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A combination of electrospray ionisation (ESI), multistage and high-resolution mass spectrometry
experiments was used to compare the gas-phase chemistry of the amino acids histidine (1), 2-oxo-
histidine (2), and 2-thioxo-histidine (3). Collision-induced dissociation (CID) of all three different
proton-bound heterodimers of these amino acids led to the relative gas-phase proton affinity order of:
histidine >2-thioxo-histidine >2-oxo-histidine. Density functional theory (DFT) calculations confirm
this order, with the lower proton affinities of the oxidised histidine derivatives arising from their
ability to adopt the more stable keto/thioketo tautomeric forms. All protonated amino acids pre-
dominately fragment via the combined loss of H,O and CO to yield a, ions. Protonated 2 and 3 also
undergo other small molecule losses including NH; and the imine HN=CHCO,H. The observed
differences in the fragmentation pathways are rationalised through DFT calculations, which reveal
that while modification of histidine via the introduction of the oxygen atom in 2 or the sulfur atom in
3 does not affect the barriers against the loss of H;O+CO, barriers against the losses of NH; and
HN=CHCO,H are lowered relative to protonated histidine. Copyright © 2010 John Wiley & Sons,

Ltd.

Post-translational modification (PTM) of a protein alters
its chemical and physical properties. More importantly,
PTMs can influence the biological function of a protein. An
important example is oxidation of proteins by reactive
oxygen species (ROS), which is implicated in aging and
oxidative stress. Since oxidation changes the mass of a pro-
tein, mass spectrometry can be used to search for modified
peptides or proteins as diagnostic markers of pathological
conditions." Amino acid residues that are readily susceptible
to oxidation include the sulfur-containing amino acid
residues cysteine and methionine as well as those containing
an aromatic side chain, such as tyrosine, tryptophan and
histidine, 1. Oxidation of cysteine, methionine, tyrosine and
tryptophan residues has been shown to influence the gas-
phase chemistry of protonated amino acids and peptides.*"°
For example, methionine sulfoxide residues give a diagnostic
side-chain loss of CH,SOH.>11-13

Although the susceptibility of histidine (1) (Scheme 1) and
histidine residues towards metal-catalysed oxidation is well
known,'* and can be a competing reaction in click’ chemistry
bioconjugation strategies,'® only recently has there has been
evidence to support the idea that stable histidine oxidation
products such as 2-oxo-histidine (2) are formed in vivo.'*'” In
contrast, there have been numerous studies examining the
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in vitro generation of 2-oxo-histidine via metal-catalysed
oxidation (MCO) reactions.”** These studies include the
use of 2-oxo-histidine as a potential biological marker for
oxidatively modified proteins,21 selective generation of 2-
oxo-histidine following exposure of the active site of Cu, Zu-
superoxide dismutase to hydrogen peroxide,** and a study of
the potential mechanisms behind metal-catalysed oxidation
of histidine."”

A common theme in these studies is the use of tandem
mass spectrometry (MS/MS) to identify and locate 2-oxo-
histidine residues within peptides. Vachet and co-workers
have highlighted the potential for misassignment of oxidised
residues when MS/MS is carried out on protonated peptides
that may contain more than one site of oxidation.'® This is a
consequence of 2-oxo-histidine formation changing the
fundamental gas-phase chemistry of the histidine residue.
Thus while preferential cleavage C-terminal to a histidine
residue occurs to yield a b ion with a bicyclic structure,”2°
oxidised histidine residues have been reported to suppress
this cleavage.'"® It was suggested that oxidation of the
histidine residues reduces the nucleophilicity of the imino
nitrogen,'® thereby preventing backbone cleavage of the
peptide via a neighbouring group attack initiated by the
imidazole side chain.

Apart from these studies, very little is known about the
fundamental gas-phase chemistry of 2-oxo-histidine. For
example, the preferred tautomeric forms of 2-oxo-histidine
(2A-2C in Scheme 2) and protonated 2-oxo-histidine appear
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to be unknown. Here we use a combination of multistage
mass spectrometry experiments and density functional
theory (DFT) calculations to compare the gas-phase chem-
istry of protonated histidine (1) with that of 2-oxo-histidine

(2), and its sulfur analogue 2-thioxo-histidine (3).%

EXPERIMENTAL

Chemicals

All chemicals and reagents used were of analytical grade
or higher and obtained from commercial sources. With the
exception of dimethylformamide (DMF) and EtOH, which
were distilled before use, all chemicals were used with-
out further purification. CDCl; (99.8 atom % deuterium)
and D,O (99.9 atom % deuterium) were from Cambridge
Isotope Laboratories (Andover, MA, USA). HPLC grade
solvents were used for all mass spectrometry studies and
obtained from Burdick & Jackson (Muskegon, MI, USA).

Synthesis

2-Thioxo-histidine and 2-oxo-histidine were synthesised via
the methods of Hegedus,28 and Furuta and co-workers,” as
outlined in Scheme 3. Products were characterised by their
"H NMR spectra, measured on an Inova-500 spectrometer
(Varian, Palo Alto, CA, USA). Chemical shifts of samples in
CDCl; are reported relative to the residual CHCI; peak (8 7.26).

