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Abstract

a-/B-amino acids are the constituent units of peptides and proteins, as well as important starting
materials for the synthesis of pharmaceutically important intermediates and drugs. In particular,
[B-peptides are more resistant to enzymatic degradations than their a-analogues, and hold the key
to a new generation of bacteria-resistance drugs. The recent surge in proteomics research also
places high demands on peptide sequencing analysis by tandem mass spectrometry (MS/MS),
which is based on the low-energy collision-induced dissociation (CID) mass spectra of
protonated/alkali metal cationized peptides. However, the intrinsic properties of a-/B-amino
acids/peptides, e.g. proton (H") and potassium cation (K*) affinities, and the mass spectrometric

dissociation mechanisms of protonated amino acids and peptides, are not fully understood.

In the present study, the first set of reliable experimental K* affinities of the twenty naturally
occurring a-amino acids were determined to be (in kJ mol™): Arg (163) > His (155) > GIn (154)
> Trp (151) > Asn (149) > Lys (144) > Glu (140) > Tyr (140) > Phe (139) > Asp (137) > Thr
(136) > Pro (135) > Met (135) > Ser (133) > Ile (129) > Leu (128) > Val (127) > Cys (124) > Ala
(123) > Gly (119) using the mass spectrometric kinetic methods and estimated theoretically
using the density functional theory (DFT) B3-LYP/6-311+G(3df,2p)//B3-LYP/6-31G(d)
protocol. With the exception of lysine (Lys) and arginine (Arg), the experimental and theoretical
potassium cation (K*) affinities are found to agree to within £15 kJ mol™, with mean absolute
deviation (MAD) of 4.9 k mol™ only. The most stable K* binding to aliphatic amino acids (Gly,
Ala, Val, Leu, lle) involves a bidentate interaction in the CS1 form involving the carboxylic

C=0 and OH sites, whereas for amino acids with functionalized side chain (namely, Ser, Thr,



Cys, Met, Phe, Tyr, Trp, Asp, Asn), a tridentate interaction in the CS2 form involving the
backbone O=C, N-terminal NH,, and the O/N-heteroatom site of the functional group in the side
chain is generally favored. The only exceptions are the K*-Pro/Glu/GIn/Lys/His/Arg complexes,

which are found to be most stable in the zwitterionic ZW1 form.

The H'/K" affinities of five biologically important -amino acids were determined to be (in kJ
mol™?, at 298K/OK): B-Abu 942.0/134.7, B-Leu 955.6/138.3, B-Phe 948.0/137.6, B-Tyr
955.4/138.7 and B-Glu 951.5/141.5. The H" affinities (PA) of four model B-dipeptides and one
biologically important B-dipeptide were determined to be (in kJ mol™ at 298K): Gly(p-Ala)
942.0, (B-Ala)Gly 971.3, Ala(B-Ala) 947.8, (B-Ala)Ala 970.3 and (B-Ala)His 1023.4. The
experimental H*/K" affinities for the p-amino acids and the H™ affinities for the B-dipeptides are
found to be in very good agreement with values estimated by the DFT protocol, with MAD of
3.1/6.4 and 5.9 kJ mol™, respectively. The most stable sites of binding and conformations of the
H" and K" bound complexes were found by theoretical calculations using the DFT protocol.
The most stable proton binding site of the B-amino acids and B-dipeptides is at the N-terminal
amino nitrogen (NH,), while K* binds to the two carboxylic oxygens [O=C and —OH] in the
most stable charge-solvated CS1 mode. For carnosine ((B-Ala)His), the most stable proton
binding site is at the m-nitrogen of the imidazole ring of the histidine residue. The proton (H")
affinities (PA) of p-amino acids and B-dipeptides are generally larger than that of their o-
analogues. This is attributed to a more stabilizing hydrogen bond or bonding network found in
the B-amino acids and B-dipeptides. Unlike a-dipeptides, the PA enhancing effect is much more

pronounced when B-Ala is located at the N-terminus than at the C-terminus of the B-dipeptides.

The potential energy surfaces for the dissociation of protonated -alanine (B-Ala), and two model

B-dipeptides, (B-Ala)Gly and Gly(p-Ala), including the reaction intermediates, transition



structures (energy barriers) and energetics of the reaction (AHo, AH29s, and AGagg) Were found
by theoretical calculations using the DFT protocol. For protonated B-Ala, the loss of H,0,
CH,CO, and (CH,CO + H,0) pathways are energetically preferred. The loss of NH=CH,, NH;
and (NH3; + CO) pathways have higher critical energies, and are observed under more energetic
CID conditions. The loss of these small stable neutrals are not found in the dissociation of
protonated a-Ala, and is directly related to the presence of the ‘extra’ —CH,— unit in the main
carbon chain of B-Ala, separating the N-terminal -NH, group and C-terminal -COOH group.
The formation of B-Ala specific fragment ions is dependent of the location, C-terminus versus N-
terminus, of B-Ala in the B-dipeptide. For Gly(p-Ala), formation of the unique b’, (oxazinone)
ions is energetically favored over y; ion formation. The b’, (oxazinone) ion dissociates further
by characteristic loss of NH=CH, and NHs, in contrast to the loss of CO only observed for b,
(oxazolone) ions derived from o-dipeptides. For (B-Ala)Gly, formation of b; (protonated f-
lactam) ions and fragment ions due to the loss of NH3, which are indicative of the presence and
location of B-Ala in the B-dipeptide, are competitive (having comparable energy barriers) with y;
ion formation. The theoretical findings are consistent with experimental observations, and could
be used to rationalize the appearance threshold voltages and relatively abundances of different
fragment ions in the CID-MS/MS spectra of protonated B-Ala, (B-Ala)Gly and Gly(B-Ala). The
knowledge gained in the present study will be useful in sequence analysis of B-peptides by

tandem mass spectrometry.

The dissociation mechanisms of protonated a-peptides containing histidine is known to be
complicated due to the presence and active participation of the basic imidazole ring in the side
chain of histidine. In the present study, the potential energy surfaces for the dissociation of

protonated model dipeptides, [GlyHis + H]* and [HisGly + H]’, were established by DFT



calculations. The formation of the by(oxazolone-His) ion is energetically and entropically
favoured, but by(diketopiperazine-His) and b,(bicyclic) ions could also be formed at higher
critical energies. As the b,(diketo-His) ion is much more stable, initially formed by(oxazolone-
His) ions could further isomerize to b,(diketopiperazine-His) ions if there is sufficient internal
energy imparted to the b, ions by collisional activation. The energy difference between the
barrier of the formation of by(oxazolone-His) and that of further isomerization to
by(diketopiperazine-His) ion are 201 and 115 kJ mol™ for protonated GlyHis and HisGly,
respectively. The difference in isomerization energy barriers is consistent with experimental
observations in energy-resolved and time-resolved tandem MS/MS studies: isomerization is only
partially achieved for by ions derived from protonated GlyHisGly, but complete isomerization is
found for b, ions derived from protonated HisGlyGly in the millisecond time frame of the ion
trap mass analyzer. As the initial peptide sequence information is lost in the b,(diketopiperazine-
His) ion (a protonated cyclo-peptide), the implication of b, ion isomerization to peptide

sequencing by tandem mass spectrometry is discussed.
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Chapter 1 Introduction

1.1  Biochemical Significance of a-/B-Amino Acids and Peptides

The twenty naturally occurring a-amino acids are fundamental building blocks for
peptides and proteins, as well as for the synthesis of pharmaceutically important
intermediates and drugs. [Zheng et al., 2006] = Because of their biochemical significance,
there are extensive past and on-going studies on the properties of a-amino acids and a-

peptides.

In recent years, there are growing interests and studies on the properties of f-amino acids
and peptides containing B-amino acids (named B-peptides in the present study).[Seebach et
al., 2001; Rossi et al., 2003] In terms of chemical structure, the sole difference between
a- and B-amino acids is the absence and presence, respectively, of an ‘additional’ —CH,—
group between the N- and C-terminus of the amino acid. The most common and naturally
occurring B-amino acid is B-alanine (Scheme 1.1). It is a constituent amino acid of the
naturally occurring B-peptides carnosine and anserine, and also of pantothenic acid
(vitamin B-5).[Davidson, 2003] p-alanylation of octapamine, tyramine or dopamine is
suggested to lead to storage forms of these neurotransmitters in biological systems. f-
alanine is also an important metabolite of the central nervous system and increased levels
are associated with Cohen’s syndrome.[Struys et al., 1999] Apart from being an
dispensable component of coenzyme A, it is also a product of pyrimidine base degradation
and a factor stimulating collagen synthesis in tissues. [Nagai and Suda, 1988; Boldyrev

and Severin, 1990]



(@) (b)

Scheme 1.1 Chemical structures of (a) a-alanine and (b) B-alanine

The insertion of a methylene group into the backbone of an a-amino acid has a clear
structural impact. ~ p-amino acids are stronger bases than a-amino acids,[Sewald, 1999]
and are able to form stable secondary peptide structures with as few as four g-amino acid
residues;[Seebach and Matthews, 1997] B-peptides containing p-amino acids exhibit
additional degrees of conformational freedom as compared to their a-peptide counterparts.
[Hook et al., 2004] The incorporation of a -amino acid moiety into an o-peptide
sequence can beneficially enhance proteolytic stability whilst still retaining significant
original biological activity.[Steer et al., 2000, Gopi et al., 2003] With such enhanced
stability and conformational flexibility, B-peptides are increasingly recognized to be an
important class of compounds with potentially high biomedical and therapeutic values.

[Seebach et al., 2001; Rossi et al., 2003]

A well-known example of B-peptide is carnosine ((B-Ala)-His), which is found to be
widely distributed in vertebrates, and particularly abundant in muscle and nervous tissues.
[Boldyrev and Severin, 1990] Carnosine is an established anti-aging agent because of its
metal chelation and free-radical scavenging abilities.[Zatta et al., 2003; Tamba and
Torreggiani, 1999]  Another class of B-peptides is paralysin (an example is (B-alanine)-
tyrosine), which are toxins playing active roles in the metamorphosis of insects.[Kyrikou

et al., 2003] In addition, the synthesis of a linear mPEG chain with methionine-(j3-



alanine) (Met-(B-Ala) can be used as the ‘reporter spacers’ to assist the detection of the
position of PEGylation within a peptide sequence. [Veronese at al., 2001; Guiotto et al.

2002]

The first part of the present study is an on-going investigative effort to determine the
potassium cation (K*) binding affinities of the 20 a-amino acids, and the proton (H") and
potassium cation (K*) binding energies (affinities) of biochemically important model f-
amino acids and B-peptides. These are intrinsic properties of a-/B-amino acids and a-/p-
peptides basic to the understanding of their chemical behaviour in the gas phase, and
indirectly to their behaviour in the solution phase, in the presence of solvent effects. In
addition, the H" and K" affinities of amino acids and peptides are also important factors
governing their mass spectrometric dissociation patterns and pathways in the gas phase,

and the relative stabilities of the dissociation products.

The recent surge in proteomic research requires sensitive and fast methods to determine
the sequence of proteolytic peptides. [Rappsilber et al., 2003; Aebersold and Mann, 2003;
Yates, 2004] Sequence information of a-peptides are now routinely obtained by tandem
mass spectrometry (MS/MS), which is based on the low-energy (eV, laboratory scale)
collision-induced dissociation (CID) of protonated peptides, [Paizs and Suhai, 2005]
supplemented sometimes by that of alkali metal cationized peptides.[Tomlinson et al.,
1999; Lin et al., 2000] However, the rules governing the dissociation behaviour of
protonated a-peptides are not fully understood to-day. = Compared to their a-analogues,
the mass spectrometric dissociation behaviour of p-amino acids and B-peptides are even
less studied and not well understood. The second part of the present study is to initiate a
mechanistic study of the mass spectrometric dissociation of protonated model B-amino

acids and B-peptides.  Furthermore, a detailed study on the fragmentation pathways of



protonated o-peptides containing histidine was also carried out. The present study is
intended, though in a limited way, as a comparative study of the H*/K" affinities and mass

spectrometric fragmentation behaviour of model a-/B-amino acids and o-/B-peptides.

1.2 Proton (H") and Potassium Cation (K") Affinities of Amino Acids and

Peptides

Proton affinities (PA) of amino acids and peptides Protonation is a common and
important process in biological systems. [Stryer, 1995] Amino acids and dipeptides have
many functional groups and oxygen (O)/nitrogen (N) proton binding sites. The site of
proton attachment significantly affects the intra-molecular hydrogen bonding, three
dimensional structures and biological activities of peptides and proteins.  The intrinsic
properties of amino acids and peptides in the gas phase are often governed by its proton
affinity (PA), or enthalpy of proton attachment. It is also a key parameter determining the
occurrence and competitiveness of fragmentation pathways of protonated peptides, and
hence the availability of sequence information derived from tandem mass spectrometry.
Not surprisingly, there has been great interests in the gas phase proton affinities and site of

protonation of amino acids and peptides. [Harrison and Yalcin, 1997]

The proton affinity (PA) of an amino acid/peptide is defined as the enthalpy change (AH)
for the dissociation of the protonated complex, H*-L, as shown in Reaction [1.1], and

calculated by Eqgn. [1.2] for the enthalpy change at 0 K:

H-L > H+L [1.1]

AH = Ep+ + EL — ExtL [12]



where H" is the proton, L (ligand) is amino acid or peptide, and E represents the energy of
H*, L and H'-L.  The proton affinities at OK and 298K are often denoted by AH, and
AHagg, respectively. In order to assist the inter-comparison of theoretical and
experimental values, standard statistical thermodynamic relations are employed to
theoretically estimate the changes in enthalpy, free energy and entropy (e.g., AH2gs, ASz08

and AGygs) at temperatures higher than 0 K. [Delbene et al., 1983]

The intrinsic properties of molecules are best determined in the gas phase, in the absence
of complicating solvent effects.  The gas phase proton affinities of the 20 a-amino acids
and selected di-/tri-peptides have been determined by different mass spectrometric
techniques because protonated species can be easily generated and isolated under the
vacuum conditions of a mass spectrometer.  In the present study, the proton affinities of
selected a-/B-amino acids and dipeptides were determined by the mass spectrometric
Kinetic method (to be further elaborated in Section 2.4).  The experimental measurement
of proton affinities was supplemented by high level molecular orbital (M.O.) calculations,
which provide information on the most stable proton binding sites and intra-molecular

hydrogen bonding patterns of the selected protonated amino acids and dipeptides.

Potassium cation affinities of amino acids and peptide The potassium cation (K”) is
one of the most abundant metal cations found in biological systems. The non-covalent,
mainly electrostatic binding interaction between K* and proteins can induce
conformational changes in proteins. [Lippard and Berg, 1994; Stryer, 1995; Rodgers and
Armentrout, 2000; Kohtani et al., 2000; Taraszka et al., 2001]  The trans-membrane
movement of K* underlies (electrical) signaling in the nervous system, generation of
rhythmic signals by the heart, and unceasing sifting of toxic solutes in the blood by the

Kidney. [Miller, 1993; Kaim et al., 1994; Hille, 2001] Recent studies have shown that the



selective transport of K* across cell membranes depends on the binding interaction
between K* and the main chain carbonyl oxygen atoms of the potassium ion channel
(protein). [Doyle et al., 1998; Jiang et al., 2003; Zhou nad McKinnon, 2003] K" binding
to the phenyl ring of aromatic amino acid residues, i.e., phenylalanine, tyrosine and
tryptophan, have been suggested to affect the structure-functional aspects of some
enzymes, e.g. tryptohanase, [Gokel et al., 2000] and the selectivity of K™ ion channels.

[Silverman et al., 1998; Nakamura et al., 1997]

Hence, detailed knowledge of the structural and energetic aspects of the local binding
interaction between K* and prototypical amino acid residues and peptides is essential for
understanding the molecular basis of these important biological processes, serving as
building blocks and links towards a detailed understanding of these interactions in the
more complex and larger protein systems. Specifically, it is of fundamental importance to
determine the binding energies and preferred sites of potassium binding to o/f-amino
acids, and the relative stabilities of different K binding modes. In addition, such
knowledge is required in the interpretation of mass spectra of K*-peptide complexes, from
which peptide sequencing information can be obtained, complimentary to that of
protonated peptides. [Grese et al., 1989; Teesch and Adams, 1991; Loo and Muenster,

1999; Huang et al., 2002b]

When the proton is replaced by an alkali metal cation (e.g. M* = K, Na" and Li"), Eqn.
[1.2] can be equally applied to define the alkali metal cation (M") affinities (AHo, and
AHy9g) and free energy of binding (AGags) of o/B-amino acids and peptides. Amino acids
and dipeptides are multi-dentate ligands with many possible oxygen (O) and nitrogen (N)
alkali metal binding sites. Obviously, potassium (K*) binding affinities of amino acids

and dipeptides are dependent on how K interacts with these plausible O/N-binding sites.



In biological (aqueous) systems, many enzymes (proteins) are found in the zwitterionic
(ZW) or salt bridge form. Recent theoretical studies indicate that, in the absence of
solvent, the basic amino acid arginine (Arg) could exist in the zwitterionic (ZW) form in
the gas phase when bound to the larger alkali metal cations K*, Rb* and Cs* [Williams et
al., 1997].  That is, the stabilizing effect of the solvent water molecule is taken over by
the attractive interaction between K*/Rb*/Cs* and the anionic carboxylate terminus of the
amino acid, and the K'/Rb*/Cs™ bound ZW form is more stable than the charge-solvated
(CS) form of arginine in the gas phase. This suggests that alkali metal cationization may
be an alternative mode of chemical bonding that leads to the formation of zwitterionic
amino acids and peptides in the gas phase.  As metal cationized CS and ZW forms can
be related by a hypothetical intramolecular proton transfer process, more stable ZW
structures are expected for amino acids with highly basic sites (Scheme 1.2).  Hence,
another important issue that we attempted to resolve in this study is the relative stabilities
of the ZW versus CS K" binding modes for a-amino acids with basic functional groups in

their side chains, such as proline, glutamine, lysine, histidine, and arginine.

HoN O, Hs'N o

N Intramolecular . N
CH—C/ :K+ H* transfer CH—C @ :K+ \CH—c{@ VG
R o +HR/ \o" / Ny’
H R (0]
Cs1 ZW1 Z\W?2

Scheme 1.2  Charge-solvated (CS) versus zwitterionic (ZW) alkali metal cation

binding modes of amino acids in the gas phase.



1.3  Mass Spectrometric Fragmentation of Protonated Amino Acids and Peptides

‘Sequence-specific’ fragment ions from amide (peptide) bond cleavage of peptides
At present, peptide sequencing by MS/MS is mainly based on the collision-induced
dissociation (CID) of protonated peptides generated by electrospray ionization (ESI)
and/or matrix-assisted laser desorption ionization (MALDI). Wysocki and co-workers,
[Wysocki et al., 2000; Tsaprailis et al.,1999; Dongre et al., 1996b; Jones et al., 1994,
McCormack et al., 1993] together with findings from other research groups,[Burlet et al.,
1992a; Burlet et al., 1992b; Harrison and Yalcin, 1997; Cox et al., 1996; Dongre et al.,
1996a; Thorne et al., 1990; Ballard and Gaskell, 1991] have demonstrated that the
‘external’ proton is ‘mobile’ upon collisional activation, and can be attached to various
basic sites of the peptide, depending on the gas phase basicity (GB) / proton affinity (PA)
of the protonation sites and internal energy distribution of the protonated peptide.  Upon
transfer/attachment of the proton to the amide nitrogens on the peptide backbone, the
‘external’ proton would decrease the bond order of the C-N amide bond and results in
efficient cleavage of the peptide bond to yield either the b; or the y; ions (refer to Scheme
1.3).  Usually, two series of ‘sequence-specific’ fragment ions are produced as a result of
the amide (peptide) bond cleavage: (i) the a;, b; and c; series of ions associated with the N-
terminus, and (ii) the x;, y; (i.e. the “Y+2H’ or “y”) and z; series of ions associated with
the C-terminus of the peptides, where i = location of the amino acid residue counting from
the C-terminus of the peptide as shown in Scheme 1.3. [Biemann, 1988; Roepstorff and J.
Fohlman, 1984]  Among these ‘sequence-specific’ fragment ions, the b; and y; ions are
more commonly found in the MS/MS spectra of protonated peptides and useful in peptide
sequencing.  The mass difference between successive pairs of bi/y; and bj.1/yi+1 fragment
ions is related to the relative molar mass of the (i + 1) amino acids, and is usually used to

deduce the location (sequence) of individual amino acids in the peptide.
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Scheme 1.3  Fragmentation and nomenclature of protonated and alkali metal cationized peptides.

Loss of small stable neutrals) from protonated amino acids/peptides Fragment ions
derived from loss of small neutrals, such as CO, CO,, NH; and H,O, are found in the
MS/MS mass spectra of protonated amino acids and small peptides, which may also
appear, albeit partially, in the MS/MS spectra of larger peptides. They are generally
regarded as ‘non-sequence specific’ (not derived from peptide bond cleavage) and
previously regarded as not useful for peptide sequencing. However, their formation
competes with the formation of sequence-specific b; and y; ions, leading to complications
in the MS/MS spectrum of a protonated peptide, and may reduce the chance of a
successful sequencing analysis. Therefore, an understanding of the factors governing
the competitive formation of fragment ions by loss of neutrals versus the formation of b;

and y; ions is essential in the interpretation of MS/MS spectra for peptide sequencing.

A number of experimental and theoretical studies on the loss of small stable neutrals from
simple protonated a-amino acids/a-peptides have been reported. [Rogalewicz et al., 2000;
Rogalewicz and Hoppilliard, 2000; O’Hair et al., 2000; Reid et al., 1998; Klassen and
Kebarle, 1997; Uggerud, 1997]. In fact, there is a growing awareness that fragment ions

arising from the loss of small neutrals (e.g., loss of H,O to yield the by, ions, where n is the



number of amino acid residues in the peptide) may fragment further to yield sequence
specific ions. [Pingitore et al, 2004; Paizs and Suhai, 2001] This provides another
justification for investigating the fragmentation mechanisms leading to loss of small

neutrals from protonated peptides.

Fundamental studies on fragmentation mechanisms In practice, the ability of
MS/MS in peptide sequencing depends strongly the formation/availability of ‘sequence-
specific’ b;, y; and a; fragment ions: more number of b;, y; and a; ions in the MS/MS
spectrawould enhance the probability of a successful sequence determination. However,
the occurrence of sequence-specific fragment ions is found to be not easily predictable
among peptides, but depends very much on the composition and location of amino acids in

the peptide.

In order to elucidate the governing rules leading to formation of diagnostic b;, yi and a;
fragment ions, there have been some in-depth studies on the fragmentation mechanisms of
protonated a-peptides in the past few years, as summarized in an excellent review by Paizs
and Suhai.[Paizs and Suhai, 2005] At least for peptides comprised of amino acids with
no O/N/S heteroatoms in their side chains (i.e. aliphatic amino acids and phenylalanine),
the b; ions are found by Harrision and co-workers [Yalcin et al., 1995; Yalcin et al., 1996;
Nold et al., 1997] to be a five-membered cyclic oxazolone structure initiated by intra-
molecular nucleophilic attack of an amide carbonyl oxygen on the N-terminal side at the

neighboring carbonyl carbon, as shown in Scheme 1.4.. [Schlosser and Lehmann, 2000]
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Scheme 1.4 Proposed mechanism for formation of b;- and y;-ions

Theoretical studies by Paizs and Suhai further suggested that under the time-frame of low-
energy (eV, laboratory scale) collision conditions, [Paizs and Suhai, 2005] the b; or yn.
(truncated protonated peptides) ions may actually be formed via the dissociation of a
proton-bound dimmer complex/intermediate between the oxazolone derivative and the
truncated peptide. The competitive formation and relative ion abundances of the b; and yp.
i ions is determined by the thermochemistry (proton affinity) of the species involved, and
can be approximated by using a linear free-energy relationship: [Harrison, 1999; Paizs and

Suhai, 2002; Paizs and Suhai, 2004]

In bi ~ I:)'A‘N—term_I:)'A‘C—term [13]
ynfi RTeff

where b /yn.i is the ion intensity ratio of the b; and yn. ions, PAn-term (PAoxazolone derivative)

and PAc.term (PA(c-terminal peptice)) are the proton affinities (PA) of the neutral species
involved in the proton bound dimmer, and T (effective temperature) is a parameter
related to the average internal energy of the dissociating dimmer ions.  This dissociation

mechanism is named the by-y, pathways by Paizs and Suhai. [Paizs and Suhai, 2005;
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Yalcin et al., 1996; Nold et al., 1997; Paizs et al., 1999; Polce et al., 2000] = However,

related studies on B-amino acids/peptides have not been reported.

For B-peptides with B-alanine at the N-terminus, the by-y, pathways would require the
formation of a cyclic 6-membered oxazinone ring intermediate and product b;(oxazinone)
ions, in competition with the formation of y,.; ions. Scheme 1.5 shows the formation of
b’,(oxazinone) ion from [Gly(B-Ala) + H]". It has been also noted that formation of the
five-membered ring oxazolone structure as reaction intermediates and products is most
favoured when compared to other ring sizes.  An intermediate species of larger ring size
will be entropically less favoured, while a smaller ring size would lead to greater enthalpy
of activation due to ring constrains [Schlosser and Lehmann, 2000].  Hence, one of the
objectives of the present study is to investigate the energetic/entropic factors governing the
competitive formation of bj(oxazinone) versus y,.; fragment ions from protonated (-
peptides, which are expected to be different from that of a-peptides.  Also, the cyclic
bi(oxazolone) ions usually dissociate further by characteristic loss of CO to yield a; ions
which are also useful in sequence determination. [Yalcin et al., 1995; 1996; Biemann and
Martin, 1987] A related issue to be investigated is whether bj(oxazinone) ions derived
from B-peptides would further dissociate in a similar manner to yield a; ions, or to some

other sequence-specific fragment ions.

(@]
O
Ha
H,N—C \ CH, + H0
H*N—CH,
[Gly(B -Ala)+ H]* b',(oxazinone) ion

Scheme 1.5 Formation of b’,(oxazinone) ion from [Gly(B-Ala) + H]"
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1.4 Literature Review

In recent years, the free energies/affinities of Li* and Na" binding to the twenty naturally
occurring a-amino acids have been reported, [Bojesen et al., 1993; Kish et al., 2003; Feng
et al., 2003] with most of them obtained by the mass spectrometric kinetic method (KM).
However, experimental data on the intrinsic K* binding energies (affinities) and binding
modes of these biological model ligands remain not reported. As the potassium ion
(ionic radius, 1.33 A) is bigger than Li* (ionic radius 0.60 A) and Na* (ionic radius 0.95 A)
ions, [Huheey et al., 1993] differences in their binding affinities and preferred modes of
binding are expected. Given the biochemical significance of potassium, we have
initiated and completed a mass spectrometric kinetic method and theoretical study on the
K" affinity of the 20 a-amino acids and their methyl-esters. In addition, the relative
stabilities of the charge-solvated (CS) and zwitterionic (ZW) K* binding modes are

systematically investigated in this project.

The proton affinities (PA) and/or basicities of a-amino acids and model a-dipeptides in the
gas phase have been determined in the past ten years. [Harrison, 1997] In contrast, there
is virtually no information on the proton affinities of model p-amino acids and p-
dipeptides.  The only exception is the proton affinity (PA) of p-alanine recently reported
by Wesdemiotis and co-workers using the mass spectrometric extended kinetic method
[Hahn and Wesdemiotis, 2003]; the PA was found to be 924+ 4 kJ mol™ as compared to
the PA of a-Ala at 902 + 4 kJ mol™®.  The higher PA of p-Ala is suggested to be the
result of moving the electron-withdrawing —COOH group further away from the amino (-
NH,) functional group and an improved hydrogen bonding arrangement with the -

substitution pattern as shown in Scheme 1.6. Hence, it would be interesting to learn
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whether such structural effects on enhancement of PA from o- to B-alanine can be

extended to other B-amino acids and the larger B-dipeptides.

Heeseemee0 H...
R “Yo
R
CH OH H;"C'u.__‘ G
| cHy “oH
CHz
(a) Protonated a-Ala (b) Protonated B-Ala

Scheme 1.6  Hydrogen bonding patterns in protonated (a) a-Ala and (b) B-Ala

In order to differentiate a- and B-Ala containing tripeptides, Cooks and co-workers
investigated the competitive dissociations of alkali metal cation (M* = Li*, Na*, K*, Rb"
and Cs") bound dimeric ions between an o- and B-tripeptide to their respective M* bound
tripeptide complexes in an ion trap mass spectrometer.[Wu et al., 2004]  Based on the
large differences in relative intensities of the M* bound monomer (tripeptide) complexes
observed, three pairs of isomers were successfully differentiated: (a-Ala)-Gly-Gly/(B-
Ala)-Gly-Gly, Gly-(a-Ala)-Gly/Gly-(B-Ala)-Gly, and Gly-Gly-(a-Ala)/Gly-Gly-(B-Ala),
with the Li* bound heterodimmer complexes yielding the largest differences.  The
differences clearly reflect significant differences in the alkali metal cation affinities (AHo
and AHagg) /free energy of binding (AGzes) of a- versus B-tripeptides, and structural
features favoring zwitterionic (ZW) versus charge-solvation (CS) forms of the alkali
metal-bound complexes was suggested to play a key role in the differentiation of the
isomeric ion. However, there is no report on the intrinsic alkali cation affinities of p-
amino acids/p-dipeptides.  As an exploratory and comparative study to the proton

affinities of selected p-amino acids, the potassium cation affinities of selected B-amino
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acids were experimentally measured and the relative stabilities of the CS versus ZW K*

binding modes were investigated theoretically in the present study.

Unlike the case of a-amino acids/peptides, the fragmentation mechanisms of B-amino
acids/peptides have not been systematically investigated. =~ Seebach and co-workers
reported the ESI-MS/MS fragmentation patterns of seven synthetic [-polypeptides
comprised of all B-amino acids (B-alanine and its a-/p-substituted ‘homo’-derivatives.
The largest B-polypeptides investigated contains 18 f-amino acids) and some of their
methyl ester and N-acetyl derivatives.[Schreiber et al., 1999] Similar to a-peptides, they
found sufficient number of b; and y; fragment ions due to amide (peptide) bond cleavage,
allowing the sequence of B-amino acids in the B-polypeptide to be determined. On the
other hand, the (i) [bi-HN=CHR]"(R=H, -CHz3) and (ii) [yi-NH3]" fragment ions, which are
not observed in the MS/MS spectra of protonated a-peptides, were also found. However,
the underlying cause and fragmentation mechanisms leading to these similarities and
differences between isomeric a- and B-peptides have not been explored. Furthermore, the
case of B-peptides containing only one (or a few) B-amino acids among a-amino acids,
presumably more common, has not been systematically investigated. Hence, in this study,
the fragmentation pathway of B-alanine and its methyl ester, and model / biochemically
significant p-dipeptides containing B-alanine are investigated using both tandem mass

spectrometric (MS/MS) techniques and high level molecular orbital (M.O.) calculations.

Histidine-containing peptides are now widely developed as drugs for treatment on some
diseases, e.g., as a ophthalmic drug for treating human cataracts. [Babizhayev et al., 2001]
However, peptide sequencing of histidine-containing peptides by MS/MS is known to be
complicated and its dissociation mechanisms are only partially understood. [Farrugia et al.,

2001; Tsaprailis et al., 2004; Wysocki et al., 2000] O’Hair and co-workers first reported
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that, experimentally, the ion trap MS/MS spectra (without defining detailed conditions,
such as activation RF voltages used) of b, ions derived from protonated O-methy| esters of
model di-/tripeptides containing histidine such as Glycyl-Histidine (GH) and Histidyl-
Glycine (HG) are identical to that of cyclo-(GH) having the protonated diketopiperazine
structure. [Farrugia et al., 2001] By using molecular orbital calculations, he was able to
show that the by(diketopiperazine-His) ion structure (Scheme 1.7; or abbreviated as
b,(diketo-His)) was found to be thermodynamically more stable and favored over the
b.(oxazolone) structure (refer to Scheme 1.4). [Farrugia et al., 2001]  This finding is in
contrast with the findings of previous studies that the formation of by(oxazolone) ion has
the lowest reaction barrier among the many dissociation pathways of a-peptides (which do
not contain histidine) reported in the literature. [Yalcin et al., 1995; Yalcin et al., 1996;
Paizs and Suhai, 2005; Paizs and Suhai, 2004; Schlosser and Lehmann, 2000] In other
words, do protonated histidine-containing peptides behave differently from the by-y;
pathways, which are normally assumed to yield b,(oxazolone) ions?  Hence, apart from
the study of the dissociation pathways of 3-amino acids/dipeptides, a systematic and study
on the dissociation pathways of protonated His-containing dipeptides, including the
associated energy barriers leading to the formation of the b,(diketopiperazine-His) and

b.(oxazolone-His) ion structures, were carried out in the present study.

CH
b ]
CH,
\C/N\H
Il
O

Scheme 1.7  Chemical structure of b,(diketopiperazine-His) ion of [GlyHis + H]"
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1.5  Aim and Scope of Present Study

The first part of the present study is to apply the mass spectrometric kinetic method to
determine the H* and/or K" affinities of twenty a-amino acids and their methyl-esters,
selected model and biochemically important f-amino acids and p-dipeptides.  In addition,
high level density functional theory (DFT) molecular orbital calculations are also carried
out to validate the experimental results, and to provide in sight on the relative stabilities of
various H" or K" binding modes. ~ The most stable H" binding structure of a-/p-amino
acids and dipeptides obtained in the first part of this study could also serve as the starting
structures for the study of dissociation pathways of protonated model a-/p-peptides in the

second part of this project.

