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The fragmentation pathways of protonated arginine, protonaighl,-dimethylarginine, theNg,Nq,Nq-
trimethylarginine ion, three protonatéd,N.-dimethyllysines, and three permanent lysine ions in which the
charge is fixed by trimethylation are reported. lon assignment was facilitatéiNbabeling and deuterium

substitution. The chemistries are dominated by charge-induced elimination of the amino groups as neutrals,

including dimethylamine, trimethylamine and guanidine. Competitive losses af-dmaino and side-chain

amino groups were observed; these losses led to intermediates that had different structures and different

subsequent dissociation reactions. Concomitant losses of CO pwiltDthese amines were also commonly
observed. However, the ionic products of amine losses did not subsequently lose CQ, auggesting
strongly that in these concomitant eliminations, it is the CO or, @@t was first eliminated, followed
immediately by the loss of the amine. Results of density functional theory calculations on protonated arginine
and protonatedil,,N,-dimethylarginine reveal that, in such concomitant eliminations, the dissociating complex
is vibrationally hot and the intermediate ion formed by losing CO or, €&n immediately dissociate to
eliminate the amine.

Introduction The fragmentation reactions of protonated lysine and arginine
_ o . _ _ have been studied extensivéfy?” The preferred protonation

~The sequence of amino acids in a protein determines its sjte of these two basic amino acids is on a nitrogen atom in the
biological function and, consequently, knowledge of this gige chain and, not surprisingly, the major fragmentation
sequence is important. Mass spectrometry (MS)-based deteryeactions involve the charge site and result in loss of the
minations of sequences of protonated peptides and proteins argynctional group that is protonated. In the case of lysine, loss
extensively documentedMany studies have shown that bond ¢ NH; occurs, and experiments dfN-labeled lysine estab-
cleavage is typically charge proximal; i.e., the bond that breaks |ished that it is the amino group from the side chain that is
is adjacent to the atom that formally carries the positive charge; lost23 the ionic product of this reaction is believed to be a cyclic
protonation of the amide nitrogen is believed to precede cleavagespecieS, protonated pipecolic aéfdProtonated arginine also
of the peptide bond, C(G)NH. The proton added to a peptide  |gses NH from the guanidinyl group on the side chafrbut
is “mobile”; i.e., it migrates relatively freely between the thjs reaction is in competition with loss of the whole guanidiny
terminal amino group_and the carbonyl atoms of th_e amide group, HN=C(NH,); in this latter reaction, another cyclic ion,
groups along the peptide backbché? After cleavage, if the  protonated proline, is formed. The loss of water is a minor
charge remains on the N-terminal fragment, the products arechannel in the fragmentations of both protonated arginine and
usually b ions (oxazolone$~*9); if the charge remains on the  |ysine; unlike in the CID of other protonated amino acids,
C-terminal fragment, thenyyions (protonated truncated peptides powever, this reaction is not accompanied by concomitant loss
or the protonated C-terminal amino acid) are fornfeth a  of CO and a cyclic structure is believed to be formed after loss
peptide, the types of amino acid residues present dictate whichof \yater24 In addition, the structure of another fragment ion
bonds are cleaved and which fragment carries the charge; theqom protonated arginine, [MF H — 45]* (130 Th), has not
type of residues also determines what fragments (if any) peen assigned. In one study, it was suggested that §CNH
originate from the side chain. O] is lost25 and in another that [C, OH] is lost?8

Arginine and lysine residues are important in mass spectro-  Methylation of an amino group tends to increase the proton
metric examinations of enzymatically cleaved peptides; the most affinity and attracts the mobile protdf.Methylation may,
common protease, trypsin, cleaves peptide bonds C-terminal totherefore, alter ion structure and fragmentation chemistry.
arginine and lysine residues. Arginine and lysine have high \ethylation of lysine and arginine residues in histones is a key
proton affinities and the side chains of these amino acid residuesposttranslational modification that is evolutionarily conserved
compete effectively for the mobile proton. The arginine residue, from yeast to mammals. Histone methylation regulates DNA-
the most basic of all residues, exerts a localization effect on pased functions, including gene transcription and DNA repair,
the proton; i.e., the proton is less mobile and consequently through either alteration of chromatin structure or creating
comparatively fewer backbone fragmentations occur for singly pinding sites for regulatory proteif®On the molecular level,

protonated arginine-containing peptidés? a recent computational study shows that substitution of three
hydrogens by methyl groups on the side chain nitrogens of the
T Part of the “Chava Lifshitz Memorial Issue”. amino acid arginine stabilizes the zwitterionic structure to the
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plus CQ. Plausible mechanisms for some of these unusual
reactions were probed using density functional theory (DFT)

methylation stimulated us to examine the fragmentation reactionscalculations.

