakt? chemical ionizatiorf, 2 tries will be highlighted.
field desorption';? secondary ion mass spectromeltyi® fast
atom bombardmenf1° laser ionizatior?®-24 atmospheric ~ Experimental Section
pressure ionizatiof? plasma desorptio?f, and electrospray
ionization?7-26 Quantum chemistry methods have also been used
to investigate some of these reactiéhs’?> however, few
fragmentation mechanisms have been examined in detail. Studie
on the dissociations of protonated AAs have tended to concen-
trate on AAs that bear alkyl side chains, mainly because they
produce simpler collision-induced dissociation (CID) spectra and
their small size permits the use of high-level first principle
methods to obtain accurate structures and energetics. It has bee
shown that protonated aliphatic AAs fragment predominantly
to form their respective iminium ions by concomitant loss of
H,O and CO, giving rise to very simple CID mass spectra.
Hydroxylic and acidic AAs, those with OH and COOH groups
in their side chains, show aside from the loss of@H+ CO)
an additional loss of kD from the side chain. Amidic AAs,
those with an amide group in the side chain, and aromatic AAs
exhibit an additional loss of N

Here, we report that the fragmentation chemistries of proto-

Experiments were conducted on MDS Sciex (Concord, ON)
API Il and API 3000-prototype triple-quadrupole mass spec-
érometers. Energy-resolved CID experiments were performed
only on the API Ill mass spectrometer under single-collision
conditions. The aromatic AAs (99% purity) used in this study
were commercially available from Aldrich Chemical Corpora-
tion (St. Louis, MO). All solvents used were high-performance
iquid chromatography (HPLC) grade and were also from

Idrich Chemical Corporation. Sample solutions wereu\d
of aromatic AA in 30/70 HO/CH;OH. When needed, H/D
exchange experiments were carried out by dissolving the
aromatic AA in deuterium oxide (99.9 atom % in D, Aldrich)
and CHOD (99.5 atom % in D, Aldrich), instead ofJ@ and
CH3;0H. The sample solution was introduced into the pneumati-
cally assisted electrospray source using a syringe pump (Harvard
Apparatus, Model 22, South Natick, MA) at a typical flow rate
of 2 uL/min with dry air being the nebulizer gas. Mass analysis
nated aromatic AAsphenylalanine, tyrosine, tryptophan, and of the ions was performed_ at unit-mass resolution at a step size
histidine—are far richer and more complicated than have 0f 0.1 Th and at a_dwell time of 50 ms/step. CID experiments
previously been recognized. This study represents, therefore,Were performed W'.th. argon (API 111) and nitrogen (API 3000)
the first detailed examination of the gas-phase fragmentation as the neutral C(.)”'Slon gas partner. The protonated AA was
chemistries of protonated aromatic AAs. The aromatic AAs were mass-sele_cted_ with the f|rst_quadrupole, Q1, and accglerated to

a known kinetic energy defined by the charge of the o)

ionized using electrospray; the protonated ions were collisionally S
activated under laboratory energies of tens of eV, and their and the potential difference between the quadupolar lens, qo,
upstream from Q1 and the second quadrupole, g2. The fragment

* Address correspondence to this author. Tel: (416) 650-8021; fax: (416) 10Ns produced in g2 were mass-analyzed using the third
736-5936; e-mail: kwmsiu@yorku.ca. qguadrupole, Q3. Energy-resolved CID was performed by varying
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TABLE 1: CID of Protonated Aromatic AAs at E, = 30 V: m/z Ratios, H/D Exchange Shifts in Italics, and Relative lon
Abundances in Parentheses

