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The gas phase reactions of protonated tryptophan have been examined in a quadrupole ion
trap using a combination of collision induced dissociation, hydrogen—deuterium exchange,
regiospecific deuterium labeling and molecular orbital calculations (at the B3LYP/6-31G* level
of theory). The loss of ammonia from protonated tryptophan is observed as the primary
fragmentation pathway, with concomitant formation of a [M + H — NH;] " ion by nucleophilic
attack from the C3 position of the indole side chain. Hydrogen—deuterium exchange and
regiospecific deuterium labeling reveals that scrambling of protons in the C2 and C4 positions
of the indole ring, via intramolecular proton transfer from the thermodynamically preferred
site of protonation at the amino nitrogen, precedes ammonia loss. Molecular orbital calcula-
tions have been employed to demonstrate that the activation barriers to intramolecular proton

transfer are lower than that for NH; loss.
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nderstanding the fragmentation reactions of
l | protonated amino acids is not only important

from an analytical perspective for diagnosis of
inherited disorders of metabolism [1], and for auto-
mated interpretation and prediction of electrospray
tandem mass spectra (ESI/MS/MS) [2], but also as
models for developing the tools and concepts used to
understand the mechanisms for the fragmentation
mechanisms of protonated peptides (For studies on the
mechanism of the fragmentation reactions of proton-
ated amino acids see reference [3]). Simple aliphatic
amino acids fragment via the loss of the combined
elements of H,0O and CO. Harrison and Yalcin have
provided strong evidence for involvement of “mobile”
protons in this fragmentation pathway by showing
that the [M + D]" ions of valine and leucine undergo
complete H/D scrambling prior to fragmentation [4].
This is consistent with the mechanism shown in Path
(A) of Scheme 1 in which the thermodynamically
favored protonated Form A undergoes scrambling
via intramolecular proton transfer, via TS1, to the CO
protonated Isomer B, prior to fragmentation induced
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by intramolecular proton transfer via TS2 or TS3 to
the OH protonated Isomer C. These experimental
observations are entirely consistent with two recent
independent high level ab initio calculations on pro-
tonated glycine, which show that the relative activa-
tion energies for the various intramolecular proton
transfer processes follow the order: E(TS1) < E(TS2)
< E(TS3) [5].

When a protonated amino acid contains a functional
group on its side chain, other fragmentation channels
may be observed, such as the loss of ammonia from the
N-terminus [6] or the loss of a small molecule such as
water [7] or ammonia [8] from the side chain. For
example, the fragmentation of cysteine and methionine
exhibit ammonia loss [Path (B) in Scheme 1] [6] that
competes with loss of the combined elements of [H,O +
CQ] [Path (A) in Scheme 1]. This fragmentation path-
way involves a neighboring group process in which the
sulphur atom of the sulfhydryl group or thioether
group acts as an intramolecular nucleophile to induce
ammonia loss via the transition state TS4 to form the
product ion D. The fact that these competing fragmen-
tation pathways are both observed under low energy
CID is supported by ab initio calculations in protonated
cysteine which showed that the transition states for
fragmentation via Paths (A) and (B) (TS2 and TS4,
respectively) have similar energies [6a].

Each of these results is entirely consistent with the
two major concepts used to explain the mechanisms of
peptide ion fragmentation reactions, i.e, the mobile
proton model [9] and the role of neighboring groups to
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Scheme 1

help facilitate cleavage reactions [10] and support the
generally accepted idea that under low energy CID
conditions, the fragmentation reactions of protonated
amino acids and peptides tend to be charge directed
[10].

Although the protonated amino acids that readily
lose ammonia have been established from previous
CI/MS [3a], desorption MS [3b, c], FAB MS/MS [3d]
and ESI MS/MS [3e] studies, the mechanisms for some
of these losses remain obscure or in contention. For
example, two different mechanistic proposals have
been described for the loss of ammonia from protonated
Tryptophan E (note the numbering of the indole ring
system which will be used throughout). In the first,
Prokai et al. used AM1 semiempirical calculations to
suggest the mechanism shown in Scheme 2 for the loss
of the N-terminus from a fixed charge derivative of
tryptophan, via cyclization by nucleophilic attack from
the C2 position of the indole ring to form F, followed by
ring expansion to give G, driven by the stability of the
final ion [11]. More recently, Rogalewicz et al. have
used deuterium labeling and MS/MS in a triple quad-
rupole mass spectrometer to probe the gas-phase reac-
tions of protonated tryptophan [3e]. They found that
ammonia is lost exclusively and that when all the labile
hydrogens (NH and OH) are replaced by deuterium,
gas-phase hydrogen—deuterium scrambling occurs
with subsequent loss of ND;, ND,H, and NHD,. To
rationalize this scrambling, they suggested that trypto-
phan is initially protonated on the nitrogen atom of the
indole ring (H in Scheme 3) and that this species