Bromoacetone (4)

To a solution of water (160 mL) and acetone (50 mL, 0.68 mol)
was added glacial acetic acid (37.2mL). The mixture was
heated to 65°C and then bromine (35.4mL, 0.69 mol) was
added dropwise. Within 30min after the final addition a
colourless solution had resulted, which was diluted with
80mL of cold water and cooled to 10°C. The solution was
made neutral to Congo red by addition of CaCO; and the
resulting organic layer that separated was dried over CaCl,,

o o o
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Scheme 3. Reagents and conditions: (i) Bro, 65°C; (i) diethyl
acetamidomalonate, 10—15°C; (iii) Bro, 40-45°C; (iv) potass-
ium phthalimide; (v) HCI, reflux; (vi) NaOCN, 85°C; (vii)
NaSCN, 85°C.

then fractionally distilled, with the fraction boiling at 38—
48°C/13 millibar collected to give pure 4 (25.0mL, 44%); b.p.
38-48°C/13 millibar (lit.,”” 40-42°C/13 millibar); 81 (500 MHz,
CDCl3) 3.90 (2 H, s, CH,Br), 2.37 (3 H, s, CHs).

Diethyl 2-acetamido-2-acetonylmalonate (5)

Under a nitrogen atmosphere, to a solution prepared by
addition of Na (0.90 g, 38.93 mmol) to anhydrous EtOH (50 mL)
was added diethyl acetamidomalonate (8.06g, 37.12mmol).
This solution was cooled to 10-15°C and 4 (3.25mlL,
38.77mmol) added dropwise to give a gold coloured
solution. Following stirring for 18h at room temperature,
the resulting NaBr was removed by filtration and the solvent
evaporated to dryness in vacuo. The resultant yellow solid
was dissolved in CHCI; and washed with water. The organic
layer was dried using Na,SO,, filtered, and the solvent
removed in vacuo. The residue was crystallised from diethyl
ether to give the crude product as a white solid. Recrys-
tallisation from EtOH gave the pure product 5 as crystals
(4.50 g, 44%); m.p. 99-102°C (lit.,*” 104-107°C); 8;; (500 MHz,
CDCly) 423 4 H, q, ] 7.0Hz, CO,CH,CHj3), 3.73 (2 H, s,
COCH;0), 2.13 (3 H, s, CH3COC), 2.08 (3 H, s, NHACc), 1.23
(6 H, t, ] 7.0Hz, CO,CH,CHy); m/z (ES") 296.2 (IM+HI",
100); HRMS (ES") Calcd. for [Cyp,H;o N3, OgNal® (IM+
Nal™) 296.11046. Found 296.11036.

Diethyl 2-acetamido-2-(3-bromo-2-oxopropyl)malonate
(6)

To a solution of 5 (2.96 g, 10.81 mmol) in glacial acetic acid
(9mL) at 40-45°C was added dropwise bromine (0.54 mL,
10.54 mmol) in glacial acetic acid (3 mL). After 10-15min the
colour of the solution changed from brown to translucent
yellow, whereupon the reaction mixture was cooled and
concentrated in vacuo to give ca. 3mL of a dark gold solution.
The solution was washed with water, dried using Na;SO4
and the solvent removed to yield a light yellow solid. The
crude product was crystallised from hot diisopropyl ether.
Recrystallisation from EtOH gave compound 6 as colourless
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crystals (0.99¢g, 26.8%); m.p. 89-92°C (lit.” 95-96°C); 8y
(500 MHz, CDCl3) 4.26 (4 H, q, ] 7.0 Hz, CO,CH,CH3), 3.93 (2
H, s, BrCH)), 3.89 (2 H, s, COCH,C), 2.02 3 H, s, NHAc), 1.26
(6 H, t, ] 7.0Hz, CO,CH,CHy); m/z (ES") 352.2 (IM+HI",
100); HRMS (ES™) Calcd. for [Cy5,H19,N1,06,Brl™ (IM 4+ HI")
352.03903. Found 352.03806.

Diethyl 2-acetamido-2-(2-oxo-3-phthalimidopropyl)
malonate (7)

Under a nitrogen atmosphere, to a solution of 6 (8.31g,
23.59 mmol) in anhydrous DMF (3 mL) was added potassium
phthalimide (4.81 g, 25.95 mmol). The resulting brownish red
mixture was stirred at 50°C for 90 min, cooled and extracted
into CHCl;. The extract was washed successively with brine
(10mL), 3% NaOH (10mL), 3% HCl (10mL) and brine
(2 x10mL). The organic layer was concentrated in vacuo to
give a dark yellow solution which crystallised upon standing
for ca. 1Th. Recrystallisation from diethyl ether gave 7 as a
creamy white solid (7.79 g, 79%); m.p. 168-170°C (lit.,” 170~
171°C); §y (500 MHz, CDCl3) 7.86-7.73 (4 H, m, CcHy), 4.46 (2
H,s,NCH,),4.24 (4 H, q,] 7.0, Hz, CO,CH,CH,), 3.82 (2 H, s,
COCH,0), 2.06 3 H, s, NHAc), 1.24 (6 H, t, ] 70Hz,
CO,CH,CHy); m/z (ES™) 419.3 (IM+H]", 100); HRMS (ES™)
Calcd. for [Chp,Has,N5,Ogl™ (IM+H]) 419.14489. Found
419.14482.

DL-2,5-Diamino-4-oxopentanoic acid dihydrochloride (8)
A suspension of 7 (6.49 g, 15.52mmol) in 37% HCI (20 mL)
was heated at reflux for 6 h. The reaction mixture was cooled
to room temperature and allowed to stand overnight at 4°C.
The precipitated phthalic acid was removed by filtration and
the mixture concentrated in vacuo. Concentrated HCI (5 mL)
was added to the residue and the solution filtered to yield
a dark tan solution. This solution was treated twice with
activated charcoal, to yield a light brown solution. The
solution was heated at 50°C for 1h to afford an olive green
solution, which was filtered through activated carbon and
Celite. EtOH (100mL) was added and the yellow solution
was allowed to stand overnight at 4°C to give compound 8 as
white crystals (1.65g, 49%); m/z (ES™) 147.1 (IM+H]", 100);
HRMS (ES™) Caled. for [Cs,H11,N»,O51T (IM+H] ™) 147.07642.
Found 147.07646.