amino precursor more abundant less abundant
acid ion fragments £ 25%) fragments €25%) radicals
166+ 4 120+ 2-3 103+ 1-2 107+ 1-2 77+1 79+ 1-2 119+ 1-2
(100%) (25%) (8%) (7%) (6%) (23%)
Phe 118+ 1 91+ 1-2 131+1
(6%) (49%) (5%)
149+ 1-2 93+ 2-3
(4%) (4%)
182+5 136+ 3—4 91+ 1-2 165+ 2—3 95+ 2-3 107+ 1-3
(100%) (52%) (19%) (17%) (12%)
Tyr 123+ 2-3 119+ 1-3 147+ 1-2 77+ 1-2 121+1-2
(45%) (26%) (7%) (7%) (5%)
103+1 65+ 1-2 53+ 2
(5%) (5%) (4%)
205+5 146+ 2—4 118+ 2—-4 188+ 2—4 170+ 1-3 159+ 3-4 143+ 1-2
(100%) (75%) (23%) (20%) (20%) (28%)
Trp 144+ 2—-4 132+ 2—4 142+ 2-3 130+ 2-3 91+ 2 117+ 1-2
(40%) (38%) (19%) (19%) (10%) (25%)
74+ 2 115+ 1-2
(7%) (17%)
156+ 5 83+2-3 110+ 3—-4 81+ 1-2 68+ 1-3 66+ 1 82+ 2
(100%) (88%) (22%) (24%) (10%) (44%)
His 93+1-3 95+ 2-3 42+1
(67%) (31%) (3%)
56+ 1-3
(28%)

the center-of-mass energy of the protonated AA and measuringafter the loss of (HO + CO) do occur. At relatively high
the abundances of the product ions. Investigations of ion lineagecollision energies K. > 20 V), protonated Phe and His
sometimes required additional stages of tandem mass spectromfragment to yield a minimum of one and protonated Trp three
etry; pseudo-MSexperiments were performed by raising the radical cationic products. Under these conditions, protonated
orifice bias voltage to generate in the lens region the desired Tyr does not yield any radical ions. Table 1 summarizes the
fragment ion, which was then mass-selected with Q1, frag- fragment ions observed and Tables2list the most probable
mented in g2, and its next-generation product ions mass- neutral losses that lead to the observed fragment ions. In the
analyzed in Q3. Precursor ions of a particular fragment ion were neutral losses involving deuterium-containing AAs, multiple
located by precursor ion scans, in which Q1 was scanned andpossibilities exist regarding deuterium incorporation in some

Q3 set to transmit only the fragment ion of interest.

Calculations

The structures and energetics of selected ions were calculated)

with density functional theory (DFT) using the hybrid B3LYP
exchange correlation functiorf&ts® with the 6-3HG* doubly
split-valence basis s€t3%in Gaussian 98° All stationary points
were characterized by harmonic vibrational frequency calcula-

tions. The connections between transition-state structure and
minima on the potential energy surface were established using

the intrinsic reaction coordinates technique as implemented in
Gaussian 98°

Results and Discussion

Electrospraying a solution of 10M aromatic AA in 30/70
H,O/CH;OH produces abundant protonated aromatic amino acid
ions. For Phe, Tyr, and Trp, the most probable protonation site
is on the nitrogen atom of the-amino group, whereas for His,
it is on the imino nitrogen in the imidazole rirtg. The
dissociations of protonated aromatic AA (Figures4l Ej.p =
30 V) show a variety of common fragmentation pathways,
including the concomitant loss of (B + CO), and subsequently
HCN, CH:NH, and NH; the elimination of NH, and subse-
quently HO, CO, CQ, and CHCO; and the formation of
radical cationic products. Protonated His is an exception in that
eliminations of NH, and the sum of Ngland HO, are not

of the neutral fragments. For brevity, not all possible combina-
tions are listed. In addition, some low abundant ions are not
listed because they may be formed via several competitive
athways involving different neutral losses.

Loss of NH; and Beyond. Elimination of NH; is observed
from protonated Phe, Tyr, and Trp but not from protonated His.
Energy-resolved CID experiments demonstrated that for pro-
tonated Tyr and Trp, this fragmentation channel has the lowest
energy threshold, whereas for protonated Phe, only the con-
comitant loss of (HO + CO) is lower in threshold (Figures
1-3). Harrison’s grouf? has proposed a mechanism for the
loss of NH; from protonated Tyr in which the phenolic group
migrates to form the phenonium ion with concomitant elimina-
tion of NHz. This same mechanism was also invoked by
Rogalewicz et at’ who emphasized the electron-donating
property of the phenolic OH in stabilizing the phenonium ion.
Both Rogalewicz’s and our results support this interpretation;
the loss of NH is approximately 5 times more abundant in
protonated Tyr than in protonated Phe (Table 1 and Figures 1
and 2). As pointed out by Shoeib et &.an alternative
mechanism for the elimination of NHhvolves a benzyl cation.
Thermodynamically, the benzyl cation is lower in free energy
than the phenonium ion by 14.1 kcal/mol at the B3LYP/
6-31++G(d,p) level of theory; however, the 1,2-hydride shift
that precedes formation of the former has a free-energy barrier
of 36.5 kcal/mol, while formation of the latter is simply the
endoergicity of the reaction. A similar, bridged structure in