isomerizes via a series of 1,2-hydride shifts around the
indole ring to give I, which then undergoes ammonia
loss via nucleophilic attack from the C4 position of the
indole ring to form J.

Note that a number of alternative mechanistic pos-
sibilities may be proposed to explain the loss of ammo-
nia from protonated tryptophan. For example, the spi-
rocyclopropane derivative K, formed via nucleophilic
attack from the C3 position of the indole ring, or the
tricyclic product ion derivatives L and M, formed via
nucleophilic attack from the C8 and C9 positions of the
indole ring, respectively, could all be considered as
potential products. While species related to L and M
have not been described previously, K is not without
precedence in the literature. For example, the con-
densed phase isomerization of a tryptophan analogue
has been proposed to occur via an intermediate having
the structure of K [12]. Furthermore, a related spirocy-
clopropane product ion formed by the loss of ammonia
from protonated tyrosine has been proposed by Harri-
son and coworkers [3d], and has been supported by
theoretical calculations [12a].

The scrambling observed during the loss of NHj;
from deuterium-labeled tryptophan could also be ex-
plained via alternative mechanisms. For example, direct
intramolecular proton transfer from the protonated
amino group to either the C2 or C4 positions of the
indole ring could produce the observed losses. There is
convincing evidence that a related mechanism involv-
ing scrambling of the C4 position of the indole ring
operates under condensed phase photolysis conditions
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[13]. Therefore, in order to resolve the issues discussed
above, we examine in this paper the mechanisms for
deuterium scrambling and ammonia loss from proton-
ated tryptophan and related tryptophan species, using a
combination of multistage tandem mass spectrometry
experiments, hydrogen—deuterium exchange, regiospe-
cific deuterium labeling, and molecular orbital calcula-
tions.

Experimental
Materials

Tryptophan and monodeuterated methanol (CH;OD)
were purchased from Aldrich (Milwaukee, WI). Tryp-
tophan O-methyl ester, tryptophanylglycine, and gly-
cyltryptophan were obtained from BACHEM (Buben-
dorf, Switzerland). Methanol (ChromAR grade) was
purchased from Mallinkrodt (Melbourne, Australia).
Deuterium oxide (D,O) was obtained from Cambridge
Isotope Laboratories (Andover, MA). Acetic acid was
obtained from Merck (Darmstadt, Germany). Sodium

s o
HoN— CH C—OH HzN

(L] @

CH—C—OH

deuteroxide was purchased from ICN Biomedicals
(Cambridge, MA). Tryptophanyl-glycine O-methyl es-
ter was synthesized using a method described previ-
ously [7a].

Mass Spectrometry

Protonated tryptophan derivatives [M + H] " ions were
formed via electrospray ionization (ESI) on a Finnigan
model LCQ-deca (San Jose, CA) quadrupole ion trap
mass spectrometer. Samples, (0.1 mg/mL) dissolved in
50% CH3;OH/50% H,O containing 0.1 M acetic acid,
50% CH;OH/50% H,O, or 50% CH;0D/50% D,O were
introduced to the mass spectrometer at 2 uL/min. The
spray voltage was set at 4.5 kV. Nitrogen sheath gas
was supplied at 25 psi. The heated capillary tempera-
ture was 250 °C. MS/MS experiments were performed
on mass-selected ions in the quadrupole ion trap mass
spectrometer using standard isolation and excitation
procedures.

COpH
HgN—CH C—OH
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Scheme 3
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(N*,N*,0,1-°H,) Tryptophan

(*H,)-labeled tryptophan (all labile hydrogen, NH and
OH exchanged) was prepared by dissolving the sample
(0.1 mg/mL) in 50% CH;0D/50% D,O. [M + D]* ions
were introduced to the mass spectrometer under the
same conditions as described above, with the addition
of an auxiliary gas (15, arbitrary units) to reduce deu-
terium back exchange during electrospray sample in-
troduction.