of protonated lysines and arginines that have been methylated
on one or more nitrogen atoms. In these ions, the charge is

potentially localized on the methylated nitrogen. In addition,

Experimental Section
Materials. MethylatedN-lysine derivatives were purchased

we also examined analogous ions having a trimethylated aminofrom Bachem Biosciences (King of Prussia, PA). Arginine,

group and, therefore, dormally localized charge on the
methylated nitrogen.

In the current study, we examine protonated arginibe (
protonatedN,,N,-dimethylarginine 2), Ny, Nq,No-trimethylargi-
nine ion @), three protonated\.-methyl andN,,N.-dimethyl-
lysines (ions4, 5, and7), three lysine ions in which the charge
is fixed by trimethylation (ion$, 8, and9 in Scheme 1). This

collection of ions has enabled us to systematically study the
effect on the fragmentation pathways of ions that have been
methylated on the nitrogens of the side chain and also that

of the a-amino group. An impetus that led to this investiga-
tion was our preliminary work on protonated arginine, where
we found onlyone precursor, the parent ion at 175 Th, for
the fragment ion at 130 Th. This implies that either CO plus
NH3z or COOH leaves in one step. Furthermore, in our ini-
tial investigation of the CID spectrum of thiE.-trimethyl-

lysine ion, 6, we also observed a low-abundance ion at
[M + H — 45]". In the course of this investigation, we observed

lysine, formaldehyde, sodium cyanoborohydride, iodomethane,
methanold, and deuterium oxide were available from Sigma-
Aldrich Ltd. (Oakville, ON, Canada)x-1°N-labeled arginine
and lysine were obtained from Cambridge Isotope Laboratories
Inc. (Andover, MA). All other chemicals and solvents were of
analytical or HPLC grade.

Sample Preparation.Dimethylation of Amino Acid®imeth-
ylation of amino acids were performed according to a literature
procedure’? Briefly, 10 molar equivalents of 37% formaldehyde
was added to 0.5 mg of amino acid in 1 mL of 50 mM sodium
acetate, pH 5.0. The solution was mixed and, immediately, 10
molar equivalents of sodium cyanoborohydride was added and
mixed thoroughly. The resulting solution was allowed to stand
overnight.

Trimethylation of Amino Acid$Dne milligram of an amino
acid was dissolved in 1 mL of 90/10 methanol/water (v/v), and
the pH was adjusted to 10.0 with NEH. One hundred
microliters of iodomethane was added. The mixture was heated
to 60 °C and stirred for 3 h; thereafter, stirring continued at

an even more unusual fragmentation pathway in the CID spec-room-temperature overnight. The resulting solution was dried
tra of some methylated lysines and methylated arginines, by Speed-Vac and the peptide was redissolved in 1 mL of 50/
loss of thea-amine plus C@ or an amine from the side chain 50 methanol/water (v/v) prior to MS analysis.
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Deuterium Substitution (H/D Exchang@)p a 150uL solution
of amino acid in 50/50 methanol/water (v/v) were added:bO
of deuterium oxide and 150L of methanold,. Acetic acidd,
was then added until the resulting solution contained 0.1% of

Shek et al.