observed, probably because protonation occurs on the imidazolevhich the positive charge is located on the nitrogen atom in

ring as opposed to on the-amino nitrogen. However, the
concomitant loss of (NkI+ CO,) and the elimination of Ngl

the imidazole ring can be drawn for the ion formed by the loss
of NH3 from protonated tryptophan.
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TABLE 2: Neutral Fragments Lost in CID of Protonated Phenylalanine and deuteronatedds-Phenylalanine atE;,, = 20 V2

protonated phenylalanine deuteronateds-phenylalanine
(m/z= 166) (m/z=170)
fragment neutrals fragment neutrals competitive
ions (m/2) lost ions (n/2) lost loss ratio
149 NH; 150, 151 NB, ND,H 2:1
131 (NH+ H,0) 131, 132 (NR+ HDO), (ND;H + HDO) 1:2
120 (HO + CO) 122,123 (2O + CO), (HDO+ CO) 5:1
107 (NH; + CH.CO) 108, 109 (NR+ CH,CO), (NDH + CH,CO) 31
105 (NH; + COy) 105, 106 (NR + CO), (ND:H + COy) 1.2
103 (NH; + H,O + CO) 103, 104, 105 (NP+ HDO + CO),
(ND,H + HDO +CO),
(NHzD + HDO +CO) 1:3:2
93 (H,O + CO+ HCN) 95, 96 (DO + CO+ HCN),
(HDO + CO+ HCN) 4:1
91 (HO + CO+ HCN + Hy) 92,93 (DO + CO+ HCN + HD),
(D20 + CO+ HCN + Hyp) 11
79 (NH; + CH,CO + CO) 80, 81 (NR + CH.CO+ CO),
(ND2H +CH,CO + CO) 4:1
77 (NH; + CH,CO+ CO+ Hy) 78,79 (NQy + CH,CO+ CO+ Hy),
(ND2H + CH,CO+ CO+ Hy) 2:1

aSome ions, e.g., 119 and 118 Th, are not listed because competitive loss ratios were ambiguous.

TABLE 3: Neutral Fragments Lost in CID of Protonated Tyrosine and Deuteronated ds,-Tyrosine at Ej,p, = 20 V

protonated tyrosine deuteronated,-tyrosine
(m'z=182) (m/z=187)
fragment neutrals fragment neutrals competitive
ions (z2) lost ions (M'z) lost loss ratio
165 NH; 167, 168 NDR, ND,H 31
147 (NH;+ H,0) 148, 149 (NR+ HDO), (ND:H + HDO) 1:2
136 (HO + CO) 139, 140 (BO + CO), (HDO+ CO) 6:1
123 (NH; + CH,CO) 125,126 (NB+ CH,CO), (ND;H + CH,CO) 41
121 (NH; + COy) 121,122 (NR + COy), (NDH + COy) 1:1
119 (NH; + H,0 + CO) 120, 121, 122 (Np+ HDO + CO)
(NDzH + HDO + CO),
(NHzD + HDO + CO) 1:2:1
107 (HO + CO + CHNH) 108, 109, 110 (B0 + CO + CH;ND),
(HDO + CO+ CH,ND),
(HDO + CO + CH;NH) 1:2:1
103 (NK + H0 + COy) 104 (NDH + D,O + COy)
95 (NHs + CO, + CHy) 97,98 (N + CO, + CHp),
(ND2H 4 COx+ CHy) 1:6
91 (H:O + CO + NH3+CO) 92, 93,94 (2O + CO+ ND;H + CO),
(HDO + CO+ ND,H + CO),
(HDO + CO+ NH.D + CO) 1:2:1
77 (NHs + CO, + C;H; + H,0) 78,79 (N + CO; + C;H, + HDO),
(NDzH + CO, + C;H,+ HDO) 5:1