Regiospecific Deuterium Labeling of Tryptophan

Three different regiospecific deuterium labeled trypto-
phan species were prepared.

(4-H) tryptophan. Regiospecific hydrogen—deuterium
exchange at the C4 indole position was carried out by
intramolecular excited-state proton transfer according
to the method of Saito et al. [13a]. Briefly, a solution of
10 mM tryptophan in D,0O in an NMR tube was
irradiated with pyrex-filtered high-pressure mercury
lamp (Hanovia, 450W) for 3 h. The progress of the H/D
exchange was monitored using 400-MHz 'H NMR. The
product was diluted to 0.1 mg/mL in 50% CH;OH/50%
H,O for MS analysis.

(a,2-°H,) tryptophan. The high temperature and pres-
sure method of Griffiths et al. [14] was employed to
perform regiospecific hydrogen—deuterium exchange
at the C2 position of the indole ring. Ten mg of
tryptophan was dissolved in 1.0 mL of D,O in a
medium-walled pyrex glass vessel (10 mm i.d. and 12
mm o.d.) and the pD of the solution was adjusted to
approximately 7.00 using NaOD. The tube was then
flame sealed and heated at 145 °C for 5 days. For NMR
analysis, the supernatant of the product was made up
into a 10 mM solution in D,O. For MS analysis, a
0.1lmg/mL solution of the supernatant of the product
was made up in 50% CH3;OH/50% H,O. In addition to
deuterium labeling at the C2 position, the «-CH is also
exchanged using this method. This was confirmed here
by "H NMR. Note that the C* deuterium is not expected
to participate in the proton transfer process and simply
adds a mass of 1Da to the ion.

(N*N*0,a,1,2,4-°H;) tryptophan. (N*N%0,a,1,2,4-°H;)
tryptophan was synthesized using a combination of
both regiospecific deuterium labeling and hydrogen—
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deuterium exchange. A 10 mM solution of (a,2-*H,)
tryptophan in D,O, prepared as described above, was
irradiated in an NMR tube with pyrex-filtered high-
pressure mercury lamp (Hanovia, 450W) for 10.5 h. The
progress of the reaction was monitored using 'H NMR.
The product was then diluted to 0.1 mg/mL in 50%
CH,0D/50% D,O prior to MS analysis. An auxiliary
gas (15, arbitrary unit) was also added to reduce deu-
terium back exchange during electrospray sample
introduction.

Computational Methods

Structures of minima and transition states were opti-
mized at the B3LYP level of theory with the standard
6-31G* basis set [15] using the GAMESS [16] and
GAUSSIAN 98 [17] molecular modeling packages. All
optimized structures were subjected to vibrational fre-
quency analysis and visualized using the computer
package MOLDEN [18] to determine the nature of the
stationary points. Energies were corrected for zero-
point vibrations scaled by 0.9806 [19]. Intrinsic reaction
coordinate (IRC) runs were performed on each transi-
tion state, followed by geometry optimizations to check
that they connected to the appropriate reactant and
product ion minima.

Supplementary Materials

Complete structural details and lists of vibrational
frequencies for each B3LYP/6-31G* optimized structure
and 'H NMR spectra of regiospecific deuterium labeled
tryptophan derivatives are available from the authors
upon request.

Results and Discussion

NHj; Loss from the [M + H] * ions of Trp-X
(where X = OH, OCH; and NHCH,CO,H)

Under low energy ion trap CID MS/MS conditions, the
[M + HJ]' ions of tryptophan (m/z 205), tryptophan
O-methyl ester (m/z 219), tryptophanyl-glycine (m/z
262), and tryptophanyl-glycine O-methyl ester (m/z 276)
were all found to fragment via the exclusive loss of
ammonia (shown in Figure 1 for protonated trypto-
phan). For protonated tryptophan, the combined loss of
water and CO was only observed as a very low relative
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Figure 1. CID MS/MS spectrum of the [M + H]" ion of tryp-
tophan.