creating the 158 Th ion, the loss is exclusively from the side
chain (Figure 1b). In comparing Figure la,b, most peaks are
shifted by 1 Da; only two peaks are at the samfe values,
those at 130 Th and 60 Th (the latter is assigned as protonated

the acid. The solution was allowed to stand for 1 day to ensure guanidine), indicating that these product ions do not contain

equilibrium was achieved.
Mass Spectrometry. MS/MS data were obtained on a

the a-amino group. CID experiments on the ion at 130 Th
established that this fragmentation product is quite stable toward

prototype of the API 3000 electrospray/triple-quadrupole mass further dissociation (abundant products were only obsen28
spectrometer (MDS SCIEX, Concord, Canada). The amino acid eV, center-of-mass frame). We postulate that the ion at 130 Th

solutions were 10@M in 50/50 methanol/water (v/v) containing

is an aldehyde, a derivative of 1l-butanal with a guanidyl

0.1% acetic acid, and the dimethylated amino acid solutions substituent on thé-carbon (Scheme 2). Concomitant loss of

were 10uM in sodium acetate. The samples were continuously

NH3; plus CO is observable at collision energies as lowsds

introduced into the pneumatically assisted electrospray sourceeV (center-of-mass frame), suggesting that the energy barrier

at a flow rate of 2«L/min by means of a syringe pump. Dry air

against this dissociation reaction is low.

was used as the nebulizing gas. Nitrogen was used as the curtain ~|p of the 130 Th ion gives abundant product ions at 71
and collision gas. Mass spectra were acquired in the positive- 5,4 70 Th, and ions of lower abundances at 60, 88, 43 and 112

ion detection mode with unit mass resolution.
Calculations.DFT calculations employing the hybrid B3LYP
method (using Becke’s three-parameter exchange functfonal
and the correlation functional of Lee, Yang, and P&with
the 6-31G* basis s&twere used for calculation of the optimized
geometries and energeti¥sAll critical points were character-
ized by harmonic frequency calculations; intrinsic reaction
coordinate (IRC) calculations were employed to establish which
two minima were associated with a given transition state.

Zero-point energies and thermal corrections obtained from the
DFT calculations were used to determine relative enthalpies at

298 K. Finally, entropy terms were included to obtain free
energies.

Results and Discussion

Mass Spectrometry.Arginine and Its Deratives.

(a) Protonated Argininel.

Figure 1a shows the CID results of protonated arginine,
Our results agree with previous observatiéhgs At low
collision energies, NHlis lost exclusively from the side chain
to create an ion at 158 Th. At higher collision energies,
nucleophilic attack by the-NH; displaces guanidine from the
side chain and results iN-protonated proline at 116 Th. The

mechanisms by which these reactions occur have been the

subject of a recent computational studyin addition to the

major products, there is also an ion at 130 Th, corresponding

to loss of 45 Da. Formation of this ion has previously been
attributed to the loss of [C, 1N, OF® or [C, O, H].28 Our

results show that, after deuterium substitution, eight D atoms
are incorporated into protonated arginine and the unlabeled ion

originally at 130 Th is shifted to 135 Th (Figure S1); i.e., the
neutral product that is lost contaitiseeexchangeable hydrogen

Th (Figure 1c). Possible structures for these product ions,
originating from the proposed aldehydic precursor ion and
assigned on the basis of H/D exchange (Figure S4), are given
in Scheme 2. We postulate that the most abundantion at 71 Th
is a cyclic oxonium ion that haso exchangeable hydrogen
atoms and is formed by displacement of guanidine via nucleo-
philic attack by the carbonyl oxygen on tldecarbon. The 60
Thion is probably protonated guanidine; guanidine has a high
proton affinity (236 kcal mott).2°

The second most abundant ion in the spectrum in Figure 1c,
at 70 Th, corresponds to loss of,® followed by loss of
carbodiimide and is assigned the protonated 1-pyrroline struc-
ture. Cleavage of the €N bond to form 1-pyrroline initially
produces protonated carbodiimide, but the low proton affinity
of carbodiimide (196.6 kcal moh) results in facile proton
transfer from the nascent protonated carbodiimide to nascent
1-pyrroline. From the lack of an ion at 46 Th in the spectrum
of the H/D exchanged ion, we conclude that the observed, low-
abundance ion at 43 Th is not protonated carbodiimide but is
the isopropyl cation. Protonated 1-pyrroline contains a single
exchangeable hydrogen; incorporation of a single deuterium
gives an ion at 71 Th, which is isobaric with the oxonium ion.
(b) ProtonatedN,,N,-Dimethylarginine,2.