The dissociations of deuteronated (addition of a deuteron) and indicating participation of the deuteriums from the phenyl
ds-Phe, ds-Tyr, and ds-Trp are informative. These ions have ring in the scrambling reactions. Deuteronatiephenyl-ds-
formally had their N-H and O-H hydrogens exchanged for  alanine] also shows competitive losses of \dhd NHD; in a
deuteriums and, in addition, have the ionizing deuteron. The ratio of 3:1, indicating participation of the aliphatic hydrogen
results (Tables25) show, however, competitive losses of ND  atoms in H/D scrambling. These results thus signify (probably
and NDH in a ratio of 2:1 and 3:1 from, respectively, extensive) scrambling of NH/O—H, aliphatic C-H, and
deuteronateds-Phe andis,-Tyr and competitive losses of ND aromatic C-H hydrogens prior to ammonia elimination.

ND,H, and NDH in ratios of 1:2:1 from deuteronatetd-Trp. Proposed mechanisms of the scrambling reactions are shown
These results indicate considerable H/D scrambling betweenin Figure 5. Structuré is the lowest energy isomer of protonated
N—D/O—D and C-H prior to ammonia elimination. Rogalewicz ~ Phe. Bond rotations lead to rotaniethat is 9.2 kcal/mol higher

et al?” reported also the loss of partially deuterated ammonia in free energy at 298 K. A double proton transfer then occurs
for deuterated Trp, but only Nffor deuterated Tyr. A question  from the protonated amino group to the carbonyl oxygen and
that arose from the scrambling was which hydrogens, the from the hydroxyl group to thé-carbon to yield structur#l .
aliphatic or aromatic €H hydrogens, are involved? To answer The reverse process is virtually barrierless: the difference in
this question, we performed CID experiments on protonated energy betweenll andlIl (19.9 kcal/mol in free energy) is
phenylds-alanine that contains five deuteriums on its phenyl primarily due to the loss of aromaticity in the ring. ldincan

ring and deuteronated-[phenyl-ds-alanine] (i.e., deuterated Phe  be re-formed fromll , and in the process a different proton on
that contains eight incorporated deuteriums). The resHlis (  the 6-carbon can be transferred to oxygen (details not shown).
= 15 V) are summarized in Table 6. The fragmentation of This will result in H/D scrambling in deuteronated-Phe. A
protonated phenydls-alanine shows competitive losses of NH  very recent article that appeared after submission of the first
and NHD in a ratio of 3:1, thereby supporting H/D scrambling version of this report rationalizes H/D scrambling in deuter-
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TABLE 4: Neutral Fragments Loss in CID of Protonated Tryptophan and Deuteronated d;-Tryptophan at Ejy, = 20 V2

protonated tryptophan deuteronated,-tryptophan
(m/z= 205) (m'z= 210)
fragment neutrals fragment neutrals competitive
ions (m/2) lost ions (/2) lost loss ratio

188 NH; 190, 191, 192 NEB) ND;H, NDH, 1:2:1
170 (NH+ H,0) 171,172,173 (NR+ HDO), (ND,H + HDO),

(ND2H + HDO) 1:2:1
159 (HO + CO) 162, 163 (DO + CO), (HDO+ CO) 1:1
146 (NH; + CH.CO) 148, 149, 150 (NP+ CH,CO), (NDH + CH,CO),

(ND2H + CH,CO) 2:4:1
144 (NH; + COy) 146, 147, 148 (NP+ CO,), (NDzH + COy),

(NDH; + COy) 1:1:1
143 (NHs + CO, + H?) 143, 144 (NR+ CO, + D*), (NDs + CO, + H) 1:1

or (ND:H + CO, + D)
142 (NH; + H,0O + CO) 143, 144, 145 (NP+ HDO + CO),

(ND2H + HDO + CO),

(NHzD + HDO + CO) 1:2:1
132 (HO + CO+ HCN) 134, 135, 136 (20 + CO+ DCN), (D:O+ CO+

HCN), (HDO+ CO+ HCN) 1:3:3
130 (HO + CO+ HCN + Hy) 132,133 (DO + CO + HCN + HD),

(D0 + CO+ HCN + Hy) 11
118 (NH; + CH,CO + CO) 120, 121,122 (Np+ CH,CO + CO),

(ND2H + CH,CO + CO),

(NDH; + CH,CO + CO) 2:4:1

aSome ions, e.g., 117 and 115 Th, are not listed because competitive loss ratios were ambiguous.

