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Abstract

The proton affinities of methionine, methionine sulfoxide and their derivatives (methionine methyl ester, methionine sulfoxide methyl ester,
methionine methyl amide, methionine sulfoxide methyl amide, N-acetyl methionine, N-acetyl methionine sulfoxide, N-acetyl methionine methyl
ester, N-acetyl methionine sulfoxide methyl ester, N-acetyl methionine methyl amide and N-acetyl methionine sulfoxide methyl amide) were
experimentally determined using the kinetic method, in which proton bound dimers formed via electrospray ionization (ESI) were subjected
to collision induced dissociation (CID) in a triple quadrupole mass spectrometer. In addition, theoretical calculations carried out at the MP2/6-
311+ G(2d,p)//B3LYP/6-31 + G(d,p) level of theory to determine the global minima of the neutral and protonated species of all derivatives studied,
were used to predict theoretical proton affinities. The density function theory calculations not only support the experimental proton affinities, but
also provide structural insights into the types of hydrogen bonding that stabilize the neutral and protonated methionine or methionine sulfoxide
derivatives. Comparison of the proton affinities of the various methionine and methionine sulfoxide derivatives reveals that: (i) oxidation of
methionine derivatives to methionine sulfoxide derivatives results in an increase in proton affinity due to higher intrinsic proton affinity and an
increase in the ring size formed through charge complexation of the sulfoxide group, which allows more efficient hydrogen bonding compared
to the sulfide group; (ii) C-terminal modification by methyl esterification or methyl amidation increases the proton affinity in the order of methyl
amide > methyl ester > carboxylic acid due to improved charge stabilization; (iii) N-terminal modification by N-acetylation decreases proton affinity
of the derivatives due to lower intrinsic proton affinity of the N-acetyl group as well as due to stabilization of the attached proton by only one
functional group (instead of two functional groups in derivatives containing a free amino group); and (iv) a combination of the above methionine
modifications is observed to affect the proton affinity in an additive way. While a number of factors might contribute to discrepancies between the
theoretical and experimental proton affinities, a key factor may be that the global minimum of the neutral species is further stabilized by strong
intramolecular hydrogen bonding, and this particular conformer may not be sampled during dissociation of the proton bound dimer.
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1. Introduction

* This paper is Part 53 of the series “Gas Phase Ion Chemistry of Thermochemical properties such as proton affinities and

Biomolecules™. metal ion affinities are important fundamental properties [1]
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acids have been used as a basis for the “mobile proton” model of
peptide ion fragmentation [3,4]. Since arginine has the highest
proton affinity of any amino acid, a simple comparison of the
number of arginine residues (x) within a peptide to the number
of ionizing protons () in the [M + nH]"** precursor ion dictates
whether the peptide ion will fragment under mobile proton con-
ditions. If x<n, then the proton(s) is mobile and the peptide
ion will fragment via charge directed processes, which often
involve neighbouring group reactions [5]. In contrast, if x > n,
then the ionizing protons are sequestered by the arginine side
chain(s) yielding a non-mobile proton condition in which the
peptide ion is more likely to fragment via charge remote pro-
cesses (such as aspartic acid cleavages [6]). Furthermore, the
relative proton affinities of the products formed by MS/MS deter-
mines which peptide fragment ion (N- or C-terminal) is observed
after bond cleavage of the [M + H]*, as demonstrated by Morgan
and Bursey [7,8].

As models for predicting peptide fragmentation become
more sophisticated, they will require new thermochemical
data. For example, post-translational modification of an amino
acid residue will clearly change its proton affinity and may
lead to a change in fragmentation chemistry. A clear man-
ifestation of the effects of post-translational modification is
observed in the fragmentation behavior of protonated peptide
ions containing methionine sulfoxide [9,10]. In the case of
charge-directed fragmentation, peptide ions containing methio-
nine sulfoxide residues fragment at higher energy than their
non-oxidized methionine-containing peptide ion counterparts.
This observation may be explained if the intrinsic proton affin-
ity of the methionine sulfoxide residue is higher than that of
methionine, hence causing ionizing protons to be “less-mobile”
[10].

A key question that has largely been neglected is “do the rel-
ative proton affinities of amino acids reflect the relative “local”
proton affinities of amino acid residues within peptides, or
should better model systems be sought?” Siu and co-workers
studied a number of N-acetyl amino acid methyl esters and found
that the proton affinity of this simple peptide model is consis-
tently higher than that of the amino acid [11]. It was suggested
that this is due to greater stabilization of the protonated N-acetyl
amino acid methyl esters system by intramolecular ionic hydro-
gen bonding between the N- and C-termini of the molecule. On
the other hand, equilibrium measurements by Kinser et al. [12]
found that lysine amide has a similar proton affinity to that of
lysine [13]. These studies suggest that the site of proton attach-
ment and the degree of charge stabilization/delocalization are
important factors which determine the “local” proton affinity of
an amino acid residue.

The focus of this work is to determine proton affinity values
for methionine (Met), methionine sulfoxide (Met(O)), and to
see how these properties change as simple modifications are
made at the N- and/or C-terminus. We use the simple kinetic
method using amino acids as reference bases (see Section 2
for more details), as well as theoretical calculations (density
functional theory (DFT) and ab initio) to gain structural insights
into how intramolecular hydrogen bonding influences the proton
affinity.

2. Experimental
2.1. Materials

Amino acids were purchased from Sigma Co. (St. Louis,
USA). Methionine O-methyl ester, N-acetyl methionine and
N-acetyl methionine O-methyl ester, were obtained from
BACHEM (Bubendorf, Switzerland). Methanol (ChromAR
grade) was purchased from Mallinkrodt (Melbourne, Australia).
Acetic acid was obtained from Merck (Darmstadt, Germany).
Hydrogen peroxide (30% aqueous solution) was purchased from
Merck. Methyl amine (30% aqueous solution) was purchased
from Ajax Chemicals Pvt. Ltd. (NSW, Australia). All reagents
were used without further purification.

2.2. Oxidation of methionine derivatives

Lyophilized Met derivatives (1 mg) were dissolved in 50 pL
of 50% CH30H/50% H,O containing 0.1 M acetic acid. Then,
50 pL of 30% aqueous hydrogen peroxide was added and the
reaction was allowed to proceed at room temperature for 15 min.
The mixture was dried by lyophilization, and used without fur-
ther purification. Based on the ESI/MS precursor ion abundances
of the Met(O) derivatives, the reaction had proceeded to near
completion (>98%).

2.3. Methyl amidation of methionine derivatives

We have used the method of Feenstra et al. [14] for methyl
amidation of methionine derivatives. Briefly, the methyl ester of
methionine derivatives (2 mg) were dissolved in 1 mL of 30%
CH3NH,/H;0 and the reaction was allowed to proceed at room
temperature for 30 min. The mixture was dried by lyophilization,
dissolved in 50% CH3OH/50% H»O containing 0.1 M acetic
acid, and then lyophilized again. The methyl amide was used
without further purification.