The CID spectrum of protonate,,N,-dimethylarginine
(Figure 2) shows major differences from that of protonated
arginine. Methylating thec-amino group increases the basicity
of this nitrogen and presumably the probability of protonation
and results in loss of dimethylamine, thereby producing the ion
at 158 Th. By contrast, loss of individual Niffom thea-amino
group of protonated arginine does not occur (see Figure 1b).
Another difference is that loss of NHrom the guanidyl group

atoms. Precursor ion scans established that the only precursoP’ 2 does not occur, whereas this loss is apparent in the

of the product ion at 130 Th was protonated arginine at 175 Th
(Figure S2); in addition, product ion scans of the ion at 158 Th
(resulting from the loss of Nk from protonated arginine)

fragmentation ofl. The most abundant product ion, 144 Th
(Figure 2a), in the CID spectrum of protonatsdgN,-dimethy-
larginine is formed by loss of guanidine and, by analogy with

established that the 158 Th ion does not fragment to give the that of protonated arginine, is assigned as protonatgt

130 Th ion (Figure S3). These observations eliminate [g, O
H] as a viable neutral product that accompanies formation of

dimethylproline. This ion contains tlenitrogen, in accordance
with CID results on'®N,,**N,-dimethylarginine, in which the

the 130 Th ion. Furthermore, as the neutral products contain MOSt abundant product ion is at 145 Th and is assigned as
three exchangeable hydrogen atoms, the most plausible neutrat™,**N-dimethylproline (Figure 2b).

combination is NHand CO. The ionic product after losing NH
from protonated arginine (158 Th) does not, in turn, lose CO;
this means that protonated arginine first loses CO, followed by
the immediate loss of Ni(see later).

Incorporation of!®>N in the a-amino group established that,
in forming the 130 Th ion, the Niloriginates entirely from
the o-amino group; by contrast, when only NHs lost in

As previously discussed, the 130 Th ion observed in the
fragmentation ofl is formed by concomitant loss of CO and
the a-amino group as an ammonia. In the case2pfthe
analogous concomitant loss involves CO and dimethylamine.
(Note that both parts a and b of Figure 2 display this 130 Th
ion, consistent with interpretation of the loss of thaitrogen.)
The 130 Th ions originating frorh and 2 gave identical CID
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spectra, in accordance with our interpretation of their being
identical ions.

Na,Na,No-trimethylarginine ion (Figure 3b) established that
neutral loss can only be due to (gBN. Additionally, two ions

The two abundant product ions at 100 and 114 Th (Figure of lower abundance, at 130 and 116 Th, also do not contain
2a) are postulated to form via concomitant losses of, respec-°N. The former fragment ion is identical to the ion formed in

tively, CO, plus HN=C(NH,), (103 Da) and C@plus (CH).-
NH (89 Da) from protonatetll,,N,-dimethylarginine. Precursor

ion analyses of these product ions showed only a single

precursor, protonated,,N,-dimethylarginine (Figure S5). The
methyl ester ofN,,N-dimethylarginine did not display these
neutral losses, indicating that loss of @@quires the presence
of a mobile hydrogen, as in COOH (Figure S6). It is noteworthy
that loss of CQ was not observed in the CID of protonated
arginine (see Figure 1) or lysine but was found to occur in the
CID of protonateda-methylated lysines (see later). These
findings suggest strongly that increasing the basicity of the
o-amino group via methylation may lower the energy of the
zwitterionic amino acid structure, which in turn facilitates the
loss of CQ. Methylating the COOH group, as in the methyl
ester of Ny, Ny-dimethylarginine, eliminates the zwitterionic

the fragmentations df and2, whereas the latter is protonated
proline, formed by loss of (CgsN and HN=C=NH.

Lysine and Its Detiatives.