TABLE 5: Neutral Fragments Lost in CID of Protonated Histidine and Deuteronated ds-Histidine at Ej, = 20 V

protonated histidine

deuteronated,-histidine

(m/z= 156) (m'z=161)
fragment neutrals fragment neutrals competitive
ions (2) lost ions (2) lost loss ratio
110 (HO + CO) 113,114 (2O + CO), (HDO+ CO) 31
95 (NH; + COy) 97,98 (NB + COy), (ND:H + COy) 2:1
93 (HO + CO+ NHy) 93,94,95,96 (RO + CO + ND3), (DO + CO
+ ND;H), (HDO + CO + ND;H),
(HDO + CO + ND-H) 1:5:10:4
83 (H:O + CO+ HCN) 85, 86, 87 (O + CO+ DCN), (DO + CO
+ HCN), (HDO+ CO+ HCN) 5:5:1
82 (H:0 + CO+ HCN + H") 84 (DO + CO+ DCN + H*),
or (DO + CO+ HCN + D),
81 (HO + CO+ CH;NH) 82,83 (DO + CO+ HDC=ND),
(D20 + CO+ H,C=ND), 1:4
68 (NH; + CO, + HCN) 70,71 (N + CO, + HCN),
(ND2H + CO,+ HCN) 1:2
66 (H:O + CO+ NHs 67, 68, 69 (BO + CO+ NDH + HCN),
+ HCN) (HDO+ CO + NDzH + HCN) 1:2:3
(HDO + CO+ NDH; + HCN)
56 (H0 + CO+ HCN + HCN) 57,58, 59 (RO + CO+ DCN + DCN),
(D20 + CO+ HCN + DCN),
(D20 + CO+ HCN + HCN) 1:4:3

onatedd,-Trp via proton transfer between the protonated amino
group and C2 of the indot¥. Attempts to find an equivalent
mechanism in deuteronatei}-Phe were unsuccessful as the
transferred proton immediately jumped back from dhearbon
(C2) to the amino nitrogen. Scrambling involving the methylene
hydrogens can now take place via itlh. Again, a double
proton transfer from the methylene carbon to the carbonyl
oxygen and from the hydroxyl group to the amino nitrogen via
TS(Il —1V) takes place to form iofV . The free-energy barrier
for this step is 24.4 kcal/mol. Direct transfer of the methylene
proton of Ill to the amino nitrogen can also occur via
TSI —IV)'; this pathway exhibits a larger free-energy barrier

molecules take place. A solvating water or methanol molecule
can catalyze proton transfer or participate in proton switching.
This is illustrated in Figure 5 in the proton switching reaction
that involves a methylene hydrogen in the methanol-solvated
ionV, which is a solvated rotamer df . The free-energy barrier

of the proton switching reaction viaS(V—VI) is relatively

low (14.4 kcal/mol). The product io¥l is a methanol-solvated
rotamer of ionlV.

As reported earlier, protonated His does not appear to
eliminate NH. This is consistent with the results of the Harrison
groupg and Rogalewicz et a’,but in contrast to those of Kulik
et al2° who reported the loss of NfHWe attribute the absence

of 28.6 kcal/mol. Protonated Phe is likely to be electrosprayed of this channel in protonated His to protonation of the imino
into the gas phase solvated by methanol and water moleculesnitrogen on the imidazole ring, as opposed to th@amino

Scrambling of N-H/O—H, aliphatic C-H, and aromatic €H

nitrogen in the other aromatic AAs.

hydrogens can take place in the free jet downstream from the Results of the energy-resolved CID experiments (Figures

orifice and in the vicinity of the quadrupolar lens (q0). In these
regions, many collisions with nitrogen, water, and methanol

1-3) clearly show that the product ion formed via elimination
of NH3 (the aforementioned phenonium ion) will further
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Energy (¢V,CM) Figure 2. (a) CID spectrum of protonated tyrosine obtained on the
Figure 1. (a) CID spectrum of protonated phenylalanine obtained on AP! 3000 under multiple-collision conditions with,Mt Ep = 30 V;
the API 3000 under multiple-collision conditions withy it E.p = 30 (b) energy-resolved CID of protonated tyrosine obtained on the API

V: (b) energy-resolved CID of protonated phenylalanine obtained on Il under single-collision conditions with Ar.
the API Il under single-collision conditions with Ar.