2.4. Mass spectrometry

All experiments were carried out using electrospray ioniza-
tion (ESI) on a triple quadrupole mass spectrometer (model
TSQ, Finnigan, San Jose, CA, USA). To form proton bound
dimers, each of the amino acid and model peptide derivatives
(1 mM) in 50% CH30H/50% H;O containing 0.1 M acetic acid
were mixed with equimolar amounts of the reference base prior
to introduction to the mass spectrometer at 5 wL min~! via an
external syringe pump. The spray voltage was set at 4.5kV.
Nitrogen sheath gas was supplied at 25 psi. The heated capillary
temperature was 200 °C. For MS/MS experiments, each pro-
ton bound dimer was subjected to collision energies between
7 and 15V (laboratory scale) at 1V increments. For simple
kinetic method analysis, proton affinity values are reported using
collision energy of 10V (laboratory scale). Thirty product ion
scans were acquired at each collision energy. The collision
pressure was maintained at 0.75 mTorr for all experiments. All
experiments were performed three times for proper statistical
analysis.
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2.5. Overview of the kinetic method employed

The kinetic method initially developed by Cooks and co-
workers, which is a form of a thermokinetic method to determine
proton affinity was employed in the present work [15-18]. The
kinetic method, works on the basis of competitive fragmenta-
tion of a proton bound dimer ([M-H-B]") to form the respective
protonated monomers depending on their relative proton affinity
(Egs. (1) and (2)) [16,18].

[M-H-B]* — [MH]T +B (1)
[M-H-B]T — [BH]T+M 2

The ratio of the rate constant for these two dissociation path-
ways can be expressed as:

i i i
(D) AEy = MaEy | O((T)

In =
ko (T) RT Q%(T)

3)

where A ng is the activation barrier and Qi-(T) is the partition
function for the transition state for dissociation of the proton
bound dimer to path j (j=1 or 2).

Common assumptions in the kinetic method are: (a) the ratio
of product ion abundances are approximately equal to the ratio
of the rate constants [Iv/Ig ~ k1 (T)/ky(T)], (b) the absence of
(or equal) reverse activation barriers for both pathways such that
AE, = AjEg (or AMES = AAEy = A Eg = AyE), (c) the
difference in protonation energy can be approximated by the dif-
ference in proton affinity [—(A1Ey — AzEp) = PAm — PAR], (d)
the above Eq. (3) holds true even when the system is not under
thermal equilibrium, (e) the absence of secondary fragmentation
within the proton bound dimer or the protonated monomeric
product ions, and (f) the protonation entropy difference in
both pathways is zero [A(ASHT)) = Rln(jS/Qﬁ) ~ (0]. When
these assumptions apply, the above Eq. (3) may then be simpli-
fied to:

v PAM — PAg GBMm — GBg

mM— - )
Is RTeg RTeg

To indicate that the system is not under thermal equilib-
rium, effective temperature, Tt is used instead of equilibrium
temperature, 7. The meaning of T.fr has been discussed sev-
eral times [19,20], and refers to “mean internal energy of ions
that are dissociated during the time window of analysis” [19]
and hence is directly proportional to the source temperature
(for metastable ion mass spectrometry (MI)), or the collision
energy (for collision induced dissociation (CID)). Proton affinity
of the unknown can then be simply determined by dissociat-
ing proton bound dimer of the unknown (M) with a series of
reference bases (B). The plot of In(/\/Ig) versus PAp yields a
straight line with a slope of my = —1/RT. and a y-intercept of
vo = PAM/RTett = GBM/RTet (PAy can be evaluated from either
the y-intercept, yo, or directly from the x-intercept, xp).

Wu and Fenselau [21,22] and Wesdemiotis and co-workers
[23-25] modified the kinetic method such that both the enthalpy
and the “apparent” entropy of protonation can be measured
(known also as the extended kinetic method), provided that

protonation entropy among the reference bases is a constant
[RIn(Q1/0%) = A(ASK(T)) = A(AS(T)) = constant] (simi-
lar structural features among the reference bases) (Eq. (5)).

Im  PAM—PAg  A(AS)

In— = 5
n Is RTs¢ + R )

Armentrout further improved the extended kinetic method to
statistically remove the covariance that exists between the slope
and y-intercept during linear regression analysis of the first plot
[26]. In this modification, Eq. (5) becomes Eq. (6).

Im  (PAm — PAyyg) — (PAg — PAyyg) n A(AS)
I RTei¢ R

In this version of the extended kinetic method (see Eq.
(6)), dissociation of the proton bound dimer is conducted at
different T (either different source temperatures for MI or dif-
ferent collision energy for CID), and In(/\/I) is plotted against
(PAp — PA,y) at various Tefr, where PA,y, is the average proton
affinity of the reference bases used (XPAp/n). The y-intercept
(] = (PAM — PAquvg)/RTett + A(AS)/R) from the first plot is
then plotted against the negative of the slope (—m/ = 1/RTe)
(see Eq. (6)). From the second plot, PAy; and A(AS) can be
evaluated from the slope of the line (m/2 = (PAm — PAyyg)) and
the y-intercept (y;, = A(AS)/R), respectively. The second term
(A(AS)), however, is not a true thermodynamic property [27].

(6)

2.6. Choice of proton affinity scale for reference bases

In this study, amino acids have been used as the reference
bases for the kinetic method since attempts to use simple amine
bases were unsuccessful due to an insufficient number of suitable
reference bases at the high end of the gas phase basicity scale.
Several scales of proton affinities of amino acids, determined
by different methods such as the bracketing method by Gorman
et al. [28], the equilibrium method by Meot-Ner et al. [29], the
evaluated scale by Lias et al. [30], by Hunter and Lias [31], and
by Harrison [32], the kinetic method by Bojesen and Breindahl
[33], by Li and Harrison [34], and by Afonso et al. [35], the the-
oretical study by Maksic and Kovacevic [36] and very recently
by Bleiholder et al. [37] have been described. The compilation
by Hunter and Lias [31] is generally the most accepted. Since
the publication of an evaluated proton affinity scale by Hunter
and Lias, there have been numerous studies aimed at determin-
ing individual proton affinities of amino acids [38—45]. Several
disagreements with absolute proton affinity values and the rela-
tive order of amino acid proton affinities from those reported in
the Hunter and Lias list have been noted.

In the present investigation, we have employed the evaluated
scale of amino acid proton affinities by Hunter and Lias [31]
(this scale shall henceforth be referred to as the Hunter and Lias
scale), the scale by Harrison [32] (henceforth be referred to as
the Harrison scale), and the scale by Afonso et al. [35] (hence-
forth be referred to as the Tabet scale) to anchor our experimental
results. The Hunter and Lias, Harrison and the Tabet scales of
proton affinities were used when analysing Met and Met(O),
while only the Tabet scale was used when analysing the other
methionine and methionine sulfoxide derivatives. The decision
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to use the Tabet scale for the derivatives was driven, in part, by
a belief that it provides the most self-consistent set of apparent
basicities for the amino acids. It is known that amino acids at the
high end of the scale (e.g., Lys) form cyclic cations and therefore
require significant corrections for their entropies of protonation.
For some amino acids, these are not well established, so we have
chosen to use the simple kinetic method analysis and report val-
ues from experiments at a constant collision energy (10 V lab
frame). We will refer to the data as apparent proton affinities
to highlight the fact that no entropy corrections were made and
it is assumed that all the Met derivatives have similar entropies
of protonation. However, it should be noted that we applied the
extended kinetic method analysis to several of the Met deriva-
tives whose basicity did not require using amino acid references
with significant entropy of protonation corrections. The trends
observed in these analyses parallel those observed in the simple
kinetic method analyses (data not shown).