In the second part of the present study, we aimed to elucidate the dissociation pathways of
protonated B-alanine and its methyl ester, selected model and biochemically significant 3-
dipeptides, and His-containing dipeptides.  High level density functional theory (DFT)
molecular orbital calculations were used to obtain the optimized structures and energetic

of various intermediates and transition state involved in the dissociation pathway.

The specific objectives of the present study are:

1. to determine the potassium cation (K*) affinities of 20 a-amino acids and their
methyl esters by the mass spectrometric kinetic method, and to find out the
relative stabilities of charge solvated (CS) versus zwitterionic K* binding modes

by high level density function theory calculations (Chapter 4);

2. to determine the proton/potassium (H'/K") binding affinities and modes of
binding of selected biochemically important p-amino acids using the same

methods as in (1) (Chapter 5);
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3. to elucidate the dissociation pathways of protonated B-alanine and its methyl
esters by tandem mass spectrometry and high level density functional theory

calculations (Chapter 6);

4. to determine the proton (H") affinities and the dissociation pathways of

protonated model and biochemically important B-dipeptides (Chapter 7); and

5. to elucidate the dissociation pathways of protonated His-containing o.-dipeptides
by high level density functional theory calculations, which are supplemented by
experimental energy-resolved and time-resolved tandem mass spectrometric

studies obtained by other members of Prof. Tsang’s research group (Chapter 8).
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Chapter 2 Tandem Mass Spectrometry (MS/MS) and Experimental

Methodologies

In this chapter, the basic principles of tandem mass spectrometry and various mass
spectrometric techniques used in the present study will be introduced. The different
mass spectrometers used, the instrumental conditions and experimental procedures are

described.

2.1 lonization Methods in Mass Spectrometry

Fast atom bombardment (FAB) and electrospray ionization (ESI) were used in the present
study for generating proton / potassium cationized amino acids/peptides for subsequent
mass spectrometric kinetic method measurements and fragmentation studies. ~ The two
ionization methods have been widely applied to convert non-volatile amino acids and

peptides to their protonated analogues prior to mass spectrometric analysis.

2.1.1 Fast Atom Bombardment (FAB)

In FAB ionization, a beam of cesium ion, Cs*, is accelerated at high kinetic energy (8-20
keV) and strike on a small plug of sample dissolved in a non-volatile glycerol matrix (Fig.
2.1).  The kinetic energy of the atom or ion beam is transferred to the glycerol matrix,
leading to ionization and self ion-molecule reactions of glycerol, producing protonated
glycerol which serve as the protonating agent to the sample molecules.  Protons transfer
to the sample molecules could take place inside the liquid matrix or in the plasma (vapour

phase) sputtered out of the liquid, resulting in the formation of the protonated sample
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molecules. The glycerol matrix serves: (i) to maintain the long-lived FAB signals, and
(ii) to refresh the bombarded surface with sample molecules. [De Hoffmann and Stroobant,
2001] Similarly, metal cationization of the sample molecule could take place if potassium
iodide is added to the glycerol matrix. [Cedra and Wesdemiotis, 1996] Furthermore, the
FAB-desorbed precursor ions, e.g. the protonated/potassium cationized heterodimer ions
generated in the present study, were found to possess sufficient internal energies to
undergo unimolecular (metastable) dissociation within the first field-free region of a B-E
sector mass spectrometer, and yielding relatively intense metastable ions for mass

spectrometric kinetic method measurements (refer to Section 2.4.1 for further discussions).
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Figure 2.1 lonization by fast atom bombardment (FAB)
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In practice, the average internal energies of dissociating protonated / potassium cationized
amino acids and peptides generated by FAB and monitored as metastable ions in a B-E
sector mass spectrometer are found to be lower than that observed in low-energy collision-
induced dissociation (CID) within a triple quadrupole mass spectrometer. In the present
study, FAB ion generation in conjunction with metastable ion monitoring was used to
measure the potassium cation affinities of selected a-amino acids by the standard kinetic
method (refer to Section 2.4.1), and to supplement low-energy (eV scale, laboratory frame)

CID results obtained with a triple quadrupole tandem mass spectrometer.

2.2.2 Electrospray lonization (ESI)

Electrospray ionization (ESI) is a popular soft ionization technique to introduce neutral or
ionic molecules in solution to a mass spectrometer in the gas phase. [Yamashita and Fenn,
1984a]  Figure 2.2 shows a simplified schematic diagram of an electrospray ionization
source. Before injection into the ESI source, the sample has to be dissolved in a mobile
phase, such as 1:1 methanol:water (v/v), and the sample solution could be introduced by a
syringe pump via a small diameter fine stainless steel capillary.  Inside the ESI source,
the tip of the capillary is at atmospheric pressure and is floated at a high potential (e.g., 3-4
Kilovolts) relative to a counter electrode.  The large potential different (voltage drop)
creates an electrostatic spray of multiply charged droplets containing the sample molecules

and ions. The subsequent ion formation processes are illustrated in Figure 2.3.
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Figure 2.2 A schematic diagram of an electrospray ionization (ESI) source
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Figure 2.3 Generation of ions by electrospray ionization

The charged droplets are continuously reduced in size by solvent evaporation, usually with

the assistance from elevated source temperatures and/or the flow of a drying gas, leading

to an increase in surface charge density and a reduction in droplet radius.

Finally, the

electric field strength within the charged droplet reaches a critical point (the Rayleigh

stability limit) when the ions at the surface of the droplets begin to be eject into the gas

phase due to columbic repulsion, yielding more droplets of smaller diameters.

Eventually,

sample ions are produced by successive fission of the charged droplets and completely de-

solvated by the nebulizing gas stream. The emitted ions are then sampled by a skimmer
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cone and transmitted to the mass analyzer for subsequent m/z analysis. The detailed
mechanism involved in the electrospray process is quite complicated, and have been
reviewed by Kebarle and co-workers. [Kebarle and Tang, 1993; Kebarle and Ho, 1997;

Kebarle, 2000]

Aside from pre-formed ions in solution, amino acids and peptides can be easily protonated
under slightly acidic conditions (e.g. in the presence of 0.1 to 1.0 % v/v of formic acid) by
electrospray ionization. Analysis of peptides in their protonated forms generated by ESI
has become a routine method of analysis. lons generated by ESI are found to possess
lower internal energies than that produced by other ionization techniques, such as electron-
impact ionization and FAB, [De Hoffmann and Stroobant, 2001] and therefore do not
undergo extensive further dissociation unless additional internal energy imparted to them

via a secondary process, such as collision with an inert gas (refer to Section 2.3.2).

2.2 The Quasi-Equilibrium Theory (QET) of Mass Spectra

Under the high vacuum conditions of a mass spectrometer, competitive unimolecular
dissociations of the precursor ions result in different relative abundances of precursor and
fragment ions recorded in the mass spectrum. The quasi-equilibrium theory (QET) of
mass spectra is a simple theory useful in providing a conceptual and semi-quantitative
framework to understand the relative ion intensities of precursor and fragment ions that
appear in a mass spectrum.[Levsen, 1978] It was developed prior to the development of
a more elaborate and quantitative theory, the Rice-Ramsperger-Kassel-Marcus (RRKM)
theory of unimolecular dissociation to theoretically estimate numerically the rate constants,
which are often required for a full understanding of the relative ion abundances in a mass

spectrum.[Lorquet, 2000]
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According to the QET, the extent of fragmentation depends on a number of
physiochemical and instrumental parameters, including (i) the rate constants (k) of
competitive unimolecular dissociations as a function of internal excitation energy (E), (ii)
the time frame (t) of the dissociation reaction inside the mass spectrometer (i.e., ~ 10™ -
10™ sec and ~several tens of 10° sec for a triple quadrupole and ion trap mass
spectrometer, respectively), and (iii) the internal energy distribution, P(E), of the precursor

ions.

According to the transition state (TS) theory, the rate constant, k, of a unimolecular

dissociation reaction can be described by the equation [2.1] : [Holbrook et al., 1996]

k = kBTQ—+exp(— g, | RT)
h Q [2.1]
where Q" and Q represent the partition functions of the activated complex (transition state)
and the reactant (precursor ion), respectively, T is the temperature, kg the Boltzmann
constant, h the Planck’s constant, R the ideal gas constant, and & the critical (activation)
energy of the dissociation reaction (refer to Fig. 2.4).  As the partition function refers to
the number of micro-cannoical states accessible to the ions, the Q*/Q ratio is a measure of
the entropy change of the transition state relative to the precursor ion. However, there is
a limitation to this equation : it can be employed only when the system is under
thermodynamic equilibrium, with a Boltzmann distribution to describe the population of

the reactant, transition state and products, and characterized by a temperature T.
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Figure 2.4 Potential energy diagram of a unimolecular dissociation reaction with a critical

energy (&)

Unlike condensed (solution) phase reactions, the internal energy of molecular ions
undergoing unimolecular dissociation in a mass spectrometer under high vacuum (i.e., in
the gas phase where no or very few ion-molecule collisions take place) may not follow a
Maxwell-Boltzmann distribution, i.e., the ions are not decomposing under thermodynamic
equilibrium conditions.  If this is the case, then an ‘effective temperature’ term, Teg, IS
used to replace the thermodynamic equilibrium temperature T to re-solve this issue.  Test
is defined as the “hypothetical temperature’ under thermodynamic equilibrium at which
the identical fragmentation behaviour of the dissociating precursor ions is observed.

[Vekey, 1996; Drahos and Vekey, 1999]

Since energy must be conserved in an isolated system (i.e., the precursor ion), another

approach is to formulate the rate constant k of dissociation as a function of the total
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internal excitation energy, E. According to the quasi-equilibrium theory of mass
spectra,[Levsen, 1978; Holbrook et al., 1996] unimolecular dissociation occurs when a
system of s classical oscillators with total energy E exceeds the critical energy of
dissociation, &, of the bond to be broken (assumed to be a classical harmonic oscillator).
In other words, & is the theoretical energy barrier of the unimolecular dissociation
reaction, which is equal to the energy difference between the transition state and the
dissociating precursor ion (the reactant). The rate constant k(E) is then taken to be
proportional to the probability of the precursor ion passing over the energy barrier, and is

given by Egn. [2.2] :

[2.2]

where v is the frequency factor which is a ratio of product of frequencies of the energized
molecule/ion (containing s oscillators/vibrational bonds) to the product of frequencies of
the transition state (containing s - 1 oscillators/vibrational bonds), and is a measure of the
entropic constrains of the reaction. In practice, s represents the number of degrees of
freedom (effective number of oscillators), which is usually taken to be 1/2 to 1/5 of the
actual vibrational degrees of freedom (3N - 6) of the dissociating precursor ion.  The
QET of mass spectra and the effect of k(E) on relative ion abundance has been recently

reviewed by Vekey . [Vekey, 1996]

The relationship between the magnitude of the frequency factor v and the internal energy,
E, or specifically how does v change with increaseing E, is of particular relevance to the
present work. Generally speaking, it is an inverse function of the ‘looseness’ or
‘tightness’ of the activated complex, hence depending on the structure of the transition

state involved.  For a dissociation pathway involving re-arrangement of the bonds (i.e.,
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bond formation and bond breaking at the same time) and a ‘tight’ transition state, v is
reduced and k(E) generally increases more slowly with E when compared to pathway
involving simple bond fissions only. The difference between rearrangement and simple
bond cleavage reactions can be illustrated by the k(E) versus E curves as shown in Figure
2.5. [Levsen, 1978; De Hoffmann and Stroobant, 2001] Thus, a dissociating pathway
involving molecular re-arrangement has to display a lower critical energy in order to be
able to compete with a pathway involving a bond cleavage with a higher frequency (more
favourable entropy factor). The quasi-equilibrium theory of mass spectra and the effect of

P(E) on relative ion abundance has been reviewed recently. [Vekey, 1996]
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Figure 2.5 Hypothetical k(E) versus E curves for a simple bond cleavage reaction and a

dissociation reaction involving molecular rearrangement (E;, is the energy required
for generation of the parent ion; &, the parent ion contains enough excess energy to
fragment but the reaction is not fast enough to allow observation of the fragment; Es, the
excess energy required for the ion to dissociate before leaving the ionization source. The

difference of &, -E; is called the kinetic shift)
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Kinetic Shift Equation [2.2] indicates that a precursor ion can proceed to dissociate if the
internal energy (E) > the critical energy (eo). However, the onset or experimental
threshold energy (appearance/threshold energy, AE) for observation of the dissociation
(fragmentation) of the precursor ions is far greater than the critical energy (e,) because
extra energy is required to drive the reaction fast enough to reach a detectable amount of
ions within the time frame (~10™ - 10° s and 10> ~ 10™ s, respectively) of a magnetic
sector or triple quadrupole mass spectrometer.  The difference between AE and ¢,, (AE -
€o), IS called the kinetic shift. [Levsen, 1978; De Hoffmann and Stroobant, 2001; Lifshitz,

2002]

For different mass analyzers operating with different time frames, the kinetic shift also
differs in magnitude.  Larger kinetic shifts are observed for the shorter time scale (~10°
- 10 sec) and higher dissociation rate constants required for observing dissociating
precursor ions in a magnetic sector and triple quadrupole mass spectrometers. [Lifshitz,
1992; Lifshitz, 2002] Generally, a larger kinetic shift is expected for larger precursor ions
with more number of effective oscillators. A larger kinetic shift could possibly shift the
internal energy required for dissociation to a region where the other higher critical energy
dissociation pathways become possible. A larger kinetic shift is expected for a re-
arrangement reaction, which is associated with a slow increase of k(E) with increasing E
(Fig. 2.5).  In the case of protonated glycinamide, "HsNCH,CONHCHSa, the magnitude
of the kinetic shift for dissociation yielding the immonium ion, [HoN=CH,]", in a triple
quadrupole mass spectrometer was estimated to be as large as 0.45 eV. [Klassen and
Kebarle, 1997]  This suggested that the kinetic shift effect can shift the experimentally
observed threshold voltage to a significantly higher value than the theoretically found &,

value.
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On the other hand, the time scale of activation (dissociation) of an ion trap mass analyzer
is approximately 100 times longer than that of a magnetic-sector or triple quadrupole
systems. Previous studies have shown that the ion trap can detect unimolecular
dissociation channels with rate constants as slow as 1 x 10° sec’; the kinetic shift was
observed to be much smaller, or even negligible for small ions. [Lifshitz, 1992; Lifshitz et
al., 1983] In favourable cases, when the kinetic shifts are small, the order of appearance
or threshold voltages (energies) observed with an ion trap mass analyzer is more likely to
be consistent with the order of theoretical critical energies (g,) of dissociation calculated

for the different pathways. [Abirami et al., 2005]

2.3  Tandem Mass Spectrometry (MS/MS)

MS/MS is a two-stage (separated by a collision cell) mass spectrometer that allows the
study of dissociation reactions of a particular ion in a mixture of ions. [Busch et. al, 1988;

De Hoffmann et. al, 1996]

lonization Parent lon Dissoc_iation o

Source Selection M,* Region Identification

() e Py < gy N
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Figure 2.6  Schematic diagram of MS/MS operation in the daughter ion scan mode
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As illustrate in Fig. 2.6, for a mixture of ions, M;*, M,",...., M3 generated in the ionization
source of a mass spectrometer (MS1), a target ion of interest, generall named the parent or
precursor ion, M,", is mass-selected by the first mass analyzer, MS1. With excess
internal energy, the parent ion will undergo a number of competitive dissociations along
the pathway of travel (e.g. inside the collision cell of a triple quadruole mass spectrometer),
yielding daughter ions m,,", map", my.” and associated neutral fragments.  The daughter
ions are then mass analyzed by the second stage mass analyzer (MS2). This is known as
the ‘daughter ion scan mode’ and is the most common scanning mode used in tandem
mass spectrometry, as was performed with a B-E sector tandem mass spectrometer and/or

with a triple quadrupole instrument in the present study.

2.3.1 Unimolecular (Metastable) lon Dissociation

lons observed and recoreded with a B-E sector mass spectrometer can usually be classified
into three types: molecular (precursor) ion, metastable ion and daughter ion. [De
Hoffmann and Stroobant, 2001] Molecular (stable) ions are formed in the ionization
source and travel to the detector without dissociation.  Metastable ions (of intermediate
internal energies) are formed in the source and dissociate in the “field free’ region between
the B and E sectors before reaching the detector. lons possessing higher internal
excitation energies exceeding the critical energy, &,, would dissociate within the ionization
source, and thus could only be detected as daughter ions.  The relative portions of an
energy distribution curve for yielding the molecular ions, metastable ions and daughter

ions is shown for a hypothetical internal energy distribution curve, P(E), in Fig. 2.7.
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Figure 2.7 A hypothetical internal energy distribution (P(E)) versus internal energy (E) of ions

The metastable ions formed in the first field free region (1* FFR) of a magnetic (B) and
electric (E) sector type mass spectrometer in the present study were detected by B/E linked
scans, a technique to be described in more details in Section 2.5.1. Due to the narrow
time window of the 1% FFR of a B-E sector instrument, metastable ions are characterized
by a relatively narrow range of internal energies (Fig. 2.7), which are usually only slightly

above the energy threshold for dissociation.

Previously, the parent-daughter relationship of radical molecular ions generated by
electron-impact ionization could be established by recording the metastable ion spectrum
for studies on ion dissociation pathways and mechanisms. However, metastable ions
generally constitute less than 1 % of the total ion population, and are recorded with very
low ion intensities. The problem is further aggravated for parent ions generated by
electrospray ionization, which usually do not yield metastable ions at all. ~ For this reason,

studies on dissociating mechanisms and pathways of protonated amino acids and peptides
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are now carried out by monitoring the low energy (eV scale) collision-induced
dissociations occurring in the collision cell of a triple quadrupole mass spectrometer, or

within an ion trap mass analyzer.

2.3.2 Collision-Induced Dissociation (CID)

Parent ions generated by ESI that do not have enough internal excitation energy to
undergo dissociation can be mass selected by the first stage mass analyzer (MS1),
activated (gaining more internal excitation energy) by collision with an inert gas in a
collision cell, and then undergo further dissociations before reaching the detector of the
mass spectrometer. In a low energy (eV scale, laboratory frame) collision process, parent
ions are accelerated to a kinetic energy of 5 — 100 eV, and allowed to collide with a
neutral/inert target gas (e.g. argon as collision gas used in the present study).  During the
collision, a fraction of the translational energy is converted into the internal energy of the
parent ion.  Once the internal energy (E) exceeds the critical energy (&) of a dissociation
reaction, collision-induced dissociation (CID) would occur. The amount of Kinetic
energy converted (the extent of dissociations) depends on a number of factors, such as
collision velocity/energy (usually expressed in eV, the potential difference of ion
acceleration) and the nature of collision gas.  In general, the internal excitation energy
imparted to the parent increases with the kinetic energy (eV) of ion acceleration; the
maximum amount of kinetic energy available for conversion to internal energy of an ion in
a single collision is given by Eqn.[2.2]: [Busch et al., 1988; De Hoffmann and Stroobant,

2001]
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_ E lab m target [2 2]

E =
m,, +m

cm
target

where Ecn, is the maximum amount of collision energy in the centre of mass reference
frame, Ejq is the ion kinetic energy of collision in the laboratory frame reference, mijon is

the mass of the parent ion and Mearger IS the mass of the collision gas (target gas).

In the present study, low-energy CID experiments were performed with triple quadrupole
tandem mass spectrometers (Waters-Micromass Quattro Ultima, Manchester, U.K.) for
investigations into the dissociation pathways and mechanisms of protonated amino acids
and peptides, as well as the determination of proton and potassium cation(s) affinities of -

amino acids and p-peptides.

2.4 The Mass Spectrometric Kinetic Method

The mass spectrometric kinetic method is developed by Cooks and co-workers [Cooks and
Kurger, 1977; McLuckey et al., 1981; Cooks et al., 1994; Cooks and Wong, 1998] and
applied to determine thermochemical information (e.g. ionization potentials) of a wide
range of compounds. [Cooks et al., 1999] This method is further extended by Fenselau
and co-workers [Cheng et al., 1993] and Wesdemiotis and co-workers [Cerda and
Wesdemiotis, 1996; Cerda et al., 1998] to determine the thermochemical properties of
structurally dissimilar compounds, or ligands with different metal cation binding modes
(proton affinities and alkali metal cation affinities of amino acids and peptides). The first
version of the method is now known as the ‘standard kinetic method’, while the version

modified later is known as the “extended kinetic method”.
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2.4.1 The Standard Kinetic Method

In the standard kinetic method, the relative K* affinity (A(AH)), between two neutral
ligands, L; and L, is measured from the rates of competitive unimolecular dissociations
of the K" bound heterodimer complex, [L1—K—-L,]", to its K bound monomer complexes
(Reactions [2.3a] and [2.3b]), where k1, k, are the rate constants for the dissociations of the
K" bound heterodimer to [K—L]" and [K—L2]" monomers, with the corresponding critical
energies g; and g, and enthalpy change, AH; and AH,, of Reactions [2.3a] and [2.3b],
respectively. The corresponding potential energy diagram for reactions [2.3a] and [2.3Db]

is shown in Fig. 2.8.

— > [K-Li] + L, [2.33]

Li—K-L]* |

K [K-La" + Ls [2.30]
2

The natural logarithm of the relative rates of dissociation, In(ki/k>), can be equated to the

natural logarithm of the ion intensity ratio, In(Ipv-L,1*/Im-1,1%), by Eqn.[2.4]

In(ﬁlen(—l[K_Ll]+ len( Q£]+ (2, —2,) [2.4]
K, Ik -L,1" Q, RT.
. A(AH) [2.5]
RTeff

where Q; and Q," are the partition functions of the two transition states of the competing
reactions, (e, — €;1) is the difference of activation energies of the two reactions. For

ligands with similar structures and modes of binding, the In(Q;/Q’) term is generally
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taken to be zero (i.e., Q" = Q.).  Assuming that the heterodimer dissociates with no

reverse energy of activation, Eqn.[2.4] can be simplified to Eqn.[2.5], where the relative
K" affinity between L; and L, i.e., A(AH) = AH[k-L,;* — AH[k-L %, is now proportional to

In(lk-L,*/ 1 K-Lo1%)- This standard kinetic method, usually expressed in the form of a

relative K™ affinity A(AH) ladder, is applied in the present study to determine the relative

potassium cation (K*) affinities of 20 a-amino acids and their methyl-esters.
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Figure 2.8 Schematic energy diagram of the dissociation of a potassium cation bound

heterodimer [L;—K-L,]" (The rate constants (k; and k,) can be approximated by a
modified form of the canonical transition state with the thermodynamic temperature T
replaced with an “effective temperature”, T which is defined as the temperature of a
Boltzmann distribution of the activated complex (transition state) that fragments to
give the same product ratio as observed for the non-Boltzmann distribution under

chosen experimental conditions.[Vékey, 1996])
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2.4.2 The Extended Kinetic Method

Consider the competitive unimolecular dissociations of K* bound heterodimers of a ligand

L1 (with unknown K" affinity, AHk_L,;+) and reference compound L, with known K*

affinities (AHk-rj+), where L and L, are structurally dissimilar, the In(Q./Q,") term in
Eqn [2.4] is generally non-zero but can be assumed to be a constant. The In(Q;/Q,") term
can then be expressed as in Eqn.[2.6], where A(AS)*® is the difference in reaction
entropies for the dissociation of the heterodimer to the [K-L;]" and [K-L,]" monomer

complexes.

In(S—EJz—A(ATS)W [2.6]

By drawing analogy with the thermodynamic related equation, AG = AH — TAS, Eqn.[2.4]

can then be re-formulated as Eqns.[2.7] and [2.8]:

+ app
In Kk I Ik -1, _ A(AS) N A(AH)
k I -c,17 R RT

n

_AG®  AHK- L1’

[2.7]
RT RT
AG™® AHi-11"  A(AS)™
and _Abwour  AAS) [2.9]

RT,, RT,, R
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The AG™P, T and A(AS)® terms are experimental values obtained according to the
protocol of the extended kinetic method. Usually, the A(AS)* term is assumed to be
constant for a series of structurally similar reference ligands, so that a plot of
In(Ipc 3/ Nk,1*) versus AHpc 1 1+ to (Eqn.[2.7]) will give AG™/RTet as the y-intercept
(Yo), and —1/RT as the slope (m). If the measurement is carried out at a number of
different collisional excitation energies (Tests), @ second plot of y, versus -m will yield the

K" affinity of Ly, AHyc,*, from the slope, and the entropic term —A(AS)**/R from the y-

intercept of the plot.

However, the AG*™ and 1/RT terms (Eqn. [2.9]) are covariant so that the highly linearity
of the second plot of the extended kinetic method could be an artifact in data analysis.

[Armentrout, 2000]  To remove this covariance, Armentrout suggested that the AHk- j*
and AG™ terms can be replaced by [AH[ 1 j* — AHavg] and [AG™ — AHay], respectively,

where AHayq IS the average of the AH values of the reference compounds (L,) [Armentrout,
2000].  The y-intercept of the first plot now becomes [AG*P — AHaygl/RTes (Slope m =

—1/RTes remains unchanged), and the slope of the second plot is then equal to [AH[k-j* —
AHayg] (y-intercept = —A(AS)™/R remains unchanged), from which AHp ;" and

—~A(AS)®™" can be fou . It should be pointed out that the Tesr, (AGm+)* and (ASu+)*P terms
are related to the properties of the dissociating heterodimer, and are dependent on the
instrumental conditions under which the dissociation reactions are monitored. This
method is known as the extended kinetic method, and is applied in the present study to
determine the absolute potassium cation affinities of selected a-amino acids and their
methyl-esters when reference compounds of known and comparable potassium affinities

are available for the experiemental measurement. Equations [2.7] to [2.9] are equally
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valid when K" is replaced by proton (H"), and the extended kinetic method is also used in
the present study to determine the absolute proton/potassium cation affinities of selected

-amino acids and dipeptides.

The theoretical basis, assumptions and the methodology of the kinetic method have been
critically reviewed and discussed recently. [Cooks and Wong, 1998; Cooks et al., 1999;
Armentrout, 1999; Drahos and Vekey, 1999; Ervin, 2002; Ervin, 2000] The major
advantage of the kinetic method for determining thermochemical properties is its
simplicity, and the measurements can be carried out in commonly available tandem mass

spectrometers.

2.5 Instrumentation and Experimental Procedures

In this section, the mass spectrometer and the experimental conditions used in the present

study are described.

2.5.1 The Finnigan-MAT95S Double-Focusing (B-E) Mass Spectrometer

In this study, the unimolecular (metastable) ion dissociations mass spectra were obtained
with the first stage B-E sector mass analyzers of the Finnigan-MAT95S-B-E tandem mass
spectrometer [Huels et al., 1996; Schwartz et al., 1990] equipped with a cesium ion (Cs")

FAB gun as ionization source.

The Finnigan-MAT95S-B-E mass spectrometer (MS1) is a reverse geometry (B-E) double
focussing magnetic sector mass spectrometer with a 65°, 35 cm radius magnetic sector, B,

followed by an electric sector, E as shown in Fig. 2.9.  The full accelerating voltage is 5
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keV, the maximum magnetic field strength is 1.7 Tesla, the maximum mass range is 3,500
Da, and the maximum resolution is 60,000 (10% valley) in the double focussing mode.
Instrumental control and data acquisition are carried out via the Finnigan-MAT ICIS
system software and a DEC Alpha workstation.  Unimolecular (metastable) dissociations
in the first field-free region (FFR-1) can be monitored by operating the instrument in the

B/E linked-scans mode. [De Hoffmann and Stroobant, 2001]
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Figure 2.9  Schematic Diagram of the Finnigan-MAT95S-B-E tandem mass spectrometer
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2.5.2 Waters-Micromass Quattro Ultima Triple Quadrupole Tandem Mass

Spectrometer
A schematic diagram of the Waters-Micromass (Manchester, U.K.) Quattro Ultima triple

quadrupole tandem mass spectrometer is shown in Figure 2.10.
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Figure 2.10  Schematic diagram of the Micromass Quattro Ultima triple quadrupole tandem

mass spectrometer (taken from Micromass Quattro Ultima triple quadrupole tandem

mass spectrometer user’s manual)

The Quattro triple quadrupole mass spectrometer is equipped with a Z-spray electrospray
ionization (ESI) source, [Herbert and Johnstone, 2003] and comprised of three main parts:
two quadrupole mass analyzers (MS1 and MS2), and a central hexapole collision cell, to
which a pressure of ~ 1 x 10” - 10°® mbar of collision gas (argon) is generally introduced
to perform effective CID of the precursor ions selected by MS1.  Short-length hexapoles,
prefilters and postfilters are located before and after the quadrupole analyzers to maximize
the transmission of the ions to the detector.  The ion detection system is consisted of a
conversion dynode, phosphor and photomultiplier (650 V). The ion source (about 10™

mbar) and analyzer (10 - 10° mbar) regions are pumped by two turbo-molecular pumps
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(Edwards) and two rotary pumps (Edwards).  Data acquisition and processing are

performed using the Micromass-MassLynx NT system software (version 3.5).

To obtain a MS/MS spectrum, the parent ion is first mass selected by the first quadrupole
(MS1), accelerated by a potential difference (collision energy) of 0 - 200 V and then
undergoes collision-induced dissociation (CID) by collision with the argon collision gas
present in the RF-only hexapole collision cell. The fragment ions formed are mass
analyzed by the second quadrupole mass analyzer (MS2) to yield a MS/MS mass spectrum.
For the Quattro Ultima triple quadrupole mass spectrometer, the lowest detectable m/z
value of ions is 2; it was employed in this study to confirm the absence/presence of low
m/z ions (< m/z 30) in the MS/MS spectra of protonated p-alanine and model B-dipeptides.
Conversely, one of the product (daughter) ions can be mass selected by MS2, and MS1
can be scanned to provide a ‘parent” MS/MS spectrum revealing the precursor ions of a

particular daughter ion.

Another feature about the triple quadrupole MS system relevant to the present study is that
it offers a wide range of adjustable collision energies (1 — 100 eV, laboratory scale) and
variable pressures of collision gas pressure (10° — 10™ milliBar) for low energy CID
studies. Hence, the extended kinetic method measurements of the present project, which
requires ion intensity ratio measurements over a wide range of effective temperatures
(Teff) or collision energies (eV) under suitable argon collision gas pressures, were

conducted with the Quattro Ultima triple quadrupole MS system.
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2.5.3 Chemicals and Sample Preparation Procedures

All chemicals and reagents were analytical grade (AR) and purchased from Acros, Aldrich
and Sigma chemicals companies. Unless specified, they were used without further
purification. The chemicals used in this study are listed below in the format: full

chemical name (Abbreviation / Relative Molar Mass):

a-Amino Acids

Glycine (Gly / 75) Alanine (Ala/ 89)
Cysteine (Cys/121) Valine (Val / 117)
Leucine (Leu/131) Isoleucine (lle / 131)
Serine (Ser /105) Methionine (Met / 149)
Proline (Pro / 115) Threonine (Thr/ 119)
Aspartic Acid (Asp / 133) Phenylalanine (Phe / 165)
Tyrosine (Tyr / 181) Glutamic Acid (Glu / 147)
Lysine (Lys / 146) Asparagine (Asn/ 132)
Tryptophan (Trp / 204) Glutamine (GIn / 146)
Histidine (His / 155) Arginine (Arg/ 174)

Methyl/Ethyl Esters of a-Amino Acids

Glycine methyl ester (GlyOMe / 89) Alanine methyl ester (AlaOMe / 103)
Cysteine methyl ester (CysOMe / 135) Valine methyl ester (ValOMe / 131)
Leucine methyl ester (LeuOMe / 145) Serine methyl ester (SerOMe / 119)
Methionine methyl ester (MetOMe / 163)  Proline methyl ester (ProOMe / 129)
Threonine methyl ester (ThrOMe / 133) Aspartic Acid methyl ester (AspOMe / 147)
Phenylalanine methyl ester (PheOMe / 179) Tyrosine methyl ester (TyrOMe / 195)
Glutamic acid methyl ester (GluOMe / 161) Lysine methyl ester (LysOMe / 160)

Asparagine methyl ester (AsnOMe / 146)  Tryptophan methyl ester (TrpOMe / 218)
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Glutamine methyl ester (GInOMe / 160) Histidine methyl ester (HisOMe / 169)

Leucine ethyl ester (LeuOEt / 159) Phenylalanine ethyl ester (PheOEt / 193)

B-Amino Acids/p-Amino Acids Methyl Esters

B-Alanine (B-Ala/ 89) B-Alanine methyl ester (B-AlaOMe/ 103)

a-/B-Dipeptides

Glycylalanine (GlyAla / 146) Alanylglycine (AlaGly / 146)
Alanylalanine (AlaAla/ 160) Glycylhistidine (GlyHis / 212)
Histidylglycine (HisGly / 212) Alanylhistidine (AlaHis / 226)
Glycyl(p-alanine) (Gly(B-Ala) / 146) Alanyl(B-alanine) (Ala(B-Ala) / 160)
B-Alanylglycine ((B-Ala)Gly / 146) B-Alanylalanine ((B-Ala)Ala/ 160)

B-Alanyl(p-alanine) ((B-Ala)(p-Ala) / 160)

B-Alanylhistidine (Carnosine) ((B-Ala)His / 226)

Generation of K™ bound heterodimer ions by FAB For generation of abundant K*
bound heterodimer ions by FAB, the samples were prepared by mixing saturated aqueous
solutions of sample powders (or 20 uL of liquid sample) with 20-40 uL of 0.4 M aqueous
potassium iodide (KI) solution, 10-20 uL of 2.5 M trichloroacetic acid solution, and 20-40
uL of glycerol matrix. Then, one drop (~2-5 pL) of the mixture solution was transferred to

the FAB probe tip for mass spectrometric analysis.