loses HCN facilely to form probably an acyclic ion (vide infra).

fragment under relatively high-energy collisiofis4 > 2.5 eV). For protonated Trp and His, iolX further fragments under
The phenonium ion and its tautomers are carbocatfaihst high collision energies to yield radical cationic fragments (vide
have limited stability in the gas phase>! Scheme 1 shows infra).
proposed mechanisms for some of the observed fragmentation An interesting common channel is formation of tH€ROH*™
reactions. The ion lineages were established by product as wellfragment (Scheme 1, pathway C), which may result from
as precursor ion scans. The losses eDHollowed by CO migration of the hydroxide ion from the carboxylic group to
(Scheme 1, pathway A) from the phenonium ion, structtite the carbon adjacent to the ring followed by elimination of ketene,
are observed in significant abundances. Elimination gpH  CH,CO, to form a protonated aromatic aldehyde. A reaction
yields ion X, a benzyl cation with a ketene attached to the profile for phenylalanine ions is shown in Figure 6. The
cationic carbon. The acylium ion,"RCH=CH—-C*=0, is a migration of the hydroxide ion in ioXI is probably facilitated
resonance structure of iof. This ion can lose CO facilely, in by the charge on the benzylic carbon, which should also reduce
accordance with experimental resultd&gt, > 4.5 eV (Figures the barrier to eliminating ketene. The hydroxide ion migration
1-3). This channel is absent in protonated His. The product step has a barrier of 25.1 kcal/mol, in terms of free energy at
formed after CO loss is a vinyl cation stabilized by an electron- 298 K. The elimination of ketene has a cumulative free-energy
donating group on the cationic carbon. Product ions of identical barrier of 25.6 kcal/mol. Migration of the methoxy ion has been
m/z values for protonated Phe undergoing metastable decom-proposed in the dissociation of protonated methyl cinnamate
position have been reporté8iThere were, however, no com- that leads to ketene eliminatiGa.
ments on their possible identities. Concomitant Loss of (O + CO): Formation of Iminium

The loss of CQ from ion VII, (Scheme 1, pathway B), is  lon and Beyond. Formation of the iminium ion (loss of 46
also observed, but the product ion abundance is low for Da) was observed from all protonated aromatic AAs; it is
protonated Phe and Tyr, relative to that for protonated Trp. The typically the most prominent fragmentation channel at relatively
phenonium ionVIl , opens up (Scheme 1, pathway B); a 1,2- low collision energies. The exception to this generalization is
hydride shift then ensues to give thé-R-C*H—CH,_COOH protonated Trp, where the intensity is only 15% and the loss of
ion. Elimination of CQ yields ionIX. Interestingly, ionlX NHjs is the most prominent channelt, < 2.5 eV. Observation
(and/or an isomer of it) is a prominent fragment for protonated of this small but significant channel is in accordance with earlier
His, although the latter does not lose Nkidependently. A reports?0.2426.42Rogalewicz et ak? however, explicitly reported
product ion having then/z value corresponding to the loss of absence of the iminium ion and rationalized it by invoking the
NH3; and CQ was also observed in the metastable decomposi- relatively high proton affinity (PA) of Trp (PA= 227 kcal/
tion of protonated Hig? The ion derived from histidine then ~ mol*3 and 220.7 kcal/mé}), which they took as a manifestation
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TABLE 6: Neutral Fragments Lost in CID of Protonated and Deuteronated dg-Phenyl-ds-alanine at E;qp = 20 V

protonated phenyds-alanine (Wz=171) deuteronateds-phenylds-alanine (Wz = 175)
fragment neutrals competitive fragment neutrals competitive
ions (M/z) lost loss ratio ions (/2 lost loss ratio
154, 153 NH, NH.D 31 156, 155 NDBRH, ND3 1:3
136,135,134  (NKE+ H,0); 137,136,135  (NEH + HDO), (NDH, + D-0)
or (ND; + H0);
(NDH; + H20)or(NH; + HDO); (ND,H + D,0) or (ND; + HDO);
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Figure 3. (a) CID spectrum of protonated tryptophan obtained on the Figure 4. (a) CID spectrum of protonated histidine obtained on the