2.7. Error estimation for the kinetic method

There are two types of errors inherent in the present appli-
cation of the kinetic method. First, there is uncertainty in the
proton affinities of the reference bases, which includes at least
a +1kcalmol~! contribution from the inherent uncertainty of
the entire gas phase proton affinity scale as well as an esti-
mated uncertainty of 2kcalmol~! for the lack of entropy
corrections in the Tabet scale. This leads to expected, absolute
uncertainties in the +3kcalmol™! range. In addition, uncer-
tainties are generated in the plots used in the simple kinetic
method. These are expected to be small and on the order of a
few tenths of a kcalmol~!. As always in proton affinity stud-
ies of this type, the uncertainties in relative values are expected
to be much lower. Because similar structures are involved, the
variations in entropies of protonation are expected to be small
and favorable cancellation of other errors is likely. We antici-
pate uncertainties in the range of &1 kcal mol~! in the relative
values.

2.8. Computational methods

Initially, a Monte Carlo survey at the PM3 level was com-
pleted in Spartan02 to identify 100 likely candidates for the
global minimum. Structures with an R- or S-configuration at
the sulfoxide sulfur were considered. Each of the 100 structures
was subjected to single-point calculations at the B3LYP level
of theory with the standard 6-31 + G(d,p) basis set [46] using
the GAUSSIAN 03 [47] molecular modeling package. The 10
best (lowest energy) conformations from these calculations then
were optimized at the B3LYP/6-31 + G(d,p) level. Single point
calculations were then performed at the MP2/6-311 + G(2d,p)
level of theory to provide better relative energy calculations
for compounds containing sulfur [48]. All optimized structures
were subjected to vibrational frequency analysis (B3LYP/6-
31+G(d,p) level) and visualized using the computer package
GaussView 3.0 [49] to determine the nature of the stationary
points. The proton affinity of the methionine and methionine
sulfoxide derivatives were calculated according to the negative

of the enthalpy of the protonation reaction (7) via Egs. (8)—(10),
M + H" — MH™" (7N
PA = — A HYq ®)

ArHY%g = AE + A(AE; 208)
+A(AE; 298) + A(AEy 208) + APV &)

where  A(E = Egjec(MHY) — E¢jec (M) + ZPE(MHY) — ZPE(M).
Eejec 1s the electronic energy of the species, ZPE the zero-point
energy correction of the species, and A(AE;293), A(AE;293)
and A(AE,9g) are the difference in translational, rotational
and vibrational energy correction (from 0 to 298 K) between
the products and reactants, respectively. When APV=—RT
is assumed (ideal condition), A(AE;298)=—3/2RT from the
contribution of the proton and A(AE;293)=0. AEy298(MH"),
AE,298(M) and ZPE values are obtained from the output of
structural optimization. Hence, Eq. (9) becomes:

ArHYyg = Eclec(MHT) — Egjec(M) + ZPE(MHT) — ZPE(M)

5
+ AEy 208(MHT) — AEy 208(M) — S RT. 10)

3. Results

3.1. Proton affinity of methionine and methionine sulfoxide
determined using the Hunter and Lias scale, Harrison
scale, and the Tabet scale of amino acid proton affinities

Table 1 lists the experimentally determined proton affinities
of Met and Met(O) using both the simple and extended kinetic
method relative to the Hunter and Lias, the Harrison and the
Tabet scales. Using the simple kinetic method, the apparent pro-
ton affinity of Met was determined to be 221.5-221.6 kcal mol !
and Met(O) approximately 226.5-230.3 kcal mol~!, with very
large uncertainties obtained when the Hunter and Lias scale
and the Harrison scale were employed. The large uncertainty
reported in Table 1 was the result of poor correlation in kinetic
method plots (see Fig. 1 for kinetic method plots relative to the
Hunter and Lias scale). More satisfactory results were obtained
when the Tabet scale was employed, with lower uncertainties
in the kinetic method plots (see Fig. 2). The improved fit of the

Table 1

Proton affinity of Met and Met(O) determined using both the simple and extended
kinetic method using the Hunter and Lias scale, the Harrison scale, and the Taubet
scale as the proton affinity of reference compounds

PA (kcal mol™1)

Hunter and Lias Harrison Tabet
Simple kinetic method
Met 221.6 £ 7.5 221.6 + 3.6 2215+ 0.2
Met(O) 230.3 + 39 229.8 + 4.4 226.5 £ 0.7
Extended kinetic method
Met 221.0 £ 0.2 223.1 +£0.2 222.6 + 0.2
Met(O) 234.0 £ 0.6 2323+ 0.5 2275 +0.2

Collision energy used =10V (laboratory scale).
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(B) Thermodynamic Plot of Met at 7-15V
-0.4
=
= =-0.5399x - 0.8365
X g5 R?=0.916
& 061
s i
m -0.7 1
Qo
0.8 ‘ g '
-0.60 -0.50 -0.40 -0.30
1/RT o
(D) Thermodynamic Plot of Met(O) at 7-15V
£ 167
|_
X 444
o
<r>u
1.2
2 1.0 y = 5.8644x - 1.9205
o R?=0.9878
O s
06 - . - .
0.45 0.50 0.55 0.60 0.65
1/RT o

Fig. 1. Kinetic and thermodynamic plots of Met and Met(O) using the Hunter and Lias scale. (A) Typical kinetic method plot of Met at 10 V (laboratory scale), (B)
thermodynamic plot of Met at 7-15 V (laboratory scale), (C) typical kinetic method plot of Met(O) at 10 V (laboratory scale), and (D) thermodynamic plot of Met(O)
at 7-15 'V (laboratory scale). Error bars are 95% confidence limits for three independent experiments. The reference bases used for Met were Pro, Asn, Glu, Tyr, and

Phe; and for Met(O) were Asn, Trp, Pro, Gln, Lys, and His.
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Fig. 2. Kinetic and thermodynamic plots of Met and Met(O) using the Tabet scale. (A) Typical kinetic method plot of Met at 10 V (laboratory scale), (B) thermodynamic
plot of Met at 7-15V (laboratory scale), (C) typical kinetic method plot of Met(O) at 10V (laboratory scale), and (D) thermodynamic plot of Met(O) at 7-15V
(laboratory scale). Error bars are 95% confidence limits for three independent experiments. The reference bases used for Met were Pro, Asn, Glu, Tyr, and Phe; and

for Met(O) were Asn, Trp, Pro, Gln, Lys, and His.
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kinetic plots suggest that the Tabet scale is probably more accu-
rate than the Hunter and Lias scale with respect to the order of
basicity of amino acids in this proton affinity range. Since more
precise results were obtained using the Tabet scale, the proton
affinity of Met and Met(O) derivatives shall henceforth be given
relative to the Tabet scale.