(a) Protonated Lysine Derivatives with Methylation on Only
the e-Nitrogen

Figure 4 shows the CID spectra of (a) protonatdd
methyllysine 4, (b) protonated\,,N.-dimethyllysine 5, and (c)
the N,N,N-trimethyllysine ion, 6. The dissociations are
dominated again by loss of the basic functional greup
methylamine ir4, dimethylamine in5, and trimethylamine in
6—and forming the 130 Th ion. This product ion was postulated
by Yalcin and Harrisoff to be protonated pipecolic acid, formed
via nucleophilic attack by thex-nitrogen on thee-carbon.
Elimination of the e-amino group and cyclization result in
protonated pipecolic acid. A second prominent product ion is

tautomer and blocks the two channels that provide concomitantat 84 Th, also observed by Yalcin and Harri¥tand described

losses of CQ Postulated fragmentation chemistriesNyfN,-

as [GH1oN] ™. The corresponding neutral loss is 46 Da, CO plus

dimethylarginine are summarized in Scheme 3. The energeticsH,O, which is common in the fragmentation of protonated amino
of some of these reactions have been calculated at B3LYP/6-acids?® Pipecolic acid is similar to proline, differing by having

31G* and the results will be presented in a later section.
(€) Ng,Ng,No-Trimethylarginine lon 3.
The fragmentation of this ion is dominated by the fixed

an additional methylene group in the ring. Concomitant loss of
CO plus HO results in the pyrrolinium iof3 All other fragment
ions are<10% in abundance; two of these are due to losses of

charge. The most abundant product ion, at 114 Th, is due to 17 and 45 Da, which have been seen and interpreted previously

concomitant loss of (CEJsN plus CQ (103 Da); additionally,

in the fragmentation of protonated arginine and its derivatives

the second most abundant ion, at 158 Th, is due to loss ofas loss of NH and the concomitant loss of CO plus BlH he

(CH3)sN (59 Da) (Figure 3a). Loss of guanidine would also
give an ion at 158 Th, but CID results on theN,-labeled

fragmentation chemistries and proposed structures are sum-
marized in Scheme 4.
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Figure 2. ESI/CID spectra of (a) protonated (g=N—Arg—OH, 2, and (b) protonated’N,-labeled (CH).N—Arg—0OH, 2, with Ecy = 2.4 eV.

For the loss of NH, the resulting product ions are 144 Thin  NHzis concomitant with no measurable intermediate (see Figure
4 and 158 Th in5 (not observable in6), whereas for the S9).
concomitant loss, they are 116 Th4n130 Th in5 (N.B. this (b) Protonated Lysine Derivatives with Methylation on Both
is isobaric with protonated pipecolic acid), and 144 TIG.iAs o- ande-Nitrogens.
the protonated pipecolic acid ion at 130 Th is abundant in the g methylation of thex-amino group of arginine promotes
fragmentation of all three precursor ions, and when the |oss of that functional group, and methylation of thamino
abundances of all three product ions due to the concomitantgroup of lysine also promotes loss of the side chain functional
loss of CO plus NH are compared, the 130 Th product ion  group, it was decided to examine possible competitive losses
seen in Figure 4b must be mostly protonated pipecolic acid. betweena- and e-amino groups in protonateiy,Ng,Ne,N,-
Additional proof comes from examining the CID of the tetramethyllysine7, theNy NN, N, N.—pentamethyllysine ion,
ds-derivative of5 (179 Th), the two product ions in question 8, and theNy,Ng,N«,Ne,N.,N.—hexamethyllysine ion9.
were no longer isobaric: the much more abundant deuterated Figure 5 shows the CID spectra of (a) ian(b) 1°N,-labeled
pipecolic acid was at 133 Th and the much less abundant ionjon 7, and (c)d,-labeled ion7. The most abundant product ion
due to concomitant loss of CO plus Nvas at 131 Th (see s formed by elimination of dimethylamine, resulting in the 158
Figure S7). It is of note that the methyl estersipb and6 did Th ion in (a) from losing NH(CH),; the 158 and 159 Th ions
not show losses of CO plus NHsee Figure S8 in contrast to  in (b) from losing, respectivel\:>NH(CHs), and “*NH(CHz)o;
Figure 4). As shown previously for protonated arginine and its and the 159 Thion in (c) from losing ND(G}4. From the ratio
derivatives, precursor ion scans showed that the loss of CO andof the 158 to 159 Th ions in (b), at approximately 1:2, it is
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0 -18
Hacjﬁ/\/\)J\H -H,0 :(2;%
H H
116 (118, 2)
+
H3N 0 + 0]
17
N—CH
N=CHs ™ np, @ ®
0 143 (146, 3) 126 (126, 0)
+ +
HoN OH .  HN=
> -CO, H,0 < >
130 (133, 3) 84 (85, 1)
175 (179, 4) s 0o
NCH- N OH
_NH3 ch\ ,CHS -N(CHz)s
158 (159, 1) ot
-NH,,CO 3~ \"CHj
CH3
6
189 (192, 3)
45
0 o -NH;,CO
HyCut ~~ AN
N H Jl\/\/\
HiC H N
130 (135, 5) (|: CH,
144 (144, 0)