API 3000 under multiple-collision conditions with,Mt E, = 30 V; API 3000 under multiple-collision conditions with,Nt Eip = 30 V;
(b) energy-resolved CID of protonated tryptophan obtained on the AP (P) eénergy-resolved CID of protonated histidine obtained on the API
Il under single-collision conditions with Ar. 11l under single-collision conditions with Ar.

of side chain protonation. This expectation is in disagreement reported to have a calculated activation barrier of 36.6 kca/
with the computational studies of Maksiod Kovaevic,** who moP! and 35.6 kcal/mol (the second &89 at QCISD(T)/
reported protonation on tleeamino nitrogen for Phe, Tyr, and  6-314+-G(d,p))2°® These values are in accordance with our
Trp; the only aromatic AA that protonates on the side chain is measured threshold energy of 38 kcal/mol (unpublished data;
His. expected error- £3 kcal/moP&-59),

The mechanism of the 46 Da loss presumably does not depend Scheme 1, pathway E, summarizes the concomitant elimina-
on the side chain of the amino acid. Several reaction mechanismgion of H,O and CO to form the iminium ioNlll .2°311t begins
regarding the neutral loss of 46 Da from protonated AAs have with a proton transfer from the-NHz™ group to the hydroxyl
been propose#: 12 There have also been experimental attempts of the carboxylic group, followed by elimination of;B to form
to identify the structure of the 46 Da neutral using collision- a transient acylium ion, which eliminates CO spontaneously to
induced dissociative ionizati8hand neutralizatiorreioniza- form the iminium ion?° No transient ion formed by elimination
tion.>* Neither of these two studies provided sufficient evidence of water has ever been reported; furthermore, this ion was not
to establish that the neutral loss of 46 Da occurred as a singledetected in our study despite extensive experimentation. For
molecule, formic acid. Alternative candidates that have been protonated His, a proton transfer from the protonated nitrogen

proposed for this loss in protonated Gly include (C© Hy) in the imidazole ring to the hydroxyl of the carboxylic acid is
and :C(OH).2%315|t is now believed that the loss of 46 Da is  required prior to elimination of pD. This can take place either
most probably due to the concomitant loss giCHand CO, directly or indirectly via thex-amino group to which the imino

which is kinetically more favorable than all other alterna- proton is hydrogen-bonded in the structure at the global
tives29:3151.55The concomitant loss of (# + CO) has been  minimum. That formation of the iminium ion is energetically
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Figure 5. Intramolecular hydrogen transfer in protonated phenylalanine (profile in black) and methanol-solvated protonated phenylalanine (profile
in blue) calculated at B3LYP/6-31G*: upper numberAHq°; lower number in italicsAG,g¢® in kcal/mol. On the lower profile, energies are
relative tol plus methanol at infinite separation. Gray, carbon; white, hydrogen; blue, nitrogen; and red, oxygen.
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Figure 6. Reaction profile for OH migration and ketene elimination, after the loss of ammonia, in protonated phenylalanine calculated at B3LYP/
6-31+G*: upper numberAHo®; lower number in italicsAGg¢® in kcal/mol. Gray, carbon; white, hydrogen; and red, oxygen.

favorable is confirmed by energy-resolved CID experiments: exercise of caution is advised when it comes to structural
it exhibits the lowest critical energy in protonated Phe (Figure interpretation involving H/D-exchange rates of peptides.

1) and protonated His (Figure 4), the second lowest in protonated At relatively high collision energiesE¢m > 4 eV), the
Tyr (Figure 2), and the third lowest in protonated Trp (Figure iminium ionsVIIl undergo further fragmentation (Scheme 1).
3). The fragment ions that result from eliminations of hHCNH,,