Generation of H'/K" bound heterodimer ions by ESI For the generation of H'/K"
bound heterodimer ions by ESI, solution concentrations were optimized for maximum ion
intensity by mixing different proportions of 2 x 10* M stock sample solutions (in

methanol) with 50-200 uL of methanol containing 1% v/v of formic acid or 0.04 M
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potassium nitrate (KNOs3) solution (in methanol) to a final volume of 4 mL. For amino
acids supplied in the HCI complexed form, NH,OH solution (~28-30 % NH3 in water) was
added to the stock solution until the pH reached ~8-9.  Methanol was used as solvent in
all serial dilutions, if needed for the optimization steps.  If the solubility of the chemicals
in methanol was very low, then 100-300 uL of deionized water was added to the stock
solution to increase the solubility. The resulting solution was introduced into the ESI
interface by a syringe pump (Harvard Apparatus, model 22) at a flow rate of 5-10 pL/min.
The procedure was equally applicable to the generation of protonated amino acids and

peptides by ESI.

25.4 Instrumental Conditions

Fast atom bombardment-mass spectrometry (FAB-MS) conditions The typical

Finnigan-MAT 95 ST conditions for acquiring a normal FAB mass spectrum are listed as

follows:

lonization method :FAB, cesium ion gun as bombarding ion beam (~14 - 20
keV, emission current ~2 uA, heater current ~1.4 - 1.6 A)

Scan mode :normal magnetic field scan (B scan)

Accelerating voltage 4.7 kV

Scan rate :5 - 15 sec/decade (depends on scanning mass range)

Mass resolution :low resolution at approximately 800-1500 (M/AM, 10%

valley)

Conversion dynode :positive mode, 15 kV

Electron multiplier voltage :1.6 - 1.8 kV, adjusted to a gain factor of 10* - 10°
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To perform the metastable measurement in the first field-free region (FFR-1) with
reproducible ion intensity ratios, the ion intensity of metal cation bound heterodimers
generated by FAB were tuned to be an intense signal > 10,000 uV at a multiplier voltage
of 1.3 kV by optimizing the FAB heater current, emission current and high voltage of the
Cs" gun. However, careful sample preparation with the FAB matrix is also important.

The mass spectrometric conditions were:

Acquisition mode : LPROF

Accelerating voltage 1 4.7 kv

Multiplier :1.6-1.8 kV
Conversion dynode . positive mode, 15 kV
Scan rate : 10-15 sec/decade
Inter-scan time :0.5sec

Vacuum conditions recorded by the ion gauge
lon source vacuum :4.0x10®-2.0 x 107 mbar

Electrostatic analyzer vacuum: 3.5 - 5.0 x 10°® mbar

A metastable spectrum measured was accumulated from 60-100 scans and repeated 3-4
times to obtain an averaged ion intensity ratio. The ion intensity ratios were typically
reproducible to within + 8% (coefficient of variation, n = 3-4), and the uncertainty in

logarithm of ratios were within = 0.08 (n = 3-4).
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Electrospray ionization-mass spectrometry (ESI-MS) conditions

Argon (Ar) was used

as the collision gas and introduced to the collision cell to yield 20-30 % attenuation of the

precursor ion beam. The typical ion generation and mass spectrum acquisition conditions

are shown as follows:

Electrospray ionization source

Capillary voltage
Cone voltage
Hexapole 1
Aperature
Hexapole 2

Nebulizing gas

:1-3kV
:10-30V
:00-02V
:00-02V
:00-02V

: Ny, fully opened

Cone gas and flow rate : N, 50 - 70 L hr

Desolvation gas and flow rate : N2, 400 — 700 L hr

Source temperature

Desolvation temperature

MS1 / MS2 parameters
LM 1 resolution
HM 1 resolution
lon energy 1
Entrance
Exit
LM 2 resolution

HM 2 resolution

:60-80°C
:120-150 °C
15

15
:01-04V
1-7V
:2-5V

15

15
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lon energy 2 :05-0.7V

Multiplier : 650 V

Mass spectrum acquisition conditions:

lonization mode . ESI, +ve

Scan mode : daughter ion scan (MS/MS)
Collision gas - argon (99.99% purity)
Collision energy :5—32 eV (laboratory frame)
Multiplier 1650 V

Scan rate : 350 — 450 Th/second

No. of scans :50 - 100

Vacuum / pressure conditions (mbar):

Collision cell Pirani gauge (without collision gas introduced): < 1.0 x 10" mbar
Collision cell Pirani gauge (with collision gas introduced): < 1.0 x 10 mbar
Analyzer Penning gauge (without collision gas introduced): 1.48 — 1.52 x 10 mbar

Analyzer Penning gauge (with collision gas introduced): 1.62 — 1.67 x 10" mbar

When using the Quattro Ultima triple quadrupole mass spectrometer (which has a
relatively long (18 cm) collision cell), the Ar gas in the collision cell had to be kept below
the ‘normal’ operating pressure range to reduce the number of multiple-collisions
occurring, and to minimize further fragmentation of the K bound monomer complexes.
Consequently, the introduction of Ar collision gas was monitored indirectly by reading the
‘Analyser Penning Gauge’ in the analyser region, and no direct reading of the *Collision

Cell Pirani Gauge’ connected to the collision cell was taken.
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For low energy CID experiments, the collision energy was adjusted in the range of 5-35
eV. Typically, 60-100 scans were accumulated to yield a mass spectrum and the average
of the ion intensity ratios of 3-4 mass spectra was taken as the final result. The ion

intensity (peak height) ratios so obtained was found to be reproducible to within < £8 %

(coefficient of variation, n = 4) and the logarithm of ratios to within £0.08 (n = 4).
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Chapter 3 Computational Methodology

In this chapter, the basic principles of the theoretical modeling methodologies used in
current study will be introduced.  All ab initio and density functional theory calculations
have been carried out using the Gaussian03 [Frisch et al., 2003] package of programs

installed in Compag XP900, Intel Pentium 4 and SGI Supercomputers workstations.

3.1  Ab Initio Molecular Orbital (MO) Methods

Ab initio is a Latin word which means “from the beginning” and molecular orbital (MO)
theory uses one-electron functions to approximate the full molecular wavefunctions.
Thus, the purpose of ab initio molecular orbital modeling is to predict the properties of
atomic and molecular systems based on the laws of quantum mechanics, and using only

fundamental physical constants, without reference to experimental data.

3.1.1 The Schrodinger Equation

The energy of a stationary state of a molecule can be obtained by solving the time-
dependent Schrodinger equation, which in shorthand operator form given in Egn. [3.1]:

[Hehre et al., 1986]

HY = EY [3.1]

where A is the Hamiltonian (a differential operator consisting of both kinetic and potential

energies to represent the total energy); W is the wavefunction (a function of the Cartesian
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coordinates of all particles and spin coordinates in the atomic/molecular system); E is the
energy of state of a system (relative to a state in which the constituent particles, nuclei and

electrons are infinitely separated and at rest).

3.1.2 The Born-Oppenheimer Approximation

The Hamiltonian for a molecular system, A, can be written as the kinetic and potential
energy operator of the pairwise attraction and repulsion terms of nuclei and electrons:

[Hehre et al., 1986]

A

H :'I:n +'I:e +\7ne +\7ee +\7nn [3.2]

A A ~

Where'fn and 'I:e are the kinetic energy operators for nuclei and electrons; V, .V, andV

ne’ nn

are the potential energy operators for nuclei-electron attraction, inter-electronic repulsions

and inter-nuclear repulsions, respectively.

Since no particles are moving independently of each other as implied in the Hamiltonian
Eqgn. [3.2], the Born-Oppenheimer approximation can simplify the problem by separating
nuclear and electronic motions.  This approximation is generally reasonable as the mass
of the nucleus is about 1,800 times greater than that of an electron.  The nuclei move very
slowly with respect to the electrons, and the electrons react essentially instantaneously to
the changes in nuclear positions.  Thus, it is more convenient to construct an electronic

Hamiltonian (H:) for fixed nuclear positions, then the kinetic energy term for the nuclei

('fn) can be neglected:

~

H =~ I-AIe :fe +\7ne +\7ee +\7nn [3.3]
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3.1.3 The Slater Determinant

A molecular orbital (y) is a function of the Cartesian coordinates (x, y, z) of a single
electron. Its square (y?) is the probability distribution of the electron in space. To
describe an electron completely, the spin coordinates (§ = +1/2 or —1/2 for spin function a
or B, respectively) should also be included.  Thus, a complete wavefunction for a single
electron is the product of a molecular orbital () and a spin function (), named as spin

orbital.

For an N-electron system, the simplest way to approximate the full wavefunction (V) is to

present it as a Slater determinant, Wsjaer, Which is represented by Eqn. [3.4].

i, @) w50 eee yw, (15,1
v1(2)6,(2)  v,(2S,(2) oo v, (2)S,(2)

\PSIater = (NI)_% ’ [34]

yi(N)S, (N) v, (N)S,(n) eee y (N)S,(N)

The first row of the Wsiaer included all the possible spin orbital assignments for electron 1,
and similarly for the other electrons in other rows.  On expansion, the Wsjaer becomes a
sum of spin orbitals.  In order to ensure the probability of finding the electron anywhere
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in space is unity, a normalization constant of (n!)™“ is needed.  The Wsjaer fulfills two

crucial properties of molecular wavefunction; [Jensen, 1999]

(i) It satisfies the antisymmetric requirement of a electronic wavefunction, i.e., when
the coordinates of any pair of electrons are interchanged, it is equivalent to the
interchange of the corresponding rows of these two electrons in the determinant,

which have the effect of changing the +/- sign;
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(i) It is also equivalent to satisfying the Pauli exclusion principle, i.e., no two
electrons of the same spin may occupy the same molecular orbital. It is because

the determinant vanishes when any two rows (spin orbitals) in Wgjar are identical.

3.1.4 Koopmans’ Theorem

When we consider the energy of an N-electron system and the corresponding system with
one electron removed from orbital number k, and assume that the molecular orbitals for

these two systems are identical, we have the following relationship: [Koopmans, 1933]

Ex —Eys =& [3.5]

where g is exactly the orbital energy.  The ionization energy within the “frozen MO”
approximation is given as simple as the orbital energy, which is also known as Koopmans’

theorem.  The theorem suggests that: [Jensen, 2007]

(i) the eigenvalues of the Fock operator (the details will be discussed in
Section 3.1.7 below). corresponding to occupied molecular orbitals are well defined and
they converge to a specific value as the size of the basis set (described in Section 3.1.5) is
increased.  In contrast, unoccupied orbitals in a sense are only the “left-over” functions

in a given basis set, and their number increases as the basis set is made larger.

(i) The lowest unoccupied eigenvalue usually converges to zero,
corresponding to a solution for a free electron, described by a linear combination of the

most diffuse basis functions.
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3.1.5 Basis Set Approximation

Simply to say, a basis set is a set (collection) of mathematical functions used to solve the
Schrodinger equation in order to represent molecular orbitals. Thus, the molecular orbitals
(y) can be expressed as a linear combinations of a finite set of N prescribed one-electron
functions represented by known basis functions (¢). Take Eqgn. [3.6] as an example, the i
molecular orbital can be represented by a linear combination of a series (x=1, 2, 3, ...N)

basis functions (¢x) with coefficient (cxi) as the molecular orbital expansion coefficients,

¥, = D Cub, [3.6]

where i, x and N represent a series of molecular orbitals, a series of basis functions, and
the dimension of the basis function, respectively. The expansion coefficients in Eqn. [3.6]
are determined by applying the variational principle in a self-consistent fashion (the details

will be discussed in Section 3.1.6 below).

3.1.6 Basis Set
Slater and Gaussian Type Orbitals

There are two types of basis functions: the Slater and Gaussian type orbitals.  The Slater
Type Orbitals (STO) describes exponential radial distributions of electron density.  They
are labeled like hydrogen atomic orbitals, 1s, 2s, 2py,..., and have the normalized form.
Take STOy as an example: [Hehre et al., 1986]

3N\ U2
STOB:(%) exp(g,r) [3.7]
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where ;3 is a constant determining the size of the orbitals. STOs provide reasonable
representations of atomic orbitals with £ values recommended by Slater.  However, they
are difficult to handle for computational calculations. Thus, the other commonly used type
of basis functions, the Gaussian-type basis function, GTO, is introduced. = The Gaussian
basis function for the s-type atomic orbitals, GTO,, which describe the angular
distributions of electron density, is represented by the following equation: [Hehre et al.,

1986]

34
GTOS:(QEJ exp(—ar?) [3.8]
T

Pople Style Basis Sets

Pople style basis sets are used extensively in this work, and thus more details are
introduced here.  Pople style basis sets are one type of contracted basis sets.  Their
basis functions, also known as the primitive gaussian type orbitals (PGTO), are combined
together by fixed linear combinations to form the contracted gaussian type orbitals

(CGTOs). Here are some examples:

Q) STO-nG basis set: where the Slater type orbital (STO) is approximated by n

PGTOs. Usually, STO-3G is the widely used as a minimum basis set.

(i) k-nImG basis set: split valence basis sets. The first part ‘k> means k
PGTO are used for representing the core orbitals, while the second part
‘nlm’ describes how many functions the valence orbitals (CGTO) are split
into (now is three) with different sizes, and how many PGTO are used to

represent the inner, medium, and outer valence orbitals (here the letters
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‘nlm’ are representing n-, I- and m- PGTOs for inner, medium and outer

valence orbitals, respectively).

(i) k-nlm++G(idf,jpd) basis set: more parameters are sometimes added before
the G (for Gaussian) to indicate the addition of diffuse and polarization
functions. The diffuse functions (denoted as ‘+’) are larger size version of
s- and p-type functions. They allow orbitals to occupy a larger region of
space and directional characters. They are found to be important for
systems where electrons are relatively far away from the nucleus, such as
anions, molecules with lone pairs of electrons, systems in their excited
states, and transition states, etc. The polarization functions are higher
angular momentum functions, i.e., idf, jpd means i d and one f polarization
functions are added to heavy atoms and j p and one d polarization functions
are added to hydrogen atom. The diffuse and polarization functions are

particularly useful in describing chemical bonds.

Generally speaking, as the number of basis functions increases, the accuracy of the
molecular orbitals improves.  Taking the highest basis set we used in the present study as
an example, the 6-311+G(3df,2p) basis set indicates a triple split valence basis, where the
core orbital is made up of a contraction of six PGTOs, and the valence orbitals is split into
three functions, represented by three-, one- and one PGTOs, respectively. The ‘+’
indicates the diffuse p-function are added to the heavy atoms. The polarization functions
(3df,2p) indicate three d- and one f-functions are added to heavy atoms, and two p-

functions are added to hydrogen atoms.
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3.1.7  Hartree-Fock (HF) Self-Consistent Field (SCF) Theory

Variational Principle

To generate approximate solutions for the Schrddinger equation, the variational principle,
which states that any approximate wavefunction has an energy above or equal to the true
energy (i.e., Egia > Ere), 1S employed. In other words, the variational principle is to
minimize the energy of a single Slater determinant by varying the MO coefficient, under
the constraint that the MOs remain to be orthonormal. By making a trial wavefunction
containing a number of parameters, we can get the “best” approximation of the true energy

at the energy minimum as a function of these parameters.

Hartree-Fock (HF) Self-Consistent Field (SCF) Theory

Hartree-Fock (HF) self-consistent field method is based on the Variational Principle. In
simple terms, if a basis set is selected for orbital expansion, the coefficients (cy in Eqgn.
[3.6]) may then be varied repeatedly until there is no further change from one iteration to
the next one, so as to minimize the expectation value of energy, Ewia. Thus, the best
single-determinant wavefunction, Wyg, is found by minimizing Eyia With respect to the

coefficients cy;, and their relationship are shown below: [Hehre et al., 1986]

8 Etrial / a Cx| = 0 [39]

Roothaan-Hall Equations

By applying the variational principle, a set of algebraic equations for cy; can be formed.
They can be solved independently by Roothaan-Hall equation for a closed shell

molecules/atoms (Eqgn. [3.10]).  In other words, the Roothaan-Hall equations allow the
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solution of HF equations using matrix techniques, as these equations can be considered as
a matrix representation of the HF equation in an infinite basis. For practical reason
(computational efficiency), the number of basis functions is limited. Hence, these
calculations cannot reach the HF limit.  The Roothaan-Hall equation is given as below:

[Hehre et al., 1986]

>.(F,-&S,)c, =0 [3.10]

where F, and §XV are the Fock matrix and overlap matrix of the basis functions,

respectively, between y and v basis functions.  While ; is the one electron energy of the
molecular orbital, i, and c,; is the MO coefficients.  For normalization conditions, the

MO coefficient are given as

N N

>.>c.S,c, =1 [3.11]

%=l v=l

The Fock matrix, F,,, must be known in order to determine the unknown MO coefficients.

On the other hand, the Fock matrix is only known if all the coefficients, c,;, are known.
Thus, an iterative process is required for testing the convergence within a certain threshold
(energy and c,;).  If the iteration fails, then the next iteration will be initiated.  If the
iteration is successful (convergence achieved), the energy and c,; are then solved.  The

whole iteration process is illustrated in Fig. 3.1.
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Obtain initial guess for gensity
matrix, such as cpi and Cvi, etc.

Form F, (By input of two-
electron integrals)

Solve the Roothaan-Hall
equations to obtain the

energy and density matrix,
and test for convergence

Energy and wavefunction of
Slater Determinants are
solved

Interative procedure of self-consistent field (SCF) calculations

Density Functional Theory (DFT)

In contrast to ab initio theory where all analyses are based on the wavefunction, Density

Functional Theory (DFT) methods are mainly based on the electron density (p). In DFT,

the electronic energy is expressed as a functional of density, E[p]; in other words, the aim

of DFT methods is to design functionals connecting the electron density with energy. [Parr

and Yang, 1989; Bartolotti and Flurchick, 1996; Baerends and Gritsenko, 1997]
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Under the DFT formalism, the total energy is decomposed into three contributions: i)
Kinetic energy, ii) Coulomb energy (due to classical electrostatic interactions among all
charged particles in the system), iii) exchange-correlation energy which captures all many-

body interactions. [Koch and Holthausen, 2000]

According to Kohn and Holthausen,[Koch and Holthausen, 2000] the energy functional

E[p] can be calculated as follows,

Elp] Tlp] + Ts[p] + Ere[p] + Eee[p]

T[p] + Ts[p] + Enelp] + ([p] + Kp])

Ts[p] + Ene[p]H[p]+(K[p]+T[p])

Ts[p] + Enelp] + J[p] + Exc[p] [3.12]

where the kinetic energy functional can be split into two parts: Ts[p] is one part of the
Kinetic energy contribution that can be solve exactly, T[p] is the other part of the kinetic
energy with a small correction term that cannot be solved exactly, Epe[p] is the attraction
between the nuclei and electrons, and Ee[p] is the electron-electron repulsion term arising
from the combined effects of Coulombic interactions, J[p], and the exchange interactions,
K[p]. The part of the kinetic energy which cannot be solved, i.e., T[p], can also be
absorbed into the exchange contribution between electrons, K[p], to form the exchange-

correlation term of electron-electron repulsion, Exc[p].

Since Tg[p], Ene[p] and J[p] can be solved exactly, the first task for DFT is to derive
suitable formulae for the exchange-correlation term, Ex[p], followed by the second task

which is to determine a set of orthogonal (to enforce the Pauli principle) orbitals for the
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energy minimization.  Since both J[p] and Ex[p] functional depends on the total density,
an iterative procedure is needed. The Exc[p] is usually further partitioned into two parts: a
pure exchange (Ex) and a pure correlation part (Ec), i.e., Exc[p] = Ex + Ec..  The difference
between various DFT methods relies precisely in the choice of the functional form of the

exchange and the correlation function (i.e. Exc[p]). [Koch and Holthausen, 2000]

There are three types of DFT methods: Local Density Approximation (LDA) methods,
Gradient Corrected Approximation (GCA) Method, and Hybrid Methods.  In LDA, the
density is treated locally as a uniform electron gas. For GCA, the exchange and
correlation energies are dependent not only on the electron density, but also on derivatives
of the density. The Hydrid method is among the commonly used DFT methodogies used
by computational chemists, which is also widely used in this work with Becke’s three
parameters exchange function and the correlation functional of Lee, Yang and Parr (B3-

LYP).

DFT is conceptually and computationally very similar to Hartree-Fock (HF) theory as
discussed in Section 3.1.7. However, it provides much better results and has
consequently become a very popular method.  The main disadvantage of DFT lies in its
inability to systematically describe certain important features, such as van der Waals’

interaction.

3.2.1 Hybrid Methods

In the DFT hybrid method, the exchange energy of a Slater determinant is computed from

the HF method.  The B3-LYP functional employed in this work makes use of Becke’s
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three parameters exchange function (B3-) and the correlation functional of Lee, Yang and

Parr (-LYP). [Lee, etal. 1988] The Ey. is given as below:

ESU SaE +(1-a)E S bAES + OB 41O [313]

XC

The constants a, b and ¢ are those determined by Becke who determined the values of the
three parameters by fitting to the 56 atomization energies, 42 ionization potentials and 8
proton affinities and 10 first-row atomic energies in the G1 molecule set, and the
computed values of a, b and c are found to be 0.80, 0.72 and 0.81, respectively. [Frisch et

al., 2003]

Because of the parameterization, B3-LYP functionals perform almost as well as the highly
accurate but more computationally-extensive G1/G2 model, with the unsigned error for
energetics at about 2 kcal mol™ (8 ki mol™). [Koch and Holtausen, 2000] The
performance of the B3-LYP level of theory in term of geometries is also impressive.
[Koch and Holthausen, 2000]  For a set of 20 organic molecules, geometries optimized
at the B3-LYP/6-31G(d) level were found to be in error by less than 0.005A on average
for bond lengths, and bond angels were accurate to within a few tenths of a degree, which
was of the same order as the uncertainties in the experimental equilibrium structures for
most polyatomic molecules.  Thus, several authors suggested [Frisch et al., 2003] that
the B3-LYP functional could be used instead of MP2 geometries for the highly accurate

extrapolation schemes like the Gaussian-2 (G2) methodology.

3.3  Zero-point Corrections and Frequencies

According to the Heisenburg uncertainty principle, all molecules have some vibrational

energy even at 0 Kelvin.  Thus, a term called zero-point energy, ZPE, has to be added to
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the calculated total energy (i.e., the electronic energies, Egec, Calculated above, which
assume the system is completely at rest) to obtain the ‘true’ energy of the molecule, Eo,

that is:
Eo = Eeiec + ZPE [3.14]

Molecular frequencies, v, are equal to the second derivative of the energy with respect to

the nuclear positions, r:
v=0%E/or [3.15]

However, raw frequency values computed with the Hartree-Fock method (and other
quantum mechanical methods) are known to contain some systematic errors: it generally
overestimates the frequency for the Hartree-Fock method by 10%-12% when compared to
the experimental data, similarly for the frequency values computed with the B3-LYP
method.[Scott and Radom, 1996; Polfer et al., 2005]  As a result, a scale factor of 0.8929
and 0.9806 is required to scale down frequencies predicted at the Hartree-Fock and B3-

LYP level, respectively.

3.4 Thermochemical Corrections

A thermal energy correction must be added into the zero-point corrected electronic energy,
Eo (Eqn. [3.14]), in order to obtain the total energy of a system at higher temperatures
other than 0 K. The thermal correction includes the effects of molecular translation (Eirans),
rotation (Ey), and vibration (E.ip), at the specified temperature (T), and pressure (P), that

is:
Etot = Eo + Evib + Erot + Etrans [3-16]
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The Egans, Erot and Eyip can be estimated by statistical mechanics equation, assuming that
the molecule is a rigid rotor and a harmonic oscillator. [McQuarrie and Simon, 1997] The

enthalpy (H) is further deducded as:
H = Eqt + RT [3.17]

, Where R is a gas constant (8.314 J K* mol™).  In order to obtain the Gibbs free energy
(G):
G =H-T(AS) [3.18]

, Where AS is the change of entropy that can be estimated from harmonic vibrational

frequencies via statistical mechanics equations. [McQuarrie and Simon, 1997]

3.5  The Energetic Protocol Adopted in Present Study

In this work, the interaction between proton (H") / potassium cation (K*) and a-/B-amino
acids and B-dipeptides in the gas phase was modeled with the ‘Energetic Protocol for
H'/K", abbreviated as EP(H'/K"). The procedure is based on the energetics and
structures determined with the hybrid Becke3-Lee-Yang-Parr (B3-LYP) [Becke, 1993]

density functionals.
The computational procedures of the EP(H'/K™) protocol are listed as follows:

@ Geometry optimization at the HF level using the standard 6-31G(d),
followed by frequency calculations in order to confirm to be real minima and

obtain the zero-point-energy (ZPE) correction at this level;
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2 Geometries of these stable minima were further refined by the B3-LYP
functional with the 6-31G(d) basis set in order to obtain the effect of electron

correlation on structures of ligands and H*/K*-ligand complexes; [Becke, 1993]

(€)) Energetics are obtained by using the B3-LYP functional with the large and
flexible 6-311+G(3df,2p) basis set based on geometry determined in step (2),
followed by frequency calculations at B3-LYP functional with the 6-31G(d) basis
set, i.e., the energetic calculations were carried out at the B3-LYP/6-

311+G(3df,2p)//B3-LYP/6-31G(d) level.

Proton (H") / potassium cation (K*) affinities (PAs / PCAs) at 0K, AHy, are obtained using

Eqgn. [3.19], using K™ affinities as an example:

AHo = [(Ex* + E.) - Ex*.] + [ZPEL - ZPEk*.] x 0.9806 [3.19]

, Where Ex*, E_ and Ex*._ are the electronic energies of the potassium metal cation, the
ligand and the K*-ligand complex, respectively, obtained from step (3); ZPE, and ZPEx*..
are the zero-point-energy corrections for the ligand and the K*-L complex obtained from

step (1), respectively, with a scaling factor of 0.9806 for the B3-LYP frequencies.[Scott

and Radom, 1996; Polfer et al., 2005]

The EP(H'/K") theoretical values at OK (AHg) are often converted to affinities at 298K
(AH29g) for the purpose of comparison with experimental values at 298K. While the free
energy of binding (AG,es) of different conformers/isomers is also calculated from the
B3-LYP/6-31G(d) frequencies by applying standard statistical thermodynamics relations.

[DelBene, 1983]
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In summary, all theoretical studies reported in this work, except the study on protonated

His-containing dipeptides in chapter 8, is modeled by the following levels of theory:
(1) Geometries: B3-LYP/6-31G(d);
(2) Single point energies: B3-LYP/6-311+G(3df,2p)//B3-LYP/6-31G(d);
(3) Zero-point energy (ZPE) and thermal correction: B3-LYP/6-31G(d);

The B3-LYP hybrid method has been found to be the best overall performance for
problems related to gas-phase ion chemistry [Alcami et al., 2001], with deviations from
the experimental values typically by no more than 5 kJ mol™. [Wang et al., 1999;
Rodriquez et al., 2000; Addario, 2002; Lau et al., 2003] We found this observation to be
valid in the calculation of H*/K" affinities, even though a relatively large basis set has to
be used. [Dinadayalane et al., 2006; Aribi et al., 2003; Pingitore et al., 2004; Balta et al.,
2003]. The agreement between the experimental and calculated AH, values lends
credence to the optimized geometries and energetics obtained in this study.  In addition,
the basis set we used, 6-31G(d), is a medium size basis set which has been demonstrated
to be adequate for geometry optimizations and excitation energy calculations on covalent
molecules.[Nguyen and Pachter, 2001]. The 6-311+G(3df,2p) basis set were used
because calculations without diffuse and polarization functions for the heavy and
hydrogen atoms may be inadequate for calculations on ion-molecule complexes. [Bruyneel,

2003]

For the study on the dissociations of protonated dipeptides containing histidine (His) in
chapter 8, the theoretical protocol adopted is generally the same as listed above, except
that the single point energies of various species are calculated at the same level of as

geometry optimization, i.e., at the B3-LYP/6-31G(d)//B3-LYP/6-31G(d) level, and also
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the same for the ZPE correction.  The reasons for adopting a lower level of theory in the

theoretical calculations of His-containg dipeptides are:

3.6

0] the calculation on B3-LYP/6-311+G(3df,2p)//B3-LYP/6-31G(d) level on
protonated His-containing dipeptides required very extensive computational time
because, on average, there were more than 25 atoms in every species, each of
which would require additional computation time of more than 24 hours in
computation time if single point energies are calculated at this higher level for each

species;

(i) the single point energies calculated at B3-LYP/6-31G(d)//B3-LYP/6-31G(d)
level is shown to be consistent with our experimental observations; i.e., the order
of theoretical critical energies for dissociation of various protonated/ionic
fragments are, in the main, in agreement with the order of threshold voltages

obtained experimentally (refer to Section 6.2.2 for further discussion) ;

(iii)  the single point energies calculated at B3-LYP/6-31G(d)//B3-LYP/6-31G(d)
level is widely adopted in literature for M.O calculations of relative large species
like protonated dipeptides, and is proven to be of sufficient accuracy in most cases
for determining at least the relative proton affinity as well as Rice-Ramsperger-
Kassel-Marcus (RRKM) modeling of dissociation rate constants of protonated

peptides. [Csonka et al., 2005]

Potential Energy Surface (PES) of Dissociation

The binding sites between proton/alkali metal cation and amino acids/peptides in the gas

phase cannot be easily captured by x-ray crystallography.  Moreover, it is also difficult
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to detect experimentally the involvement of proposed reaction intermediates and transition
species, and hence the verification of proposed reaction pathways/mechanisms in chemical
research.  As a result, the use of high-level Molecular Orbital calculations becomes very
popular in order to find out the plausible proton/alkali metal cation binding modes to

peptides and its detailed dissociation pathways.

In this work, the prediction of different dissociation pathways from H*-a-/B-amino
acids/dipeptides are expressed in the form of potential energy surface (PES). A PESofa
simple dissociation reaction path according to the Transition State Theory (TST) is shown

in Figure 3.2.

As shown in Fig. 3.2, a PES of a dissociation reaction is a plot of minimum potential
energy (i.e., the electronic energy, AE) of the species (reactants and products) along the
reaction coordinate. The activation or critical energy AE™* is the energy difference
between the highest energy barrier (usually a TS, but could sometimes be the products (i.e.,
the fragment ion plus neutrals lost in the present study), which is also a major factor
determining the rate of the reaction.  Gibbs free energy of the reaction, AG*, could also

be calculated using the enthalpy (AE*) and entropy (AS) obtained by Eqn. [3.21]:

AG* = AE* - T(AS) [3.21]

At energies exceeding the critical energy AE*, the rate of dissociation, Krae, IS also
affected by entropic factors of the TAS or final products, which are related to the
frequency factor, v, of the dissociation reaction, and the difference in Gibbs free energies
between the TS and reactant, i.e., AG*, which in term could be estimated by Eqn. [3.22].
One of the basic assumption of the transition state theory is that the TS is in

thermodynamic equilibrium with the reactants and products, and the probability of finding
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Figure 3.2 A potential energy surface (PES) of a simple dissociation reaction path
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a molecule in the given quantum state is proportional to e according to the

Boltzmann distribution. Hence, the rate of dissociation reaction is given by Eqn [3.22]:

k.. =v. g~ [3.22]

where v is the frequency factor of the reaction, R is the gas constant, and T is the
effective temperature. From Eqgn [3.22], it could be seen that the rate of a chemical
reaction generally increases with the a greater (negative) change in the free energy change
of the TS and the reactants, a concept which will be used in our rationalization of
experimental observations and PES predictions of dissociation of protonated B-alanine

(Chapter 6), B-dipeptides (Chapter 7) and His-containing dipeptides (Chapter 8).
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Chapter 4 Potassium Cation Affinities of a-Amino Acids with
Functionalized Side Chains: a Combined Experimental and Theoretical

Study

4.1 Background

The chemical structures of the 20 most common a-amino acids are shown in Scheme 4.1.
While the Li* [Bojesen et al., 1993; Feng et al., 2003] and Na* [Bojesen et al., 1993;
Gapeev and Dunbar, 2001; Kish et al., 2003; Moision and Armentrout, 2002] affinities of
many a-amino acids have been experimentally measured and reported, there are only
limited data on the corresponding K" affinities. Part of the underlying reasons is that K"
affinities could not be easily measured as Li* and Na" affinities. Experimentally, Li* and
Na® affinities of model organic ligands had been measured by high pressure mass
spectrometry (HPMS) [Davidson and Kebarle, 1976] and Fourier-transformed-ion
cyclotron resonance (FT-ICR) techniques, [Hoyau et al., 1999; Burk et al., 2000] both of
which requires the establishment of an equilibrium reaction between the metal cation and
the binding ligand under the vacuum and time frame (microseconds to milliseconds) of the
mass spectrometer.  Presumably because of the weaker K* binding, it was found that a
much more longer time (more than a few hours) is required to reach binding equilibrium
with potassium cation in the gas phase.[Gapeev and Dunbar, 2001]  Consequently, it is
not surprising that the first K*-glycine (Gly) affinity was determined by Kebarle and co-
workers using the threshold collision-induced dissociation (threshold CID) method,
[Klassen et al., 1996] a technique based on the unimolecular dissociation of the K*-ligand
complex, with no involvement of a binding equilibrium reaction. The K*-glycine affinity
was recently re-measured by a more refined threshold-CID protocol developed by

Armentrout and co-workers.[Moision and Armentrout, 2002]  Using a similar threshold-
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CID protocol, the K™ affinities of the aromatic amino acids phenylalanine (Phe), tyrosine
(Tyr) and tryptophan (Trp) were measured by Rodgers and co-workers.[Ruan and Rodgers,
2004] The K" affinities so determined are in general agreement with theoretical values
obtained by M.O. calculations based on MP2/B3-LYP protocols. However, threshold-CID
measurements are usually carried out with specially designed mass spectrometers
dedicated for this particular purpose, which are not easily accessible to the average
research laboratory.  Aside from that of Gly, Phe, Tyr and Trp, the experimental K*

affinities of other a-amino acids have not been reported in the literature.