aThe numbers in parentheses are tiie ratios from H/D exchange conditions and the numbers of exchangeable protons, respectively.
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Figure 3. ESI/CID of (a) [(CHs)sNt—Arg—OH], 3, and (b)'*N,-labeled [(CH)sNt—Arg—OH], 3, with Ecy = 2.3 eV.

evident that the preferred loss of dimethylamine occurs at the by the carbonyl oxygen, producing a three-membered lactone
side chain; this probably reflects the higher proton affinity of with a terminal protonated dimethylamino group and having
the e-dimethylamino group than that of the-dimethylamino annm/z value of 158 Th. Elimination of CO from this sterically
group. Protonation on thenitrogen followed by nucleophilic  strained ion produces an aldehyde at 130 Th. (N.B. this is
displacement by the-dimethylamino group results in tiéN- isobaric with the aldehyde formed from protonated arginine).
dimethylpipecolic acid ion, 158 Th in (a), which can then lose Results fromd,-labeled, protonated,,Nq,N,N-tetramethyl-

46 Da, HO and CO concomitantly, to give tiéN-dimethyl- lysine show that the aldehyde ion contains one exchangeable
tetrahydropyridinyl ion, 112 Th in (a) (Scheme 5). The 158 Th hydrogen, consistent with the above interpretation (Scheme 5).
ion in (b), resulting from loss of*NH(CHj)z, is not anN,N- The second most abundant product ion in Figure 5a is at 114
dimethylpipecolic acid ion, as its dissociation chemistry is Th, a difference of 89 Da from iof. The combination of C®
different. The primary fragmentation product from the 158 Th and NH(CH). gives 89 Da, but a precursor ion scan of the 114
ion is the 130 Th ion after eliminating a 28 Da neutral, probably Th ion showed that the 158 Th ion does not fragment to give
CO. This fact was established by both CID of the 158 Th ion this product ion; i.e., ior¥ does not eliminate NH(Cf), and

and precursor ion scan of the 130 Th ion (see Figure S10). TheCGO, in sequence. This dissociation chemistry is also evident in
proposed fragmentation pathway is shown in Scheme 5:the CID of ion8 and becomes prominent in that of iénthe
Protonation at the:-nitrogen, followed by loss o™NH(CHa), Ne;Na;Na, Ne, N, Ne-hexamethyllysine ion. Figure 6 shows the
formally produces a carbocation that is destabilized by the CID of (a) ion8, (b) ion9 and (c) the"®Ny, 5Ny, >Ny, N¢,N,,N,-
adjacent COOH grouff. Such a destabilized ion is unlikely to  hexamethyllysine ion. The fragmentation chemistries parallel
be ever fully formed, even as a transient intermediate, in the those of ions6 and 7, albeit with different emphasis. 0@ is
presence of the adjacent nucleophile, the carbonyl oxygen. Thuspermanently zwitterionic with two cationic trimethylamino
the likely scenario is a nucleophilic displacement®fH(CHs), groups and one carboxylate anion. The most abundant product
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Figure 4. ESI/CID spectra of (a) protonatedtN—Lys(CHs)—OH, 4, with Ecy = 2.2 eV, (b) protonated #\—Lys(CHs),—OH, 5, with Ecy = 2.1

eV, and (c) [HN—Lys(CHs)s—OH]", 6, with Ecy = 2.6 eV.
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[140, 140, 0]

aThe asterisk representsi#N-labeled nitrogen; the numbers in parentheses arentheatios from*°N-labeling, the H/D exchange value, and

the number of exchangeable protons, respectively.