DL-2-Oxo-histidine (2)

To a solution of 8 (0.52 g, 2.36 mmol) in water (400 uL) at 95°C
was added potassium cyanate (0.39 g, 4.76 mmol). The reaction
mixture was heated at 85°C with stirring for 1h. Saturated
aqueous NaOAc (12mL) was added and the mixture was
allowed to stand for 24 h at 0°C to give crude 2 as a creamy
white solid (0.16 g, 40%); 8y1 (500 MHz, D,0) 6.39 (1H, s, ArH),
3.88 (1 H, dd, J 8.5, 5.0Hz, CHNH,), 3.07 (1H, ddd, J 16.0,
45, 0.5Hz, CHHCHNHy,), 293 (1H, dd, | 155, 8.0Hz,
CHHCHNH,); m/z (ES*) 172.1 (IM+HI"); HRMS (ES*) Calcd.
for [CeHyoN3,05]" (IM+HI") 172.07167. Found 172.07166.

DL-2-Thioxo-histidine (3)

To a solution of 8 (0.52 g, 2.35 mmol) in water (500 pL) at 95°C
was added potassium thiocyanate (0.49 g, 6.06 mmol). The
reaction mixture was heated at 85°C with stirring for 1h.
Saturated aqueous NaOAc (5mL) was added and the mixt-
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ure was allowed to stand for 24h at 0°C. The solid was
collected by filtration and washed with water and ethanol to
give crude 3 (0.07 g, 17%); 8y (500 MHz, D,0) 6.88 (1H, s, ArH),
3.96 (1H, dd, ] 8.5, 5.0 Hz, CHNH,), 3.22 (1H, ddd, | 15.5, 5.0,
0.5Hz, CHHCHNH,), 3.10 (1H, dd, | 16.5, 85Hz, CHH
CHNH,); m/z (ES") 188.1 (IM+H]"); HRMS (ES™) Calcd. for
[Ce,H10,N5,0,,S]" (IM+H]™) 188.04882. Found 188.04876.

C-terminal methylation of the histidine
derivatives

The histidine derivative (10 mg) was dissolved in 1mL of a
solution prepared by dropwise addition of acetyl chloride
(800 L) to anhydrous methanol (5 mL), and the mixture was
allowed to stand for 2 h at room temperature. The samples
were lyophilised and used without purification.

Mass spectrometry
Multistage mass spectrometry experiments were carried
out using a commercially available hybrid linear ion trap and
Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometer (Finnigan LTQ-FT; Thermo Scientific, Bremen,
Germany), equipped with an electrospray ionisation (ESI)
source. Samples were prepared by dissolving approximately
0.1 mg of the analyte in 140 pL of MeOH; a 10 pL aliquot
of this stock solution was diluted with 140 wL. of MeOH. This
solution was introduced into the mass spectrometer via
direct injection into the ESI source at a flow rate of 5 p.L/min.
The sheath gas flow rate, capillary voltage, and temperature
were adjusted to ca. 3-25 (arbitrary units), 3.0-8.0kV, and
275°C, respectively. Collision-induced dissociation (CID)
experiments were performed within the LTQ using standard
procedures of mass-selecting the desired precursor ion, us-
ually with an isolation width of 1.5m/z units, and subjecting
the ion to CID conditions with an activation Q value of 0.25
for a period of 30 ms and a normalised collision energy which
ensures that the intensity of the precursor ion is approxi-
mately 10-20% of intensity of the base peak.
High-resolution mass spectrometry (HRMS) data were
obtained by transferring ions of interest from the linear ion
trap into the FT-ICR cell. Positive mode calibration was
performed via the in-built automatic calibration function using
the recommended LTQ-FT calibration solution, consisting of
caffeine, the short tetrapeptide MRFA, and Ultramark 1621.

Theoretical methods

Quantum chemical calculations were performed using the
Gaussian 03 molecular modelling package® using the hybrid
DFT B3-LYP?'?? model in conjunction with the standard
6-311++G(d,p) basis set. A thorough examination of the
complete conformational space of both 2-oxo-histidine and
2-thioxo-histidine is beyond the scope of this study. Instead,
a range of possible conformers for each system was construc-
ted through rotation of the major dihedrals in 90° increments.
These structures were optimised at the B3-LYP/6-31G(d)
level of theory, with the lowest energy structures for each
tautomer being reoptimised at the B3-LYP/6-311++G(d,p)
level. All optimised structures were subjected to vibrational
frequency analysis to ensure that they corresponded to either
a local minimum (no imaginary frequencies) or a transition
state (one imaginary frequency). Intrinsic reaction coordi-
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nate® (IRC) calculations followed by geometry optimisations
were performed on each transition state to ensure that the
reaction path originating from the transition state was con-
nected to the appropriate reactant and product minima. The
final energies used to calculate the potential energy surfaces
were corrected with the zero-point vibrational energies
obtained from the frequency calculations. No scaling factors
were utilised. In order to account for entropy and tempera-
ture effects, unless noted otherwise, all energy values refer to
the Gibbs free energy values at 298.15K (AGyos).