(a) Aliphatic amino acids

NH, O THz |C|> NHz O
H_lH_M_OH HyC——CH—C——O0H H3C—(|3H—CH—C—OH
CHs
Glycine (Gly) Alanine (Ala) Valine (Val)
M, =75.03 M, =89.05 M, =117.08
NH, O NH; O H 0
| | S
H3C—(|:H—CH2—CH—C—OH CHa—CHz—?H—CH—C—OH C—OH
CHs CHs
Leucine (Leu) Isoleucine (lle) Proline (Pro)
M, = 131.09 M, = 131.09 M,=115.06

(b) Amino acids with -SH/ -SCH3/-OH functionalized side chains

NH, o NH, O
|l
HS— CHs4—CH—C——OH H3;C—S—CH5—CH;—CH—C——OH
Cysteine (Cys) Methionine (Met)
M, =121.02 M, = 149.05
NH, O NH, O

HO—CHz;—CH—C——OH HO—CH—CH—C—O0H
CHg
Serine (Ser) Threonine (Thr)
M,, =105.04 M, =119.06
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(c) Amino acids with aromatic side chain

NH, O NH, O
Ll |l
CH;-CH—C——O0H HO C—CH—C—OH
Phenylalanine (Phe) Tyrosine (Tyr)
M, =165.08 M, = 181.07
NH, O

N\

—CH—C—OH

Tryptophan (Trp)
M,, = 204.09

(d) Amino acids with carboxylic acid and amide functionalized side chains

NH, O NH, O
H2N—ﬁ—CH2—CH—C—OH HzN_”C—CHZ—CHz—CH—C—OH
o]

Asparagine (Asn) Glutamine (Gln)

M, = 132.05 M, = 146.07

NH, O NH, O
HO—ﬁ—CHZ—CH—C—OH HO—C—CHz—CHz;—CH—C——O0H
0

Aspartic acid (Asp) Glutamic acid (Glu)

M, = 133.04 M, = 147.05

(e) Amino acids with basic side chain

NH, O NH, O

N
= |l |l
CH7—CH—C——O0H H,N—CH;—CHs>—CHz—CH;—CH—C——O0H
HN /
Histidine (His) Lysine (Lys)
M, = 155.07 M, = 146.11
NH, O

HoN—C—NH—CHz—CHy—CHz—CH—C——O0H

NH -
Arginine (Arg)

M, = 174.11

Scheme 4.1 Chemical structures of 20 a-amino acids
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As a simple alternative to the threshold-CID method, the kinetic method (Section 2.4) is
also capable of measuring alkali metal cation affinities of model ligands without the need
of establishing a binding reaction equilibrium.  In fact, the first study on Li* and Na*
affinities of selected aliphatic amino acids was based on results from standard kinetic
method measurements, though the accuracy of some of the reported Li* and Na* affinity
values is in doubt due to uncertainty of the reference affinity values used in the calibration
of the In intensity ratio measurements.[Bojesen et al., 1993] The Li* [Feng et al., 2003]
and Na" [Kish et al., 2003] affinities of aliphatic amino acids and other amino acids were
later re-explored using the kinetic method and validated theoretical affinity values of
amides as reference values.  The issue of availability of accurate reference values for
kinetic method measurements is even more acute for the determination of K affinities of
amino acids because of the lack of accurate validated reference values. An earlier report
on the determination of K™ affinity of Phe, Tyr and Trp by using the extended kinetic
method was found to be likely in serious error and in disagreement with theoretical
values.[Ryzhov et al.,, 2000]  The plausible causes of the serious error were later
attributed to (i) inappropiate choice of tautomeric reference compounds (i.e. the
DRN/RNA bases adenine, cytosine, guanine with many possible structures / K* affinities
in the gas phase), and (ii) possibly wrong K" affinity values for the reference compounds
in the Kinetic method measurements. [Rodgers and Armentrout, 2000]  This highlights
the importance of availability of reference compounds of accurately known K* affinities in

kinetic method measurements

Amino acids are molecules with many functional groups and O/N-heteroatom metal cation
binding sites; the energetically favoured K* binding modes for each amino acid could only
be determined by theoretical molecular modeling. In addition, with the dramatic

increase in hardware computation capabilities in recent years, M.O. modeling using the
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MP2 or B3-LYP protocol with large basis sets were found to be able to yield accurate
alkali metal affinities (Li*, Na* and K*) of model organic ligands to within + 12 kJ mol™
range.[Hoyau et al., 1999; Rodgers and Armentrout, 2000; Siu et al., 2001a; Lau et al.,
2003]  Not surprisingly, the binding of alkali metal cations to the simplest amino acid,
glycine, have been most extensively studied.[Jensen, 1992; Hoyau and Ohanessian, 1998;
Wong et al., 2002] Again, most of the theoretical studies on binding modes and affinities
were focused on the smaller Li* and Na" cations as analogous studies on the larger K* ion
are computationally more demanding. Among the few studies on K* binding, the most
stable binding mode for K*-glycine is the bidentate charge-solvated mode (CS) with K-
glycine binding to the amide carbonyl oxygen (O=C) and the carboxylic hydroxyl oxygen
(-OH) sites.[Wong et al., 2002]  For the K*-phenylalanine complex, the most stable
binding mode is the tridentate CS mode with K* binding to the O=C, -NH,, and the
aromatic-rt surface. [Siu et al., 2004] The relative stabilities of different CS and
zwitterionic binding modes were found to be mainly the same for tyrosine and tryptophan,
and for the small Li* / Na* ions as well. [Dunbar, 2000; Siu et al., 2001b; Ruan and
Rodgers, 2004] The tridentate CS binding mode (O=C, -NH,, and —-SH/-OH) was also
found to be most stable for Na* binding to cysteine (Cys) and serine (Ser), the amino acids
with the —SH and —OH functional group in its side chain, respectively. [Hoyau et al., 1999]
However, theoretical studies on the corresponding K* binding modes have not been

reported.

Zwitterionic (ZW) modes of alkali metal binding to a-amino acids was suggested to be
likely when the amino acid is sufficiently basic and the alkali metal cation is relatively
large in ionic size.[Wyttenbach et al., 2000]  Williams and co-workers first suggested
that the K*-arginine (Arg) complex is likely to occur in the zwitterionic state as it showed

preferential loss of NH3; under FT-ICR CID conditions; the experimental evidence is
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consistent with results obtained from theoretical calculations on the relative stabilities of
proposed K* bound ZW and CS binding modes. [Jockusch et al., 1999]  Ohanessian and
co-workers also showed theoretically that the most stable Na'/K* —proline complex,
another basic a-amino acid, is in the zwitterionic (ZW) form, with Na* / K* bound to the
two carboxylate oxygens and the proton bound to the cyclic secondary amino group in the
gas phase.[Hoyau et al., 1999] Experimental evidence in support of the theoretical
findings was found in the relative Na'/K® affinity of proline and its methyl ester
determined by the standard kinetic method: the Na'/K*-Pro complex was found to show
greater affinity than the Na*/K*-ProOMe complex.[Talley et al., 2002] In the absence
of a free hydroxy! functional group, Na'/K* bound methyl esters of amino acids in general
could only be found in the charge-solvated (CS) state, and should show greater affinity
than its free acid because of its enhanced molecular polarizability (and hence ion-induced
dipole interaction) due to the presence of the additional methyl group.  The reversal in
relative affinity found for the Na*/K*-Pro and Na'/K*-ProOMe complexes, as was found
for the Na'/K*-Arg and Na'/K*-ArgOMe complexes, was not observed for 13 other amino
acids studied. This is highly indicative that the Na*/K*-Pro complex was found in the ZW
form.  This is followed by a detailed study of alkali metal cation (Li*, Na* and K")
binding to proline by Marino et al. at the B3LYP/6-311++G** level [Marino et al., 2003];
the results also showed that among the many possible CS and ZW binding modes, the
most stable binding mode is the K*-Pro complex in the ZW form. Aside from proline and
arginine, the K* binding to other basic amino acids like lysine and histidine remained

unexplored.

As part of an on-going effort to establish the K™ affinities of model organic ligands, Prof.
Tsang’s research group has successfully established a set of validated K" affinities of six

amides, which could be usefully employed as reference values in the determination of K*
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affinities of a-amino acids by the mass spectrometric kinetic method.[Tsang et al., 2004]
In the present study, we measured the intrinsic potassium cation (K*) binding affinities
(energies) of the twenty naturally occurring a-amino acids by the mass spectrometric
kinetic method, and conducted a systematic study on the many possible K* binding modes
by high level hybrid density functional theory (DFT) calculations.  Due to the limited
studies on K" affinities and binding modes in the literature, our focus was on amino acid
with functionalized side chains as well as their O-methyl esters.  Specifically, we aim to
obtain consistency in the experimental and theoretical affinity values, identify the most
stable K* binding modes, and elucidate the factors governing the relative stabilities of the

charge solvated (CS) versus zwitterionic (salt bridge) K* binding modes.

4.2 Results and Discussion

4.2.1 Experimental Determination of Potassium Cation Affinities of Amino Acids

with Functionalized Side Chains (AAFSCs) and Their Methyl Esters

Relative K" Affinities. The K affinities of aliphatic amino acids (glycine, alanine, valine,
leucine, and iso-leucine ) and their methyl esters (as listed in Table 4.1) have been
determined by the standard kinetic method using the validated K* affinities of six amides
(formamide, methyl foramide, N,N’-dimthyl formamide, acetamide, N-methyl acetamide,
and N,N’-dimethyl acetamide) as reference values.[Tsang, 2003; Tsang et al., 2004] The
experimental values were in excellent agreement with theoretically values calculated using
the protocol, with a mean-absolute-deviation (MAD) of 0.9 kJ mol™only. Such excellent

agreement provides confidence in the accuracy of the K" affinity values of the aliphatic
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amino acids and their methyl esters, and they were used as the reference values in the

determination of the K* affinity of the remaining o-amino acids in the present study.

Some exploratory work on kinetic method measurements of the K* affinities of selected
amino acids with functionalized side chains (AAFSC) had been carried out by members of
Prof. Tsang’s research group. [Tsang, 2003]  To ensure reproducibility and consistency
of experimental results, all previous measurements were repeated in the present work, and
the mass spectrometric measurements was extended to all of the twenty a-amino acids.
After a series of trial measurements, we found that the entropic term (A(AS)) in the kinetic
method measurements may or may not be significant (i.e. (A(AS) ~ 0 and A(AS) # 0) for
the AAFSCs and their methyl esters, so that a combination of the standard (when (A(AS) =
0) and extended (when A(AS) # 0) kinetic method measurements had to be adopted in the
present study. The standard kinetic method measurements were conducted under
metastable ion (MI) dissociation conditions using the MAT-95S-B-E sector mass
spectrometer (Fig. 2.9), while the extended kinetic method measurements were conducted
under low-energy CID conditions (eV, laboratory frame) using the Quattro triple-

quadrupole mass spectrometer (Waters, Manchester, U.K.)

Based on their mass spectrometric dissociation behavior (i.e., similar entropic effects in
dissociation of the heterodimers) in the kinetic method measurements, the AAFSCs and
their methyl (—OMe) esters (with ethyl esters (-OEt) included when necessary for building
up of the relative K* affinity ladder) examined in this study can be grouped into three

groups:

Group 1: Ser, Thr, Phe, Tyr and their —-OMe esters

Group 2: Asp, Glu, Lys, Asn, GIn, Trp, His, Arg and their -OMe esters
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Group 3: Cys, Met, Pro and their -OMe esters

For Group 1 and 2 AAFSCs and their —OMe esters, an internally consistent relative K*
affinity ladder could be obtained under metastable ion dissociation conditions. Typical
metastable ion dissociation mass spectra of three heterodimers including (a) [SerOEt—K-
Phe]”, (b) [SerOEt-K-Tyr]" and (c) [SerOEt—-K—-PheOMe]" are shown in Fig. 4.1. The

relative K* affinities, expressed in terms of the measured natural logarithm ion intensity
ratios, In(lk-r,+/ljk-L,1+), Of the Group 1 and Group 2 AAFSCs and their -OMe/OEt

esters, are shown in Fig. 4.2 and Fig. 4.3, respectively, in the form of a relative K* affinity

ladder.

As shown in Fig. 4.2 and Fig. 4.3, the In(Ijx-L;1+/lik-L,1+) values are internally consistent
for all the K'~bound heterodimers of AAFSCs and their -OMe/-OEt esters. For
example, the In(lk-L,1+/1k-L,1+) intensity ratio for the metastable dissociation of [PheOMe-
K-SerOMe]" was 2.82 (Fig. 4.2), while a very similar value was obtained by summing the
In(lik-Ly+/lik-L,+) values of the four intermediate stair-steps, i.e., 2.91 = 0.51 + 0.46 +

0.09 + 1.85. The result suggests that entropic effects are small in the metastable ion

dissociation of the K'—bound heterodimers of AAFSCs and their —-OMe/-OEt esters, and
the In(ljk-L,1+/1ik-L,1+) ratio shown in Fig. 4.2 and Fig. 4.3 can be approximated to the

A(AH)/RT term according to Eqgn. [2.5], where A(AH) is the difference of K™ affinities
between the ligands L; and L,. In practice, this means the entropic contribution to the

measured relative K" affinity, i.e., the TerA(AS)*™ term in Eqn. [2.8], is not more than 0.5
kJ mol™* (estimation based on the observed deviations in the In(Ipc-,3+/1jx-,7+) ratios in the

‘additivity check’ for internal consistency), and can be approximated to zero. Based on
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the relative affinity ladders shown in Fig. 4.1 and 4.2, the order of K* affinities among the

AAFSCs is found as follows:
Group 1: Ser < Thr < Ser-OMe < Phe ~ Tyr < Ser-OEt < Phe-OMe

Group 2: Asp < Glu < Lys < Glu-OMe < Lys-OMe < Lys-OEt < Asn < Trp < GIn

< His < His-OMe < Arg

Because of the presence of entropic effects, the Group 3 AAFSCs could not be included
in the relative affinity ladders of Group 1 and Group 2 AAFSCs; as a result, their K*
affinities have to be determined separately by extended kinetic method measurements as

described in the following section.

Absolute K* Affinities. The absolute K* affinities of selected Group 1, 2 and 3
AAFSCs were first measured by the extended kinetic method using the K affinities of
aliphatic amino acids and their —-OMe/—OEt esters as reference values (Table 4.1), which
were established in previous studies by members of Prof. Tsang’s research group.[Tsang,
2003; Wong, 2004 ] For example, the [CysOMe—-K-L,]* heterodimer ion (L, =
GlyOMe, AlaOMe, ValOMe and LeuOMe as reference compounds) was subjected to
different extents of collisional activation (10 - 30 eV collision energies) in a triple
quadrupole mass spectrometer, and the intensity of the [K-CysOMe]" and [K-L,]"
fragment ions were measured (refer to MS/MS spectra shown in Fig. 4.4. for the case

L,.=AlaOMe). A plot of In(Icysome-k-L,3+/lix-,1+) intensity ratios values obtained from

the MS/MS spectra (where Ly, are the reference compounds) versus [AHk. - AHayg]

(where the AHs are the K* binding affinities of the reference compounds) yields a
regression line whose slope and y-intercept render the effective temperature (Tes) Of the

dissociating heterodimer [CysOMe-K-Ly]" and the [AG™ k. .+ - AHavl/RTerr terms,
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Figure 4.1 Metastable (unimolecular) ion dissociation mass spectra of (a) [SerOEt—K—-Phe]", (b)
[SerOEt-K-Tyr]" and (c) [SerOEt—K—PheOMe]" heterodimers (Phe = Phenylalanine,

Tyr = Tyrosine, PheOMe = Phenylalanine methyl ester and Ser-OEt = Serine ethyl ester.)
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Ligands, L

IN(l-Lage/lk-L21+) IN(lx-u/li-ser)
Cumulative Ratio

Ser
Thr
Ser-OMe
Phe
Tyr
Ser-OEt
Phe-OMe

Tyr-OMe

Figure 4.2

T 0.00 £ 0.00
T 1.09

Y 2.59 —*— 1.09 £ 0.03
T l (1.51)

yy 2.09 * 2.60+0.08
l 051

— 2.51 ¥ * 3.11+0.08
1.08 T 0.46

2.28 0.54 , * 3.57+0.08
2.26 l 0.09

+ 1.85 —*— 3.66 £ 0.09
1.96 I l 185

* * 1,94 * 5.51 + 0.09
l 0.13

~ v 5.64 % 0.09

Experimentally measured In(lj_,3+/ljx-,1+) values for metastable(unimolecular) ion
decomposition of K*-bounded heterodimers of amino acids (Ter = 230 K). The
IN(Iik-Ly#/lik-L,1*) Values are logarithm of ion intensity ratios. The data presented
under the heading In(Ik-j*/lik-se*) are average +/- standard deviation of
cumulative values expressed relative to serine. The In(Ij-;+/ljk-1,+*) lines are not

drawn to scale for clarity
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Ligands, L IN(lk-Lay+/Nk-L2p+) IN(lik-f lc-asp))
Cumulative Ratio
Asp Y 5 0.00 = 0.00
T 1.25
Glu 265 — 125:001
3.00 T l (1.49)
Lys - 1.89 * 2.74+0.11
2.10 l T 0.28
GluOMe “ 1 0.49 3.02+0.11
1.30 l (0.17)
LysOMe ry 1.49 1 * 3.19+0.15
1.26 T 0.70
GIUOEt -+ 197 04 - 1.01 3.89+0.16
1.82 1.04 I l (0.41)
LysOEt 177 Y I 057 b 430:018
T 0.06
Asn 208 — 171 ¥ 080 —*— 4.36+0.18
1.80 J’ 0.72
Trp 215 ¢ 1.72 # 5.08 +0.18
L T o.ias
Gln — Y—71— 133 —§ 6.01£018
2.62 l 0.39
His i * 1.65 # 6.40 +0.18
1 T 1.27
HisOMe : 3.58 _*‘ 767+£0.18
l 2.11
Arg ¥  978+018
Figure 4.3  Experimentally measured In(ljx-.,1+/lk-L,1+) values for metastable(unimolecular) ion

decomposition of K*-bounded heterodimers of amino acids (Te = 342K). The

IN(Iik-L,1+/lik-L,1*) Values are logarithm of ion intensity ratios. The data presented

under the heading In(ljx_y+/lik-asp*) are average +/- standard deviation of

cumulative values expressed relative to aspartic acid. The In(lik-r,+/ljx-L,+) lines

are not drawn to scale for clarity
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respectively (Fig. 4.5(a) and Eqn [2.7] and Section 2.4.2). By plotting the [AG™ [k J*

- AHaw)/RTe term against 1/RTes (Fig. 4.5(b), Eqn [2.9] and Section 2.4.2), the K*

binding affinity for cysteine methyl ester, AH[k_cysome @s Well as the apparent entropic

change term, A(AS)*®, for the dissociation of the [CysOMe—K—-L,]" heterodimer complex,
were obtained from the slope and y-intercept of the plot. The K" affinities of a total of 16
a-amino acids and their —OMe/-OEt esters were determined by the extended kinetic
method, and the experimentally measured affinity values, together with the reference
compounds/values adopted, are summarized in Table 4.1.  The experimental uncertainty
(+S.D.) of the extended kinetic method measurement is in the 0.1 to 1.4 kJ mol™ range
(Table 4.1), while the assigned uncertainty of the reference affinity values for the aliphatic
amino acids Gly, Ala, Val, Leu and iso-Leu and their -OMe/-OFEt esters is +12 kJ mol™.
[Tsang, 2003] Combining the errors from these two sources and taking a conservative
approach of estimation, we tend to assign an overall uncertainty of +14 kJ mol™ for the a-
amino acids and their —-OMe/-OEt esters determined by the extended kinetic method in the

present work.

The K™ affinities of amino acids and their -OMe/-OEt esters found from the extended
kinetic method measurements were in turn used as ‘calibration values’ to determine the K*
affinities of the remaining AAFSCs and their —OMe / —OEt esters that appear in the
relative K* affinity ladders shown in Fig. 4.2, and Fig. 4.3. For example, a plot of the
cumulative In(ljx-Lj+/1k-sen*) values of serine (Ser), threonine (Thr) and serine methyl
ester (Ser-OMe) versus their experimental K* affinity values yields a straight line (R* =
0.99), with a slope equal to 1/RTes (according to Egn. [2.5]) as shown in Fig. 4.6, from
which an effective temperature (Tesr) of 230 K was obtained for the relative affinity ladder

shown in Fig. 4.2. The K" affinities of Phe, Tyr, SerOEt, PheOMe and TyrOMe could
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then be found by extrapolation of this calibration plot using the cumulative
In(Ijk-L3+/1k-sen+) Value of the individual amino acid or its -OMe/-OEt esters (Fig. 4.6).

By the same token, another plot of cumulative In(ljk-+/Ijx-aspp+) Values from the relative
affinity ladder shown in Fig. 4.3 versus the newly found K" affinity of Asp, Lys, LysOMe
and LysOEt (Table 4.1) yields a second calibration plot as shown in Fig. 4.7, from which
the K™ affinity of Glu, GluOMe, GIUOEt, Trp, GIn, His, HisOMe and Arg could be found

(Fig. 4.7).

The experimental K" affinities of Group 1 and Group 2 AAFSCs and their —-OMe esters
S0 obtained are summarized in Tables 4.2 and 4.3, respectively. The experimental
uncertainty (+S.D.) of the standard kinetic method calibration plots shown in Fig. 4.6 and
4.7 are estimated to be 1.0 and 2.0 kJ mol™, respectively. Combining the estimated
uncertainty of +14 kJ mol™ for the reference affinity values (i.e., the experimental affinity
values listed in Table 4.1 obtained by extended kinetic method measurements) used to
obtained the calibration plots, we tend to assign an overall uncertainty of +15 kJ mol™ and
+16 kJ mol™ for the a-amino acids and their -OMe/-OEt esters determined by the standard

kinetic method ladder shown in Fig. 4.2 and 4.3, respectively.
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Triple quadrupole MS/MS spectra of the [CysOMe-K—-AlaOMe]* heterodimer

using argon as collision gas at various collision energies (eV, laboratory frame).

(CysOMe = Cysteine methyl ester and AlaOMe = Alanine methyl ester)
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Figure 4.5 (@) Plot of In(licys-omerky/ I[Lyt) Versus [AHpnsky+ - AHayg] at different collision
energies, and (b) plot of [(AG)2PPicysome + kj+ - AHavgl/RTesr against 1/RTes for

the [CysOMe-K-L,]" heterodimers. (CysOMe = cysteine methyl ester, L, = GlyOMe,
AlaOMe, ValOMe and LeuOEt); numbers are absolute affinities
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Table 4.1 Experimental K* affinities at 0 K (kJ mol™) of amino acids (Group 1, 2, 3) measured by the extended kinetic method

This Work ?
Amino Acid AHo A(ASk+)?PP References (kJ mol™)
Group 1 Serine (Ser) 132.8 £0.1 (0.1) -0.6 0.1 (0.1) Leu (128.4), ValOMe (129.9),
Threonine (Thr) 135.6 + 0.3 (0.5) 16+05(09)  -euOMe(1316), LeuOEt (134.6)
Serine methyl ester (SerOMe)  137.7 +0.2 (0.4) -10.1+ 0.4 (0.7)
Threonine methyl ester 140.4+0.1(0.4) 0.62+0.6 (1.7) SerOMe (137.7), PheOMe (143.9),
(ThrOMe) TyrOMe (144.3), PheOEt (145.5)
Group 2 Aspartic acid (Asp) 136.5+ 0.3 (0.5) 2.0+0.7(1.2) SerOMe (137.7), SerOEt (140.4),
Lysine (Lys) 1443 +0.1 (0.1) 38+01(02)  FheOMe (143.9), TyrOMe (144.3)
) PheOEt (145.5)
Lysine methyl ester (LysOMe) 146.0 + 0.1 (0.3) 3.6+0.4(0.6)
Lysine ethyl ester (LysOEt) 1485+ 0.1 (0.2) 5.7+0.3(0.5)
Aspartic Acid Methyl Ester 141.0+0.1(0.1) 1.1+0.1(0.3) SerOMe (137.7), SerOEt (140.4),
(AspOMe) PheOMe (143.9), TyrOMe (144.3),
PheOEt (145.5)
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Group 3

Asparagine
(AsnOMe)

Methyl

Cysteine (Cys)

Methionine (Met)

Proline (Pro)

Methionine  Methyl
(MetOMe)

Proline Methyl
(ProOMe)

Cysteine Methyl
(CysOMe)

Ester

Ester

Ester

Ester

157.7 + 0.9 (2.5)

124.0 £ 0.1 (0.1)

134.7 £0.1 (0.2)

135.3 +0.1 (0.2)

137.6 + 0.5 (1.3)

138.1 + 1.4 (4.2)

132.1+ 0.1 (0.1)

3.4 +25(7.4)

4.3+0.2(0.3)

3.6+0.2(0.4)

-4.1+0.3 (0.5)

6.3+1.1(3.3)

2.1+3.2(9.2)

0.3+0.1(0.2)

GluOMe (145.1), GIuOEt (147.6),
TrpOMe (155.1), HisOMe (158.2)

Ala (122.7), AlaOMe (126.6), Val
(127.1), Leu (128.4), ValOMe (129.9),
LeuOMe (131.6)

val  (127.1), Leu  (128.4),
ValOMe (129.9), LeuOMe (131.6),

LeuOEt (134.6)

Ser (132.8), SerOMe (137.7), SerOEt
(140.4), PheOMe (143.9), TyrOMe
(144.3), PheOEt (145.5)

Ser (132.8), ThrOMe (140.4), SerOEt
(140.4), PheOMe (143.9)

AlaOMe (126.6), ValOMe( 129.9),
LeuOMe (131.6)

GlyOMe (123.6), AlaOMe (126.6),
ValOMe( 129.9), LeuOEt (134.6)

? Determined by extended kinetic method in this work and the uncertainties are given as +S.D. (90% confidence interval).
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Figure 4.6

Figure 4.7

4 1 Tyr

SerOEt
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AH 4 ko kI Mol

Plot of cumulative In(IjLskj*/lisersky*) Values obtained under metastable (MI)
dissociation (Fig. 4.2) versus K* affinity values of ligands at 0 K (R* = 0.97). The

In(lpLxy#/ser+ky*) Values are with reference to Ser. The T is equal to 230 K, which
is calculated by Eqn. [2.5]. (Filled circles represent the reference compounds used to
determine the K* affinity of AAFSCs (unfilled circles)

Cumulative Ratio, IN(lj k./1asp + k1+)

130 140 150 160 170

AHy 4 4 kI mol?

Plot of cumulative In(lj.««*/ljasp+ky*) Values obtained under metastable (MI)
dissociation (Fig. 4.3) versus K* affinity values of ligands at 0 K (R* = 0.99). The

In(l+kg*/Iaspsxyt) Values are with reference to Asp. The Te is equal to 342 K,
which calculated by Eqn. [2.5]. (Filled circles represent the reference compounds used
to determine the K* affinity of AAFSCs (unfilled circles)
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Table 4.2

Experimental and theoretical K* affinities at 0 K (kJ mol™) of a-amino acids

Potassium Cation Affinity, AH,

Theoretical °

Amino acid Expt® Ao @ -
CS1(0=C,OH)Y  CS2 (0O=C, NH,, X) © ZW (CO0) ' AHo rheony)”
Glycine (Gly) 119 117 115 (O=C, NH,) 105 2
Alanine (Ala) 123 123 118 (O=C, NH,) 116 0
Cysteine (Cys) 124° 115 123 (X =Y9) 117 1
Valine (Val) 127 128 122 (O=C, NH,) 124 -1
Leucine (Leu) 128 128 121 (0=C, NH,) 124 0
Isoleucine (lle) 129 129 123 (0=C, NHy) 126 0
Serine (Ser) 133° 124 136 (X = OH) 122 -3
Methionine (Met) 135° 127 143 (X = S) 140 -8
Proline (Pro) 135° 130 143 -8
Threonine (Thr) 136° 130 141 (X = OH) 122 -5
Aspartic Acid (Asp) 137° 129 145 (X = 0O=C) 129 -8
Phenylalanine (Phe) 139 139 (0=C, n) 143 (X =) 127 -4

90



Tyrosine (Tyr) 140 141 (O=C, n) 144 (X = ) 132 5

Glutamic Acid (Glu) 140 142 142 (X = 0=C) 148 -8
Lysine (Lys) 144° 135 153 (X = NHy) 162 -18
Asparagine (Asn) 149 138 160 (X = 0=C) 143 -11
Tryptophan (Trp) 151 153 (O=C, =) 152 (X =n) 135 -2
Glutamine (GlIn) 154 146 159 (X = 0=C) 167 -13
Histidine (His) 155 163 (O=C, N") 162 (X =N") 164 -9
Arginine (Arg) 163 178(0=C,NHsige)) 160 (X = NH) 188(CO", NH(sige)) -25

#Experimental affinities at 0 K, AHo expr, Mmeasured by standard kinetic method in this work (Fig. 4.6 and 4.7).
b Experimental affinities at 0 K, AH, expr), measured by extended kinetic method in this work (Table 4.1).

®Theoretical affinities at 0 K, AHo (theory), determined at the B3-LYP/6-311+G(3df,2p)//B3-LYP/6-31G(d) level, with ZPE corrections at B3LYP/6-31G(d)

level and scaled by 0.9806. The most stable binding modes and associated K* affinities are indicated by bold fonts.
4Cs1, charge-solvated (CS) conformer of K*-AA, with K* binding bidentately to the two carboxylic oxygens.

¢ CS2, charge-solvated (CS) conformer of K*-AA, with K* binding tridentately to carbonyl oxygen, amino nitrogen and the O/N-heteroatom site (X) of
the functionalized side chain.

ZW1, the most stable zwitterionic (ZW) conformer of K*-AA, with K* binding bidentately to two carboxylic oxygens.

9The difference between experimental and theoretical affinity for the most stable charge-solvated (CS) or zwitterionic form (ZW) binding mode (in Bold)
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Table 4.3 Experimental and theoretical K* affinities at 0 K (kJ mol™) of a-amino acids methyl esters

Amino acids methyl esters

Potassium Cation Affinity, AH,

AHO (Expt) ~

Theoretical ©

f
AHO (Theory)

Expt.?
cs1° Cs2°
GlyOMe 124 124 (O=C, NH,) 78 (O=C, OMe) 0
AlaOMe 127 128 (O=C, NH,) -1
CysOMe 132 135 (O=C, NH,, S) 118 (O=C, NH,) -3
ValOMe 130 131 (O=C, NH,) -1
LeuOMe 132 133 (O=C, NH,) -1
SerOMe 138° 145 (O=C, NH,, OHsige) 126 (O=C, OHsice)) -7
MetOMe 138" 153 (O=C, NH,, S) 136 (O=C, NH,) -15
ProOMe 138° 132 (O=C, NH,) 89 (NH,, OMe) -6
ThrOMe 140° 150 (O=C, NH,, OHgige) 131 (0=C, OHisice)) -10
AspOMe 141° 156 (O=C, O=C, NH,) 139 (0=C, OHsice)) -15
PheOMe 144 152 (O=C, NH,, ) 137 (0O=C, NH,) -8
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TyrOMe
GluOMe
LysOMe
AsnOMe
TrpOMe
GInOMe

HisOMe

144
145

146°
158°

155

158

154 (O=C, NH,, )
151 (O=C, O=C, NH,)
160 (O=C, O=C, NH,)
170 (O=C, O=C, NH,)

166 (O=C, NH,, )
173 (O=C, O=C, NH,)

179 (O=C, NH,, N7

140 (0=C, NH,) -10
150 (0=C, OHside)) S
135 (0=C, NH,) -14
141 (0=C, NH,) -12
144 (O=C, =) -11

153 (0=C, NH,)

*Experimental affinities at 0 K, AHo expr), measured by standard kinetic method.

b Experimental affinities at 0 K, AHo expr), measured by by extended kinetic method.

“Theoretical affinities at 0 K, AHg (theory), determined at the B3-LYP/6-311+G(3df,2p)//B3-LYP/6-31G(d) level, with ZPE corrections at B3-LYP/6-31G(d)

level and scaled by 0.9806.

4Cs1, the most stable charge-solvated (CS) conformer of K*-AA complex

¢CS2, the second most stable charge-solvated (CS) conformer of K*-AA complex.

"The difference between experimental affinities and theoretical affinities of the most stable conformer in charge-solvated form (CS1).
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4.2.2 Theoretical K* Affinities and Binding Modes

In addition to the experimental measurements, we have carried out theoretical evaluation
of K" affinities of the a-amino acids and their methyl esters using the density functional
theory B3-LYP/6-311+G(3df,2p)//B3LYP/6-31G(d) protocol.  Previous studies by Prof.
Tsang’s research group have shown that this protocol yields absolute K* affinities for 65
model organic ligands in excellent agreement with experimental affinities (mean absolute
deviation of 4.5 kJ mol™).[Lau et al., 2003]  Thus, the theoretical values could provide
further confidence on the experimental values if such consistency between theoretical and
experimental K™ affinities could be extended to the larger amino acid molecules with
functionalized side chains. Furthermore, the theoretical calculations could reveal the
most stable K™ binding mode, and the relative stabilities of the different CS and ZW

modes

For the evaluation of K affinities, the most stable conformations (geometries) of the free
acids and its methyl esters were first found by optimization at the HF/6-31G(d) level,
confirmed to be a minimum with frequency analysis, and refined at the B3LYP/6-31G(d).
In general, the most stable conformations correspond to molecular structures in which the
stabilizing intra-molecular hydrogen bonding patterns are maximized, and whenever
available, the conformations that are found in the present work are in agreement with those

reported in the literature.