abundance product. When dissolved in a solution of
CH,;0D/D,0O, ESI/MS of tryptophan (m/z 210) indi-
cated that only the labile hydrogens (NH and OH) had
been exchanged for deuterium (data not shown). This is
consistent with several NMR studies which have shown
that the aromatic indole C-H hydrogens only exchange
in the presence of strong acids such as trifluoroacetic
acid (the relative rates of indole hydrogen exchange are:
H2 > H5 > H6 > H4 ~ HY7) [20]. When the fully
deuterated [M + D]" ion was subjected to CID, scram-
bling of the deuterons to give loss of ND;, ND,H, and
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NH,D in the ratio 2:4:1 was observed (Figure 2a), in
accord with the previous results of Rogalewicz et al.
[3e]. Thus, H/D scrambling occurs in the gas phase via
intramolecular proton transfer. The fact that scrambling
is observed for the NHj; loss product ion indicates that
intramolecular proton transfer is more energetically
favorable than loss of NH;. We have therefore used
molecular orbital calculations to determine the possible
pathways and relative energies for intramolecular pro-
ton transfer of tryptophan compared with that for NH;
loss.

Computational Studies on the Site of Protonation
of Tryptophan

An examination of the literature reveals that there has
been only one previous theoretical study on the proto-
nation of tryptophan. Maksic and Kovacevic calculated
the proton affinity of tryptophan at the MP2(fc)/6-
311+G**/ /HF/6-31G* level of theory and found it to be
220.7 kcal/mol [21], which is in reasonable agreement
with a recent experimental determination of 221.6 kcal/
mol [22]. In their study, Maksic and Kovacevic also
predicted that the amino nitrogen is the most favorable
site of protonation for tryptophan. However, Ro-
galewicz et al. [3e] suggested that because of the high
proton affinity of tryptophan, the most stable site of
protonation is the indole nitrogen of the side chain of
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Figure 2. CID MS/MS spectra of deuterium labeled tryptophan derivatives. (a) [M + D] ion of
hydrogen-deuterium exchanged tryptophan; (b) [M + H]" ion of C2- and Ca-deuterium substituted
tryptophan; (c) [M + H]" ion of C4-deuterium substituted tryptophan; (d) [M + D] ion of C2-, Ca-,
and C4-deuterium substituted and labile hydrogen-deuterium exchanged tryptophan.
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(N) (0.0 kcal/mol)

(0) (+22.8 kcal/mol)

Figure 3. B3LYP/6-31G* optimized structures of the lowest energy conformers of tryptophan
protonated at the amino nitrogen N, and the indole nitrogen O.

tryptophan. We have therefore calculated the relative
energies of the two isomers of protonated tryptophan,
i.e., protonation at the amino nitrogen versus protona-
tion at the indole nitrogen to resolve this issue and to
obtain further insights into the mechanisms for the
experimentally observed H/D scrambling.

Figure 3 shows the lowest energy isomers for tryp-
tophan that is protonated at the amino nitrogen and
indole nitrogen, calculated at the B3LYP/6-31G* level of
theory. While it was found that there was little differ-
ence in the relative energies (<1.1 kcal/mol) of a
number of different low energy rotamers of amino
nitrogen protonated tryptophan (the most stable form
of tryptophan is that shown as Structure N), protona-
tion of the nitrogen atom in the indole nucleus of
tryptophan (Structure O) was found to be much higher
in energy (+22.8 kcal/mol). Note that the stability of the
amino protonated global minima is provided by one
hydrogen bond between the amino nitrogen and the O
atom of the carbonyl group, and another between the
amino nitrogen and the mw-electron system of the indole
side chain.

Computational Studies on Intramolecular Proton
Transfer in Protonated Tryptophan

Given that the preferred site of protonation of trypto-
phan was predicted to be the amino nitrogen rather
than the indole nitrogen, the proposal by Rogalewicz et
al. [3e] to explain the experimentally observed scram-
bling of deuterated tryptophan, via intramolecular pro-
ton transfer involving a series of 1,2-hydride shifts from
N-indole protonated tryptophan, seems unlikely. In-
stead, we suggest that intramolecular proton transfer
occurs directly from the amino nitrogen to the indole
ring. There are six possible intramolecular proton trans-
fers starting from the N-protonated global minimum of
tryptophan, that is, proton transfer from the amino
nitrogen to the C2, C3, C4, or C9 positions of the indole
ring, and proton transfer from the amino nitrogen to the

CO or the OH of the carboxylic acid moiety. Of these
potential sites for intramolecular proton transfer, only
the C2 or C4 positions would allow direct scrambling of
labile and non-labile hydrogens.