Using the extended kinetic method, the proton affinity of Met
and Met(O) were determined to be 222.6 and 227.5 kcal mol 1,
respectively, relative to the Tabet scale. As one would expect,
the kinetic method data from our experiments on Met are in
good accord with Tabet’s value for Met (221.7 kcal mol ™). The
data also clearly show that the proton affinity of Met(O) is much
higher than Met (by about 5 kcal mol™1).

3.2. DFT and ab initio calculations on the proton affinity of
methionine and methionine sulfoxide

Fig. 3 shows the global minima of neutral and protonated Met
and Met(O) obtained at the MP2/6-311 + G(2d,p)//B3LYP/6-
31+G(d,p) level of theory. The lowest energy conformer of
neutral Met is stabilized by a hydrogen bond interaction
between the amino and carbonyl groups, NH, — O=C, which
is further reinforced by additional OH — O=C interaction of
syn-configuration of the carboxylic acid group. The global
minimum of protonated Met (structure AH) is protonated at
the amino group (the most basic site), and is stabilized by
charge complexation by the side-chain sulfide group and the car-
bonyl group, S <~ NH3* — O=C. The theoretical proton affinity
of Met was predicted to be 224.0kcalmol~! at the MP2/6-
311+ G(2d,p)//B3LYP/6-31 + G(d,p) level of theory (Table 2),
somewhat higher than the experimental result. This is a general
trend in the data, so we will focus mainly on values relative to
Met rather than absolute values for comparison.

For Met(O), the most stable neutral species is stabilized by
intramolecular hydrogen bonding involving the amino and car-
bonyl groups, NH, — O=C, and further stabilized by strong
hydrogen bonding interaction between the hydroxyl and sul-
foxide groups, OH — O=S. The latter interaction involves
the less preferred anti-configuration of the carboxylic acid to
enable stronger hydrogen bonding interaction with the side-

(A) - Met (AH) — MetH*

PA(Met) = 224.0 kcal mol ™'

Table 2
Summary of experimental and theoretical proton affinity of methionine and
methionine sulfoxide derivatives

Compound Proton affinity (kcal mol~!)

Experimental® Theoretical®
Met 221.5 £ 0.2° (0) 224.0 (0)
Met-OMe 2249 +£3.1(3.4) 226.0 (2.0)
Met-NHMe 2252 £ 0.6 (3.7) 228.3 (4.3)
Ac-Met 217.4 £ 0.4 (—4.1) 221.2 (-2.8)
Ac-Met-OMe 220.1 + 0.49 (—1.4) 221.3 (=2.7)
Ac-Met-NHMe 224.1 £ 0.8 (2.6) 2227 (—1.3)
Met(O) 226.5 + 0.7° (5.0) 229.3(5.3)
Met(O)-OMe 2287 £ 1.3 (7.2) 235.1 (11.1)
Met(O)-NHMe 229.5 + 2.4 (8.0) 235.0 (11.0)
Ac-Met(O) 2243 £ 0.2 (2.8) 225.2(1.2)
Ac-Met(O)-OMe 2263 + 1.2 (4.8) 230.5 (5.5)
Ac-Met(O)-NHMe 226.4 £ 1.6 (4.9) 227.6 (3.6)

? Determined using the simple kinetic method using the Tabet scale of amino
acid proton affinities. The values shall be referred to as apparent proton affinities
because no entropy corrections were made. Values relative to Met are given
parenthetically. The listed uncertainties are a measure of error in the kinetic
method approach and are best viewed as estimates of the relative uncertainties
of the proton affinities. Superimposed on these are the 23 kcal mol~! absolute
uncertainties expected for the reference compounds.

b Calculated using MP2/6-311 + G(2d,p)//B3LYP/6-31 + G(d,p) level of the-
ory. Values relative to Met are given parenthetically.

¢ Reported proton affinities are 221.7 kcal mol~! [35], 223.6 kcal mol~! [31],
and 224.1kcal mol~! [32].

4 Reported proton affinity is 224.5 kcal mol~! [11].

¢ Reported theoretical proton affinity is 241.2 kcal mol~! at the HF/6-31G(d)
level of theory [45].

chain (structure B). Amino protonated Met(O) is stabilized by
charge complexation by both sulfoxide and carbonyl groups,
S=0 «- NH3* — O=C (structure BH), in a similar fashion to
that of Met. However, the increase in ring size involved in
charge complexation (7-membered ring in Met(O)H* versus 6-
membered ring in MetH*) can contribute to forming a stronger
hydrogen bond, and thus this stabilizes the proton more tightly
[11]. It is noteworthy that the proton in protonated Met(O)
appears to be equally hydrogen bonded by the amino and sul-
foxide groups due to strong ionic hydrogen bond by sulfoxide
group (see bond distances in structure BH). This results in

207 A
237A

243 A
-

(B) — Met(O)

(BH) — Met(O)H*

PA(Met(0)) = 229.3 keal mol "'

Fig. 3. B3LYP/6-31 + G(d,p) optimized structures of Met (A), MetH* (AH), Met(O) (B), and Met(O)H* (BH). Theoretical proton affinities of Met and Met(O)
calculated at MP2/6-311 + G(2d,p)//B3LYP/6-31 + G(d,p) are 224.0 and 229.3 kcal mol ', respectively.
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(F) — Met(O)-NHMe (FH) — Met(O)-NHMeH*

PA(Met(O)-NHMe = 235.0 kcal mol-!

Fig. 4. (A) B3LYP/6-31 + G(d,p) optimized structures of Met-OMe (C), Met-OMeH* (CH), Met(O)-OMe (D), and Met(O)-OMeH* (DH); (B) B3LYP/6-31 + G(d,p)
optimized structures of Met-NHMe (E), Met-NHMeH™* (EH), Met(O)-NHMe (F), and Met(O)-NHMeH* (FH). Theoretical proton affinities of Met-OMe, Met(O)-
OMe, Met-NHMe and Met(O)-NHMe calculated at MP2/6-311 + G(2d,p)//B3LYP/6-31 + G(d,p) are 226.0, 235.1, 228.3 and 235.0 kcal mol~!, respectively.

a higher proton affinity of Met(O) than Met. At the MP2/6-
311+ G(2d,p)//B3LYP/6-31 + G(d.p) level of theory, the proton
affinity of Met(O) was predicted to be 229.3 kcal mol~!, higher
than the experimental value of 226.5 kcal mol~!. However, the
relative proton affinity of Met and Met(O) is computationally
reproduced in excellent agreement (APA =5.0kcal mol~! ver-
sus 5.3 kcal mol~! compared to Met). It is noteworthy that even
though the neutral conformation calculated for Met(O) is stabi-
lized by the presence of strong OH — O=S hydrogen bond, it
may not be formed during the dissociation process (it requires
conversion of a syn- to anti-conformation for the carboxylic
acid group) and therefore a less stable neutral product might be
formed in the experiments. If the most stable neutral Met(O)
conformer without this hydrogen bond is used to calculate the
proton affinity instead, the computed PA of Met(O) would be
higher (see below).