The proton affinities (PAs) and gas-phase basicities (GBs)
of the three histidine species were calculated via the
following equations:

M+H" — M+H*

—PA = ArI_IZ98 = Eelectronic-Thermal Enthalpies([M + Hrr)
*Eelectronithermal Enthalpies (M) - 5/ 2RT

— GB = A;Gyog
o +
= EelectroniuThermal Free Energies ( [M + H} )

- Eelectronic,Thermal Free Energies (M) - 5/ 2RT
+ Evibrational([M + Hrr) - Evibrational(M) - S(H+)~34

RESULTS AND DISCUSSION

We first describe results of DFT calculations aimed at
examining the tautomers of neutral and protonated amino
acids 1, 2 and 3. Experiments that provide relative proton

affinity orders of 1, 2 and 3 are then outlined, followed by an
estimation of their proton affinities and gas-phase basicities
via DFT calculations. The CID spectra of protonated 1, 2 and
3 and their methyl esters are presented, followed by DFT
calculations aimed at examining the potential energy sur-
faces (PES) giving rise to the observed product ions.

DFT calculations on the neutral tautomers of
2-oxo-histidine, 2-thioxo-histidine and histidine
Using DFT calculations, we have examined the most stable
conformations of each of the three tautomers A, B and C
(Scheme 2) of 2-oxo-histidine, 2, and 2-thioxo-histidine, 3, as
well as both tautomers A and B for histidine, 1, which have
been adapted from a previous study.* The results of these
calculations are summarised in Table 1, which shows the
structure of the most stable conformation of each tautomer,
as well as its energy expressed relative to the specific histi-
dine derivative global minima (shown in italics in kcal.
mol!). An examination of Table 1 reveals that tautomer B,
where the hydrogen atom in located on Ny, is always slightly
more stable than tautomer A, in which the hydrogen atom
is on N, (0.2-0.8kcal.mol™!), which is consistent with the
work by Kovaéevi¢ and coworkers.* This may be due to the
different hydrogen-bonding arrangements for these tauto-
mers: A forms a seven-membered ring between the hydroxy
group and basic side-chain N, while B involves formation of
five- and seven-membered rings involving the amino and
hydroxy groups and the carbonyl carbon and basic side-
chain N, respectively.

Table 1. Lowest energy tautomers of neutral histidine, 2-oxo-histidine and 2-thioxo-histidine. All energies are listed as relative
AGisgg to their most stable neutral conformer, 1A, 2C and 3C (in kcal.mol™"), with the structures optimised at the B3-LYP/6-

311 ++G(d,p) level

Tautomer
o 0 o]
HaN oH HN OH et OH
= |
\ NH wh /N HN\<NH
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@
é ” ey > “‘3.
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Due to the presence of the hydroxyl and thiol groups, 2-
oxo-histidine and 2-thioxo-histidine are able to adopt the 'C’
oxo/thioxo tautomers. In each case, this tautomer is more
stable than both A and B. This observation that the keto/
thioketo tautomer is favoured over the enol/thioenol tauto-
mer is consistent with previous studies on related imidazo-
lones. Thus X-ray crystallography studies®**” and theoretical
calculations® both show a preference for the keto/thioketo
tautomer.

DEFT calculations on the protonated tautomers

of 2-oxo-histidine, 2-thioxo-histidine and
histidine

There is a variety of potential protonation sites for each
histidine tautomer: (i) the amino nitrogen (N amino); (ii) one of
the two side-chain nitrogen atoms, N, or N, (Ngidechain);
(iii) the carbonyl oxygen (Ocarbony1); and in the case of 2-oxo-
histidine (2) and 2-thioxo-histidine (3), (iv) the side-chain O-
or S-heteroatom (Og;dechain) (Scheme 4). Of the nine potential
structures for 2 and 3, three of these structures are identical,
ANs;dechains BNsidechain aNd COsg;gechain, leading to a total of
seven unique structures. As tautomer C does not exist for
histidine, only five structures were examined for protonated
histidine. A comparison of the relative energies for each of
these structures can be found in Table 2.

From the structures shown in Table 2 it appears that for
each ’'type’ of protonated structure, e.g. ANsgidechain, @
common conformation is adopted for all three histidines,
in a similar manner to the neutral conformers in Table 1.
The energies of these various structures appear to be dictated
by the extent of stabilisation of the ionising proton. The
charge of the ionising proton for the lowest-energy structures
of all three histidine species, ANsg;dechain, is delocalised over
the imidazole side chain. These structures also exhibit
extensive hydrogen bonding, with the ionising proton
stabilised by a six-membered ring involving the amino
group, of which one of its hydrogen atoms is further
stabilised by a distorted five-membered ring involving the
carbonyl oxygen.

From Table 2 some general trends can be observed regar-
ding the preferred protonatation sites: (i) due to the potential
for resonance stabilisation, the preferred site of protonation
is on the side-chain; (ii) protonation on the amino moiety is
only favoured when the ionising proton can be stabilised by
hydrogen bonding, as in the case of AN amino; and (iii) due to
the lack of stabilisation, protonation on the carbonyl oxygen
to yield a diol is unfavourable, leading to the high-energy
structures AOcarbonyl, BOcarbonyt and COcarbony1- Finally, in
contrast to the neutral tautomers, where the difference
in energy between each structure was similar for all three
histidine systems, protonation results in a greater variation of
the energies.

Proton affinities and gas-phase basicities of
histidine, 2-oxo-histidine and 2-thioxo-histidine
As the relative proton affinities (PAs) of amino acid residues
in a peptide form the basis of the ‘'mobile proton’ fragmen-
tation model, post-translational modification of amino acids
that alter the proton affinity of a residue can influence the
fragmentation reactions observed. A key example of this is

Copyright © 2010 John Wiley & Sons, Ltd.
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the increase in proton affinity following oxidation of metho-
nine residues,® resulting in the preferential loss of
CH,SOH.'"*® In contrast, oxidation of the side chain of
histidine was proposed to reduce the nucleophilicity of the
imidazole ring, thus suppressing cleavage C-terminal to the
modified histidine residue.'® As this reduction in nucleo-
philicity would be expected to be reflected in a reduction
in the PA of 2-oxo-histidine, a focus of this work was to
investigate how modification of the histidine side chain can
affect the proton affinity.