fromion9is at 128 Th, a direct product from id) the neutral
loss is 103 Da, which equals the combination of ;C&and
N(CHs)s. Figure 6¢ shows that both tlee and thee-nitrogens
are lost at rates that are similar. From g, 25Ny, 1%Ng, Ne,Ne,Ne-
hexamethyllysine ion, loss df'N(CHz)z from the side chain
gives the 173 Th ion, whereas loss BN(CHs); from the
o-position gives the 172 Th ion at comparable abundances
However, only thdatter ion further eliminates CO to give the
144 Th ion. The 129 Th ion involves loss 8N(CHjz)s from

the side chain and the 128 Th ion loss!®fl(CHz); from the
a-carbon, at a ratio of approximately 3:2. The proposed
chemistries are summarized in Scheme 6. Los§™N{CHs)3

from the side chain probably involves nucleophilic attack by
the COO group on thee-carbon, thereby resulting in a
6-hexanolactone with a trimethylamino group in #iposition
(173 Th). By contrast, loss 0fN(CHs)s from the a-carbon
involves nucleophilic attack by the CO@roup on thex-carbon
and results in a propanolactone with a trimethylbutylamino

.group in the 2-position (172 Th); elimination of CO from the

strained ring gives the 144 Th ion.

As the lactones formed by eliminating trimethylamines do
not then lose Cg the concomitant loss of Glus trimethyl-
amine must be induced first by the loss of £6ormally, loss
of CO, produces zwitterionic hexamethylpentadiamine with a
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Figure 7. Potential energy hypersurface for the loss of (CO plussNétarting from side chain protonated arginine, ibnThe numbers (in
kcal/mol) are relative enthalpies at O K. All energies are relative to the global minimum of protonated arginine,

CH™ group on thex-carbon. Immediate nucleophilic attack on  Th. Alternatively, the zwitterionic hexamethylpentadiamine
thee-carbon eliminates the side chain trimethylamino group and tautomerizes by a 1,4-proton transfer to give a second zwitter-
results in cyclopentane with a trimethylamino substituent at 129 ionic hexamethylpentadiamine with a CHgroup on the
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Figure 8. (a) and (b) Potential energy hypersurface for the loss of;(@@s guanidine), (C@plus (CH).NH), guanidine, and (Ck,NH from the
protonated\,,Ny-dimethylarginine2. The numbers (in kcal/mol) are relative enthalpies at 0 K. All energies are relative to the global minimum of
protonated\,,N.-dimethylarginine 2.

e-carbon. Nucleophilic attack on thecarbon eliminates the investigation. In addition, as there was a recent computational

a-trimethylamino group and results also in tReN,N-trimeth- study on protonated arginine also at the B3LYP/6-31G* |&%el,

ylcyclopentamine ion, but at 128 Th. this provided a useful starting and calibrating point for our work.
Computational Studies.Results of computational studies are Figure 7 shows the energy profile for protonated arginine

consistent with the interpretations presented above. For tractabil-leading to elimination of Nsland concomitantly CO plus N

ity, we elected to calculate energy profiles on the dissociation Consistent with the findings of Csonka et,# the canonical

of protonated arginindl,, and that of protonatel,,N,-dimethyl- structurel of protonated arginine is the lowest energy isomer;

arginine, 2, as representatives of the class of molecules underthe salt-bridged structurdl is higher by 10.0 kcal mot.
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Nucleophilic attack by the COOgroup on theo-carbon and
lengthening of the N C, bond result in structurél , an ion—

molecule complex in which a lactone with a propylguanidinium

ion side chain is solvated by NHMigration of the solvating

NH3 to the guanidinium ion produces a lower-energy complex

IV. The limiting barrier thus far is formation arS(ll —IIl ) at
42.9 kcal mot?. Elimination of NH; from IV gives ionV; the
overall endothermicity is 48.7 kcal mdl, which is higher than
the barrier of 46.9 kcal mol required for losing CO and NH
(TS(IV—VI)). Loss of CO requires first migration of an COO
oxygen to thex-carbon, accompanied by lengthening of the-C
CO bond. lonVI and CO lie only 13.3 kcal mot abovel.
Elimination of the solvating Nglin VI to form ionVIl requires
only additional 18.3 kcal mof. As the combination o¥/Il +
CO + NHjs lie below TS(IV —VI), the loss of CO and Nklis

Shek et al.
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