For the K* bound aliphatic amino acid /methyl ester complexes, the geometries of two CS
complexes and two ZW complexes as depicted in Fig. 4.8 were explored and optimized.
CS1 is a charge-solvated (CS) structure with K* bidentately binding to carbonyl oxygen
(0=C) and hydroxyl oxygen (OH) or electron-donating atom such as O/N/S/n sites of

functionalized side chain X.  CS2 is another charge-solvated (CS) structure with K*
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tridentately binding to carbonyl oxygen (O=C), amino nitrogen (NH,) and O/N/S/x sites of
functionalized side chain X.  CS1 is reported to be the most stable binding mode of K-
Gly/Ala/Val/Leu/lle,[Wong, 2004] while CS2 is reported to be the most stable binding
mode for K*-Phe/Tyr/Trp. [Dunbar, 2000; Siu et al., 2001b; Ruan and Rodgers, 2004]
ZW1 is a zwitterionic structure (ZW) in which K* is bound to two carboxylate oxygen
atoms (COQO") with the carboxylic proton intra-molecularly transferred to the amino
nitrogen (-NH).  This ZW binding mode is expected to be favored for basic amino acids,
allowing the amino nitrogen to readily accept the proton from the carboxylate hydroxyl
group (-OH) to become NHs;".  Alternatively, the carboxylic proton could be transfer to
the O/N-heteroatom basic site in the side chain (X) instead of to the N-terminal amino
nitrogen, yielding the ZW1’ binding mode as suggested by William and his co-workers

for the K+-Arg complex. [Jockusch et al., 1999]

_--7N .
H2N\ /o\ RN,
A ‘ NH N
o4 X / 2 o\
HZC—C\\ ,'K \C—C\/ ‘\\
H H
o o/
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/H\\\ H2N O\\~
HoN O, \ RN
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~K+ .
HZC—C@ L
.0
\,’ X\ Pl
©) H
ZW1 ZW1'

Figure 4.8 Schematic representation of charge-solvated (CS) and zwitterionic (ZW)

binding modes of K* bound a-amino acids.

Together with the experimental values, the theoretical K™ affinities for the CS and ZW

binding modes of the twenty a—amino acids are summarized in Table 4.2, while the CS1
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and CS2 affinity values for the methyl esters are listed in Table 4.3.  The geometries of
the most stable CS and ZW K* bound complexes are shown in Fig. 4.9 - 4.13. The
theoretical results for the aliphatic amino acids were obtained in previous studies,[Wong,
2004] but they are included and presented here for the sake of completeness.  In general,
an assigned uncertainty of +12 kJ mol™ is acceptable in the theoretical evaluation of
potassium metal cation affinities.[Siu et al. 2001a; Lau et al., 2003; Wong, 2004]  The
reliability and inter-consistency of the experimental and theoretical values obtained in this

work is discussed further in the following section.

4.2.3 Comparison between Experimental, Theoretical and Literature K* Affinity

Values

There were only a few experimental K* affinities, i.e., that of Gly, Phe, Tyr and Trp, have
been reported in the literature; they are listed in Table 4.4 for comparison with the
experimental values obtained in this work.  Our experimental value for K*-Gly (at 119
kJ mol™) is in very good agreement with literature values of 125 kJ mol™ [Klassen et al.,
1996] and 121 kJ mol™ [Moision and Armentrout, 2002] obtained by the threshold-CID
technique; the difference of 6 or 3 kJ mol™ is significantly smaller than the claimed
experimental uncertainty of +15 kJ mol™ in this work. For Phe, Tyr and Trp, the
difference between the literature threshold-CID and our kinetic method values increases to
11 — 15 kJ mol™, but remains within the higher end of our claimed uncertainty of +15 kJ
mol™.  This relatively large difference is likely to be due to the combined errors arising
from the threshold-CID and kinetic method measurements as the threshold-CID values
were found to be systematically higher, while the kinetic method values are systematically
lower than the theoretical values (Table 4.3 and 4.4). For the standard kinetic method

measurements, greater error is expected with increasing affinity values usually associated
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with larger amino acids arising from (i) increasing uncertainty (+S.D.) in the cumulative
log intensity ratios towards the higher affinity end of the relative affinity ladder (Fig. 4.2
and 4.3), and (ii) increasing propagation of errors as more of the calibration (reference)
affinity values used were obtained by separate extended kinetic method measurements.
For the threshold-CID measurements, a likely source of error is derived from the
significant correction term for the chemical shift, which is estimated theoretically based on
the RRKM theory of unimolecular kinetics.  Despite the difference between the two set
of experimental data, the experimental order of K* affinity: Phe < Tyr < Trp is found to be
the same for the threshold-CID and kinetic method measurements. Given the many
approximations assumed in the kinetic method, we tend to conclude that the set of
experimental affinity values obtained in the recent study is acceptable, and is reliable

within the claimed limits of uncertainty of +15 kJ mol™.

As shown in Table 4.2 and 4.3, the experimental K" affinities (AHoexpy) are in very good
agreement with theoretical values at OK (AHotheory)), With @ mean absolute deviation
(MAD) of 6.6 kd/mol for 20 a-amino acids and 8.1 kJ mol™ for the 18 amino acids methyl
esters.  Except for the case of glycine with a positive deviation of 2 kJ mol™, all the
experimental values are systematically lower than the theoretical values, suggesting that
the experimentally values are likely to have under-estimated, and the theoretical values
over-estimated the actual K" affinities. The difference between experimental and
theoretical values is noticeably very small for the aliphatic amino acids and their methyl
esters (with MAD of 0.6 kJ mol™ (n=5) and 0.6 kJ mol™ (n=4), respectively), but increases
as the size of the amino acid increases. This general trend of increasing discrepancies with
larger affinity values associated with larger amino acids is in line with the greater
experimental errors expected in the kinetic method measurements. Furthermore, a

recent report also suggested that greater errors are found in the theoretical proton affinities
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of amino acids calculated by a similar DFT protocol.[Dinadayalane et al., 2006]  Thus,
the B3-LYP protocol is likely to yield greater uncertainties in the calculated K™ affinities,
and contributes, in part, to the increasing discrepancies between experimental and

theoretical values as the amino acid molecules become larger.

Best agreement between experimental and theoretical binding affinities is obtained when
the affinities for the most stable K+ modes are adopted in the comparison.  This suggests
that experimentally, the K™ bound amino acid and methyl ester complexes are found
predominantly in their most stable CS or ZW forms under the experimental conditions of
the present study.  However, the occurrence of other low lying K* binding modes with
comparable but lesswe binding affinities cannot be excluded. While the methyl esters
could only bind to K* in the CS form, the most stable K* form for free amino acids could
be either in the CS or ZW forms.  However, relatively large discrepancies of 18, 25 and
21 kJ mol™ are found for the exceptional cases of Lys, Arg and HisOMe. We have
conducted exhaustive searches for the most stable conformation of the free acid and their
K* bound complexes in the theoretical computation.  The discrepancy of 21 kJ mol™
found for HisOMe, which shows the second highest K* affinity measured, is likely to be
due to the combined errors in the experimental measurement (+15 kJ mol™) and theoretical
calculations (at an estimated minimum of +6 kJ mol™ for the case of HisOMe).  For the
case of Lys and Arg, another plausible contributory cause is that their K* bound complexes
might occur not only in their most stable ZW forms, but a significant portion may also be
found in their less stable CS forms. A mixture of ZW and CS complexes would lead to
lower experimental K* affinity values, leading to the greater than expected discrepancy
found between the experimental and theoretical values. Further discussion on the
relative stabilities of the ZW and CS forms of Lys and Arg are to be presented in the next

section.
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Table 4.4 Literature values of experimental K™ affinities at 0 K / 298 K (kJ/mol) of selected amino acids

Potassium Cation Affinity at 0K / 298K (AHg / AH2gg)

Amino Acid
Literature Our Work 2 AH(Literature) — AH0ur work) "
Phenylalanine (Phe) 150+6° 139 11
Tyrosine (Tyr) 155+9°¢ 140 15
Tryptophan (Trp) 165+6 ¢ 151 14
Glycine (Gly) 125+69 121 +4° 119 6,3

4 Experimental affinities at 0 K, AHo expry, Mmeasured by the standard kinetic method in this work.

®The difference of experimental affinities between literature values and reported values in the present study, in kJ mol ™.

¢ Experimental affinities at 0 K, AHo expt), measured by the threshold-CID method [Ruan and Rodgers., 2004].

d Experimental affinity at at 298 K, AHz95 xor), Mmeasured by the threshold-CID method [Klassen et al., 1996]. The difference
between AH,gg and AHy is theoretically estimated to be less than 1 kJ mol ™.

¢ Experimental affinity at 0 K, AHo &xpt), measured by the threshold-CID method [Moision and Armentrout, 2002].
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4.2.4 Potassium Cation Binding to a-Amino Acids: Relative Stabilities of Charge-

Solvated versus Zwitterionic Binding Modes

K* - Aliphatic amino acids (Gly/Ala/Val/Leu/lle) Complexes A brief review of the
relative stabilities of the CS versus ZW binding modes of aliphatic amino acids (with no
O/N-heteroatom functional group in their side chains, refer to Scheme 4.1) is included
here because they serve as good references for understanding the behaviour of amino acids
with functional groups in their side chains to be discussed later.  The most stable binding
mode of K* with aliphatic amino acids (glycine (Gly)/ alanine (Ala) / valine (Val) /leucine
(Leu) / iso-leucine (lle)) were previously reported by our group [Tsang, 2003; Wong,
2004], with K* bidentately bound to the carbonyl oxygen (O=C) and hydroxyl oxygen
(OH) in the CS1 mode (as shown in Table 4.2 and Fig. 4.9). It is the relatively strong
‘local’ ion-dipole interactions between K™ and the carbonyl oxygen (O=C) and hydroxyl
oxygen (-OH), together with the strong hydrogen bonding between the carboxylic —-OH

and the N-terminal —NH; group that accounts for the extra stability in CS1 complexes.

The CS2 binding mode, with K* bidentately bound to the carbonyl oxygen (O=C) and N-
terminal amino nitrogen (-NH,), is marginally less stable by 2 — 6 kJ mol™ (Table 4.2).
It should be noted that the CS2 mode becomes the most stable binding mode for Li* and
Na®[Jensen, 1992; Hoyau and Ohanessian, 1998; Moision and Armentrout, 2004]
indicating that ionic size does have an effect, though minor, on the relative stability of

these two CS binding modes.

The zwitterionic K* binding mode, ZW1, is found to be the least stable when compared to
the CS1 and CS2 binding mode for K*-Gly, but its binding affinity is close to that of the
CS2 bind mode for Ala, Val, Leu and Ile (within 2-3 kJ mol™). Detailed analysis reveals

that even though the positively charged K* interacts more strongly with the negatively
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charged carboxylate oxygens in the ZW1 mode, this stabilizing effect is offset by the
greater de-stabilizing ‘deformation energy’ required to transform the neutral ligand to the
structurally more strained configuration in the K™ bound complexed from.[Wong et al.,
2004] The result is that the zwitterionic ZW1 is always less stable than the charge-

sovated CS1 K™ binding mode.

The study on K*-Gly/Ala/Val/Leu/lle complexes reveals that it is the interplay of three
major factors: (i) the stabilizing (attractive) ion-dipole and ion-induced dipole interaction
between K" and the O/N-heteroatom binding sites (functional groups), (ii) stabilizing
hydrogen bonding in the K bound complex, and (iii) the magnitude of the ‘deformation
energy’ that determine the relative stabilities of the CS versus ZW K* binding modes of
aliphatic amino acids.  As will be revealed in the following sections, these factors are

equally applicable to the binding of K* to amino acids with functionalized side chains.
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Figure 4.9 The most stable K binding mode (CS1) of aliphatic amino acids
(Gly/Ala/Val/Leu/lle), optimized at the B3-LYP/6-31G(D) level. The K™ affinities

at 0 K in kJ mol™ are shown in parenthesis. All the bond lengths are shown in A

K* -Amino acids with -SH/ -SCH3/-OH functionalized side chains (Ser/Thr/Cys/Met)
Complexes For serine (Ser, with -CH,OH as side chain), threonine (Thr, with —
CH(CH3)OH as side chain), cysteine (Cys, with -CH,SH as side chain) and methionine
(Met, with -CH,CH,SCH3 as side chain), K tridentate binding becomes possible due to

the availability of an extra -SH/ -SCH3/-OH binding site in the side chain.  Previous
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study have shown that for Na*, tridentate CS binding is the most stable binding mode for
Ser and Cys, but the binding with Thr and Met have not been reported. [Hoyau et al., 1999;

Kish et al., 2003]

Our theoretical results also indicate that the tridentate CS2 binding mode (O=C, NH,,
X=side chain functional group = OH/SH/SCHs) is indeed the most stable K* binding mode for
Ser, Thr, Cys, and Met; the detailed CS2 binding geometries of the K*-Ser/Thr/Cys/Met
complexes are shown in Fig. 4.10. The K*......0=C (~ 2.8 A) and K*......NH; (~~ 2.6 A)
binding distances in the tridentate CS2 binding mode of the K*-Ser/Thr/Cys/Met
complexes are found to be very similar to that of the bidentate CS2 binding mode of the
K*-Ala/Val/Leu/lle complexes [Wong, 2004], but the K" affinities of Ser/Thr//Met are
greater than that of the aliphatic amino acids by 4 — 7 kJ mol®.  The enhanced K*
affinities could be attributed to the ‘extra’ bonding between K* and the -OH (~2.7 A) for
the K*-Ser/Thr complexes and between K*and -SCHj3 (~3.2 A) for the K*-Met complex,
which more than compensates the significant deformation energy (~5-16 kJ mol™)
involved in the tridentate binding mode. As theorine is a larger molecule than serine, it is
expected to show greater K* affinity (experimentally and theoretically by 3 and 5 kJ mol™,
respectively) due to its greater molecular polarizability (i.e., the ion-induced dipole
interaction). By the same rationale, the experimental/theoretical K*-Met affinity is
greater than K*-Cys by 9/10 kJ mol™.  The significant increase in K*-Met affinity could
also be partly attributed to its longer and flexible -CH,CH,SCHj5 side chain, leading to less
deformation energy in K*-Met complex than in the K*-Cys complexed. As shown in
Fig. 4.10, the K*...OH bonding distance (~ 2.7 A) is significantly shorter than the K*...
SCHjs bonding distance (~3.2 A), indicating that the interaction of K* with the sulphur
heteroatom site is much weaker than with the oxygen site. This could explain why the

experimental K*-Cys affinity is significantly lower (by 9 kJ mol™) than the K*-Ser affinity,
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and its theoretical tridentate CS2 affinity (123 kJ mol™, Table 4.2) is comparable to that

of the bidentate CS2 affinity of K*-Val/Leu/lle complexes.

Similarly, the K*......0=C (~ 2.8 A) and K"......OH (~ 2.6 A) bonding distances in the
bidentate CS1 binding mode of the K*-Ser/Thr/Cys/Met complexes are found to be very
similar to that of the bidentate CS1 binding mode of the K*-Ala/Val/Leu/lle complexes
(Fig. 4.9).  For this reason, the bidentate CS1 binding mode is found to be always 8 — 16
kJ mol™ less stable than the tridentate CS2 binding mode. Similarly, the bidentately
bound ZW1 K™-Ser/Thr/Cys/Met complexes are found to be less stable than the

corresponding tridentate CS2 complexes by 3-19 kJ mol™.

K* - Aromatic Amino acids (Phe/Tyr/Trp) Complexes  Potassium cation binding to
phenylalanine (Phe, with phenyl ring, -C¢Hs, as side chain), tyrosine (Tyr, with phenol, -
CeH4OH, as side chain) and tryptophan (Trp, with indole as side chain) have been more
extensively investigated because of their relevance to cation-r interactions in biological
systems.[Dunbar,2000; Siu et al. 2001b, 2004; Ruan and Rodgers, 2004] In line with
previously reported findings, we also found that at the B3-LYP/6-
311+G(3df,2p)//B3LYP/6-31G(d) level of theory, the CS2 binding mode, with K*
tridentately bound to the carbonyl oxygen (O=C), amino nitrogen (NH,), and the

aromatic-r face of benzene/phenol in the side chain of Phe/Tyr, is the most stable binding
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Figure 4.10

(122)

K+-Thr (CS2)
(141) (122)

K+-Cys (ZW1)
(117)

K+-Met (CS2)

K+-Met (ZW1)
(143)

(140)
The most stable CS and ZW K binding modes of Ser/Thr/Cys/Met, optimized

at the B3-LYP/6-31G(D) level. The K* affinities at 0 K in kJ mol™ are shown

in parenthesis. All the bond lengths are shown in A
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mode for the K*- Phe/Tyr complex. As shown in Fig. 4.11, the K*....aromatic-n bonding
distance (~3 A) is comparable to that of the K*......0=C and K...... NH; (~2.6 - 2.8 A)
bonding distances, indicating that K*-r interaction is strong and competitive with the other

modes of non-covalent binding interaction.

For the K*-Trp complex, the bidentate CS1 binding mode, with K™ bound to the carbonyl
oxygen (O=C) and the aromatic-n face of indole (the K" is located more on top of the
phenyl ring), is numerically 1 kJ mol™ more stable than the tridentate CS2 mode (Fig.
4.11 and Table 4.2).  As molecular modeling cannot be accurate down to this level of
small differences, the bidentate CS1 and tridentate CS2 binding modes can be regarded to
display very similar stabilities. Compared with the K*-Phe/Tyr complexes, the enhanced
stability of CS1 the binding mode of K'-Trp can be attributed to stronger cation-n
interaction with the extended m—surface of the indole ring of tryptophan, and lesser
deformation energy in the bidentate binding mode. Previous studies also showed that
the CS1 mode is the most stable binding mode for on K*-Trp, [Dunbar, 2000; Ruan and
Rodgers, 2004] though a slightly different binding geometry (K" is sitting on top of and
between the phenyl and indole ring) and lower affinity (by ~ 3 kJ mol™) for the CS2
binding mode was reported by Dunbar. In the zwitterionic binding mode (ZW1) of K*-
Phe/Tyr/Trp complexes, K" is bound to the two carboxylate oxygens (COO") with the
carboxylic proton transferred to the amino nitrogen (-NH) (Fig. 4.11); the ZW1
conformations are such that it involve minimal structural deformation from the free (un-
complexed) forms of Phe, Tyr, and Trp. Furthermore, the ZW1 structures can be viewed
as having two linearly aligned local dipoles with the + - + - charge distribution pattern to
maximize ion-dipole interaction: starting from K" (+), then onto the carboxylate COO
group (-) and the protonated amino NHs" group (+), and finally ends at the = face of

benzene/phenol/indole of Phe/Tyr/Trp (-). The result is a highly stabilizing zwitterionic
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K+-Phe (CS2)
(142) (127)

K+-Tyr (ZW1)
(144) (132)

K+-Trp (CS1) K+-Trp (ZW1)
(153) (135)

Figure 4.11  The most stable CS and ZW K" binding modes of Phe/Tyr/Trp, optimized at the
B3-LYP/6-31G(D) level. The K* affinities at 0 K in kJ mol™ are shown in
parenthesis. All the bond lengths are shown in A
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structure, as indicated by a short K*..."OOC binding distance of ~2.6 A only. ~ On the
other hand, the ZW1 structure has to bear the destabilization energy arising from the
‘charge-separation’ effect, i.e., the energy cost of maintaining a positive and negative
charge apart at two opposite ends of a molecular structure.  The overall result is that the
ZWT1 structure is still less stable than the charge-solvated tridentate CS2 structure by 12-
18 kJ mol™, indicating that the higher K* co-ordination number remains the determining
factor affecting the stability of K*-Phe/Tyr/Trp complexes. Although the detailed ZW1
conformation of the K*-Phe complex was reported previously, [Siu et al., 2004] the ZW1
conformations for the K*-Tyr/Trp complexes found in the present study have not been
reported previously. Instead, Dunbar found an alternative, less stable ZW structure for
K*-Phe/Tyr/Trp in which the K™ is bound to the two carboxylate oxygens and located
directly above the phenyl ring as shown in Figure 4.11., which are ~21-28 kJ mol™ less

stable than the CS2 binding mode. [Dunbar, 2000]

R Ennr

HO

Scheme 4.2 Schematic representation of zwitterionic (ZW) binding mode of K* and Tyr

previously reported [Dunbar, 2000]
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K*-Amino acids with carboxylic acid and amide functionalized side chains
(Asp/Asn/Glu/GIn) Complexes The K* bound complexes of aspartic acid (Asp,
with —COOH in its side chain), glutamic acid (Glu, with —-CH,COOH in its side chain),
asparagin(Asn, with -CONHj in its side chain) and glutamine (GIn, with — CH,CONH; in
its side chain) have not been reported previously They are found to have similar CS and
ZW binding modes and are grouped together in this section for convenience of discussion.
In terms of structural difference, Glu/GIn contains one more —CH,- unit than Asp/Glu, so
that their backbone carbonyl group (O=C) is farther away from the carboxylic/amide
carbonyl binding site (C=Ogiqe)) In the side chain.  This structural difference is found to
be the determining factor affecting the relative stabilities of the CS and ZW K" binding
modes.  Theoretical results show that just like the case of aromatic amino acids, the
charge-solvated tridentate structure CS2 is the most stable K* binding mode for Asn/Asp;
however, to our surprise, the zwitterionic structure ZW1 becomes the most stable K*
binding mode for the GIn/Glu.  The detailed CS2 and ZW1 binding geometries of the

K*-Asn/GIn/Asp/Glu complexes are shown in Fig. 4.12.

In the CS2 binding mode of K'-Asn/Asp, K* is tridentately bound to the backbone
carbonyl oxygen (O=C), amino nitrogen (NH;) and carboxylate/amide carbonyl oxygen
(C=Ogsidep) Of the side chain (Fig. 4.12).  Although K*-Asn and K*-Asp complexes have
very similar CS2 binding geometries, K*-Asn is found to have a noticeably larger K*
binding affinity (~16 kJ mole™) than K*-Asp. In this regard, we note that the K"
bonding distances to the backbone carbonyl oxygen (O=C at 2.6 - 2.7 A) and amino
nitrogen (NH, at 2.9 A) are more or less the same for both K*-Asn and K*-Asp complexes,
but the K* bonding distance to the amide carbonyl oxygen in the side chain of K*-Asn is
noticeably shorter by 0.1 A than that of K*-Asp.  This is in line with our previous finding

that for K* binging to model di-peptide glycyl-glycine (GlyGly), local K* binding
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(csz) K+-Asn (ZW1)
(160) (143)

(159) (167)

K+-Asp (CS2) K+-Asp (ZW1)
(145) (129)

K+-Glu (ZW1)
(148)

Figure 4.12 The most stable CS and ZW K" binding modes of Asn/GIn/Asp/Glu,
optimized at the B3-LYP/6-31G(D) level. The K" affinities at 0 K in kJ mol™ are shown in
parenthesis. All the bond lengths are shown in A
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with the amide carbonyl oxygen (O=C-NH) is significantly stronger than K* binding to the
carboxylate oxygen (O=C-OH).[Wong, 2004]  Hence, it appears likely that the same
rationale could be applied here to explain why K*-Asn displays significantly larger

binding affinity (~16 kJ mole™) than K*-Asp.

As shown in Table 4.2, the bidentate CS1 binding mode are less stable than the tridentate
CS2 mode by 13 — 22 kJ mole™ for the K*-Asp/Asn/Gln complexes, but is more or less the
same affinity (at 142 kJ mole™) for the K*-Glu complex. It is likely that a more
favorable hydrogen bonding pattern and lesser deformation energy are found for the CS1
mode of K*-Glu, which might reduce the energy difference between the CS1 and CS2

binding modes.

As shown in Fig. 4.12, the ZW1 binding geometries of the K'-Asn/GIn/Asp/Glu
complexes are similar to each other, with K* bound to the two carboxylate oxygen atoms
(COO) and the carboxylic proton attached to the amino nitrogen (—-NH,), which are linked

by a “‘daisy-chain’ of hydrogen bonding network.

In particular, a six-membered ring and seven-membered ring structure are formed by
hydrogen bonding between the N-terminal amino hydrogen and the amide/carboxylate
carbonyl oxygen of the K*-Asn/Asp and K*-GIn/Glu complexes, respectively. The more
flexible 7-membered ring allows a tighter hydrogen bond (shorter by 0.1 A) to be formed
between the N-terminal amino hydrogen and the amide/carboxylate carbonyl oxygen of
the K™-Asn/Asp, leading to a more stabilizing network of hydrogen bonding pattern than
in the K*-GIn/Glu complexes (Fig. 4.12). The result is that zwitterionic ZW1 becomes
the most stable binding mode for the K*-GIn/Glu complexes, with K* affinity 8/6 kJ mole”
! higher than that of the charge-solvated tridentate CS2 binding mode.  The pronounced

effect of a “‘daisy-chain’ of hydrogen bonding network is also noted in the proton and K*
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affinities of polyglycines [Zhang et al., 1993] and aliphatic amino acids [Wong, 2004],
respectively. The case of K*-GIn/Glu complexes demonstrates that the presence of an
additional methylene (-CH,-) unit in the side chain of an a-amino acid could have a

significant impact on the relative stabilities of the CS versus ZW K" binding modes.

K* - Basic Amino acids (Pro/Lys/His/Arg) Complexes Proline (Pro, with a cyclic
secondary amine —NH- site), lysine (Lys, with -(CH>)sNH> side chain), histidine (His, with
an imidzole side chain) and arginine (Arg, with a guanidine, -(CH2)sNHC(NH)NH, side
chain) are the four most basic a-amino acids, with proton affinities greater than 929 kJ
mole™ [Harrison, 1997; Hunter and Lias, 1998].  Previous studies have suggested that
the formation of metal cationized ZW structures is favored for basic amino acids with
high proton affinities (basicity).[Jockusch et al., 1999; Wyttenbach et al., 2000] Indeed,
our theoretical results indicate that all the four K'-Pro/Lys/His/Arg complexes are
zwitterionic in their most stable K™ binding structures. The detailed ZW1 binding

geometries of the K*-Pro/Lys/His/Arg complexes are shown in Fig. 4.13.

In agreement with the recent findings of Russo and his co-workers,[Marino et al., 2003]
the ZW1 structure of K*-Pro is more stable than its bidentate CS1 structure by 13 kJ mole’
! (Table 4.2). The good agreement between our experimental and theoretical values K*
affinities (within 8 kJ mol™), reported for the first time, provide strong experimental
evidence that the K*-Pro complex is likely to exist predominantly in the ZW form in the

gas phase.

His and Lys are the second and third most basic a-amino acid, respectively.  The
theoretical alkali cation binding modes of these two amino acids have not been previously
reported. Our theoretical result shows that the ZW1 is the most stable binding mode for

the K™-His/Lys complexes, where K" is bound to two carboxylate oxygen atoms (COQO")
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with the carboxylic proton attached to the amino nitrogen (-NH;). However, the difference
in K* affinities between the ZW1 and tridentate CS2 of K*-His is 2 kJ mol™ only, which
is noticeably smaller than that of Lys (~9 kJ mole™), indicating that the ZW1 structure of
K*-Lys complex is much more stable than its CS2 structure when comparing with K*-His
complex. Again, this difference can be explained in terms of the intra-molecular hydrogen
bonding (interaction) formed in the two different ZW1 complexes. In the ZW1 form of
K*-His, a six-membered ring linked by a hydrogen bond between the proton of the amino
group (-NHs") and the nitrogen of the imidazole ring (N™) is formed, with an intra-
molecular hydrogen bonding distance of 1.7 A which could be constrained by the rigidity
of the imidazole ring.  On the other hand, an eight-membered ring was formed between
the proton of the N-terminal amino group (-NH3") and the nitrogen of the amino nitrogen
(NH2 (sige)) In the side chain of the ZW1 of K*-Lys. Due to the greater flexibility of the
eight-membered ring, a relatively shorter intra-molecular hydrogen bonding (~1.6 A) was
found. As a result, the ZW1 structure of the K*-Lys complex is much more stable than

its CS2 structure when compared with the K*-His.

Arg is the most basic a-amino acid which has a proton affinity of 1,024 kJ mole™
[Harrison, 1997; Hunter and Lias, 1998]. It is also the largest a-amino acid and hence
theoretical K* binding studies with this amino acid is the most demanding when compared
to other amino acids.  Due to its large size, many more stable conformations could be
found for in its free state and cation bound complexed state. ~ The K*-Arg complex is
expected to show higher K* affinity associated with its largest molecular polarizability;
however, its absolute K* affinity has not been reported.  In agreement with the previous
study of Williams and co-workers, [Jockusch et al., 1999] we found the zwitterionic ZW1
is the most stable binding mode; while the bidentate CS1 and tridentate CS2 binding mode

are less stable by 10 and 28 kJ mol™, respectively. However, the our ZW1 structure is
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very different from that of Williams and co-workers, who reported a zwitterionic structure
with the K™ bound to the two carboxylate oxygen and the carboxylic proton is transferred
to the N-terminal amino nitrogen. After exhaustive conformational optimization, we
found the most stable zwitterionic mode is the ZW1 structure as shown in Fig. 4.13, in
which the K" is bound to the N-terminal nitrogen and one of the two carboxylate oxygens
only, and with the carboxylic proton transferred to the secondary amine site (NHige)) in
the guanidine side chain of Arg.  The ZW1 binding mode is stabilized by an efficient
network of hydrogen bonds, including a short hydrogen bond (~ 1.6 A) between NHside)
and the N-terminal —NH, site in an eight-membered ring structure. Aside from the
polarizability factor, this flexible eight-membered ring is an important structural factor
leading to a highly stabilizing hydrogen network and reduced deformation energy in the
ZW!1 binding mode of K*-Arg, which displays the highest K* affinity among all of the CS
and ZW binding modes of a-amino acids. Regrettably, as explained in Section 4.2.3, we
found the largest error (25 kJ mol™) among the theoretical and experimental K+ affinity
values of K*-Arg. However, we found good agreement between theory and experimental
results for 18 of the 20 a-amino acids investigated. Furthermore, the relative stabilities of
the ZW1, CS1 and CS2 K" binding modes of the K*-Arg complex can be rationalized in
terms of the same stabilizing and de-stabilizing factors as in the case of the other amino
acids. Hence, we are of the view that even though the absolute K* affinity values might
show significant error, the relative stabilities of the ZW1, CS1 and CS2 K" binding

modes of the K*-Arg complex found in the present study are most likely to be reliable.
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K+-Pro (ZW1) K+-Lys (ZW1)
(143) (162)

K+-His (ZW1)
(164)

K+-Arg (ZW1)
(188)

Figure 4.13  The most stable ZW K" binding modes of Pro/Lys/His/Arg, optimized at the B3-
LYP/6-31G(D) level. The K" affinities at 0 K in kJ/mol are shown in parenthesis. All the bond

lengths are shown in A
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K*-Methyl Esters of Amino Acids Complexes  In the absence of a carboxylic proton, K*
could only be bound to methyl esters of amino acids in the charge-solvated CS1 and CS2
modes, but not in the zwitterionic ZW1 mode. The purpose of including methyl esters in
the present study is mainly to obtain experimental affinity values in support of the
accuracy of the theoretical values obtained by the B3-LYP/6-311+G(3df,2p)//B3LYP/6-
31G(d) protocol, without the complication of the competitive and possible occurrence of
both the CS and ZW binding modes for some of the K* bound amino acid complexes.
As mentioned in the previous Section 4.2.3, very good agreement between our theoretical
and experimental affinity values were obtained; the mean-average deviation (MAD) is 8.1
kJ mol™ for the 18 amino acids methyl esters studied. This is important experimental
support for the validation and accuracies of the DFT protocol used also to evaluate K*
affinities and K™ binding geometries of similar studies on f-amino acids and B-dipeptides,

which will be introduced in the following chapters.

The geometries of the CS1 and CS2 binding modes are found to be very similar to that of
the free acids, and for this reason, they are not discussed in details here.  For the 18
methy! esters studied, the tridentate CS1 mode is found to be on average 22 kJ mol™ more
stable than the CS2 mode (Table 4.3), confirming that a K* binding mode with higher co-

ordination number is energetically more favored for methyl esters of amino acids.

4.3 Conclusion

With the exception of Lys and Arg, our study provides the first set of reliable experimental
and theoretical potassium cation affinities (PCA) data for 18 of the 20 common a-amino
acids.  The experimental K" affinities were determined to be (in kd/mol): Arg (163) >

His (155) > GIn (154) > Trp (151) > Asn (149) > Lys (144) > Glu (140) > Tyr (140) > Phe
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(139) > Asp (137) > Thr (136) > Pro (135) > Met (135) > Ser (133) > lle (129) > Leu (128)
> Val (127) > Cys (124) > Ala (123) > Gly (119).  Very good agreement between the
experimental and theoretical potassium cation (K") affinities were obtained within 15 kJ
mol™, with a mean absolute deviation (MAD) of 4.9 kJ/mol for the affinity values of the
18 o-amino acids. For Lys and Arg, the discrepancy between experimental and
theoretical values is +15 and +25 kJ mol™, respectively, which can be attributed to the

combined errors of the experimental determination and the theoretical modelling.

The most stable K* binding to aliphatic amino acids (Gly, Ala, Val, Leu, Ile) involves a
bidentate interaction in the CS1 form involving the carboxylic C=0 and OH sites, whereas
for amino acids with functionalized side chain (namely, Ser, Thr, Cys, Met, Phe, Tyr, Trp,
Asp, Asn), a tridentate interaction in the CS2 form involving the backbone O=C, N-
terminal NH,, and the O/N-heteroatom site of the functional group in the side chain is
generally favored. This shows that a higher co-ordination number is the determining
factors favoring the charge-solvated binding mode against the bidentate zwitterionic ZW1
binding mode, in which the K" is bidentately bound to the carboxylate oxygens, and the
carboxylic proton is transferred to the N-terminal nitrogen (NH,) site. Aside from the co-
ordination number factor, the ‘charge-separation’ effect, i.e., the energy required to
maintain a positive (+) and negative (-) charge apart in the ZW structure, is also another

de-stabilizing factor not favouring the ZW K* binding mode.