Although a quantitative experimental examination of
the proton affinities of both 2-oxo-histidine and 2-thioxo-
histidine using Cooks’ kinetic method***! or the extended
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kinetic method**** via the use of reference bases is beyond

the scope of this work, the proton affinities of histidine, 2-
oxo-histidine and 2-thioxo-histidine were obtained via CID
of proton-bound heterodimers. In order to validate these
experimental results and to gain estimates of these intrinsic
chemical properties of 2-oxo-histidine and 2-thioxo-histi-
dine, DFT calculations on the neutral and protonated
tautomers, shown in Table 1 and 2, were used to calculate
the proton affinities and gas-phase basicities for all the
possible protonation sites of the various tautomers.

Relative proton affinities of histidine, 2-oxo-
histidine and 2-thioxo-histidine via competitive
dissociation of proton-bound dimers

The proton affinity order of histidine, 2-oxo-histidine and 2-
thioxo-histidine was determined experimentally through the
kinetic method developed by Cooks.*>*! This involves the
competitive dissociation of a proton-bound dimer, which
upon low-energy CID dissociates into its respective proto-
nated monomers, with the relative abundance of the two ions
being dependent on the relative proton affinities of the two
neutral monomers.

The CID spectra of all the three possible combinations of
proton-bound heterodimers were measured: (i) [histidine-H " -
2-oxo-histidine]*; (ii) [histidine-H "—2-thioxo-histidine]*; and
(iii) [2-oxo-histidine-H *-2-thioxo-histidine]*. The low-energy
CID of the dimer (i) is shown in Fig. 1(A), with the spectrum
dominated by the ion at m/z 156 corresponding to proto-
nated histidine, indicating that histidine has a greater PA than
2-oxo-histidine. Likewise the PA of histidine is greater than
that of 2-thioxo-histidine (Fig. 1(B)). Finally, 2-thioxo-histidine
has a greater PA than 2-oxo-histidine (Fig. 1(C)). From these
results, we can determine that the proton affinity order is:
PA(histidine) > PA (2-thioxo-histidine) > PA (2-oxo-histidine).
The gas-phase basicity order is expected to follow the same
trend as the differences in entropy between the three histidines
are expected to be minimal owing to the common conforma-
tions that are adopted for the neutral and protonated
tautomers.

DFT estimates of the local proton affinities and
gas-phase basicities of histidine, 2-oxo-histidine
and 2-thioxo-histidine
Using Tables 1 and 2, the proton affinities ('local proton
affinities’) and gas-phase basicities ('local gas-phase basi-
cities’) at each protonation site for each of the tautomers of
histidine, 2-oxo-histidine and 2-thioxo-histidine were deter-
mined. Scheme 5 shows both the proton affinity and gas-
phase basicity (in kcal.mol™!) for each protonation site,
denoted by the number next to it, with the highest value for
each structure underlined. In addition, the relative free
energies of each structure (in kcal.mol ') are shown and are
expressed relative to the specific histidine global minima
(shown below the conformer label).

From Scheme 5 a number of observations can be made on
the gas-phase basicities and the related proton affinities of
the three histidines:

i. The values for each protonation site reflect the relative
stabilities of the final protonated products. More stable
protonated products mean a higher local proton affinity;

Copyright © 2010 John Wiley & Sons, Ltd.
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Figure 1. LTQ collision-induced dissociation MS/MS spectra
of proton-bound dimers: (A) [histidine—H*—2-oxo-histidine]";
(B) [histidine—H™—2-thioxo-histidine]™; and (C) [2-oxo-histi-
dine—H™—2-thioxo-histidine]*. An asterisk refers to the mass-
selected precursor ion.

ii. The calculated gas-phase basicity for histidine of
221.4kcal.mol™! is comparable with the experimental
values of 223.7 and 227.1 kcal.mol ' reported by Harrison
and co-workers,*® and Hunter and Lias,*’ respectively.
However, our proton affinity value of 227.4 kcal.mol ™!
differs from the computed values of 233.9 (G3MP2)
and 236.4 (B3LYP/6-311+G(d,p)) kcal.mol ' by Gronert
et al.** and Leszczynski and coworkers.*

iii. The gas-phase basicities for the lowest-energy neutral
structures of 2-oxo-histidine (2C) and 2-thioxo-histidine
(3C) are 210.7 and 218.4 kcal.mol !, respectively, indicat-
ing that the simple addition of an oxygen or sulfur atom
onto the imidazole ring lowers the gas-phase basicity.

Rapid Commun. Mass Spectrom. 2010; 24: 2591-2604
DOI: 10.1002/rcm



2598 A.K.Y.Lam, C. A. Hutton and R. A. ]J. O’'Hair

179.6 171.4
219.4 1858 200.3 1763
261 9 205.9
H;N H,N
OH OH
= M N\ 2214
N/ HN—d 2274
221.4
2279
1A 1B
0.0 1.4
179.3 173.1 173.7
217.8 1855 202.3 178.2 199.2 179.8
2245 9 2079 © 2059 ©
H2N HZN HzN
OH OH OH
= “\H &\ 2182 = “\H
N§< HN\/< 224.0 HN\<
2189 N OH o
225.2 210.7
2176
2A 2B 2C
8.7 10.2 0.0
179.2 172.2 172.3
218.3 185.5 201.0 177.4 196.8 178.0
225.4 206.7 203.1
H2N HZN HzN
OH OH OH
= “H = N\ 2205 = “\H
N HN\/< 226.3 HN\<
2206 SH s
227.3 218.4
2243
3A 3B 3C
5.3 6.7 0.0