Figure 4 shows the optimized structures and ener-
gies (relative to the global minimum N) of species
involved in intramolecular proton transfer between the
amino nitrogen and the C2 position of the indole side
chain, calculated at the B3LYP/6-31G* level of theory. It
can be seen that there are two possible pathways for this
proton transfer process. The first (Path 1) involves bond
rotation around the C,—Cg bond to yield Structure P,
which has an energy +0.9 kcal/mol higher than the
global minimum, followed by proton transfer via tran-
sition state TSA (+11.5 kcal/mol) to form C2-proton-
ated tryptophan (Structure Q, +6.8 kcal/mol). It is
important to realize that protonation of the C2 position
of the indole ring introduces a prochiral center, so that
if proton transfer involves a deuteron, the ion becomes
diastereoisomeric. Consequently, rotation of the amino
backbone of the molecule to the opposite face of the
indole ring must occur for the proton to be intramo-
lecularly transferred back to the amino nitrogen. Spe-
cies involved in this second intramolecular proton
transfer process were calculated, and their optimized
structures and relative energies shown in Path 2 of
Figure 4. Starting from amino protonated tryptophan,
this pathway involves initial bond rotation to yield
Structure N’ (+0.2 kcal/mol) followed by proton trans-
fer via transition state TSA' (+15.1 kcal/mol), to yield
C2-protonated Tryptophan Q which has the same struc-
ture as that formed by Path 1. Although we have not
calculated the transition states for bond rotation con-
necting the various rotamers of amino protonated tryp-
tophan, we note that previous molecular dynamics
calculations on related system suggests that these
should be low (=7 kcal/mol) [23] relative to the proton
transfer transition state energies.

The optimized structures and relative energies for
species involved in intramolecular proton transfer be-
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Figure 4. B3LYP/6-31G* optimized structures of species associated with intramolecular proton
transfer between the amino nitrogen and the C2 position of the indole side chain of protonated

tryptophan.

tween the amino nitrogen and C4 of the indole side
chain of tryptophan are shown in Figure 5. Similar to
that described above for proton transfer to the C2
position, proton transfer to the C4 position can also
occur from both faces of the indole ring. In Path 1 of
Figure 5, direct intramolecular proton transfer occurs
from the global minimum (Structure N) via TSB (+16.8
kcal/mol) to yield C4-protonated tryptophan (Structure
R). In Path 2, the same initial bond rotation processes as
discussed for Path 2 of Figure 4 for proton transfer to
the C2 position takes place to produce Structure N’,
followed by proton transfer via transition state TSB’
(+17.0 kcal/mol) to yield Structure R’. Although the
optimized structures of C4-protonated tryptophan
rotomers R and R’ are different, a series of low energy
bond rotations can easily connect these two structures.

To confirm that intramolecular proton transfer from
the amino nitrogen to the C2 and C4 positions of the
indole ring are involved in the hydrogen—deuterium
scrambling mechanism observed experimentally, we
have synthesized regiospecific C2- and C4-deuterium
substituted tryptophan derivatives (see experimental
data). Figure 2b and 2c show the CID tandem mass
spectra of regiospecifically C2- (and C%-) deuterium
substituted tryptophan, and C4-deuterium substituted
tryptophan, respectively, which both show losses of
NH; and NH,D from the molecular ion. These data
clearly demonstrate that both the C2 and C4 positions of
the indole ring are involved in the proton scrambling
mechanism. The MS/MS data shown in Figure 2b and c,

obtained under the same experimental conditions so
that the same number of ions and collision energy were
used, show that the loss of NH,D from C2-labeled
tryptophan is higher than from C4-labeled tryptophan
by approximately 5% relative abundance. This is con-
sistent with the calculated B3LYP/6-31G* transition
state energies for the intramolecular proton transfer
processes from the amino nitrogen to each of these sites
(+15.1 kcal/mol for the C2 proton transfer and +17.0
kcal/mol for the C4 proton transfer). Scheme 4 sum-
marises the proposed process for sequential intramolec-
ular hydrogen—deuterium scrambling from these sites
that leads to the loss of ND;, NHD, and NH,D.