However, exceptions to this general rule are found in the K*-Glu/GIn complexes, which
are found to be most stable in the ZW1 form.  An in-depth analysis of the bonding
geometries in the K'-Glu/GIn complexes reveal that they are significantly stabilized by a
‘daisy-chain’ of hydrogen bonding network in the ZW1 mode, together with a more

flexible 7-membered ring hydrogen bonding structure as compared to that an analgous 6-
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membered ring structure of the K™-Asn/Asp complexes. A larger ring size in the
hydrogen bonding structure would also lead to less structural constrains and reduced

deformation energy in the K* bound ZW1 complex.

On the other hand, the ZW1 mode is found to be the most stable K* binding mode for the
four most basic amino acids, Pro, Lys, His and Arg.  Clearly, the basicity of these amino
acids are the driving force for the favored formation of the ZW1 binding mode.  The
detailed conformations and relative stabilities of the CS1, CS2 and ZW1 modes of K"
binding modes are found, for the first time, for Lys, His and Arg. The relative stabilities
of the ZW versus CS modes are mainly governed by the interplay of the same stabilizing

and de-stabilizing factors as found in other amino acids with functionalized side chains.

Contrary to literature reports, we have also found a new conformation for the most stable
ZW1 form of K*-Arg complex, in which K™ is bound to the N-terminal nitrogen (NH5)
site and one of the two carboxylate oxygens only, and with the carboxylic proton
transferred to the secondary amine site (NHsiqe)) in the guanidine side chain of Arg.  The
stability of this exceptional ZW1 conformation is rationalized in terms of the very strong

intra-molecular hydrogen bonding pattern found in the K* complexed state.

The strong ‘local’ ion-dipole interactions between K* and O=C, the participation of the
side-chain substituent in the coordination of the K*, the formation of an extra-strong
hydrogen bonding and/or a “daisy-chain’ hydrogen bonding network, and the enhanced
basicity (proton affinity) of the amino acid are the factors governing the relative stabilities

of CS versus ZW forms.
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Chapter 5 Proton and Potassium affinities of Selected Biologically

Significant B-Amino Acids

5.1  Background

In recent years, there is increasing recognition that the incorporation of critically positioned j3-
amino acids into peptides, cyclopeptides, glycopeptides, or alkaloids [Schmuch and
Wennemers, 2004] would change the properties of these compounds, enabling them to
survive in potent biological and physiological activities.[Ballard and Wang, 2002] For
example, p-amino acids are found in the secondary metabolites of many bacteria,
cyanobacteria, fungi and plants, which enable them to survive from the competition with other
organisms.[Buchwaldt and Green, 1992; Engel et al., 2002]. The incorporation of these j3-
amino acid sub-structures could increase their stability against degradation by mammalian
peptidases.[Steer et al., 2001] More specifically, it has been proposed that this is due to a lack
of enzymes which could successfully cleave the peptidic bonds between an a-amino acid and
a B-amino acid.[Pegova et al., 2000] Because of this special property, medicinal chemists are
pursuing a strategy of screening many natural products and peptides incorporated with a -
amino acid moiety for the discovery and development of new drugs.[Steer et al., 2002]
However, the influence of other properties of 3-amino acids that could affect known enzyme
functions, such as changes in the molecular/peptide conformation upon proton attachment
and/or metal chelation, cannot be ruled out. Hence, basic knowledge and understanding on
the proton and metal cation affinity of B-amino acids are required in drug discovery strategies
employing the incorporation of one or more B-amino acids into peptides or other known

molecular systems.
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Previously, experimental and theoretical studies on proton affinities and alkali metal cation
affinities have been focused on the simple a-amino acids, which serve as the building blocks
for the understanding of more complex di-/tripeptide systems. Investigations into the proton
affinity and alkali metal cation affinity of -amino acids were reported only in the last five
years. Not surprisingly, the first reported study is a combined experimental and theoretical
study on the proton affinity of B-alanine, the most commonly found [-amino acid in
nature.[Hahn and Wesdemiotis, 2002] This was followed by an experimental [Chan, 2006]
and theoretical [Abirami et al., 2005] study on the alkali metal affinity and binding modes of
B-alanine by members of Prof. Tsang’s research group. For H'/M* (M = Li*, Na* and K")
bound B-alanine, the H*/M™ affinity was found to be greater than that of o-alanine. This was
attributed primarily to a more stabilizing intra-molecular hydrogen bond in H*/M" bound B-
alanine made possible by the presence of the extra —CH,- unit in the backbone of 3-amino

acids (refer to Section 1.1). Similar studies on other -amino acids have not been reported.

Aside from B-alanine, there are many other B-amino acids that are found in nature either in
free form or as part of a larger molecule. In particular, B-aminobutyric acid (B-Abu), B-
leucine (B-Leu), B-glutamic acid (B-Glu), B-phenylalanine (B-Phe) and B-tyrosine (B-Tyr)
(refer to Scheme 5.1 for chemical structures) are found in many natural products and peptides
of animals, plants, fungi, bacteria and protista, which are involved in many important
biological functions. For example, (R)-B-aminobutyric Acid, which has a structure similar
to that of B-alanine, is present in all living organisms and is directly involved in their primary
metabolisms. [Griffith, 1986] (R)-B-Leucine (B-Leu) is generated by a non-B;,-dependent

2,3-aminomutase from (L)-a-leucine in the plant Andrographis paniculata.[Freer et al., 1981]
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B-Glutamic acid (B-Glu) is accumulated as an osmolyte in archea such as M.
thermolithotrophicus [Robertson, 1989] and Methanohalophilus portucalensis.[Robinson,
2001] P-Glu is one of the compatible solutes which is balanced by intracellular K* ions and
is probably intertwined with K" uptake and accumulation. In other words, K*and B-glutamic
acid act as temporary osmolytes in the hyperosmotic response of M. thermolithotrophicus. f-
phenylalanine (B-Phe) is found in peptides of the plant Aster tartarics [Kelly et al., 1999;
Davies et al., 1993] and the bacterium Pseudomonas fluorescens [Needham et al., 1994], and
is shown to have anti-tumor and anti-bacterial properties. B-Tyrosine (B-Tyr) is found in
peptides of marine sponges, and aside from its antifungal and insecticidal properties,[Coleman
et al., 1999; Tinto et al., 1998] is found to be a potent cytotoxic against a number of human
cancer cells. The biological essentiality and abundance in nature of the five selected p-amino

acids are summarized in Table 5.1:

HsC OH NH, 0 HO OH
W , m
OH

NH, o) 0 NH, 0
CHs
B- Aminobutyric Acid B-Leucine p-Glutamic Acid
NH, O NH, o
OH oH
HO
B-Phenylalanine B- Tyrosine

Scheme 5.1  Chemical Structure of Selected Bioactive B-Amino Acids
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In this study, we aim to extend our previous studies on the intrinsic proton (H") and potassium
cation (K") binding affinities of B-alanine (B-Ala) to the five biologically significant B-amino

acids shown in Scheme 5.1.

Experimental H* binding affinities was determined by the extended mass spectrometric
kinetic method, using aliphatic amines with known and comparable binding affinities as
reference compounds. The kinetic method, both in the standard and extended version, and
the amine reference compounds have been used in the determination of proton affinities of the
five corresponding a-amino acids.[Harrison, 1999] For the kinetic method determination of
K" affinities, methyl esters of a-amino acids the K" affinities of which had been determined as
described in Chapter 4, were used as the reference compounds. In addition, hybrid density
functional theory calculations using the established B3-LYP/6-311+G(3df,2p)//B3-LYP/6-
31G(d) protocol was used to obtain the theoretical H*/K™ binding affinities and the most
stable H'/K" binding modes, and to aid in the proper interpretation of experimental results.
Potassium cation is chosen as the probe metal ion in the present study because its binding
modes with the corresponding a-amino acids have been elucidated in Chapter 4, and are

available for comparison in the present study.
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Table 5.1

Biological significance of the five selected 3-amino acids in this study

B-Amino o
Acid Sources Biological Significance
cids
(i) Phascolosomine in the viscera of worms? (i) constituent for phascolosomine which is used for
B-Abu energetic muscular contraction in worms®
(ii) sporophores of commercial mushroom, Agaricus
campestris® (ii) nutritional, metabolic and physiological benefits
(i) interconversion of leucine and B-leucine by (i) decrease the function of the leucine 2,3-aminomutase’
B-Leu leucine 2,3-aminomutase in human leukocytes, . _ _
) . (ii) increase the catabolism of branched fatty acids®
hair roots and rats’ liver
(i) catabolic product through macromolecule (i) as a compatible solute in methanogenic bacteria®®
breakdown in M. thermolithotrophicus®
(ii) as temporary osmolytes with K in the hyperosmotic
(ii) biosynthesis by A. luteoviolacea and by a response of M. thermolithotrophicus®®
unidentified facultative anaerobe""
B-Glu (iii) as a substrate for glutamine synthetase in

Methanohalophilus strain FDF1%¢
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(i) constituent of cyclopentapeptides in roots of Aster

tartarics”

(ii) dipeptide in Azolla caroliniana®

(i) display antitumor nature in Aster tartarics'

(ii) display antibacterial and antimicrobial properties™

B-Phe (iii) metabolite andrimid and several moiramides of
bacterium Pseudomonas fluorescens™
(i) Jaspamide, a modified peptide from a Jaspis (i) asa B—amino acid unit in Jaspamide which exhibits
Sponge™° potent insecticidal activity against Heliothis virescens,
. _ ] antimicrobial activity against Candida albicans, and
(ii) Geodiamolides from the Sponge Cymbastela sp.° o . o
B-Tyr antiproliferative activities, etc.”?

(i) as a B—amino acid unit in dipeptide of Geodiamolides
which is potent cytotoxic against a number of human

cancer cells , antifungal and insecticidal®?
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5.2 Results and Discussion

5.2.1 Experimental Determination of Absolute Proton (H") Affinities of Selected B-

Amino Acids

The proton (H") affinities of the selected five B-amino acids were determined using
ethylamine, propylamine (PA), isopropylamine (IPA), t-amylamine (TAA), t-butyamine
(TBA), n-methylethylamine (MEA), trimethylamine (TMA) as reference compounds as they
have comparable H" affinities at 298K to that of the B-amino acids. Similar measurements on
a-amino acids showed that entropic effects (i.e., the A(AS)*® term in Eqn. [2.9] is non-zero)
are present in the dissociation of the H" bound heterodimers, thus the extended kinetic method

has to be adopted in the present study.

At typical low-energy CID MS/MS mass spectrum of the [(B-Phe) + H + PA]" heterodimer is
shown in Figure 5.1.  The heterodimer (m/z 225) dissociates by competitive bond fission to
yield protonated B-phenylalanine (B-Phe) and protonated propylamine fragment ions at m/z 60
and m/z 166, respectively. The dissociation of the [(B-Phe) + H + PA]" heterodimer was
measured at different collision energies (eV), which corresponds to excitation at different
effective temperatures (Tef). A plot of In([H + B-Phe]™/[H + Ln]") versus [ A Hn+ny+ - A Havgl
(where Ln = propylamine (PA), isopropylamine (IPA) and t-amylamine (TAA)) yields a
regression line with the slope and intercept of -1 / RTess and [AGn+inj+ — AHavg] / RTes,
respectively (Fig. 5.2()). A second plot is obtained by plotting the [(AG)®"[ p-phe + 1+ -

A Havgl/RTess term versus 1/RTesr (Fig. 5.2(b)); the slope and y-intercept of the second plot

yields the H* affinity at 298K (kJ mol™) of pB-Phe and the A(AS)®” term, respectively (Eqgn.

[2.9]). The absolute H affinity for B-Phe at 298K, AH[n.p.phej+, s Well as the apparent
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entropy change were obtained from the second plot and found to be 948.0 kJ mol™ and 18.2 J
mol™ respectively. By the same token, the H* affinities of p-leucine (B-Leu), p-aminobutyric
acid (B-Abu), p-glutamic acid (B-Glu) and B-tyrosine (B-Tyr) were determined in a similar
way.  The proton affinities of five selected f-amino acids so determined are summarized in

Table 5.2.

[H+ (B-Phe)]:
100 | m/z 166
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Figure 5.1  Triple quadrupole MS / MS spectrum of the proton bound heterodimer [PA + H + (-

Phe)]" using argon at a collision energy of 8 eV (laboratory frame) (B-Phe = p-
Phenylalanine and PA = Propylamine)
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and (b) plot of [(AG)3PP[(.pney+H]+ - AHAvgl/RTeff against 1/RTe for the proton
bound heterodimer [(B-Phe) + H + L,]" heterodimers. ((B-Phe) = p-Phenylalanine, L,

= Propylamine, Isopropylamine and Triamylamine); numbers shown are absolute

proton affinities
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Table5.2  Experimental proton (H") affinities at 298K, (AHzg, kJ mol™) and A(ASH:)™ (J mol® K?) of B—amino acids

determined by the extended kinetic method.

This Work?

B—amino acids AHgg A(ASH4)*P References (kJ mol™)°

B-Abu 942.0+1.0 (1.9) 22.3+0.8(1.6) ethylamine (912.0), propylamine (917.8),
isopropylamine (923.8)

B-Leu 955.6 + 0.8 (1.4) 28.6 +1.8 (3.3) n-methylethylamine (942.2), trimethylamine (948.9),
diethylamine (952.4)

B-Phe 948.0£0.7 (1.3) 18.2+0.9 (1.6) propylamine (917.8), isopropylamine (923.8),
t-amylamine (937.8)

B-Tyr 955.4 +5.3 (9.9) 24.1+7.4 (13.7) isopropylamine (923.8), t-butyamine (934.1),
trimethylamine (948.9)

B-Glu 951.5+1.9(3.6) 21.18 £ 2.3 (4.4) isopropylamine (923.8), t-butyamine (934.1),

n-methylethylamine (942.2)

& Determined by extended kinetic method on this work and the uncertainties are given as + S.D.(90% confidence interval).
®Proton Affinities are taken from: Hunter, E.P. and Lias, S.G., Evaluated Gas Phase Basicities and Proton Affinities of Molecules: An Update, J.
Phys. Chem. Ref. Data, 1998, 27, 3, 413-656.)

130



5.2.2 Experimental Determination of Absolute Potassium Cation (K*) Affinities of

Selected p-Amino Acids

The potassium cation (K*) affinities of the selected five -amino acids were determined using
the extended kinetic method and similar experimental procedure as described in Chapter 4 for
determination of K" affinities of twenty o-amino acids. Leucine methyl ester (LeuOMe),
leucine ethyl ester (LeuOEt), valine methyl ester (ValOMe), serine (Ser), serine methyl ester
(SerOMe), serine ethyl ester (SerOEt), asparagines(Asn), lysine methyl ester (LysOMe),
lysine ethyl ester (LysOEt) and glutamic acid methyl ester (GluOMe) were used as the

reference compounds as they have comparable K* affinities at OK to that of B-amino acids.

_[K + SerOMe]* [SerOMe + K + (B-Phe)]”
100 m/z 158 m/z 323

[e))
o

(o))
o

[K + (B-Phe)]”
m/z 204

N
o

% Relative Intensity

N
o

160 180 200 220 240 260 280 300 320

m/z

Figure 5.3  Triple quadrupole MS / MS spectrum of the [SerOMe + K + (B-Phe)]" heterodimer
using argon as collision gas at a collision energy of 9 eV (laboratory frame) (B-Phe = B-

Phenylalanine and SerOMe = Serine Methy| Ester)
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A typical low-energy CID MS/MS mass spectrum of [(B-Phe) + K + SerOMe]" heterodimer is
shown in Figure 5.3. The corresponding first and second plots of the extended Kinetic
method measurements are shown in Figure 5.4. The absolute K* affinity for B-Phe at OK,
AH[k-p-phej+ as well as the apparent entropy change are found to be 137.6 kJ mol™ and 0.94 J
mol™, respectively.  In addition, the K" affinities of p-leucine (B-Leu), B-aminobutyric acid
(B-Abu), B-glutamic acid (B-Glu) and B-tyrosine (B-Tyr) were determined in a similar way.
The potassium cation affinities of the five selected B-amino acids so determined are

summarized in Table 5.3.
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Table 5.3 Experimental potassium cation (K*) affinities at 0 K, (AHo, kJ mol™) and A(ASH+)*™ (J mol™ K™) of —amino acids

This Work?®

B—amino acids AHg A(ASR.)*P References (kJ mol™)°

B-Abu 134.7+0.1(0.2) -1.1+0.3(0.6) Ser (132.8), SerOMe (137.7),
SerOEt (140.0)

B-Leu 138.3 +1.3 (2.4) -16.2 +0.2 (0.3) ValOMe (129.9), LeuOMe (131.6),
LeuOEt (134.6)

B-Phe 137.6 £0.1 (0.2) 0.9+0.3(0.5) Ser (132.8), SerOMe (137.7),
SerOEt (140.0)

B-Tyr 138.7 + 0.4 (0.8) 3.1+1.1(2.1) Ser (132.8), SerOMe (137.7),
SerOEt (140.0)

B-Glu 1415+ 0.5 (1.1) 34+1.1(2.0) Asp (136.5), GluOMe (145.1),

LysOMe (146.0), LysOEt (147.6)

% Determined by extended kinetic method on this work and the uncertainties are given as + S.D.(90% confidence interval).

® Potassium cation affinities determined in the present study (Chapter 4).
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5.2.3 Comparison between experimental and theoretical H* / K* affinity values

Theoretical proton (H") and potassium (K*) affinities of B-amino acids have not been reported
in the literature. Density functional theory calculations have been shown earlier to be able to
yield accurate proton affinities of 20 a-amino acids, [Maksic and Kovacevis, 1999] and to
yield reasonably accurate potassium cation (K*) affinities in the present work (Chapter 4) as
well. In order to obtain information on the preferred site of proton (H") and potassium cation
(K") binding and compare to that of corresponding a-amino acids, theoretical calculations on
the binding modes and H" / K" affinities by hybrid density functional theory (DFT)
calculations were carried out. The most stable conformations for the H* / K*-(B-amino
acids) complexes were optimized at the B3-LYP/6-31G+(d) level, and the absolute H" / K*
affinities were calculated at the B3-LYP/6-311+G(3df,2p)//B3-LYP/6-31G+(d) level of

theory.

The theoretical H* and K" affinity values of the selected five p-amino acids are summarized
and compared with experimental values in Table 5.4 and Table 5.5, respectively. Excellent
agreements between the experimental and theoretical affinity values were obtained: the mean-
absolute deviation (MAD) for proton affinities of five selected f-amino acids is only 3.1 kJ
mol™ (Table 5.4), while the MAD for potassium cation (K*) affinities is only 6.4 kJ mol™
(Table 5.5). Such consistency provides the necessary confidence that the experimental /
theoretical H* / K™ affinities, and the protonated and potassiated binding modes of the B-

amino acids found in the present study are reliable and accurate.
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Table 5.4 Experimental and theoretical proton (H") affinities of p—amino acids

Proton Affinity, AHzgg

B—amino acids Experimental® Theoretical’ AH208Expt) - AH298(Theory) ©
B-Aminobutyic acid (B-Abu) 942 943 -1
B-Leucine (B-Leu) 956 953 3
B-Phenylalanine (B-Phe) 948 952 -4
B-Tyrosine (B-Tyr) 955 959 -4
B-Glutamic acid (B-Glu) 952 955 -3

% Experimental affinities at 298 K, AH.os exp), Mmeasured by extended kinetic method in this work (Table 5.1).

® Theoretical affinities at 298 K, AHygg (theory), determined at the B3-LYP/6-311+G(3df,2p)//B3-LYP/6-31G(d) level, with ZPE corrections at
B3LYP/6-31G(d) level and scaled by 0.9806.

° The difference between experimental and theoretical affinity of the most stable H* binding mode.
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Table 5.5 Experimental and theoretical K* affinities of B-amino acids at 0K (kJ mol™)

Potassium Cation Affinity, AHo

B-Amino acid Theoretical ° AHo expn =

Expt? AHo (theory) '
CS1(0=C,OH)®  CS2(0=C, NH,, X) ¢ ZW (CO0) ©

B-Aminobutyic acid (B-Abu) 135 143 126 (O=C, NHy) 139 -8

B-Leucine (B-Leu) 138 147 130 (O=C, NH,) 143 -9

B-Phenylalanine (B-Phe) 138 143 124 (X = cation-m) 139 -5

B-Tyrosine (B-Tyr) 139 146 126 (X = cation-m) 143 -7

B-Glutamic acid (B-Glu) 142 144 132 (O=C, NHy) 143 -2

? Experimental affinities at 0 K, AHo xpt, Mmeasured by by extended kinetic method in this work (Table 5.2).

® Theoretical affinities at 0 K, AH, (Theory), determined at the B3-LYP/6-311+G(3df,2p)//B3-LYP/6-31G(d) level, with ZPE corrections at
B3LYP/6-31G(d) level and scaled by 0.9806. K* affinities for the most stable binding modes are indicated by fonts.

¢ CS1, charge-solvated (CS) conformer of K*-(B-amino acid), with K* binding bidentately to the carbonyl oxygen.

9 CS2, charge-solvated (CS) conformer of K*-(B-amino acid), with K* binding tridentately to the carbonyl oxygen, amino nitrogen and the O/N
heteroatom site (X) of the functionalized side chain.

® ZW1, the most stable zwitterionic (ZW) conformer of K*-(B-amino acid), with K* binding bidentately to the two carboxylic oxygens.

" The difference between experimental and theoretical affinity of the most stable charge-solvated CS1 binding mode. (in bold)
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5.2.4 The H" and K" Binding Modes of Selected p-Amino Acids

Most Stable Binding Modes and Geometries of H*-(8-Abu) / (8-Leu) / (8-Phe) / (8-Tyr) /
(#-Glu) Complexes Density functional theory calculations at the B3-LYP/6-
311+G(3df,2p)//B3-LYP/6-31G(d) level of theory show that the most stable proton binding
conformations of the five bioactive p-amino acids (B-Abu, B-Leu, B-Phe, B-Tyr and B-Glu)
have he proton bound to the amino nitrogen (N) (Fig. 5.5). The protonated conformers are
stabilized by the hydrogen bonding between the ammonium hydrogen and amide oxygen
(NHzH™----0=C) in a 6-membered ring pattern. The NH,H"--...O=C bonding distances are
relatively short in the 1.74 - 1.86 A range, indicating that the hydrogen bonding is strong and

significantly enhance the stability of the complexes.

The proton affinities (PA) of the five model B-amino acids are generally larger than that of
their a-analogues. For examples, the experimental PA of B-Phe (948.0 kJ mol™) is greater
than it’s a-analogue (a-Phe, 924.0 kJ mol™) [Harrison, 1997] by 24 ki mol™.  The enhanced
PA could be attributed to the formation of the shorter (by 0.1 A) and more stabilizing intra-
molecular NH,H™---O=C hydrogen bond of the complexes. ~ The same hydrogen bonding
pattern is also found in protonated p-Ala, which has a PA ~27 kJ mol™ higher than that of a-

Ala. [Hahn and Wesdemiotis, 2002]

138



H+-g-Abu (NH2) H+-p-Leu (NH2) H+-p-Phe (NH2)
(943) (953) (952)

H+-p-Tyr (NH2) H+-B-Glu (NH2)
(959) (955)

Figure 5.5 Optimized geometries of most stable protonated p-Abu, p-Leu, B-Phe, B-Tyr and f-
Glu complexes calculated at B3-LYP/6-311+G(3df,2p)//B3-LYP/6-31G+(D) level of

theory

5.2.5 Potassium Cation Binding to B-Amino Acids (#-Abu, g-Leu, p-Phe, g-Tyr, and f-

Glu): Relative Stabilities of Charge-Solvated versus Zwitterionic Binding Modes

The CS1 Binding Mode The optimized geometries of the K*-(B-Abu)/(B-Leu)/(B-Phe) / (B-
Tyr)/ (B-Glu) complexes in the CS1 binding mode are shown in Figure 5.6. In the CS1
binding mode, K" binds to the two carboxylic oxygens (CO, OH), with a very small
deformation energy (Eger, 1-3 kJ mol™) due to minimum structural distortion of the free ligand.
As in the case of K* binding to B-alanine,[Abirami et al., 2005] CS1 is found to be the most

stable K™ binding mode for the five B-amino acids, with greater K* affinities than it’s o-
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analogues. The enhanced stability of the K*-CS1 binding mode could be attributed mainly to
the presence of the “additional’ —CH.— unit in the carbon chain of the g-amino acids, allowing
the formation of a very short (1.5-1.6 A) and stabilizing intramolecular hydrogen bond (-
OH...... NH2) between the hydroxyl and amino site in a 6-membered ring configuration. An
analogous but weaker hydrogen bonding pattern is also found in their a-analogues in a 5-
membered ring configuration, but with significantly shorter bonding distances (by ~0.20 A).
For example, the hydrogen bonding distance in the K*-(B-Leu) complex is 1.56 A while that
of K'-(a-Leu) is 0.17 A shorter at 1.73 A (Fig. 4.9 in Chapter 4), making CS1 the most

stable K* binding mode for B-Leu.

The CS2 Binding Mode  In the CS2 binding mode, K* binds to the carbonyl oxygen (O=C)
and N-terminal amino (-NHy) sites in the K™-(B-Abu)/(B-Leu)/(B-Glu) complexes, and
tridentately with additional binding to the aromatic-n surface in the K*-(B-Phe)/ (B-Tyr)
complexes. The carbonyl oxygen (O=C) and N-terminal amino (-NH) sites are further apart
in B-amino acids due to the presence of the ‘additional” —CH,— unit in its main carbon chain.
Consequently, the CS2 binding mode induces the most structural strain on the -amino acids
in the K™ complexed form when compared to the free ligand form, making it the least stable
when compared to the CS1 and zwitterionic ZW1 binding modes (refer to Table 5.4). The
situation is most acute for the tridentately bound K*-(B-Phe)/(B-Tyr) complexes, in which K*
is forced obliquely further away (~ 3.4 — 3.5 A) from the aromatic-n surface in order to be
more closely bound to the carbonyl oxygen (O=C) (Fig. 5.7). With weakened cation-n
interaction and significant de-stabilizing deformation energy, the tridentate CS2 is 18 — 20 kJ
mol™ less stable than the bidentately bound CS1 binding mode for the K*-(B-Phe)/(B-Tyr)

complexes.  On the contrary, in the absence of the ‘additional’ —CH,- unit, the binding
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geometries in the corresponding o-analogues are such that the tridentate binding mode
(cation-w, CO, NHy) is the most stable (refer to Table 4.2 and Fig. 4.11, Chapter 4). Because
of enhanced structural deformation, a stable tridentate CS2 binding mode involving additional
binding to one of the carboxylic oxygens in the side chain cannot be located in the K*-(B-Glu)

complex, but can be found for the K*-(a-Glu) complex.

The ZW1 binding mode  In the zwitterionic ZW1 binding mode, the K" is bound to the two
carboxylate oxygens (COQ’) with the proton transfer to the N-terminal —NH, site with
minimum distortion of the conformation of the free ligand. The ZW1 binding mode is further
stabilized by a strong NH,H"-----O=C hydrogen bonding in a six member-ring configuration
as compared to an analogous but longer hydrogen bonding pattern in a 5-membered ring
configuration in the a-analogues. Consequently, the energy difference between the ZW1 and
most stable CS1 binding mode is narrowed to only 3-4 kJ mol™ for the K*-(B-Abu)/(B-
Leu)/(B-Phe)/(B-Tyr) complexes (Table 5.5), and a marginal 1 kJ mol™ for the K*-(B-Glu)
complex.  For the corresponding K*-(a-Glu) complex, the stability of the ZW1 binding
mode is enhanced by a daisy chain of hydrogen bonds with adjacent 7-membered (more
flexible and shorter/stronger hydrogen bonding) and 5-membered ring configurations (refer to
Fig. 4.12, Chapter 4 ), so that it becomes the most stable with greater K* binding affinity (by 6
kJ mol™) than the tridentate CS2 (O=C, NH,, X = 0=C) binding mode (refer to Table 4.2,
Chapter 4). In the K*-(B-Glu) complex, an analogous hydrogen bonding pattern involving
two adjacent 6-membered rings is formed (refer to Fig. 5.7), which is less flexible with longer
(by ~ 0.1 A) and weaker hydrogen bonding than the 7-membered ring configuration. As a
result, the stability of the ZW1 bonding mode for K*-(B-Glu) is reduced to marginally lower

than that of the CS2 binding mode.
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K+-p-Abu (CO, OH) K+--Leu (CO, OH)
(143) (147)

(143)

K+-B-Glu (CO, OH)
(144)

Figure 5.6 Optimized geometries of most stable potassium cationized p-Abu, B-Leu, B-Phe, -
Tyr and B-Glu complexes calculated at B3-LYP/6-311+G(3df,2p)//B3-LYP/6-

31G+(D) level of theory
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K+-p-Phe (cation-x, CO, NH2) K+--Tyr (cation-x, CO, NH2)
(124) (126)

K+-p-Glu (COO-)
(143)

Figure 5.7 Optimized geometries of less stable potassium cationized B-Phe, B-Tyr and B-Glu
complexes calculated at B3-LYP/6-311+G(3df,2p)//B3-LYP/6-31G+(D) level of

theory
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5.3 Conclusion

For the first time, the proton affinities and the potassium cation affinities of five biologically
important B-amino acids have been determined by the mass spectrometric kinetic method.
The H* affinities of the five p-amino acids (298K, in kJ mol™) are: p-Abu 942.0, B-Leu 955.6,
B-Phe 948.0, B-Tyr 955.4 and B-Glu 951.5; while the K™ affinities of the five p-amino acids
(0K, in kJ mol™) are: B-Abu 134.7, B-Leu 138.3, B-Phe 137.6, p-Tyr 138.7 and B-Glu 141.5.
The experimental values for both the H* affinities and K" affinities are found to be in very
good agreement with theoretical affinities calculated at the B3-LYP/6-311+G(3df,2p)//B3-
LYP/6-31G+(d) level with mean-absolute-deviation (MAD) of 3.1 and 6.4 kJ mol™ only,
respectively.  The most stable proton binding site is found to be the same for both the a.- and
-amino acids at the N-terminal nitrogen, while the charge-solvated CS1 binding mode with

K" bidentately bound to the carboxylic O=C and —OH sites is the most stable.

In the present study, we found both the proton affinity (PA) and potassium cation affinity of
B-amino acids is generally larger than that of their o-analogues. The primary underlying
cause is the same for the both findings: the ‘additional” —CH,— unit in B-amino acids
introduces greater flexibility in the main carbon chain of the 3-amino acids, allowing more
stabilizing intra-molecular hydrogen bonding patterns to be formed than their corresponding

a-analogues.

The presence of the *additional” —CH,— unit in B-amino acids also leads to subtle changes in
the relative stabilities of the charge-solvated (CS) and zwitterionic (ZW) binding modes for -
amino acids with functionalized side chains when compared to its analogues. For a-Phe and

a-Tyr, the tridentate CS2 K* binding mode (cation-r, CO, NH,) is the most stable, but it
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becomes the least stable binding mode for B-Phe and B-Tyr due to greater structural
deformation in the K* complexed form. The zwitterionic ZW1 is the most stable K™ binding
mode for a—Glu, but it becomes marginally less stable than the charge-solvated tridentate
CS2 binding mode for B-Glu. This is due to the fact that a very stabilizing daisy chain of
hydrogen bonding network involving a 7-membered ring adjacent to a 5-membered ring
bonding configuration adjacent in the K'-(a-Glu) complex is being replaced by a less
stabilizing network involving two adjacent 6-membered ring bonding configurations in the
case B-Glu.  Thus, our theoretical studies indicate that the metal chelation properties of -
amino acids may differ from that of their a-analogues. However, metal chelation in real-life
biological systems are affected by the 3-dimensional conformation of the peptides/proteins,
and not just the intrinsic properties of the B-amino acid. Nevertheless, the basic information
obtained in the present study may be relevant and useful in the rationalization of experimental

observations on the biological activities of -amino acids and p-peptides in future studies.
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Chapter 6 Dissociation of Protonated g-Alanine and its Methyl Ester

6.1. Background

The mass spectral fragmentation behaviour of protonated peptides is dependent on the nature
of their constituent amino acids.  The characteristic fragmentation reactions of protonated
amino acids, e.g. the preferred loss of small stable neutrals (H,O, CO, NHj etc.), are often
reflected in the MS/MS spectra of protonated a-peptides. Hence, detailed studies on the
dissociation pathways of protonated amino acids are the building blocks towards a better
understanding of the mass spectrometric fragmentation behaviour of the more complex
peptide systems. For this reason, the dissociation pathways of the simplest protonated
a-amino acids, glycine and alanine, have been extensively studied both experimentally
[Rogalewic et al., 2000; van Dongen et al., 1996; Dookeran et al., 1996; Beranova, et al.,
1995; Bouchoux et al., 2003; Kulik and Heerma, 1988] and theoretically. [O’Hair et al., 2000;
Rogalewicz and Hoppilliard, 2000; Uggerud, 1997; van Dongen et al., 1996; Bouchoux et al.,

2003]

On the other hand, there are very few reports on the fragmentation pathways of f—amino
acids. Tsang and Harrison first reported on the major dissociation pathways of protonated
B—alanine (B—ala) generated by chemical ionization in 1976, [Tsang and Harrsion, 1976] but

no further mechanistic study has been reported since then.