Scheme 5. Local proton affinities and gas-phase basicities of the various
tautomers of protonated: histidine, 2-oxo-histidine and 2-thioxo-histidine. Each
possible protonation site is labelled with an energy value (in kcal.mol™")
denoting its gas-phase basicity (in bold) and proton affinity (in italics) at
298K, with the structures optimised at the B3-LYP/6-311++G(d,p) level.
Values that are underlined denote the local site with the highest proton affinity
and gas-phase basicity, while the values listed below each structure correspond
to the lowest energy tautomers of each histidine derivative and are listed as
relative AGygg to their most stable neutral conformer, 1A, 2C and 3C (in
kcal.mol™)

iv.

These values are in agreement with the proton affinity
order obtained experimentally;

Interestingly, the gas-phase basicities and proton affi-
nities of tautomers A and B for all three histidine systems
are quite similar, indicating that the reduced proton
affinity exhibited by 2-oxo-histidine and 2-thioxo-histi-

Copyright © 2010 John Wiley & Sons, Ltd.

dine is a consequence of their ability to adopt the lower
energy tautomer C;

. Histidine has the highest proton affinity/gas-phase basi-

city for all the possible protonation sites of tautomer A,
followed by 2-thioxo-histidine and 2-oxo-histidine. The
same relative trend can be observed for the ring nitrogens
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of tautomer B; however, the amino nitrogen and the
carbonyl oxygen show a reversal in this trend, with 2-
oxo-histidine, then 2-thioxo-histidine, exhibiting higher
local proton-affinities/gas-phase basicities.

Gas-phase fragmentation chemistry of
protonated 2-oxo-histidine, 2-thioxo-histidine
and their derivatives

The CID spectra of protonated histidine, 2-oxo-histidine and
2-thioxo-histidine are shown in Fig. 2. All three spectra are
dominated by the combined losses of H,O and CO (Eqn. (1))
to give the a; ions at m/z 110 (Fig. 2(A)), 126 (Fig. 2(B)), and
142 (Fig. 2(C)). Other common reaction channels include
formation of the bicyclic b; ion*>?® (Eqn. (2)) as a minor
product in each case and a minor combined loss of CO, and
NH; (Eqn. (3)). A closer examination of the spectra reveals
that protonated 2-oxo-histidine and 2-thioxo-histidine
undergo two additional fragmentation reactions that are
not observed for protonated histidine: (i) minor losses of 73

Gas-phase chemistry of 2-oxo and 2-thioxo derivatives of histidine 2599

Da to yield m/z 99 and 115, and (ii) the loss of NH; (Eqn. (4))
to yield m/z 155 and 171 for 2-oxo- and 2-thioxo-histidine,
respectively. Accurate mass measurements indicate that
the ions at m/z 99 and 115 are the result of the loss of
[C5,H3,0,,N] from their respective precursor ions. This may
occur via one of three possible pathways: (i) loss of HCN
from the a; ion (Eqn. (5)); (ii) loss of the combined elements
CO, and [CHjN] (Eqn. (6)); and (iii) loss of the imine
HN=CHCO,H (Eqn. (7)). Although the signal intensities of
the ions at m/z 99 and 115 for 2-oxo-histidine and 2-thioxo-
histidine, respectively, were too low to gain structural infor-
mation from subsequent MS? studies, in order to determine
whether the first mechanism can operate, the collisional
activation of the a; ions of the three histidine species was
performed (Figs. 2(D)-2(F)). The virtual absence of the ion at
m/z 115 for 2-thioxo-histidine (Fig. 2(F)) and the low
abundance of the ion at m/z 99 for 2-oxo-histidine
(Fig. 2(E)) indicate that loss of HCN from the a; ion (Eqn.
(5)) is not favoured and that this mechanism is unlikely to be
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Figure 2. LTQ collision-induced dissociation MS/MS spectra of protonated histidine derivatives: (A) histidine;
(B) 2-oxo-histidine; and (C) 2-thioxo-histidine. MS® spectra of the a; ion of protonated: (D) histidine; (E) 2-oxo-
histidine; and (F) 2-thioxo-histidine. An asterisk refers to the mass-selected precursor ion. The i symbol
indicates that the assignment of the molecular formula of the neutral(s) lost has been confirmed via HRMS.
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important. The potential mechanism by which [C5,Hs,0,,N]
is lost was narrowed down by MS/MS studies of the methyl
ester derivatives, as described below.

M+H]" = [M+H-H,0-CO]" + H,0, CO (1)

— M+H - H0]" +H,0 2)
— [M+H - CO, — NH;]" 4 CO,, NH; (3)
— [M+H - NH;]" + NH; 4)

— [M 4 H — H,O — CO — HCN]* + H,0, CO, HCN (5)
— M +H - CO, — [C,H3,N]|" +CO, +[C,H3,N]  (6)
— [M+H - HN = CHCO,H]* + HN = CHCO,H (7)

The methyl esters of protonated 2-oxo-histidine and 2-
thioxo-histidine were also investigated (Figs. 3 (B) and 3(C)).
In contrast to the previously studied protonated histidine
methyl ester (Fig. 3(A)) which exhibits an almost identical
spectrum to protonated histidine (Fig. 2(A)),** introduction
of a C-terminal methyl ester functionality onto 2-oxo- and 2-
thioxo-histidine appears to promote minor pathways that
were previously observed for the parent amino acids. This is
most noticeable for protonated 2-oxo-histidine methyl ester
(Fig. 3(B)), in which the a; ion at m/z 126 is now disfavoured
and is no longer the most abundant product ion. Instead the
previously minor ion at m/z 99 (Fig. 2(B)) is now the most
abundant. The presence of this ion indicates that this ion is
not formed via the combined loss of CO, and [C,H3,N] (Eqn.
(6)), as this channel would be expected to “switch off” for the
methyl ester derivatives. Instead, this ion is proposed to arise
via loss of the imine HN=CHCO,R (R=H or CH3) (Scheme 6,
Eqn. (7). In addition, the loss of NHj to yield the ion at m/z
169 is now more favoured.