To obtain experimental evidence regarding the po-
tential involvement of protons aside from those at the
C2 and C4 indole positions in the scrambling mecha-
nism, a (N*N%0,a,1,2,4-*H,) substituted tryptophan
derivative was synthesized by multiple stages of regio-
specific deuterium labeling and hydrogen-deuterium
exchange and the CID tandem mass spectrum acquired
(Figure 2d). While this spectrum shows almost exclu-
sive loss of ND; from the [M + D]" ion, the loss of
ND,H, indicative of involvement of a proton in addi-
tion to those at the C2 or C4 positions, was observed at
low (1%) relative abundance. Thus, we have considered
other potential mechanisms to account for this observa-
tion. A feasible pathway involves a 1,2-hydride shift to
and from the C4 and C5 indole positions following
intramolecular deuteron—proton transfer to the C4 po-
sition from the amino nitrogen. Due to the introduction
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Figure 5. B3LYP/6-31G* optimized structures of species associated with intramolecular proton
transfer between the amino nitrogen and the C4 position of the indole side chain of protonated

tryptophan.

of a prochiral center upon protonation of the C4 posi-
tion of the indole ring, there are four possible pathways
for 1,2-hydride shift between the C4 and C5 positions.
i.e., syn- and anti-relative to the face of the indole ring,
and front and rear relative to the location of the amino
nitrogen. Table 1 shows the relative energies of the
transition states for each of these 1,2-hydride shift

0 o)
oD oD
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N~ H N
D D
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rotations

bond
rotations

processes. The average value of the transition state
barriers for these 1,2-hydride shifts was determined to
be 32.65 kcal/mol, which is considerably higher than
those for direct proton transfer between the amino nitro-
gen and the C2 and C4 indole positions (11.5-17 kcal/
mol), and reflects the small relative abundance for the
loss of ND,H compared to ND; observed in Figure 2d.
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Scheme 4
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Table 1. B3LYP/6-31G* predicted total energies and zero point vibrational energies for various transition states for the 1,2-hydride
shifts between positions C4 and C5 of the indole side chain of protonated tryptophan and the associated stable minima

Total energies (Hartree)

Relative energies

B3LYP/6-31G* ZPVE?® (kcal/mol)
C4 protonated front (R) —686.714220 0.226815 14.6
Transition state-syn —686.681916 0.224094 33.2
Transition state-anti —686.682911 0.224086 32.6
C5 protonated front —686.713753 0.226978 15.0
C4 protonated rear (R’) —686.714051 0.226746 14.7
Transition state-syn —686.683707 0.224143 32.1
Transition state-anti —686.682633 0.224033 32.7
C5 protonated rear —686.713754 0.226910 15.0

2Corrected by 0.9806 [19].

Reaction Coordinates for the Formation
of the [M + H — NH;]" Product Ion of Tryptophan

Given that the experimental results discussed above
demonstrate that intramolecular proton scrambling oc-
curs prior to the loss of NH; (i.e., it is energetically more
favorable), we have focused on determining the ener-
gies of the isomeric product ion structures formed upon
loss of ammonia from protonated tryptophan, and
comparing these against the structures proposed by
other workers [3, 11]. Table 2 shows the relative ener-
gies of the different isomers of the [M + H — NH;] " ion,
formed by nucleophilic attack from positions 2, 3, 4, 8,
and 9 of the indole side chain, calculated at the B3LYP/
6-31G* level of theory. These calculations indicate that
Structure K, formed by nucleophilic attack from the C3
position of the indole side chain, is the lowest energy
isomer for the [M + H — NH;]" ion. The greater
instability of the other isomeric product ion structures
can be explained by the geometric strain that is present
in the sp*-hybridized carbon at Position 3 of the indole
side chain, particularly for Structures L and M.

Given the significantly greater thermodynamic sta-
bility of Structure K compared to the other isomeric
products, the transition state (TSC) for the formation of
this ion was calculated at the B3LYP/6-31G* level of
theory in order to compare it against those calculated
for the hydrogen—deuterium scrambling discussed
above. The relative energy of TSC (+23.3 kcal/mol
relative to the most stable protonated tryptophan con-

Table 2. B3LYP/6-31G* predicted total energies and zero point
vibrational energies for various isomeric [M + H — NH,]* ions

Total energies (Hartree)