Given the growing recognition of the biochemical significance of B—amino acids and
B—peptides in recent years, and the rapidly expanding use of tandem mass spectrometry in the

determination of peptide sequence, it is timely to re-activate the mechanistic study on the
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dissociation of the simplest p—amino acid, p—alanine. The aim of the present study is to
elucidate the dissociation mechanisms and pathways of protonated p—alanine and its methyl
ester by high level density functional theory (DFT) calculations, which is supplemented by
experimental measurements on low energy collision induced dissociation (CID) carried out
with an ion trap mass analyzer and a triple quadrupole tandem mass spectrometer. The focus
of the present study is to find out the effect of the extra —CH,- unit in the main backbone of
B-Ala / (B—Ala)OMe on the dissociation behaviours, such as the introduction of new
pathways of fragmentation and products when compare to that of a—Ala / (o—Ala)OMe (refer

to Figure 6.1).

a-Ala B-Ala
Figure 6.1 Optimized structure of a-/B-alanine (at B3-LYP/6-31G(d) level)
6.2 Results and Discussion

6.2.1 Collision-induced Dissociation (CID) MS/MS Spectra of Protonated g-Alanine

and its Methyl Ester

CID MS/MS spectra and the energy resolve MS/MS breakdown graph of protonated

BAlanine The dissociation of protonated p-alanine (B-Ala) and B-alanine methyl
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ester (B-AlaOMe) are revealed by their ion trap and triple quadrupole mass spectrometer CID

MS/MS spectra, which were obtained by Miss O. Y. Chan of our research group.

In the ion trap CID MS/MS spectrum of protonated B-alanine (Fig. 6.2(a)), [(B-Ala) + H]"
(m/z 90), an intense peak at m/z 72 and two minor peaks at m/z 48 and m/z 30 are observed.
The base peak is attributed to the loss of water (H,0), leading to formation of a b; ion at m/z
72.  The m/z 48 peak is due to the loss of ketene (CH,CO); the consecutive loss of CH,CO
and H,O leads to the fragment ion at m/z 30.  The by ions (m/z 72) are not observed in the
CID MS/MS spectrum of protonated a-Ala [Rogalewic et al., 2000]. Comparison with the
MS/MS spectrum of protonated p-lactam (m/z 72) reveals that the m/z 72 (b;) fragment ion is
likely to have the protonated B-lactams structure, which is much more stable than the
corresponding three-membered ring ion if an analogous structure is formed from a-Ala. [Rode

et al, 2002]

The ion trap energy resolved breakdown graph of protonated B-Ala, i.e., a plot of % relative
fragment ion abundances versus the collision RF activation voltage (Fig. 6.3), shows that the
predominant b; ion at m/z 72 is first formed with the lowest RF threshold voltage of 0.38 V,
followed by the appearance of the m/z 48 and m/z 30 minor fragment ions at a higher RF
activation voltage of 0.46 V. The by ion remains to be the dominant fragment ion throughout

the whole RF activation voltage range.
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Figure 6.2 lon trap MS/MS spectra of (a) protonated p-alanine, [(B-Ala) + H]* (m/z 90) obtained

at a RF activation voltage (Vp-p) of 0.66 V, and (b) protonated p-alanine methyl
ester, [(B-AlaOMe) + H]" (m/z 104) obtained at a RF activation voltage (Vp-p) of
0.74V  (ion trap mass analyzer conditions: ‘low mass’ scan mode; ion activation time, 5 ms;

main RF set for optimum trapping and detection of m/z 30; trap offset at -5 V, gz at 0.3
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Under the more energetic collisional activation conditions of a triple quadrupole tandem mass
spectrometer, two additional fragment ions at m/z 45 and m/z 61 are newly observed: they are
attributed to the consecutive loss of carbon monoxide and ammonia (CO + NH3) and
methanimine (NH=CH,), respectively (Fig. 6.4(a)).  These two fragment ions are likely to

be derived from dissociation pathways with relatively higher critical energy barriers.

CID MS/MS spectra of protonated f-Alanine Methyl Ester Like B-Ala, the ion trap
MS/MS spectrum of B-AlaOMe shows a major fragment ion (b;) peak at m/z 72, a protonated
B-lactam formed by loss of a methanol (CH3OH) neutral (Fig. 6.2(b)). Two minor fragment
ions arising from the loss of CH,CO at m/z 62 and the consecutive loss of (CH,CO + CH3;OH)

at m/z 30, analogous to that of B-Ala, are also found.

100

[(B-Ala) + H]" ¢

80 m/z 90 [MH — H,O]
2 m/z 72 (0.38 V)
2
£ 60+
p [MH — CH,CO)]"
2 m/z 48 (0.46 V)
© 40 -
i [MH — NH=CH,]* )
N m/z 61 (0.50 V) [MH — (CH,CO + H,0)]

20

m/z

Figure 6.3  lon trap energy resolved MS/MS breakdown graph of protonated p-alanine, [(B-Ala) +

H]" (m/z 90)  (lon trap mass analyzer conditions: are same as those shown in Figure 6.2)
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In addition, two minor fragment ions due to loss of ammonia (NH3) at m/z 87 and
methanimine (NH=CH,) at m/z 75, which are not present in the ion trap MS/MS spectrum of
protonated B-Ala, are also found. These two peaks are found in higher abundances in the CID
MS/MS spectrum obtained with a triple quadrupole mass spectrometer, and are likely derived

from dissociation pathways with higher critical energies.

Under the more energetic CID conditions of the triple quadrupole mass spectrometer, another
fragment ion due to the loss of (CO + NH3;) from protonated (B-Ala)OMe appearing at m/z 59,
which are absent in the corresponding ion trap MS/MS spectra, is observed (Fig. 6.4 (b)). The
loss of (CO + NHjy) is likely to derive from another dissociation pathway of [(-Ala)OMe +

H]" with relatively higher critical energies.

The ion trap breakdown graph obtained for the dissociation of protonated (p-Ala)OMe,
[(B-Ala)OMe + H]', was also obtained. As in the case of B-Ala, the dominant fragment
ion at m/z 72 due to the loss of CH3OH shows the lowest appearance threshold voltage at 0.38
V, followed by minor fragment ions due to loss of NHz (m/z 87, appearing at 0.46 V),
NH=CH, (m/z 75, appearing at 0.46 V), CH,CO (m/z 62, appearing at 0.50 V) and (CH,CO +

H,0) (m/z 30, appearing at 0.50 V).

In summary, the experimentally observed major dissociation pathways (with relatively lower
critical energy) for B-Ala / (B-Ala)OMe are due to (i) loss of H,O / CH3OH, (ii) loss of ketene
(CH,CO), and (iii) loss of (CH,CO + H,O / CH3;OH). Dissociation pathways with higher
critical energies involving (i) the loss of NHs, (ii) the loss of (NH3 + CO), and (iii) the loss of
NH=CH, are observed under more energetic CID conditions of a triple quadrupole mass

spectrometer.
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Figure 6.4  Triple quadrupole MS/MS spectra of (a) protonated p-alanine, [(B-Ala) + H]* (m/z 90),

and (b) protonated B-alanine methyl ester, [(B-Ala)OMe + H]" (m/z 104), obtained at a

collision energy of 15eV (at ~5 % attenuation of the precursor ion beam intensity)
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6.2.2 Dissociation of Protonated p-Alanine and its Methyl Ester: Proposed

Fragmentation Pathways and Theoretical Potential Energy Surface (PES)

In this section, high level density functional theory (DFT) calculations on the energetics of
plausible dissociation pathways of protonated B-Alanine and its methyl esters (f-Ala and
B-AlaOMe) were carried out to rationalize the experimental observations as described in the
previous section.  The geometries of all structures involved in the dissociation pathways
(Figure 6.6) were fully optimized at the B3-LYP/6-31G(d) level, with single point energy
calculations performed at the B3-LYP/6-311+G(3df,2p) level. At this level of theoretical
calculation, the proton affinity for p-Ala is found to be 925 kJ mol™, in excellent agreement
with the experimental value of 928 kJ mol™ reported by Hahn and Wesdemiotis [Hahn and
Wesdemiotis, 2003].  This suggests that the DFT protocol adopted in the present study is
reliable and able to provide reliable information on the energetics of dissociation of

protonated B-Ala and (B-Ala)OMe, consistent with experimental observations.

Previous studies have shown that for dissociation pathways involving loosely bound
ion-neutral complexes as transition structures (e.g. species TS6a in Fig. 6.5) [Aribi et al, 2003;
Balta et al., 2003; Grewal et al., 2004], and reactions leading to cyclized products in the
present study (e.g. species 5a and 6a’ in Fig. 6.7), entropic effects are important in affecting
the occurrence (e.g., appearance threshold voltages) [Klassen and Kebarle, 1997; Aribi et al.,
2003] and the rate of dissociations (i.e., relative fragment ion abundances). [Balta et al., 2003]
In other words, the Gibbs free energy changes of the reactions at 298K, AGygs Which includes
the consideration of the entropic factor in the TAS,9g term, may be a more accurate indication

of both the energetic and entropic requirements of the dissociation reactions. Hence, we
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have included the calculation of AGaggand AS,gs values of the highest energy barriers of the
proposed pathways for dissociation of [(B-Ala)/(B-Ala)OMe + H]". In the present study, the
fragmentation mechanism leading to the loss of H,O / CHz;OH, CH,CO and
(CH,CO + H,0O/CH30H), NHz (NH; + CO) and NH=CH, from protonated
(B-Ala)/(B-Ala)OMe were explored and elucidated by DFT calculations. The theoretical
energy barriers for the proposed pathways are compared to the experimentally observed
appearance threshold voltages in Table 6.1. Energetic and free energy information (AHo,
AHagg and AGygg With respect to the most stable protonated p-Ala/(B-Ala)OMe species 1a/(1b))
for other key transition structures, stable intermediates and products of the proposed
dissociation pathways are summarized in Table 6.2. In the following discussion, notations
1a, 2a etc. refer to stable intermediates (minima) on the dissociation potential energy surface
(PES) of [(B-Ala) + H]" (Fig. 6.7), while labels such as TS2a, TS4a etc. denote the various
transition structures (TS) between the minima. By replacing a with b, similar notations are

used to denote the various structures on the PES of [(B-Ala)OMe + H]".
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Table 6.1 The relative enthalpies (AHo, AHags at OK and 298K), Gibbs free energies (AG,gs at 298K, in kJ mol™) and entropies

(ASqgs at 298K, in J mol™) of the highest energy barriers for the loss of small neutrals on the [(B-Ala) / (B-Ala)OMe

+ H] potential energy surface®

[(B-Ala) + H]" [(BAla)OMe + H]*

neutral loss AHo AH2gg AG308 AS2es AH, AH2gg AGags ASsgs
H,O / CH;OHP 170 (0.38) 177 129 161 201 (0.38) 203 153 168
CH,CO° 163 (0.46) 167 158 30 182 (0.50) 185 177 27
(CH,CO + H,0 / CH;0H)" 234 (0.46) 244 144 336 265 (0.50) 272 167 352
NH; 264° (- 271 253 60 256 (0.46) 263 242 70
(CO + NH3)® 485 (- 496 466 101 506 (--) 517 489 94
NHCH," 471 (- 472 470 7 470 (- 472 467 17

% Theoretical calculated AHy, AHgs, AGogg and AS,gg Values are based on the potential energy surface at 0K shown in Figure 6.6 and 6.7. The
appearance threshold energy (in V) for observation of the corresponding fragment ions under ion trap CID conditions is shown in italics

in parenthesis.

¢ Via transition structure TS4a/(TS4b).

Formation of protonated B-lactam, structure 6a’/(6b’).

Formation of methan-iminium ion, structure 10a/(10b)
¢ Via transition structure TS12a/(TS12b) of Pathway 1 (Fig. 6.7).
Not observed under ion trap CID conditions, but observed under triple quadrupole CID conditions.

¢ Formation of oxiranium ion 19a/19b via transition structure TS15a/(TS15b).
h Via transition structure TS23a/(TS23b).
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Table 6.2  The relative enthalpies at OK (AHo) and gibbs free energies at 298K (AGagg), in
kJ mol™, with respect to species 1a (1b) for protonated p-Ala and (B-AlaOMe),

respectively

Energetics

Species AHo AG2es
TS2a (TS2b) 44 (49) 44 (48)
3a (3b) 30 (33) 28 (32)
TS4a (TS4b) 163 (182) 158 (177)
5a (5b) 108 (128) 100 (116)
TS6a (TS6b) 159 (185) 148 (171)
7a (7b) 140 (161) 124 (138)
8a + CH,CO

163 (181) 105 (120)
(8b + CH,CO)
9a + H,0

200 (230) 147 (171)
(9b + CH30H)
10a + CH,CO + H,0

234 (265) 144 (167)
(10b + CH,CO + CH3OH)
11a (11b) 50 (54) 44 (47)
TS12a (TS12b) 264 (256) 253 (242)
13a (13b) 262 (197) 245 (184)
14a + NHs (14b + NH,) 312 (230) 264 (185)
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TS15a (TS15h)

16a (16b)

17a+ CO (17b + CO)
18a + NH; (18b + NHy)
19a + CO + NHj3

(19b + CO + NHj3)

6a’ + H,0
(6b” + CHzOH)

TS11a’ (TS11b’)

128’ (12b)

138’ + NH; (130’ + NHa)
20a (20b)

22a (22b)

TS23a (TS23b)

24a (24b)

TS25a (TS25b)

26a (26b)

27a + NHCH,
(27b + NHCH,)

485 (506)
273 (283)
310 (288)

312 (321)

354 (327)

170 (201)

268 (286)
164 (157)
210 (189)
24 (34)
121 (116)
471 (470)
141 (150)
333 (335)

115 (127)

312 (290)

466 (489)
250 (255)
256 (234)

260 (263)

269 (242)

129 (153)

262 (279)
165 (144)
167 (144)
24 (34)
119 (113)
470 (467)
140 (149)
324 (327)

114 (126)

259 (236)
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Figure 6.5 Potential energy surface (PES) of the dissociation of [(B-Ala)/(B-Ala)OMe + H]", leading
to loss of (a) H,O, (b) CH,CO and (H,O + CH,CO) at OK, calculated at the
B3LYP/6-311+G(3df,2p)//B3LYP/6-31G+ level
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Proposed pathway for formation of b; ion protonated (f-lactam ring) by loss of
H,O/CH3;0OH The loss of H,O/ CH30H from [(B-Ala)/[(B-Ala)OMe + H]" leads
to the predominant formation of protonated p-lactam (m/z 72), the only high intensity and
base peak in the ion trap MS/MS spectra (Fig. 6.2) over the entire range of collision
energies (Fig. 6.3).  For protonated B-Ala, the most stable species (1a in Fig. 6.5(a)),
with the proton initially attached to the nitrogen of the amino group (-NHs"), goes through
a C-C bond rotation to yield species 3a, so that the hydroxyl oxygen (Oy) of the -COOH
group is positioned to accept the proton from the amino (-NHs") group. Then, proton
transfer proceeds via TS4a to form a 2-oxoazetidinium...H,O ion-neutral complex
(species 5a), which could easily lose H,O to form a stable 4-membered ring protonated
B-lactam, or the 2-oxoazetidinium ion (species 6a’). The energy barrier for this
process, i.e., the enthalpy change between 1a and (6a’ + H,0) at 0K, is 170 kJ mol™, is

about 7 kJ mol™ higher in energy than the barrier of the transition species TS4a.

Under ion trap CID conditions, no further dissociation of protonated B-lactam was
observed. According to the study of Rode and co-workers, the p-lactam ring and its
derivatives are thermodynamically stable at OK [Rode et al., 2002]. As a result,
species 6a’ is unlikely to undergo further dissociation, such as the loss of CO to form the
aj ion. Our single point energy calculation carried out at the same level of theory also
showed that the barrier for the loss of CO from species 6a’ is associated with a high
energy barrier relative to the species 1a (~312 kJ/mol) (Scheme 6.1), indicating that the
loss of CO is not feasible energetically. On the other hand, a similar mechanism for
the loss of H,O is found to be not feasible in the case of [(a-Ala) + H]", the formation of a
three-membered alpha-lactam ring from [a-Ala + H]" is not as stable as species 6a’ (with

~60 kJ mol™ higher energy barrier) according to our calculation results.
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Scheme 6.1 The loss of CO from species 6a’. Values in parentheses (AHp, in kJ/mol) are

relative enthalpies respect to species 1a

The loss of CH,CO and (CH,CO + H,0/ CH3;0OH) pathways For protonated B-Ala,
the loss of CH,CO follows from species 5a in Fig. 6.5(b), with partial opening of the
B-lactam ring by lengthening and rotation of the N-C bond, so that the C=0 group is trans
to the —NH," group, yielding the transition structure TS6a. Further C-C bond
lengthening in TS6a yields a stable H,0...methaniminium...CH,CO ion-neutral complex
(species 7a), which could yield (8a + CH,CO) or (9a + H,0) directly by simple bond
fission. The loss of H,O and formation of 9a is energetically less favorable due to a
higher energy barrier (by ~37 kJ mol™); the loss of ketene (CH,CO) is observed with the
H,N*=CH (immonium ion).....H,O ion-neutral complex (species 8a) as the product, with
the lowest energy barrier of 163 kJ mol™ at TS4a. Sequential loss of H,O follows
from species 8a, yielding a methaniminium ion (species 10a) with an energy barrier at OK

of 234 kJ mol™.

Competition between the loss of H,O / CH30H, (CH,CO + H,O/CH3;0OH) and CH,CO
pathways As shown in Table 6.1, the order of theoretical critical energies (AH, at
0K in kJ mol™) for loss of CH,CO, H,0O and (CH,CO + H,0) from [(B-Ala) + H]*
is —-CH,CO (163) < -H,0 (170) < -(CH,CO + H,0) (234), but the order of experimentally

observed ion trap appearance threshold voltages (in volts) is partially reversed : -H,O
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(0.38 V) < -CH,CO (0.46 V) ~ -(CH,CO + H,O) (0.46 V). Furthermore, the
fragment ion due to loss of H,O, [(B-Ala) + H — H,0]" (m/z 72), is the only predominant
ion in the MS/MS spectrum, while the fragment ion due to loss of CH,CO is very low in
ion intensity (< 5 % of total fragment ion intensity) throughout the entire range of ion trap
collision energies. A similar reversal of trends is observed in the corresponding loss
of CH,CO, CH3OH and (CH,CO + CHsOH) from [(B-Ala)OMe + H]" (Table 6.1).
Such apparent discrepancies could be resolved if entropic effects on dissociation rates as a
function of internal energy of the dissociating [(B-Ala) + H]" ions (assumed to increase
with increasing collision energy), and associated kinetic shift effects on appearance
threshold voltages are taken into consideration. Firstly, it is very likely that the loss
of CH,CO pathway shows a larger kinetic shift than the loss of H,O pathway, so that the
observed appearance threshold voltage for loss of H,O (0.38 V) becomes lower than that
of CH,CO (0.46 V) for [(B-Ala) + H]". The magnitude of the kinetic shifts is related
to the free energy changes in the rate-determining step of the two competitive processes,
as indicated by the AGagg values for (6a’ + H,0) at 129 kJ mol™ and TS4a at 144 kJ mol™
in the case of [(B-Ala) + H]", favoring the loss of H,O over the loss of CH,CO.  That
means once the energy threshold for loss of H,O is exceeded, it becomes the entropically
(kinetically) favored dissociation channel (ASzgs = 64 J mol™ K™), with the rate constant
K(E) rising faster with increasing internal energy than the loss of CH,CO pathway (ASzgs =

30 J mol™ K™ for TS4a).

As the loss of H,O pathway is associated with a more steep rising k(E) versus E curve
(refer to Fig. 2.5), a small kinetic shift and a lower appearance threshold voltage was
observed than the loss of CH,CO pathway (Fig. 6.5). [Levsen, 1978; De Hoffmann and
Stroobant, 2001]. As the loss of H,O is kinetically favored with a faster dissociation rate

constant, the protonated p-lactam fragment product ion (m/z 72) becomes the dominant
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peak in the ion trap MS/MS spectrum of [(B-Ala) + H]", while the peak due to loss of
CH,CO appears with much lower intensity at m/z 48 (Fig. 6.2(a)). Similarly, the favored
loss of CH3OH over the loss of CH,OH from [(B-Ala)OMe + H]" appearing at a lower
threshold voltage (refer to table 6.1, 0.38V versus 0.5V, respectively) could be explained
by the same rationale. As shown in Fig. 6.5 (b), the loss of CH,CO is followed by the
facile loss of H,O/CH3;OH from the loosely bound H;O/CH3;OH...methaniminium
ion-neutral complex (species 8a/8b), yielding the methaniminium ion 10a/10b at the same
appearance threshold voltage (0.46/0.50 V) as 8a/8b (Table 6.1). Indeed, our
theoretical results show that the sequential loss of H,O/CH3;OH from 8a/8b is very much
entropically favored (as indicated by the exceptionally large AS,s value of 336/352
Jmol*K™ for (10a + CH,CO + H,O/CH3;OH), so that the dissociation reaction could
proceed with very little kinetic shift and virtually no extra input of collisional energy for
the observed appearance of the reaction (Table 6.1 and Fig. 6.3). As the
H,O/CH3OH...methaniminium fragment ions (species 8a/8b) are formed in very low
abundance, it follows that the subsequent methaniminium fragment ions (species 10a/10b)
formed by sequential loss of (H,O/CH3;OH) are likely of low intensity (Fig. 6.2(a) and
6.2(b)). A similar approach invoking the entropic effect has been used previously to
rationalize the dominant formation of the y; ion over the b, ion in the dissociation of
protonated diglycine. [Balta et al., 2003] Eventually, more elaborate RRKM
calculations on the rate constant k(E) — internal energy (E) dependence of these

dissociating pathways are required to verify our proposed rationalization.

Proposed pathways for loss of NHz, (NH3 + CO) and NH=CH, The loss of NHs,
(NHz + CO) and NH=CH, from [(B-Ala) + H]*/ [(B-Ala)OMe + H]"are likely pathways
with higher dissociation critical energies when compared to the loss of H,O and / or

CH,CO pathways. Indeed, we found two possible pathways of similar but high critical
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energies for loss of NH3z from [(B-Ala) + H]"; the stable intermediates and transition
structures involved are shown in Scheme 6.2. The first pathway (Pathway 1) starts
from species 3a (a conformer of protonated -Ala with the proton attached to the —-NH,
site) with a bond rotation so that the ammonium (-NHj3") group is trans to the carbonyl
(C=0) group in species 11a. Lengthening of the C-NHs* bond (~2.02 A) yields the
energy barrier TS12a (264 kJ mol™ at OK with reference to species 1a) and the species
13a ion-neutral complex, with the ammonia molecule weakly attached to the cation
fragment (HOOCCH,CH,"). This is followed by facile loss of NH3; to yield the

fragment (product) ion 14a (a carbocation of propionic acid, m/z 73).

Comparing Pathway 1 to Pathway 2, Pathway 1 is found to have a slightly lower energy
(264 versus 268 kJ mol™) and more favored reaction entropy ((ASas = 70 versus 34 J
mol™® K™) than Pathway 2. Hence, it is likely that Pathway 1 is the major pathway

contributing to the loss of NHs from [(B-Ala) + H]".

Unlike B-Ala, protonated (B-Ala)OMe showed a loss of NH3; peak even under the less
energetic CID conditions of the ion trap mass analyzer (Fig. 6.2(b)). This could be
attributed to the enhanced competitiveness of Pathway 1 relative to the loss of CH3;OH
/CH,CO pathways for [(-Ala)OMe + H]; the difference in critical energies (AHo at 0K)

is reduced from 94/104 kJ mol™ of B-Ala to 55/74 kJ mol™ of (B-Ala)OMe (Table 6.1).

For loss of (NHs + CO) from [(B-Ala) + H]", the proposed pathway is shown in Scheme
6.3. Starting from species 13a, a high energy barrier TS15a (485 kJ mol™ at OK) was
formed when the hydroxyl oxygen (Oy) attacks the -CH,- group to form a loosely-bound
3-membered ring intermediate 16a, a NHgs... oxiranium...CO ion-neutral complex.
This is followed by sequential loss of NH3 and CO, or CO and NHs, from species 16a to

yield firstly (17a + CO) or (18a + NHs), respectively, and finally species 19a (an
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oxiranium ion) + NH; + CO. Among the proposed dissociation pathways
investigated for [(B-Ala) + H]"/ [(B-Ala)OMe + H]", the loss of (NH;z + CO) with energy
barrier TS15a/(TS15b) shows the highest critical energy of 485/506 kJ mol™. This is
followed by a second hydrogen transfer from the amino nitrogen to the carboxylic carbon
to form a 5-membered ring with energy barrier TS23a (471 kJ mol™ at 0K). A further
C-C bond lengthening leads to formation of a NH=CHs,...... ethanediol cation ion-neutral
complex 24a. The third hydrogen transfer takes place, leading to the formation of a
stable ion-neutral complex 26a, followed by facile loss of NH=CH; (methanimine) to
yield the final fragment (product) ion 27a, an ethanediol carbocation with resonance

stabilization of the positive charge around the carboxylic functional group.

Pathway 1:
- +
NH3 | NHs™ —on NHz™~ —0OH *Hs OH
— H —_—
OH ¢
(0] (@) o)
la TS2a 3a 1lla
+ NH3"
+ OH Aol A
~ /
\—< -NH, \ ;OH E OH
0
o o)
14a 13a TS12a
Pathway 2:
+
. NH3 —O0 —0"
NHz = -0
| — ” — OH —
OH N
OH HsN OH
la TSlla' 12a’ 13a’
Scheme 6.2  Loss of NH; from [(B-Ala) + H]* (Energy barriers are indicated by enclosing in

a square box)
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A proposed pathway for the loss of NH=CH, from [(B-Ala) + H]"/ [(B-Ala)OMe + H]"is
shown in Scheme 6.4. Starting from the most stable binding mode of [(B-Ala) + H]"
(species 20a), a proton is transferred from the amino (-NHs") group to a carboxylic
oxygen (C=0), yielding the 3-aminopropane-1,1-diol (22a) carbocation with resonance
stabilization of the positive charge around the carboxylic functional group. The loss
of NH=CH; (methanimine) from protonated B-peptides has been reported and reviewed
[Nguyen et al., 1996; Tang et al., 2004; El Aribi et al., 2004]; however, the energetics of

the proposed pathway for [(B-Ala) + H]" / [(B-Ala)OMe + H]" is first found in the

present study.
i
. AN +H3N\ I
NHS— (O] 3 S g H+6
| - - > s OH—>» / — R
OH \_< \
+ —_—
1a 132 © Ts15a O HaN™ 16a
l-NHg
i
, -CO
0 H O
of 17a
H
\ é+
-NH, . ~
19a HaNe

Scheme 6.3  Loss of (NHz + CO) from [(B-Ala) + H]" (Energy barriers are indicated by enclosing in

a square box)
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Scheme 6.4 Loss of NH=CH, from [(B-Ala) + H]" (Energy barrier is indicated by enclosing in a

square box)
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241 TS25a

268a 27a

Figure 6.6 Optimized structures (at B3LYP/6-31G+ level) for the various species on the
[B-Ala + H]" and ([B-AlaOMe + H]") dissociation potential energy surface. All
species are stable intermediates / products, except those begin with “TS”, which

are transition structures

6.3 Conclusion

The dissociations of protonated -Ala and (3-Ala)OMe are found to be very different from
that of a-Ala and (a-Ala)OMe. The major dissociation pathways with relatively low
critical energies are due to loss of H,O, CH,CO and (CH,CO + H,0), while the pathways
leading to the loss of NH=CH;, NH3; and (NH3 + CO) are found to have relatively higher
critical energies. The mechanisms and energetics of the dissociation pathways are
found by high level density functional theory calculations, and are consistent with

experimental observations.
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The dissociation pathways found for protonated B-Ala and (B-Ala)OMe are influenced
significantly by the presence of the “extra” —CH,- unit separating the N-terminal —NH,
group and the C-terminal —-COOH group of B-Ala. For example, the loss of H,O /
CH3OH leading to the predominant formation of the protonated p-lactam fragment ion at
m/z 72 is due to the stability of the 4-membered B-lactam ring, which could not be formed
in the case of protonated a-Ala /(a-Ala)OMe due to the absence of the extra —CH,- unit.
The pathways leading to the loss of CH,CO and NH=CH;are also directly related to the

presence of the “extra” —CH,- init in B-ala.

Aside from the loss of stable neutrals not found in the dissociation of a-Ala /(a-Ala)OMe,
the presence of the extra —CH- unit also affects the relative stabilities of intermediates and
transitional structures of the newly found pathways. Our theoretical study also found that
free energy changes (as indicated by the calculated AGagg) can be suitably applied to
rationalize the appearance threshold voltages and relatively abundances of different
fragment ions in the MS/MS spectrum of protonated p-ala and (B-ala)OMe. The
fragmentation mechanisms of (B-ala)OMe are similar to that of B-ala except the relative
energy barriers for loss of different neutrals are ‘reduced’ or ‘compressed’. This
could explain why the higher energy pathways arising from the loss of NH=CH, and NHj3

are observed even under mild CID conditions of the ion trap mass analyzer.

As loss of small neutrals is commonly found in the MS/MS spectra of protonated small
peptides, it is likely that the loss of some of these characteristic neutrals could be found in
the MS/MS spectra of protonated small (-peptides. Thus the findings in the present
chapter could provide the basis for understanding analogous fragment ion peaks in the

MS/MS spectra of small B-peptides.
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Chapter 7  Proton Affinities and Fragmentation Mechanism of Selected

Model and Biologically Significant g-Dipeptides

7.1  Background

Model dipeptides, such as GlyAla, AlaGly and AlaAla, are the simplest molecular system
containing a peptide bond.  They are the starting point and link to the understanding of the
binding of proton (H") to larger peptides. ~ As a result, the proton affinities of some model
di-/tri-peptides containing different o-amino acids have been experimentally determined
[McKiernan et al., 1994; Cassady et al., 1995; Ewing et al., 1996; Bouchoux et al., 2003],

theoretically studied, [Cassady et al., 1995; Ewing et al., 1996] and reviewed. [Harrison, 1997]

To our knowledge, the proton affinities (PA) of model B-dipeptides containing p—alanine (B-
Ala) have not been reported in the literature. Following the study of proton (H") binding
modes and affinities of selected B-amino acids in Chapter 5, it would be of fundamental
interest to investigate whether the intrinsic proton binding properties of B-amino acids are

reflected and extended to B-dipeptide systems.

Many studies on mass spectrometric fragmentation mechanisms of protonated peptides were
first carried out with simple protonated model dipeptides because complications arising from
the side chain functional groups can be minimized. The behavior of “real life” peptides could
then be interpreted as consistency and/or deviations from these model peptides. [Paizs and

Shuai, 2005]
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There are very few reports on the fragmentation mechanisms of B-dipeptides. Talaty et al.
recently reported the CID — MS/MS spectrum of linear tetrapeptide with a B-Ala in different
position of the peptide.[Talaty et al., 2006] They found that for p-Ala located at N-terminus
of the tetrapeptide, b; ions and y; are preferably formed with lesser collisional activation
energies. However, the dissociation of B-peptides with B-Ala at the C-terminus, and the

energetics of the dissociation pathways, remain unexplored.

In the present study, we aimed to determine the proton affinities of selected model f-
dipeptides containing B-Ala by the mass spectrometric kinetic method. A biologically
important B-dipeptide, carnosine ((B-Ala)His), was included in the study. High level density
functional theory calculations was carried out to find out the most stable proton (H") binding
conformation of the B-dipeptide and associated proton affinities (PA). The mass spectrometric
fragmentation of two protonated model B-dipeptides, (B-Ala)Gly and Gly(B-Ala), with B-Ala
at the C-terminus and N-terminus, respectively, were examined both experimentally and
theoretically. The effect of the “additional” —CH,- unit in the main carbon chain of B-amino
acids on (i) proton affinity (PA) of B-dipeptides and (ii) the dissociation pathways specific or

indicative of the presence of B-Ala in the peptide will be investigated.

7.2 Results and Discussion

7.2.1 Experimental Determination of Proton (H") Affinities of Selected p-Dipeptides

The experimental procedure used to determine the proton (H") affinities (PA) of B-amino

acids described in Section 5.3.1 could be equally applied to determine the H* affinities of
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larger B-dipeptide systems. The extended kinetic method was adopted using alkyl amines
with known and comparable H* affinities at 298K as the dipeptides were used as reference
compounds.  The proton affinities of four model B-dipeptides, Gly(B-Ala), (B-Ala)Gly,
Ala(p-Ala) and (B-Ala)Ala, were measured in an exploratory study by Miss O. Y. Chan of our
research group using ethylmethylamine, 2-propanamine, t-butylamine, t-amylamine, pyridine,
piperazine, 3-methylpyridine and cyclohexylamine as reference compounds. In the present
study, the proton affinity of the biologically important B-dipeptide, (B-Ala)His (carnosine)
was determined. In addition and for comparative purposes, the H* affinities of analogous o-
dipeptides, i.e., GlyAla, AlaGly, AlaAla, and AlaHis, were also determined in this work using

the same experimental procedures.

Proton (H") Affinities of (8-Ala)His and AlaHis After some trial measurements, we
found di-ethyl methyl amine, tri-ethylamine, tri-propylamine and tri-butylamine have
comparable H affinities at 298K to that of ((B-Ala)-His) and Ala-His. The low-energy CID
MS/MS mass spectra of [(B-Ala)-His-H-Ln]" heterodimer (where Ln = di-ethyl methyl amine,
tri-ethylamine, tri-propylamine) were obtained at different collisional energies. A plot of
IN(l {1 + g-AtayHisH L t) versus [AH[n + v+ - AHayg] Yields a regression line with slope of -
1/RTes and y-intercept of [(AG)*P s g-ammis] - AHavgl/RTesr, respectively (Fig. 7.1(a)). A
second plot is obtained by plotting the [(AG)* s+ -alarist ~AHavgl/RTesr term versus 1/RTes
(Fig. 7.1(b)); the slope and y-intercept of the second plot yields the H* affinity at 298K (kJ
mol™) of (B-Ala)-His and the A(AS)* term, which is equal to 1,023.4 kJ mol™ and 0.4 kJ mol’
! respectively (Eqgn. [2.9]). Similarly, the H" affinities of its a-analogue, AlaHis, and other

a-dipeptides were determined in a similar way.
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Figure 7.1 (@) Plot of In(lgp-aia)ris+Hr/lL,.q1+) Versus [AHpa.wp+ - AHayg] at different collision

energies, and (b) plot of [(AG)PP[ awis + 1]+ - AHAvgl/RTeff against 1/RTes for
the proton bound heterodimer [(B-Ala)His + H + L,;]". ((B-Ala)His = B-Alanyl-
Histidine, L, = di-ethyl methyl amine, tri-ethylamine, tri-propylamine); numbers

shown are absolute proton affinities.
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Table7.1  Experimental proton (H") affinities at 298K, (AHzgs, kJ mol™) and A(ASH:)* (J mol™ K™) of o— and B—dipeptides

determined by the extended kinetic method.