Conversion of the free acid into the ester also influe-
nces the low-energy CID behaviour of protonated 2-thioxo-
histidine. There is a minor increase in abundance of the
m/z 115 ion (Eqn. (6)), though the a; ion remains the
most abundant. However, the loss of H,O, CO (m/z
156) was observed. This loss is presumed to occur via a
retro-Koch mechanism as previously proposed by Reid
et al.*®

Fragmentation mechanisms of protonated 2-
oxo-histidine, 2-thioxo-histidine and histidine

To gain insight into the role that side-chain modification has
on the barriers against the H,O and CO, NH=CHCO,H and
NHj; fragmentation pathways for protonated histidine, DFT
calculations were used to investigate the potential energy
surfaces (PES) associated with the losses of H,O, CO (Eqn.
(1)); H,O (Eqn. (2)); HN=CHCO,H (Eqn. (7)); and NH;
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Figure 3. LTQ collision-induced dissociation MS/MS spectra
of protonated histidine methyl ester derivatives: (A) histidine
methyl ester; (B) 2-oxo-histidine methyl ester; and (C) 2-
thioxo-histidine methyl ester. An asterisk refers to the ma-
ss-selected precursor ion. The { symbol indicates that the
assignment of the molecular formula of the neutral(s) lost has
been confirmed via HRMS.

(Eqn. (4)) from protonated 2-oxo-histidine, 2-thioxo-histidine
and histidine. The PES are illustrated for 2-oxo-histidine in
Figs. 4-6, while those for 2-thioxo-histidine and histidine are
given in the Supporting Information.

OH "
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N
HzN 7,) (H’w OH
W N — v
X 1 /( H
\/‘ X N
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Scheme 6.
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Fragmentation mechanisms for MS/MS
dissociation of protonated 2-oxo-histidine

(Fig. 2(A))

Losses of H,O, CO from protonated 2-oxo-histidine
(Egns. (1) and (2))

Figure 4 shows the PES for the stepwise loss of neutral water
and carbon monoxide from protonated 2-oxo-histidine.
Attempts to locate a transition state by modelling a concerted
mechanism for the loss of H,O, CO — analogous to that found
for protonated cysteine — were unsuccessful. The loss
of H,O and CO to yield the a; ion 13 is proposed to occur via a
concerted process in which the ionising proton is transferred
from N, onto the hydroxyl group, thereby allowing for
nucleophilic attack by the imino nitrogen on the side chain
onto the carbonyl. The barrier against this dissociation is
39.2 kcal.mol ™! (TS09b-10) relative to 09a to yield the ion-
molecule complex 10, which upon separation yields 11 which
is 13.0 kcal.mol ' higher in energy than 09a. The subsequent
loss of neutral CO directly from 11 occurs via TS11-12 to
finally give the a; ion 13 which has an endoergicity of
5.5kcal.mol .

Loss of HN=CHCO,H from protonated 2-oxo-histidine
(Eqn. (7))

Figure 5 shows the PES for loss of the imine HN=
CHCO,H from protonated 2-oxo-histidine while Scheme 6
highlights the key steps involved. Attempts to locate a

Copyright © 2010 John Wiley & Sons, Ltd.

transition state in which a hydrogen atom is shifted from
the N, nitrogen to the C5 carbon were unsuccessful. Instead
an indirect route was obtained in which the proton first
migrated away from the side chain then transferred back
onto the desired atom (Scheme 6). This series of intramo-
lecular proton transfer reactions starts when the proton
migrates from N to the amino group, a process with a very
modest barrier of 1.1 kcal.mol ! above 09a (TS09a-14a). From
the resultant ion 14a, the diol 15a is formed, a process occur-
ring via TS14a-15a (18.3 kcal.mol ™! above 09a). The required
carbocation 16 is formed from 15b via TS15b-16, which is
1.0kcal.mol™" higher in energy than 15b. The subsequent
dissociation of 16 occurs via transition state TS16-17 which
has a barrier of 33.3kcal.mol ! above 09a to yield the ion-
molecule complex 17, which upon separation results in 18,
with an overall endoergicity of 22.1 kcal.mol ™.

Loss of NHj from protonated 2-oxo-histidine (Eqn. (4))
The loss of neutral ammonia can occur via one of three
potential mechanisms as shown in Scheme 7. These are: (i)
nucleophilic attack by the side-chain N; on the alpha-carbon
to form an azetidine containing a bicyclic structure — path-
way A; (ii) nucleophilic attack by the N, on the imidazole
ring onto the adjacent C3 carbon resulting in the formation of
a spiro product — pathway B; and (iii) pathway C —loss via a
1,2-hydride shift process. The PES for the three possible
mechanistic pathways for the loss of NH; are shown in Fig. 6.
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Loss of neutral ammonia from the N-terminus of 14a to
yield the bicyclic species 20 is predicted to occur via con-
former 14b, which is 19.4 kcal. mol ' higher in energy than
09a (Fig. 6). The dissociation proceeds through transition
state TS14b-19 (47.0 kcal.mol ' relative to 09a). Separation of
the ion-molecule complex 19 leads to the product 20, which
lies 34.4kcal.mol ' higher in energy than 09a. The barrier
against NH; loss via this mechanism is higher than the
competing pathway B, suggesting that loss of NHj3 does not
occur via this process.