3.3. Experimental and calculated proton affinities of
C-terminally modified derivatives

3.3.1. Met-OMe and Met(O)-OMe

Table 2 lists the experimental and theoretical proton affin-
ity of all the methionine and methionine sulfoxide derivatives
studied. The proton affinity of Met-OMe was experimentally
determined to be 224.9 kcalmol ™!, and the theoretical proton
affinity is in good agreement with the experimental value. Both
values are higher than the experimental and theoretical proton
affinity predicted for Met (see Table 2). The lowest energy con-
former of protonated Met-OMe is characterized by protonation
at the amino group, which is stabilized by ionic hydrogen bond-
ing involving both the sulfide group of the side-chain and the

carbonyl group, S <~ NH3* — O=C (structure CH of Fig. 4).
Since the methyl ester moiety is capable of forming a stronger
hydrogen bond than the carboxylic acid (ionic hydrogen bond
strength, AH° (Eq. (11)) of methyl acetate =29.1 kcal mol !
and A HO of acetic acid=28.1 kcalmol~! [50]), it is expected
that Met-OMe is able to stabilize the proton to a greater extent
than Met, resulting in a higher proton affinity.

BH'+B — BHB* (11)

Similarly, Met(O)-OMe has a higher proton affinity
than Met(O) with an experimental proton affinity of
228.7kcalmol~ !, 7.2 kcal mol ! greater than Met. The theo-
retical proton affinity of Met(O)-OMe is predicted to be much
higher (235.1kcal mol~!) and only modest agreement is seen
in the computed value relative to Met (APA=11.1 kcal mol™1).
The B3LYP/6-31+ G(d,p) optimized structures for the global
minima of neutral and protonated Met(O)-OMe are shown as
structures D and DH, respectively, in Fig. 4(A). The structure
of protonated Met(O)-OMe is very similar to Met(O) in terms
of the site of proton attachment and its stabilization (compare
structure DH with structure BH). The lowest energy conformer
of protonated Met(O)-OMe is protonated at the amino group,
which is charge complexed by both the sulfoxide and carbonyl
groups, S=0 <~ NH3" — O=C (see structure DH). Similar to
protonated Met(O), the proton is equally hydrogen bonded by
the amino and sulfoxide groups. This charge complexation of
Met(O)-OMe by the side-chain sulfoxide group (S=0) involves
the formation of a 7-membered ring. As with Met and Met(O),
the stronger hydrogen bonding capability of the sulfoxide group
leads to a higher proton affinity for Met(O)-OMe compared to
Met-OMe. The large difference in computed proton affinities
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between Met(O) and Met(O)-OMe is caused mainly by differ-
ences in the neutrals because the structures of the protonated
forms are nearly identical and the added methyl group should
not increase the PA by 6 kcal mol~! (only a 2 kcal mol =" differ-
ence is seen between Met and Met-OMe). The ability of Met(O)
to form a strong OH — O=S hydrogen bond, which is impossible
for Met(O)-OMe, causes significant stabilization of the neutral
form and thus reduces its computed PA. This leads to the large
difference in the computed PA’s of Met(O) and Met(O)-OMe.
Because this difference in PA’s is not seen experimentally, it is
very possible that the conformation with the OH — O=S inter-
action is not accessible in the CID experiments. If the one uses
a Met(O) conformation lacking this interaction for the PA cal-
culation, the Met(O)/Met(O)-OMe PA difference is close to the
experimental value. It is true that the computed PA for Met(O)
is closer to the measured one, this does guarantee that it is more
accurate because the data suggest that the computed values may
be systematically high for Met(O) derivatives.

3.3.2. Met-NHMe and Met(O)-NHMe

The experimental proton affinity of Met-NHMe was deter-
mined to be 225.2kcalmol™!, slightly higher than that of
Met-OMe and 3.7 kcal mol~! higher than Met (Table 2). This is
consistent with the higher ionic hydrogen bond strength (A H°
(of reaction (11)) of methyl acetamide (29.8 kcal mol~!) com-
pared to methyl acetate (29.1 kcal mol~!) [50]. The most stable
conformers of the neutral and protonated species of Met-NHMe
optimized at the B3LYP/6-31 + G(d,p) level of theory are shown
in Fig. 4(B) (structures E and EH, respectively). The global
minimum of neutral Met-NHMe (structure E) has very similar
interactions to neutral Met-OMe (structure C), except for addi-
tional NH — S hydrogen bond in Met-NHMe. Interestingly, this
amide N-H does not participate in hydrogen bonding of the pro-
tonated species. The theoretical proton affinity of Met-NHMe
was predicted to be 4.3 kcal mol~! higher than Met.

The proton affinity of Met(O)-NHMe was experimentally
determined to be 229.5kcalmol~!, a proton affinity value
that is close to that of Met(O)-OMe and 8 kcalmol~! greater
than Met. Close examination of the predicted neutral and
protonated Met(O)-NHMe structures (structures F and FH in
Fig. 4(B)) reveals that differences in intramolecular bonding
in both the neutral and protonated species may explain the
similar proton affinities of Met(O)-NHMe and Met(O)-OMe.
Strong stabilization of the neutral Met(O)-NHMe species by
multiple intramolecular hydrogen bonding would decrease the
proton affinity, while strong stabilization of the protonated
Met(O)-NHMe species by the C-terminal amide group would
increase the proton affinity of the molecule. The global min-
imum of neutral Met(O)-NHMe (structure F in Fig. 4(B)) is
highly stabilized by intramolecular hydrogen bonding inter-
action between the C-terminal amide group and the amino
group, and by a further cooperative hydrogen bond interaction
[51] with the sulfoxide group, C(O)NH — NH; — O=S (struc-
ture F). This multiple hydrogen bonding in Met(O)-NHMe is
enabled by the presence of the amide N-H. The global min-
imum of protonated Met(O)-NHMe (structure FH) has very
similar features to that of Met(O)-OMe. The proton is attached

to the most basic functional group, the amino group, and is
stabilized by charge complexation involving hydrogen bond-
ing interaction with the side-chain sulfoxide group as well as
the carbonyl group, S=0 «<- NH3* — O=C. Interestingly, the
C-terminal amide N-H does not participate in any hydrogen
bonding interaction. Together, the overall effect of these stabi-
lization interactions in both the neutral and protonated structures
are expected to result in the proton affinity of Met(O)-NHMe
being similar to that of Met(O)-OMe. The theoretical proton
affinity of Met(O)-NHMe was predicted to be 11 kcal mol™!
greater than Met.