Relative energies

B3LYP/6-31G* ZPVE? (kcal/mol)
F —630.115341 0.187946 19.3
G —630.130581 0.188585 10.1
J —630.115783 0.188732 19.6
K —630.146511 0.188382 0.0
L —629.993912 0.185989 94.3
M —630.080520 0.187308 40.7

2Corrected by 0.9806 [19].

former N), was found to be 6.3 kcal/mol higher than the
highest transition state barrier calculated for intramo-
lecular proton transfer and is therefore consistent with
the experimental result in which hydrogen—deuterium
scrambling occurs in the gas phase prior to NH; loss
(Figure 2a). In a previous section, it was demonstrated
that intramolecular proton transfer can occur from both
faces of the indole ring. Similarly, it was also possible to
displace NH; by C3-attack from the opposite face of the
indole ring to that shown in TSC, which yielded a
transition state with a similar energy (data not shown).
Vibrational frequency analysis confirmed that TSC was
a transition state with an imaginary frequency of 267.9
cm™ ' at the B3LYP/6-31G* level of theory, correspond-
ing to the intramolecular displacement of NH; by the
C3 position of the indole ring. The Hessian from the
vibrational frequency analysis of TSC was used to
perform an intrinsic reaction coordinate search, fol-
lowed by geometry optimization to locate the starting
reactant S, a conformer of N-protonated tryptophan,
and the intermediate IA, which is an ion-molecule
complex between the spirocyclopropane ion and am-
monia. Dissociation of this ion-molecule complex yields
K plus neutral NH;. The B3LYP/6-31G* optimized
structures and energies for this reaction coordinate are
shown in Figure 6.

The magnitude of the transition state barrier for NH,
loss is expected to be lower than the transition state
barrier for loss of the combined elements of H,O and
CO from protonated tryptophan, as indicated by the
small relative abundance for [H,O + CO] loss observed
experimentally in Figure 1. As discussed in the intro-
duction, the loss of H,O and CO requires proton
transfer from the thermodynamically favored site of
protonation, the amino nitrogen, to the hydroxyl group
of the carboxylic acid. We have calculated the energy of
this key transition state barrier to be +50.0 kcal/mol
(Structure TSD) at the B3LYP/6-31G* level of theory.
Previous studies on protonated glycine and cysteine
yielded values ranging between +30.0 kcal/mol (for
protonated cysteine at MP2/6-31G*//HF/6-31G*) and
+39.1 kcal/mol (for protonated glycine at B3LYP/6-
31G*) [5a, 6] for this transition state. It should be noted
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(N)
(0.0 kcal/mol)

(K)
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(IA)
(+12.1 keal/mol)

B3LYP/6-31G* optimized structures of species associated with the loss of NH; from

protonated tryptophan via nucleophilic attack from the C3 position of the indole side chain.

that rotation about the C*~C(carbonyl) bond must occur
prior to intramolecular proton transfer from the amino
nitrogen to the hydroxyl oxygen. Although we have not
calculated the transition state for this bond rotation
here, it has been found previously for protonated gly-
cine that the transition state energy for this process was
found to be quite low (9.4 kcal/mol at the B3LYP/6-
31G* level of theory) [5a]. Thus, the pathway for loss of
NH; in protonated tryptophan is preferred over the
combined loss H,O and CO by 26.7 kcal/mol, a result
that is consistent with the experimental data.

(TSD)
(+50.0 kcal/mol)

Conclusions

The use of collisional activation in a quadrupole ion
trap, regiospecific deuterium labeling and molecular
orbital calculations have proven to be useful in exam-
ining the gas-phase reactions of protonated tryptophan.
Protonated tryptophan was observed to fragment via
the loss of NH; by nucleophilic attack from the C3
position of the indole side chain. However, under
deuterated conditions this loss was preceded by in-
tramolecular proton transfer between the amino nitro-
gen and the C2 and C4 positions of the indole side
chain, resulting in hydrogen—deuterium scrambling.
Interestingly, proton transfer to the C2 or C4 position of
the indole ring results in the formation of a new chiral
center. Therefore, in order for hydrogen—deuterium
scrambling to be observed, intramolecular proton trans-
fer from both faces of the indole ring must occur (i.e.,
delivery of a deuteron from one face and subsequent
loss of a proton from the other). In agreement with these
experimental data, the results from molecular orbital
calculations predict that the activation barriers for these
processes follow the order: intramolecular proton trans-
fer < NH; loss < H,O + CO loss.
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