As before, dissociations of deuterated aromatic AAs reveal and HCN are abundant for all four aromatic AAs (the exception
H/D scrambling prior to formation of the iminium ions (Tables is protonated Tyr for which the elimination of HCN is weak).
2—5). Eliminations of (RO + CO) and (HDO+ CO) were lon lineages were confirmed using precursor ion scans. The loss
observed for all four aromatic AAs (Tables-8), in contrast ~ of NH3 leads to prominent fragment ions,’-RC*=CH;,
to an earlier repoR’ Results for the dissociations of protonated ~o-substituted vinyl cations in all four protonated aromatic AAs.
phenylds-alanine and deuteronatel-[phenylds-alanine] are ~ The formation of RCH,* from VIII probably takes place via
shown in Table 6. As before, eliminations of both H- and two routes, directly by eliminating HCNKland indirectly by
D-containing neutrals are strong indications of scrambling of eliminating first HCN and then 4
N—H, O—H, aliphatic C-H, and aromatic €H hydrogens (and Formation of Radical Cationic Fragments.Dissociation of
deuteriums) prior to fragmentation. These observations supportprotonated aromatic AAs results in formation of radical cations
the findings of a recent repéft on intramolecular H/D that, as far as we know, have never been reported. riflze
scrambling in deuterated peptides and their fragments. Thevalues for these radical cations are 119 Th for protonated Phe;
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H
143, 117, and 115 Th for protonated Trp; and 82 Th for
protonated His. No radical cation was observed in the frag- SCHEME 3
mentation of protonated Tyr. 9y H
For Phe, precursor ion scans identified two precursors for s |+ HNY H
the ion at 119 Th, the iminium ion, and protonated Phe (all H.-‘-‘N\ _COOH e \ A e
precursor ion spectra are available as Supporting Information). | H 0400 |C
P +

The iminium ion at 120 Th is formed under very low collision
energies (Figure 1) and is likely to be the intermediate from
which elimination of H occurs to give the radical cation at 119

&y g

miz =110
/ -NH,
N
H +
@»czw
HN

j 1,2-hydride shift

Th, Ph-C*H—CH=NH3*. Scheme 2 shows proposed pathways m/z=156
for fragmentation of protonated Trp to give the three radical
cations at 143, 117, and 115 Th. Precursor ion and CID -(NH;+CO,)

! - IS > - NH=CH
experiments were used to determine ion lineage. Proposed

structures are shown, guided by DFT calculations. Elimination
of small radicals, Mand CH from even-electron fragment ions ( CH=CH,
results in radical cationic fragments. Scheme 3 shows a proposed @

H

pathway for protonated His. The radical that is eliminated to AN N CH /N c—cH
form the 82 Th ion is Ni=CH'. The free-energy change at298 ™% | HON (@/ {_ ’
K for this reaction is 65.9 kcal/mol, relatively high but in HN Hy miz = 93
accordance with experimental conditions.

Formation of Other lons. Scheme 3 also shows fragmenta- miz = 82 -HCN

tion pathways unique to protonated His in which elimination +

of HCN s involved. Concomitant elimination of 8 and CO HC=N=CL H
yields the ionVIIl of His at 110 Th. This ion then fragments HC==Ch, Re==C=q—o=w
by eliminating NH=CH" to form the 82 Th ion, as discussed m/z = 68
earlier, or by eliminating Nglto form an ion at 93 Th. The

latter ion then opens up and eliminates HCN to give an acyclic

ion at 66 Th. A formal structure with the positive charge on a

carbon is given in Scheme 3, but in reality the charge is highly
delocalized. A proposed reaction profile is given in Figure 7. form H,CNCCCH," (ion XVII , 66 Th) and HCN. This second
The Ni—C; bond of the imidazole ring (structurgV) first reaction has a higher free-energy barrier of 75.7 kcal/mol.
cleaves. In one mechanism, the-NC, bond then cleaves to  Experiments oA°Nz-histidine revealed loss of HEN to HC“N
form CH,CCCHNH?" (ion XXI, 66 Th) and HCN. This reaction  in a ratio of 3 to 1, in accordance with the lower barrier for the
has a free-energy change of 67.8 kcal/mol at 298 K. Alterna- loss of N; than that of N in the elimination of HCN. A lower
tively, fissure of the G—Cs bond then ensues with concomitant energy isomer of CLCCCHNH' is CH,CCCNH," (Scheme
transfer of the N—H hydrogen (a 1,5-hydride shift) to,Qo 3). CHLCCCNH,* is 31.1 kcal/mol lower in free energy than

m/z = 66

+
HzC=C=C=C=NH2
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Figure 7. Reaction profile for HCN elimination from the 93 Th ion of protonated histidine calculated at B3LYP/&31upper numberAHq°;
lower number in italicsAGyog® in kcal/mol. Gray, carbon; white, hydrogen; and blue, nitrogen. Two mechanisms are shown for formation of the
66 Th ion. The one leading to GACCHNH" and HCN (shown in the left) has a lower free-energy barrier at 298 K.
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