3.4. Experimental and calculated proton affinities of
N-terminally modified derivatives

3.4.1. Ac-Met and Ac-Met(O)

Ac-Met was determined using the extended kinetic method to
have a proton affinity value of 217.4 kcal mol ! (Table 2), lower
than that of Met (221.5 kcal mol~!). Since the amino group is
blocked by an N-acetyl group, the decrease in proton affinity is
due to a change in the site of protonation as well as differences
in charge stabilization. The calculated lowest energy conform-
ers of neutral and protonated Ac-Met are shown as structures G
and GH, respectively, in Fig. 5. The predicted site of protonation
in Ac-Met is the carbonyl oxygen of the N-acetyl group, stabi-
lized by ionic hydrogen bonding with the sulfide group of the
side-chain, C=OH" — S (structure GH of Fig. 5). Further sta-
bilization is provided by charge delocalization via a protonated
imine resonance structure (Scheme 1). The proton is only stabi-
lized by one functional group (structure GH), which results in a
weaker stabilization of the charge in Ac-Met compared to Met,
and hence a lower proton affinity. The theoretical proton affinity
of Ac-Met was calculated to be 2.8 kcal mol~! lower than Met.

Both the experimental and theoretical proton affinities for
Ac-Met(O) are lower than that of the unmodified Met(O) (the
experimentally determined proton affinity of Ac-Met(O) was
224.3 kcalmol~! compared to 226.5kcalmol~! for Met(O)).
As with the case of Ac-Met, this can be rationalized in terms
of changes in the site of protonation and different types of
charge stabilization. Fig. 5 shows the global minima pre-
dicted for neutral and protonated Ac-Met(O) (structures H and
HH, respectively). It is noteworthy that neutral Ac-Met(O)
is stabilized by two intramolecular hydrogen bonds involv-
ing the N-acetyl amide group. The energetically unfavorable
anti-configuration of carboxylic acid interacts with the amide
carbonyl, OH — O=C, in a similar fashion to neutral Met(O),
and the amide N-H group interacts with the side-chain sulfoxide
group, C(O)NH — O=S (structure H).

H H
! lo
\C”/ ~ \T/ ~
o} o
® ~u ~y

Scheme 1.
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(G) — Ac-Met

(GH) — Ac-MetH*

PA(Ac-Met) = 221.2 kcal mol

(H) — Ac-Met(O) (HH) — Ac-Met(O)H*

PA(Ac-Met(O) = 225.2 kcal mol’

Fig. 5. B3LYP/6-31 + G(d,p) optimized structures of Ac-Met (G), Ac-MetH* (GH), Ac-Met(O) (H), and Ac-Met(O)H* (HH). Theoretical proton affinities of Ac-Met
and Ac-Met(O) calculated at MP2/6-311 + G(2d,p)//B3LYP/6-31 + G(d,p) are 221.2 and 225.2 kcal mol~!, respectively.

The site of proton attachment in Ac-Met(O) was predicted
to be the sulfoxide group of the side-chain, stabilized by a
strong ionic hydrogen bond to the N-acetyl carbonyl group,
S=OH" — O=C, via the formation of a 9-membered ring
(structure HH of Fig. 5). The proton can be seen as being
equally hydrogen bonded by the N-acetyl carbonyl and sulfox-
ide groups. Similar to Ac-Met, the attached proton is stabilized
only by one functional group, resulting in a lower proton
affinity for Ac-Met(O) compared to Met(O). The theoretical
proton affinity of Ac-Met(O) was predicted to be 1.2 kcal mol~!
higher than Met, similar to the experimental value, which is
2.8 kcal mol~! greater then Met. In a similar way to unusually
stable neutral Met(O) described above, the strong hydrogen bond
(OH — O=S) in neutral Ac-Met(O) leads to a low computed PA,
but it is unlikely that this species is accessed in the dissociation
experiments. If the experimental data is based on the formation
of an Ac-Met(O) neutral conformation without this hydrogen
bond, a PA higher than the computational one would be observed
(see Section 4.2).

3.5. Experimental and DFT calculated proton affinities of
N- and C-terminally modified derivatives

3.5.1. Ac-Met-OMe and Ac-Met(O)-OMe

The proton affinity of Ac-Met-OMe was determined to be
220.1 kcalmol™! using the simple kinetic method (Table 2).
This value is higher than that of Ac-Met, but much lower than
a previously determined proton affinity value of Ac-Met-OMe
of 224.5kcalmol™! [11]. The difference is likely related to
the choice of reference scales. As previously observed for the
increase in proton affinity from Met to Met-OMe, the increase
in proton affinity from Ac-Met to Ac-Met-OMe may be due to
the enhanced capacity of a methyl ester to stabilize the proton.

The structures of the global minima found for neutral
and protonated Ac-Met-OMe optimized at the MP2/6-
311 +G(2d,p)//B3LYP/6-31 + G(d,p) level of theory are shown
as structures I and IH, respectively, in Fig. 6(A). The global min-
imum of protonated Ac-Met-OMe (structure TH of Fig. 6(A))

is characterized by protonation at the N-acetyl carbonyl group,
which is stabilized by intramolecular ionic hydrogen bond to
the C-terminal carbonyl group, C=OH* — O=C, as well as a
hydrogen bond between N-acetyl amide and side-chain sulfide,
C(O)NH — S. Stabilization of protonated Ac-Met-OMe is fur-
ther aided by charge delocalization to form the protonated imine
resonance structure (Scheme 1). The theoretical proton affin-
ity of Ac-Met-OMe was predicted to be 221.3kcal mol~!, in
reasonable agreement with the experimental value.

The experimentally determined proton affinity of Ac-
Met(0)-OMe was found to be 226.3 kcalmol~! (Table 2). As
anticipated from the other methionine and methionine sulfox-
ide derivatives, this proton affinity value is higher than both
Ac-Met(O) and Ac-Met-OMe due to differences in charge sta-
bilization capability. The global minima structures of neutral
and protonated Ac-Met(O)-OMe optimized at the B3LYP/6-
31+G(d,p) level of theory are shown as structures J and JH,
respectively, in Fig. 6(A). Interestingly, the bonding interactions
present in neutral Ac-Met(O)-OMe and the site of proto-
nation and geometry of protonated Ac-Met(O)-OMe closely
resemble those of Ac-Met(O) (structures H and HH) The theo-
retical proton affinity of Ac-Met(O)-OMe was predicted to be
230.5 keal mol 1.

3.5.2. Ac-Met-NHMe and Ac-Met(O)-NHMe

From Table 2, it can be seen that the proton affinity of Ac-Met-
NHMe was experimentally determined to be 224.1 kcal mol !,
higher than that of both Ac-Met and Ac-Met-OMe. Fig. 6(B)
shows the global minimum structures of neutral and protonated
Ac-Met-NHMe. The intramolecular stabilization of neutral Ac-
Met-NHMe is very similar to that of Ac-Met-OMe (structure
1), except for an additional hydrogen bond due to the presence
of the C-terminal amide N-H in Ac-Met-NHMe. On the other
hand protonated Ac-Met-NHMe does not involve the C-terminal
amide group in any stabilization process, closely resembling the
methyl ester counterparts (structure IH). The theoretical proton
affinity of Ac-Met-NHMe was predicted to be 222.7 kcal mol ',
or 1.3kcalmol~! less than Met. In contrast, the experimen-
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() — Ac-Met-OMe (IH) — Ac-Met-OMeH*

PA(Ac-Met-OMe) = 221.3 kcal mol-!