Loss of NHj; via pathway B occurs via the transition state
TS14c-21 to yield 21, with the barrier against this process
being 38.3kcal.mol . The resultant ion-molecule complex
is 36.0kcal.mol ' higher in energy than 09a, and upon
separation yields the ion 22 which has an endoergicity of
35.1kcal.mol ', As the energy against this transition state is
the lowest of the three proposed pathways, the ion at m/z 155
is predicted to occur via this mechanism.

The final potential pathway, pathway C, is predicted to
occur via conformer 14d, with the dissociation taking place

Gas-phase chemistry of 2-oxo and 2-thioxo derivatives of histidine 2603

through transition state TS14d-23 which lies 51.1 kcal.mol
higher in energy than the neighbouring 14d. Separation of
the resulting ion-molecule complex 23 yields the ion 24. The
substantial barrier associated with the transition state from
this pathway indicates that loss of NHj is unlikely is occur
through this pathway. Interestingly, the product that results
from this transition state, TS14d-23, has the lowest endo-
ergicity with a value of 24.1kcal.mol". This further high-
lights that low-energy CID reactions are under kinetic rather
than thermodynamic control.

Fragmentation mechanisms for MS/MS
dissociation of protonated 2-thioxo-histidine
and histidine
As the PES of both 2-thioxo-histidine and protonated histidine
are similar to that of 2-oxo-histidine, with analogous transi-
tions states differing only in their relative stabilities, the ener-
gies associated with the crucial barriers against the various
dissociations are summarised in Table 3. The PES of 2-thioxo-
histidine and histidine, with their respective Cartesian coor-
dinates, can be found in the Supporting Information.

From an examination of Table 3 the following conclusions
can be reached:

i. There is an excellent correlation between the ions
observed experimentally (Fig. 2) and the barriers against
the key transition states for the three losses;

ii. Whilst the barriers against loss of water and the sub-
sequent loss of CO remain largely unchanged (Eqns. (1)
and (2)), the introduction of an alcohol or thiol group onto
the imidazole side chain dramatically lowers the barriers
against NHj loss via the most thermodynamically favo-
ured process (Eqn. (4b));

ili. The loss of [C,H3,0,N] is observed in the MS/MS
spectra of protonated 2-oxo- and 2-thioxo-histidine
(Figs. 2(B) and 2(C)) yet is not observed for protonated
histidine (Fig. 2(C)) as the barriers against loss of HN=
CHCO,H are lowered by the introduction of the carbonyl
and thiocarbonyl moieties;

iv. Regarding the reduced nucleophilicity reported for
the dissociation of peptides containing oxidised histidine
residues,'® the introduction of an oxygen or sulfur atom
onto the 2-position of the imidazole side chain appears to
affect the nucleophilicity of N in ways that are depen-
dent on the type of reaction. The barrier for neighbouring
group attack via this atom to lose water (Eqn. (2)) is
slightly raised, whereas loss of ammonia via pathway A

Table 3. Summary of the barriers against the key transition states involved in the H,O; H,O, CO; HN=CHCO,H; and NH3
fragmentation pathways. The numbers in parentheses correspond to the final endoergicities for the products following separation
of the ion-molecule complex. All energies are listed as relative AGgg to their most stable protonated conformer, 09a, M09a and
HO09a (in kcal.mol~ "), with the structures optimised at the B3-LYP/6-311++G(d,p) level

Histidine species

Eqn. Dissociation 2-oxo-histidine 2-thioxo-histidine histidine

2) H,O 39.2 (13.0) 38.6 (15.1) 38.3 (15.8)
1) H,0O, CO 33.4 (5.5 35.3 (5.6) 35.2 (4.8)

) HN=CHCO,H 33.3 (22.1) 38.4 (24.2) 42.3 (27.5)
(4a) NH; (pathway A) 47.0 (34.4) 459 (32.9) 454 (32.9)
(4b) NH; (pathway B) 38.3 (35.1) 42.2 (39.2) 44.3 (42.1)
(4c) NH; (pathway C) 56.0 (24.1) 55.1 (22.8) Not Found

Copyright © 2010 John Wiley & Sons, Ltd.
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(Eqn. (4a)) is slightly decreased for the two modified
histidine derivatives.

CONCLUSIONS

Introduction of an oxygen or sulfur atom onto the side chain
of histidine was found to have a significant effect on the gas-
phase properties of the amino acid, altering the preferred
tautomer to the keto, 2¢, and thioketo, 3¢, forms, thereby
lowering their proton affinities. These changes in turn influ-
ence the fragmentation chemistry of the modified histidine
residues. The change in fragmentation for the protonated
amino acids is subtle, with protonated 2 and 3 undergoing
additional minor losses of NHj; and the imine HN=
CHCO,H. Introduction of a methyl ester enhances the diffe-
rence in fragmentation chemistry, which appears to be
amplified in larger peptides whereby the preferential clea-
vage C-terminal to the histidine residue'® is suppressed for 2-
oxo-histidine residues. Since recent studies have indicated
that oxidised histidine residues can be correctly assigned
using electron-transfer dissociation, ETD,” future studies
will explore the gas-phase chemistry of 2-oxo- and 2-thioxo-
histidine radical cations.

SUPPORTING INFORMATION

Additional supporting information may be found in the
online version of this article.
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