(J) — Ac-Met(0O)-OMe (JH) — Ac-Met(O)-OMeH*

PA(Ac-Met(O)-OMe = 230.5 kcal mol

(K) — Ac-Met-NHMe

(KH) — Ac-Met-NHMeH*

PA(Ac-Met-NHMe) = 222.7 kcal mol-!

(L) — Ac-Met(O)-NHMe

(LH) — Ac-Met(0)-NHMeH*

PA(Ac-Met(O)-NHMe = 227.6 kcal mol-"

Fig. 6. (A) B3LYP/6-31 + G(d,p) optimized structures of Ac-Met-OMe (1), Ac-Met-OMeH* (IH), Ac-Met(O)-OMe (J), and Ac-Met(O)-OMeH + (JH); (B) B3LYP/6-
31+ G(d,p) optimized structures of Ac-Met-NHMe (K), Ac-Met-NHMeH + (KH), Ac-Met(O)-NHMe (L), and Ac-Met(O)-NHMeH + (LH). Theoretical proton
affinities of Ac-Met-OMe, Ac-Met(O)-OMe, Ac-Met-NHMe and Ac-Met(O)-NHMe calculated at MP2/6-311 + G(2d,p)//B3LYP/6-31 + G(d,p) are 221.3, 230.5,

222.7 and 227.6 kcal mol~!, respectively.

tal value suggests a higher PA for Ac-Met-NHMe than Met.
However, the theoretical proton affinity of Ac-Met-NHMe is
in agreement with the experimental results in that this value is
higher than the theoretical proton affinity of both Ac-Met and
Ac-Met-OMe (see Table 2). Like Met(O), the difference between
the computed and experimental PA’s for Ac-Met-NHMe may be
related to extensive hydrogen bonding in the computed con-
formation of neutral Ac-Met-NHMe. If dissociation leads to a
looser, but less stable neutral conformation for Ac-Met-NHMe,
the experimental PA would appear to be larger than the com-
puted one. A key point is that the experiments are accessing
the species with the lowest free energy whereas the calculations
are targeting the species with the lowest enthalpy. This issue is
considered in greater detail in Section 4.

The proton affinity of Ac-Met(O)-NHMe was experimen-
tally determined to be 226.4 kcal mol~! (Table 2). This value
gives Ac-Met(O)-NHMe a higher proton affinity than Ac-Met-
NHMe, but interestingly, the same proton affinity value with
Ac-Met(O)-OMe. The higher proton affinity of Ac-Met(O)-
NHMe than Ac-Met-NHMe is due to the enhanced capacity
of the sulfoxide group to stabilize the ionizing proton. The
global minimum of the neutral and protonated Ac-Met(O)-
NHMe structures are shown in Fig. 6(B) as structures L
and LH, respectively. Overall, the structures of neutral and

protonated Ac-Met(O)-NHMe have very similar bonding inter-
actions to Ac-Met(O)-OMe. The theoretical proton affinity of
Ac-Met(O)-NHMe was predicted to be 227.6kcalmol™! at
the MP2/6-311+G(2d,p)//B3LYP/6-31 + G(d,p) level of the-
ory. This value is lower than the theoretical proton affinity of
Ac-Met(0)-OMe (230.5 kcal mol~!) and reflects the unusually
strong hydrogen bonding interactions that stabilize the neu-
tral Ac-Met(O)-NHMe. As with Ac-Met-NHMe, the computed,
neutral Ac-Met(O)-NHMe conformation has extensive, strong
hydrogen bonding and may not match the conformation that is
formed experimentally. This would explain the low PA com-
puted for Ac-Met(O)-NHMe.

4. Discussion

From the results described above, it is clear that there is a
general agreement between the experimental and theoretically
predicted proton affinities, with some exceptions. These differ-
ences can be attributed to a number of sources. Experimentally,
the result of kinetic factors (see below) could lead to some of the
differences. The computational method could give poor energies
for some bonding schemes or the chosen structures might not be
true global minima. Although the conformational searches were
relatively expansive, a lower energy structure may have been
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missed. Nonetheless, the extensive hydrogen bonding observed
in the computed structures suggests that they are highly stabi-
lized and likely candidates for the global minima. Given the
wide variety of bonding schemes in these complexes, it would
not be surprising if the modest levels of theory used here were
unable to characterize them all equally well. However, since
the computational values are generally within the anticipated
experimental uncertainties of the measurements, they provide
useful structural insights into interpreting the trends in proton
affinity.

4.1. Influence of amino acid modification on proton affinity

Table 2 summarizes the experimental and theoretical proton
affinity of all the methionine and methionine sulfoxide deriva-
tives studied. The influence of the methionine modifications on
the proton affinities are discussed below.

4.1.1. Oxidation

Oxidation of methionine derivatives results in an increase
in proton affinity in every case. This increase can be
explained by a combination of two factors. Firstly, sulfoxide
groups have intrinsically higher proton affinities than sulfide
groups (PA(dimethyl sulfoxide)=211.4kcalmol~! versus PA
(dimethyl sulfide) = 198.6 kcal mol~! [31]. The sulfoxide moi-
ety also has stronger ionic hydrogen bonding than sulfide
groups (ionic hydrogen bond strength, A.H? (of Eq. (11))
of dimethyl sulfoxide =30.8 kcalmol~! and A H° of dimethyl
sulfide =26.4 kcal mol~! [50]). The individual effect, or a com-
bination of the above factors, suggests that the sulfoxide moiety
has a greater capacity to stabilize a proton through charge com-
plexation than the sulfide moiety. Secondly, the increase in ring
size formed through charge complexation by the sulfoxide com-
pared to the sulfide may allow more efficient hydrogen bonding
[52-56]. This results in a higher proton affinity of the methionine
sulfoxide derivatives.

4.1.2. Methyl esterification and methyl amidation

C-terminal modification of methionine, methionine sulfoxide
and their derivatives by methyl esterification and methyl ami-
dation increases the resultant proton affinity. These results are
consistent with an increase in the charge stabilization capacity of
methyl esters and methyl amides compared to carboxylic acids.
In addition, the C-terminal modifications do not allow for the
strong CO,H — O=S hydrogen bonding observed in the calcu-
lations on some of the neutral Met(O) derivatives, a factor that
increase their computed PA’s.

4.1.3. N-Acetylation

The proton affinity of N-acetylated methionine and methion-
ine sulfoxide is lower than their unmodified amino acids. This is
due to a change in the site of protonation from the amino group
to the N-acetyl carbonyl group for the unoxidized methionine
derivative or to the side-chain sulfoxide group for the oxidized
methionine derivative. Additionally, the proton that is attached
to the N-acetyl carbonyl or side-chain sulfoxide is stabilized by
only one functional group instead of two when it is protonated

at the amino group. This weakens the charge stabilization and
results in lower proton affinities for the N-acetylated derivatives.

4.1.4. A combination of modifications

Multiple combinations of N- and C-terminal methionine
modifications are observed to affect the proton affinity in an
additive fashion. For example, the proton affinity of Ac-Met(O)-
OMe is close to that of Met(O) because of an increase in proton
affinity due to methyl esterification which offsets the decrease
in proton affinity due to N-acetylation.

4.2. Site of protonation

The various sites of protonation in methionine and methio-
nine sulfoxide derivatives reveal an interesting trend. From
Figs. 3 and 4, the site of protonation of the methionine and
methionine sulfoxide derivatives with unmodified N-termini is
the amino group, whereas Figs. 5 and 6 show that N-acetylated
methionine and N-acetylated methionine sulfoxide derivatives
are protonated at the N-acetyl carbonyl C=0 and side-chain sul-
foxide S=0, respectively. The trend observed is consistent with
protonation occurring at the site that has the best ability to stabi-
lize the acquired charge [55,57], which in this study corresponds
to the site with the highest intrinsic proton affinity. Further sta-
bilization can also be provided by delocalization of the acquired
charge through intramolecular hydrogen bonding. When the dif-
ference in proton affinity between the functional group for the
site of protonation and the site that stabilizes the proton is small
(APA is small), the proton is equally stabilized by hydrogen
bonds to the two functional groups. In this work the preferred
site of protonation is amino group > sulfoxide group > N-acetyl
carbonyl group. The C-terminal methyl ester and carboxylic acid
functional group are never protonated due to their low proton
affinity.

4.3. Influence of intramolecular hydrogen bonding of
neutral species on proton affinity

From Figs. 3-6, all protonated methionine and methion-
ine sulfoxide derivatives are stabilized by intramolecular ionic
hydrogen bonds. Cyclization of protonated bifunctional species
by intramolecular ionic hydrogen bonding is known to cause
an increase in their proton affinities [55]. A topic that has
received less attention in the literature is the stabilization of
neutral species, which also contributes to the overall proton affin-
ity. McMahon and co-workers have studied the phenomena of
neutral stabilization using a combination of equilibrium proton
transfer reactions in a Fourier transform ion-cyclotron resonance
mass spectrometry (FT-ICR MS) and theoretical calculations
[58]. Their theoretical calculations of the neutral conform-
ers of w-methoxy alcohol at the MP2/6-31G(d)//HF/6-31G(d)
level of theory suggested that the cyclic form is more stabi-
lized by enthalpy. However, from equilibrium measurements
in the FT-ICR, and by calculations of mean thermal energies
of neutral w-methoxy alcohol, it was argued that except for
methoxyethanol, w-methoxy alcohol primarily exists in linear
form due to entropic effects.
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We observe similar neutral stabilization by strong intramolec-
ular hydrogen bonds in Met(O), Ac-Met(O), Ac-Met-NHMe,
and Ac-Met(O)-NHMe (see structures B, H, K, and L, respec-
tively). Neutral Met(O) and Ac-Met(O) (structures B and H)
are stabilized by strong intramolecular hydrogen bond due to
anti-configuration of the carboxylic acids, OH — O=C, whereas
neutral Ac-Met-NHMe and Ac-Met(O)-NHMe (structures K
and L, respectively) is stabilized by a network of hydrogen
bonds that is made possible by the presence of N- and C-terminal
amide groups. These favorable intramolecular hydrogen bonds
are “replaced” when the derivatives are protonated. The overall
effect is to reduce the resultant proton affinities. For exam-
ple, Met(O) is calculated to be significantly less basic than
Met(O)-OMe, not because protonated Met(O)-OMe is signifi-
cantly more stabilized than Met(O), but because neutral Met(O)
has more favorable interactions than neutral Met(O)-OMe.
Thus, Met(O) does not benefit from extra stabilization upon
protonation. Protonated Met(O) and Met(O)-OMe have very
similar charge stabilization interactions (see structures BH and
DH, respectively). Similarly, Ac-Met(O)-NHMe is calculated
to be less basic than Ac-Met(O)-OMe due to stronger hydro-
gen bonding in the neutral Ac-Met(O)-NHMe. This result is
inconsistent if the only effect taken into consideration is sta-
bilization of protonated species by the C-terminal functional
group.

This may also explain some of the differences observed
between the experimental and theoretical proton affinities. Dur-
ing the dissociation of proton bound dimer, it seems unlikely that
the neutral, departing amino acid will be able to adopt all the
hydrogen bonding interactions that have been identified com-
putationally for the lowest enthalpy structure. In particular, this
would be problematic for species that prefer syn-carboxylic acid
conformations in the cations and anti-carboxylic acid confor-
mations in the neutral amino acids. Thus, a key uncertainty in
the application of the kinetic method to highly functionalized
molecules is whether dissociation from the dimer results in the
preferred, 298 K conformation for all charged (MH)* of Eq. (1)
and (BH)" of Eq. (2)) and neutral (B of Eq. (1) and M of Eq.
(2)) monomers.

5. Conclusions

The present study employs the kinetic method to experimen-
tally determine the proton affinity of methionine, methionine
sulfoxide and their derivatives using amino acids as the reference
bases. In addition, DFT calculations were carried out to deter-
mine theoretical proton affinities as well as to provide structural
insights into different types of stabilization of neutral and proto-
nated species. Generally, the theoretical proton affinities are in
reasonable agreement with the experimental results, with agree-
ment being better for changes in proton affinity upon simple
methionine modification. While a number of factors might con-
tribute to discrepancies between the theoretical and experimental
proton affinities, a key factor may be that while theoretical pro-
ton affinities use the calculated enthalpies of global minima of
both the neutral and protonated species, dissociation of proton
bound dimers during MS/MS experiments does not guarantee

the formation of all monomeric species (protonated and neutral
monomers in Egs. (1) and (2)) in their most stable conforma-
tion. In particular, the DFT calculations reveal that a number
of neutral species are stabilized by a network of intramolecular
hydrogen bonds which differ to their protonated form, and these
may not be accessed during the experiments.

This study highlights that a post-translational modification
not only influences the local proton affinity of a residue, but
can also change the initial site of protonation. Furthermore,
simple modification of the N- and/or the C-terminus of amino
acids can change the proton affinity significantly. For example,
N-acetylation of methionine and methionine sulfoxide lowers
their proton affinities. Interestingly, this difference appears to
have consequences in the fragmentation efficiency curves of
protonated N-acetylated peptides, which require lower collision
energies than the unmodified peptides [4]. In contrast, peptide
ions containing methionine sulfoxide residues are observed to
fragment at higher energies than the same peptide containing
an unoxidized methionine [10]. This observation may be ratio-
nalized from the proton affinity measurements presented here
in terms of the proton being “less mobile” in the case of the
methionine sulfoxide containing peptides. Thus, the higher local
proton affinity of the oxidized residue requires more energy to
“mobilize” the proton to other sites for fragmentation. Studies
on the fragmentation energetics and dynamics of methionine
sulfoxide containing peptides using time and energy resolved
surface induced dissociation are underway and will be presented
elsewhere.
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Appendix A. Supplementary data

The following are available from the authors upon request:

(1) complete data of reference bases used for each methionine
and methionine sulfoxide derivatives studied,

(2) dissociation data consisting of logarithmic ratio of ion
abundance for each methionine and methionine sulfoxide
derivatives studied, and

(3) complete structural details for each of the B3LYP/6-
31+G™ optimized structures.

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.ijms.2007.02.038.
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