This Work®

Dipeptides AH, A(ASk.)*P Reference Compound (proton affinity in kJ mol™)°
Gly(B-Ala) 942.0+£9.0(1.0) 275+18(3.1) t-butylamine (934.1), t-amylamine (937.8), N-Methylethylamine (942.2)
GlyAla 933.7+8.6 (0.7) 17.9+1.0 (1.8) 2-propanamine (923.8), t-butylamine (934.1), t-amylamine (937.8)
(B-Ala)Gly 971.3+ 9.9 (2.6) 29.5+ 2.0 (3.6) t-butylamine (934.1), t-amylamine (937.8), Diethylamine (952.4)
AlaGly 937.7+8.5(0.7) 13.2+.0.9 (1.5) 2-propanamine (923.8), t-butylamine (934.1), t-amylamine (937.8)
Ala(B-Ala) 947.8 +£8.7 (0.6) 26.8+0.8 (1.4) Pyridine (930.0), 3-methylpyridine (943.4), Piperazine (943.7)
(B-Ala)Ala 970.3+12.9(8.1) 15.2+3.1 (5.6) Pyridine (930.0), 3-methylpyridine (943.4),Piperazine (943.7)
AlaAla 939.5+9.0 (1.0) 23.44+1.3 (2.4) 2-propanamine (923.8), Cyclohexylamine (934.4), t-amylamine (937.8)
(B-Ala)His 1023.4 £ 0.3 (0.4) 61.7+0.4 (0.7) Tri-ethylamine (981.8), Tri-propylamine (991.0), Tri-butylamine (998.5)
AlaHis 1010.1+0.7 (1.2) 38.2+1.5(2.6) Di-ethyl methyl amine (960.1), Tri-ethylamine (981.8), Tri-propylamine

(991.0)

& Determined by extended kinetic method in this work and the uncertainties are given as + S.D.(90% confidence interval).

® Proton Affinities are taken from: Hunter, E.P.and Lias, S.G., Evaluated Gas Phase Basicities and Proton Affinities of Molecules: An Update,
J. Phys. Chem. Ref. Data, 1998, 27, 3, 413-656.

174



The H™ affinity determined by the extended kinetic method in this chapter is assumed to be
298K as the references’ affinities are reported at 298K. [Hunter and Lias, 1998; Cooks et al.,
1999; Cooks and Wong, 1998]  The proton affinities of ((B-Ala)-His), Ala-His, and other a-
and B-dipeptides so determined are summarized in Table 7.1.  Combining the experimental
uncertainties of the reference affinity values at 8.4 kJ mol™ (2 kcal/mol), the uncertainties of

the H" affinities of o-/B-dipeptides determined in this work are in the range of £=11.0 kJ mol™

(Table 7.2).

7.2.2 Comparison between experimental and theoretical proton affinity values of

selected B-dipeptides

To our knowledge, experimental proton affinities of p-dipeptides have not been reported in
the literature. In order to obtain information on the preferred site of proton binding and
theoretical H™ affinities, theoretical calculations on the most stable H* binding modes and H*
affinities were carried out. ~ The theoretical affinity values of the four model B-dipeptides
and (B-Ala)His (carnosine) and their o-analogues are summarized and compared with
experimental values in Table 7.2.  Excellent agreement between the experimental and
theoretical affinity values was obtained; the mean-absolute deviation (MAD) for the nine
protonated dipeptides in this study is only 5.9 kJ mol™. Such consistency provides the
necessary confidence to the experimental / theoretical proton affinities, and the preferred site

of protonation of the a-/B-dipeptides found in the present study.
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Table 7.2 Comparison of experimental and theoretical proton (H") affinities (AHzg, kJ mol”

1) of a— and p—dipeptides.

Proton Affinity, AHyos

Dipeptides Experimental® Theoretical® AH29g(expt) = AH2g8(Theory)
Gly-Ala 933.7+8.6 936.3 -2.6
Gly-(B-Ala) 942.0+£9.0 946.6 -4.6
Ala-Gly 937.7+85 942.9 -5.2
(B-Ala)-Gly 971.3+9.9 974.7 -3.4
Ala-Ala 939.5+9.0 947.6 -8.1
Ala-(B-Ala) 947.8+8.7 957.4 -9.6
(B-Ala)-Ala 970.3+12.9 978.4 -8.1
AlaHis 1010.1 +0.7 1021.1 -11.0
(B-Ala)His 1023.4+0.3 1026.7 -3.3

& Determined in this work by the kinetic method ; uncertainties are given as + S.D.

® Established at 298K by B3-LYP calculations with the 6-311+G(3df,2p) basis set.
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7.2.3 The proton (H") binding modes of p-dipeptides

A peptide has many proton binding sites. Consequently, there are many stable conformations
that could be theoretically found when a proton binds to a dipeptide. In the preliminary
stage of this study, we have conducted exhaustive conformational search, at B3-LYP/6-31G(d)
level of geometry optimization, to explore various possible binding modes between the proton

and the selected a— and B-dipeptides.

Protonated Model p-dipeptides Figure 7.2 shows some possible H* binding modes for
Gly(B-Ala), including proton attachment to the N-terminal nitrogen (-NH;), amide oxygen (-
OC) and C-terminal carboxylic oxygens (-COO). Four different conformations of [H +
Gly(B-Ala)]" were formed and their relative energies to the most stable form (where H” is
bound to the -NHj; site) are shown in the brackets (Fig. 7.2).  The proton affinities of the
other three possible binding modes are 4 - 61 kJ mol™ lower than that of the most stable
binding mode. By the same token, the most stable binding mode of all the four model f-

dipeptides and their a-analogues were found and confirmed.

For comparative purposes, the conformations of five protonated model B-dipeptides and three
of the corresponding protonated a-dipeptides (GlyAla, AlaGly and AlaAla) are shown in
Figure 7.3.  For both a- and B-dipeptides, the protonated conformers are stabilized by two
intra-molecular hydrogen bonds: (i) hydrogen bonding between the N-terminal ammonium
hydrogen and the amide oxygen (NHyH"----O=C), and (ii) hydrogen bonding between the
carboxylic carbonyl oxygen and the amide hydrogen (C=0-----HN). ~ The NH,H".--..0=C
bonding distances are about 0.36 - 0.39 A and 0.27 - 0.52 A shorter than the C=0------HN

binding distances for a- and p-dipeptides, respectively, indicating that the hydrogen bonding
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at the N-terminal site is significantly stronger and much more stabilizing than the hydrogen

bonding at the C-terminal end.

(0.0) (4.3)

CO (amide) CO (C-terminal)
(51.2) (60.9)
Figure 7.2 Four possible optimized geometries protonated Gly(B-Ala) complexes calculated at

B3-LYP/6-311+G(3df,2p)//B3-LYP/6-31G+(D) level of theory
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[AlaAla + H]*+

Figure 7.3 Optimized geometries of protonated (a) GlyAla, AlaGly and AlaAla, and protonated (b) Gly(B-Ala), (B-Ala)Gly, (B-Ala)Ala,
Ala(p-Ala), and (B-Ala)(B-Ala) complexes calculated at B3-LYP/6-311+G(3df,2p)//B3-LYP/6-31G+(D) level of theory
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The proton affinities (PA) of the five model B-dipeptides are generally larger than that of their
o-analogues.  For example, the experimental PA of (B-Ala)Gly is 33.6 kJ mol™ greater than
that of AlaGly (Table 7.1). The enhanced PA could be attributed to the formation of a
shorter (by ~ 0.1 A) and more stabilizing NH,H"..---O=C hydrogen bond in a 6-membered
ring configuration at the N-terminal B-Ala, versus a more loosely bound 5-membered ring
configuration in AlaGly (Fig. 7.3).  The hydrogen bonding pattern is similar to that found in
B-Ala alone, which also shows a PA ~27 kJ mol™ higher than that of a-Ala. [Hahn and

Wesdemiotis, 2002]

When B-Ala is located at the C-terminus in Gly(B-Ala), the C=0-----HN hydrogen bond is
formed in a 6-membered ring configuration, and is also shorter (by ~0.1 A) when compared to
the less stabilizing 5-membered ring hydrogen bonding pattern in GlyAla. At the same time,
the NH,H™.---O=C hydrogen bond is also shortened slightly (by ~0.02 A), presumably due to
less torsional strain in the O=C-N amide bond, allowing the amide C=0 oxygen to be in
closer contact with the ammonium hydrogen at the N-terminus.  As a result, the combined
effect is that Gly(B-Ala) shows an experimental PA 5.1 ki mol™ higher than that of GlyAla.

Similar reasoning could explain why (B-Ala)Ala or Ala(B-Ala) shows higher PA than AlaAla.

Protonated carnosine ((#-Ala)His) An exhaustive conformational search have been
conducted to find out the most stable proton binding conformation of (B-Ala)His and its -
analogue, AlaHis.  Compare to aliphatic model B-dipeptides, a very basic imidazole ring is
present in (B-Ala)His and AlaHis. It implies that there are two more possible H* binding sites,
n-nitrogen (N™) and t-nitrogen (N°) of the imidazole ring.  To our knowledge, among all the
possible binding site, which include the N-terminal nitrogen (-NH,), amide oxygen (-OC) and

C-terminal carboxylic oxygens (-COO), the N” site has the largest basicity. ~ Thus the H*

180



bound complex with the proton bound to N" is likely to show the largest proton affinity.
Nevertheless, conformational search is conducted to find out the global minimum or the most
stable H* binding site of (B-Ala)His and AlaHis. The optimized geometries of three
protonated conformers of (B-Ala)His with the proton attached to the N-terminal nitrogen (-
NH,), amide oxygen (-OC) and =-nitrogen (N™) of the imidazole ring are shown in Figure
7.4; their relative energies (in kJ mol™) with reference to the most stable form (where H is
bound to the N" of the imidazole ring) are shown in brackets. ~ The PA of the other two
possible binding modes (at N-terminal —=NH, and amide O=C) are 79 - 160 kJ mol™ less stable
than that of the most stable binding mode, indicating that protonation at the imidazole N”

leads to the formation of a very stable protonated conformer of (B-Ala)His.

CO (amide)
(159.7)

Figure 7.4 Three possible optimized geometries of protonated (B-Ala)His complexes calculated
at B3-LYP/6-311+G(3df,2p)//B3-LYP/6-31G+(D) level of theory
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Similarly, the most stable conformer of protonated AlaHis was found to have the proton
attached to the N" of the imidazole ring of histidine. To facilitate inter-comparsion, the
optimized geometries of the most stable conformer of protonated (B-Ala)His and AlaHis are
shown in Figure 7.5. For both AlaHis and (B-Ala)His, the protonated conformers are
stabilized by three intra-molecular hydrogen bonds: (i) hydrogen bonding between the -
nitrogen of the imidazole ring and the amide oxygen (N"H".-.O=C), (ii) hydrogen bonding
between the amide hydrogen and N-terminal nitrogen (NH----NH,), and (iii) hydrogen
bonding between the carboxylic carbonyl oxygen and the amide hydrogen (C=0O---HN).
Among the three intra-molecular hydrogen bonds, the N"H"..--O=C bond shows the shortest
bonding distance (1.534-1.542 A), indicating that it is the strongest and most stabilizing than

the other two hydrogen bonds in the two conformers.

[AlaHis + H]* [(B-Ala)His + H]*

Figure 7.5 Optimized geometries of the most stable conformer of protonated AlaHis and (B-Ala)His
complexes calculated at B3-LYP/6-311+G(3df,2p)//B3-LYP/6-31G+(D) level of theory
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Once again, the experimental PA of (B-Ala)His is larger than that of AlaHis by 13.4 kJ mol™
(Table 7.1).  Similar to the case of model B-dipeptides, the enhanced PA can be attributed to
the formation of a shorter (by 0.1 A) and more stabilizing NH-----NH, hydrogen bond in a 6-
membered ring configuration at the N-terminal B-Ala, versus a more loosely bound 5-

membered ring pattern in AlaGly (Fig. 7.3).

As shown in Table 7.2, both the experimental and theoretical affinities indicate that for the
four a-dipeptides studied, the PA increases with the size of the a-dipeptides, i.e., PA (AlaHis)
>PA (AlaAla) > PA (AlaGly) or PA (GlyAla).  The situation is analogous to that found in
aliphatic a-amino acids, i.e., PA (Ala) > PA (Gly). [Harrison, 1997]  This is probably due to
the greater molecular polarizability of the larger a-amino acids/peptide and its ability to
stabilize the proton positive charge. This is also found to be true for B-dipeptides in general,
as (B-Ala)His has the largest PA among all the B-dipeptides in this study.  However, for -
dipeptides with similar molecular sizes, the PA is found to be more dependent on the location
of B-Ala in the B-dipeptide than the size of the peptide. ~ For example, the PA of (B-Ala)Gly
at 971.3 kJ mol™ is significantly greater than that of Ala(p-Ala) at 947.8 kJ mol™, not to
mention the smaller PA of Gly(B-Ala) at 942.0 kJ mol™.  This indicates that the location of
B-Ala in B-dipeptides has a significant effect on the PA of p-dipeptides, with much higher PA
(by ~20 — 30 kJ mol™) when B-Ala is located at the N-terminus. ~ This phenomenon could be
explained by the much shorter and more stabilizing N-terminal NH,H".----O=C hydrogen
bond formed if B-Ala is located at the N-terminal than a much weaker O=C-----HN hydrogen
bond if B-Ala is located at the C-terminal. In other words, positional effect on proton

affinities is much more pronounced in B-dipeptides than in a-dipeptides.
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7.2.4 Collision-induced Dissociation (CID) MS/MS Spectra of Protonated Gly(p-Ala)

and Protonated (B-Ala)Gly

The CID MS/MS spectra and energy resolve MS/MS breakdown graph of these two
protonated model B-dipeptides were obtained by Miss O. Y. Chan of our research group.
As indicated in the previous section, the position of B-Ala in model B-dipeptides would have a
great effect on their proton affinities. It is likely that the position of B-Ala in B-dipeptides, at
C-terminus versus N-terminus, could affect their mass spectrometric fragmentation behaviors
as well. To investigate this issue, we have attempted to rationalize the CID MS/MS spectra
of protonated model B-dipeptides, Gly(B-Ala) and (B-Ala)Gly, with B-Ala at the C-terminus
and N-terminus, respectively, by dissociation pathways obtained by high level density

functional theory calculations.

CID MS/MS Spectra of Protonated Gly(f-Ala) The ion trap CIDMS/MS spectrum of
protonated Gly(B-Ala) (m/z 147) is shown in Figure 7.6 (a). An intense b’,(oxazinone) ion
at m/z 129 (refer to Scheme 7.1, a six-membered cyclic structure formed via a b, (oxazolone)-
like pathway), and a y; ion at m/z 90 of moderate intensity are found.  Further dissociation
of the b, ions yield fragment ions arising from the loss of NH3, ketene (CH,CO), (NH3 + CO)
and (NH=CH, + CO), which are the characteristic neutral losses from protonated B-alanine

(refer to Chapter 6), are also present (MS/MS spectrum of b’; ion is not shown).

As formation of the b’;(oxazinone) ion is unique and characteristics of protonated p-
dipeptides with B-Ala at the C-terminus, we have explored its competitive formation from the
model B-dipeptide, Gly(B-Ala), versus the formation of y; and other fragment ions as a

function of ion trap collision energies. The energy resolve MS/MS breakdown graph of
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Gly(B-Ala) obtained is shown in Figure 7.7. The b’,(oxazinone) ion (m/z 129) appears at the
lowest RF threshold voltage of 0.40 volt, and remains to be dominant throughout the whole
collisional activation RF voltage range. The formation of y; ion (m/z 90) is the second
dominant fragment ion, appearing at a higher threshold voltage of 0.48 volt. Thus, the
formation of b’, (oxazinone) and y; ions is competitive for B-dipeptides with p-Ala at the C-

terminus.

CID MS/MS Spectrum of Protonated (#-Ala)Gly For protonated (B-Ala)Gly, intense
fragment ions characteristic of [p-alanine are observed under the more energetic CID
conditions of a Q-TOF tandem mass spectrometer. The Q-TOF CID-MS/MS spectrum of [(B-
Ala)Gly + H]" is shown in Figure 7.6 (b).  The dissociation of protonated Gly(B-Ala) yields
a dominant y; ion at m/z 76 and a less intense b, ion at m/z 129 arising from the well
established by — y, pathway. Under more energetic CID conditions, fragment ion due to
loss of NHs, [MH — NH3]" (m/z 130), and a b; ion (a protonated B-lactam at m/z 72) are
observed, which are characteristics of the presence of B-Ala at the N-terminus of the f-
dipeptide.  These two fragment ions are likely to derived from dissociation pathways of [(B-
Ala)Gly + H]" with higher critical energies. A peak at m/z 118 due to loss of NH=CH2 from
the protonated B-dipeptide, a characteristic neutral loss from protonated B-alanine, is also

found.
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Figure 7.6 (a) lon trap MS/MS spectra of protonated Gly(B-Ala) (m/z 147), obtained at a RF

activation voltage (V,.p) of 0.68V. (ions of low intensities are: m/z 72 = [b, — (NH=CH,
+ CO)]", m/z 84 = [b, — (CO + NH3)]", m/z 87 = [b, — CH,CO]", m/z 100 = [b, -
NH=CH,]"and m/z 112 = [b,~NH3]".) (lon trap mass analyzer conditions: normal scan mode;
ion activation time, 10 ms; trap offset at -10 V; g, at 0.25), and (b) triple quadrupole MS/MS
spectra of protonated (B-Ala)Gly, [(B-Ala)Gly + H]" (m/z 147) obtained at a collision

energy of 18 eV. (at ~5 % attenuation of the precursor ion beam intensity)
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Figure 7.7 lon trap energy resolved MS/MS breakdown graph of protonated Gly(B-Ala) (m/z 147).
(Appearance threshold voltages are shown in parenthesis. For clarity of presentation, the ion
intensity traces for [b, - (NH=CH, + CO]" (m/z 72), [b, - (CO + NH3)]" (m/z 84), [b, -
NH=CH,]* (m/z 100) and [b, - NHs]* (m/z 112) are omitted.)
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7.25 Proposed Pathway for Competitive Formation Pathway of b’;(oxazinone) and y;

lons from Protonated Gly(p-Ala)

According to the CID MS/MS spectrum of protonated Gly(B-Ala), formation of the
b’,(oxazinone) ion is unique and characteristics of protonated B-dipeptides with p-Ala at the
C-terminus (Fig. 7.6 (a)). Furthermore, the energy-resolve MS/MS breakdown graph of
protonated Gly(B-Ala) (Fig. 7.7) shows the formation of b’, (oxazinone) and y; ions at the
threshold voltage of 0.40 and 0.48 V, respectively, are competitive for B-dipeptides with -
Ala at the C-terminus. For this reason, we have explored theoretically the energetics of
competitive formation of the b’;(oxazinone) versus y; ions from protonated Gly(B-Ala).
The proposed pathways and the corresponding potential energy surface (PES) are shown in

Figure 7.8.

Using the same notations adopted in the previous Chapter 6, the labels 1, 3, etc. denote the
various minima (stable intermediates), and the labels TS2, TS4, etc. denote the various
transition structures (TS) between the minima on the PES.  The same theoretical protocol
adopted in Chapter 6 is applied here to locate all the optimized structures of various
intermediates and transition structures, which are shown in Figure 7.9.  With the optimized
structures, single point energy calculations at OK were obtained at the B3-LYP/6-
311+G(3df,2p)//B3-LYP/6-31G(d) level of theory, with zero-point energy correction, as

mentioned in chapter 6.[Scott and Radom, 1996]
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Figure 7.9  Optimized geometries (at B3-LYP/6-31G(d) level) of the various intermediates and
transition species shown in the potential energy surface (PES) of formation of y; ion

and b’,(oxazinone) ion from protonated Gly(B-Ala)
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From the most stable form of protonated Gly(B-Ala) (species 1 in Figure 7.8), a proton is
transferred from the amino nitrogen (N-terminal -NH,) to the amide bond oxygen of TS2 to
yield species 3.  Species 4 is then formed by simple bond rotation with the proton facing the
carbonyl oxygen of the carboxylic function (COOH) group at the C-terminus.  Following
bond rotations along the main carbon chain, a stable species 5 with the hydroxyl oxygen (Og)
at the C-terminus positioned to accept the proton from the amide bond oxygen is formed. A
proton transfer then takes place via TS6 to form a2-(aminomethyl)-6-oxo-5,6-dihyfro-4H-1,3-
oxazin-3-ium...H,0 ion-neutral complex (species 7).  The ion—neutral complex (species 7)
then loses H,0 to yield a stable 6-membered ring b’,(oxazinone) ion, the 2-(aminomethyl)-6-
0x0-5,6-dihyfro-4H-1,3-0xazin-3-ium ion (an oxazinium ion, species 8).  The OK enthalpy
of reaction of this process, i.e., the energy difference between species 1 and species (8 + H,0),

is 90 kJ mol™, with an energy barrier at TS6 of 130 kJ mol™.

The formation of the y; ion starts from species 1, which is followed by a bond rotation so that
the proton at the amino nitrogen can readily be transferred to the amide nitrogen. A proton
transfer then takes place via TS10, and a stable species 11 with the proton now attached to the
amide bond nitrogen. A second proton transfer from the amino nitrogen at the N-terminus
to the amide bond nitrogen then takes place via TS12 to yield an ion-neutral complex (species
13), a protonated B-alanine...aziridin-2-one ion.  The aziridin-2-one (a three-membered ring)
neutral is then detached from the ion — neutral complex (species 13), and the protonated B-
alanine ion (species 14) is formed.  The enthalpy of reaction at OK of this process, i.e., the
energy difference 1 and (14 + aziridin-2-one) is 215 kJ mol™, with an energy barrier of 240

kJ mol™ at TS10.
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The theoretically estimated energy barriers at OK and 298K (AHo, AH293, AG29s and AS;gg) for
formation of the b’,(oxazinone) and yi, together with the experimental ion trap appearance
threshold voltages for the two reaction channels, are listed in Table 7.3. The AHgp, AHjgg
and AGygg values for other intermediate and TS structures of the proposed pathway are listed
in Table 7.4.  As shown in Table 7.3, the order of critical energies (in kJ mol™) / threshold
voltage (in volts): b’,(oxazinone) (130 / 0.4) <y; ion (240 / 0.48), is in agreement with each
other, indicating that the formation of b’,(oxazinone) ion is energetically preferred over the
formation of y; ions.  Furthermore, once the critical energies are exceeded, both dissociation
pathways are slightly entropically disfavored, as indicated by the negative AS,gg values of -10
and -7 J mol™ K™ for the energy barriers of b’, and y; ions respectively. Taken together, the
competitive formation of b’,(oxazinone) versus y; ions is mainly energetically-controlled, so
that b’, ion intensity is significantly higher than that of the y; ion in the whole range of ion

trap collision energies (Figure 7.7).

7.2.6 Proposed Competitive Loss of NH; Pathway and Formation of b; lon from

Protonated (p-Ala)Gly

Our proposed pathways for loss of NH3 and b; ion formation from protonated (B-Ala)Gly are
shown in Figure 7.10, while the optimized geometries of the various intermediates and TS are
shown in Figure 7.11.  The calculated energetics (AHo, AH293, AG29g and ASygg) of the two
pathways are listed in Table 7.3 and Table 7.4 respectively.  The mechanism leading to b;
ion formation is first introduced. Starting the most stable form of protonated (B-Ala)Gly

species (1 in Figure 7.10), simple bond rotations along the main carbon chain yield a species 5
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in which the amide bond nitrogen is positioned to accept the proton from the amino nitrogen
at the N-terminus. A proton transfer then takes place via TS6 to yield species 7 with the
proton now attached to the amide bond nitrogen. A bond formation between the amide
nitrogen and amide carbon via TS8 follows, and an ion-neutral complex (species 9), 2-
oxoazetidinium (protonated B-lactam)...... glycine, is formed. After the detachment of
glycine, a stable 2-oxoazetidinium (ion species 10) is formed.  The enthalpy of reaction at
OK of this dissociation channel, i.e., the energy difference between species 1 and species 10 +
Gly, which is also the energy barrier, is 227 kJ mol™. The by ion at m/z 72 is the
predominant and characteristic fragment ion of protonated -Ala (refer to Chapter 6).  Our
results here are further evidence that the dissociation characteristics of protonated p-Ala are

also reflected in the dissociation of protonated B-dipeptides with B-Ala at the C-terminus.
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Figure 7.10 Potential energy surface (PES) of formation of b, ion and loss of NH3 ([MH-17]") from protonated (B-Ala)Gly at 0K,
calculated at the B3-LYP/6-311+G(3df,2p)//B3-LYP/6-31G(d) level
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Figure 7.11  Optimized geometries (at B3-LYP/6-31G(d) level) of the various intermediates and
transition species shown in the potential energy surface (PES) of formation of b,
ion and loss of NH3z ([MH — NH3]") from protonated (B-Ala)Gly
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Table 7.3 Energy barriers for competitive formation of (a) b,’(oxazinone) and y; ions
from [Gly(B-Ala) + H]*, and (b) [MH — NHs]" and b; ions from [(B—Ala)Gly
+ H]" % the relative enthalpies (AHo, AH.gs at OK and 298K), Gibbs free
energies AGags at 298K, in kJ mol™) and entropies (AS,gs at 298K, in J mol™* K™?)

[Gly-(B—Ala) + H]+ [(B—Ala)-Gly + H]Jr
Formation of ions
AHo  AHzgs AGaes  ASygs AHo AHzgs AGaes  ASaeg

b,’(oxazinone)® 130 131 134  -10 € - 0 e
(0.40)
v, 240 240 242 -7 S B
(0.48)
[MH-NH;]"® L 256 260 252 27
(0.54)
by e L 182 183 182 3
(0.54)

The appearance threshold energy (in V) for these fragments ions under ion trap CID
conditions is shown in italics in parenthesis.

Via transition structure TS6 of Figure 7.8.

Not observed under triple quadrupole CID conditions.
Via transition structure TS10 of Figure 7.8.

Via transition structure TS2 of Figure 7.10.

Via transition structure TS8 of Figure 7.10.
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Table 7.4  Potential energy surface for the dissociation of (a) [Gly-(B—Ala) + H]" and (b)
[ B-Ala-(Gly) + H]": relative enthalpies at OK and 298K (AHp and AHagg) and

Gibbs free energies at 298K (AGags,), in ki mol™, with respect to species 1

(@) PES shown in

Fig. 7.8 Energetics

Species AHg AHagg AG28

3 -4 -5 -3

4 51 53 50

5 31 30 33

7 87 92 86

8+ H,O 90 94 55

11 65 65 65

14 + azirindin-2-one 215 215 168

(b) PES shown in Fig. 7.10 Energetics

Species AHg AHagg AG2es
3 128 134 115
4 + NHj 156 161 114
5 68 68 66
TS6 87 86 89
9 122 124 120
10 + Gly 227 230 176
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The loss of NH; from protonated (B-Ala)Gly involves the energy barrier TS2, an ion-
molecule complex in which the NHj is only loosely bound to the peptide backbone (Figure
7.10). Following the detachment of NH;3; from the ion-molecule, cyclization to a more
stable 4-[(carboxymethyl)amino]-2,3-dihydrooxetium ion to form species 4 takes place. It
is the stability of the 4-membered ring species 4 that drives the loss of NH3 from protonated

(B-Ala)Gly.

The loss of NH;z shows a higher energy barrier (256 kJ mol™ at 0K) than b, ion formation
(182 kJ mol™ at OK). However, loss of NH; is entropically (kinetically) favored once the
internal energy of [(B-Ala)Gly + H]" exceeds the critical energy of dissociation, as indicated
by the ASaes values of 27 and 3 J mol™ K™ for loss of NH3 and by ion formation, respectively
(Table 7.3). This could explain why the % abundance of the [MH - NHz]" ion (m/z 130) is
significantly higher under the more energetic CID conditions of a Q-TOF tandem mass

spectrometer.

As shown in Table 7.3, the [MH - NHs]" ion appears at the same ion trap appearance
threshold of 0.54 volt as the b; ion, even though the loss of NH3 pathway has a higher critical
energy than the b; ion formation pathway. Our theoretical results could also explain such
apparanet discrepancies. Compared to b; ion formation, the loss of NH; pathway is
associated with a larger entropy change (ASxes) and therefore a smaller chemical shift

(lowered therhold voltage) is expected for observation of the loss NH3 of reaction channel.
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7.3 Conclusion

In this study, the proton affinities (298K, in kJ mol™) of four model B-dipeptides and one
bioactive B-dipeptide were determined by the mass spectrometric kinetic method: Gly(B-Ala)
942.0, (B-Ala)Gly 971.3, Ala(B-Ala) 947.8, (B-Ala)Ala 970.3 and (B-Ala)His 1023.4.  The
experimental values are found to be in very good agreement with theoretical affinities
calculated the B3-LYP/6-311+G(3df,2p)//B3-LYP/6-31G+(d) level, with mean-absolute-

deviation (MAD) of 5.9 kJ mol™ only.

Theoretical studies reveal that the most stable proton binding site is the N-terminal amino
nitrogen (-NH;) for the model B-dipeptides and at the N™-nitrogen of the imidazole ring for
carnosine ((B-Ala)His). The enhanced proton affinity (PA) of B-alanine (B-Ala) versus that
of a-alanine (a-Ala) can be extended to B-dipeptides, which show higher PA (by 6 — 30 kJ
mol™) than their a-analogues.  The underlying cause for the enhancement in PA is attributed
to the ‘additional” —CH,— unit in the carbon backbone of B-amino acids which introduces
greater flexibility in the peptide backbone, allowing more stabilizing hydrogen bonding
patterns to be found in p-dipeptides than their corresponding a-analogues. Furthermore,
unlike a-dipeptides, the PA enhancing effect is much more pronounced when B-Ala is located

at the N-terminus than at the C-terminus of the B-dipeptides.

Using protonated (B-Ala)Gly and Gly(B-Ala) as model B-dipeptides, the energetics and
mechanisms of the major dissociation pathways characteristic of the presence of -Ala in the
dipeptide were established by high level density functional theory calculations. The
formation of B-Ala specific fragment ions is dependent of the location, C-terminus versus N-

terminus, of B-Ala in the B-dipeptide.  For protonated Gly(B-Ala), formation of the unique
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b’, (oxazinone) ions is energetically favored over y; ion formation. The b’; (0xazinone) ion
dissociates further by characteristic loss of NH=CH, and NHs in contrast to the loss of CO
only observed for b, (oxazolone) ions derived from o-dipeptides. For protonated (B-Ala)Gly,
loss of NH; and formation of b; (protonated p-lactam) ions was established. The
experimental observation of ion trap appearance threshold voltages and % relative ion
abundances in the CID — MS/MS spectra are consistent with theoretical predictions, and can

be rationalized in terms of the energy barriers (A Hp and A Hagg) and change in reaction free

energy (A Gzgg) and entropy (A Szgg) of the proposed pathways.

Most of these B-Ala specific fragment ions found in the MS/MS spectra of protonated (B-
Ala)Gly and Gly(B-Ala) are different from that of the corresponding protonated a-dipeptides,
indicating that the presence of the extra backbone —CH,- unit in B-Ala does have an structural

effect on the dissociation mechanisms of protonated B-dipeptides

200



Chapter 8 Dissociation of Protonated Peptides Containing Histidine:

Formation and Structure of b, lons

8.1  Background

Histidine (His, PA = 981 kJ/mol) (Scheme 8.1), with a very basic N" site at the imidazole ring
in its side chain, is the second most basic amino acid after arginine (PA = 1,036 kJ/mol)
[Mann and Wilm, 1994; Yates et al., 1995; Yates et al., 1996]. Enzymes/proteins
comprised of histidine-containing peptides are found to have many important biological
functions, e.g., as a proton-relay between serine and aspartate in serine proteases [Wysocki et
al., 2000], as metal chelating agents for the central ions of heme groups [Dongre et al., 1996],
as nucleic acid vectors [Midoux et al., 2002] and the sequence recognition for a large number
of DNA-binding proteins. A well known example of histidine-containing peptides is the
angiotension and related family of peptides, which are responsible for regulation of blood
pressure, endothelial function, and many other physiological functions in humans. [Ferrario et
al., 1998; Inagami et al, 1999] In addition, histidine-containing peptides are now widely
developed as drugs for treatment on some diseases, e.g., as an ophthalmic drug for treating

human cataracts. [Babizhayev et al., 2001]

O
H
N | OH Scheme 8.1 Chemical structure of histidine
Q|
N7 NH2
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Due to the presence of basic imidazole ring of histidine, the b; ions (i < n, where n = number
of amino acid residues in the peptide) are often the major fragment ions for histidine-
containing peptides, as reported by O’Hair, and Wysocki and coworkers.[Farrugia et al., 2001;
Tsaprailis et al., 2004] It is generally accepted that, at least for peptides comprised of amino
acids with no O/N/S heteroatoms in their side chains, the b; ions have the five-membered
cyclic oxazolone structure [Yalcin et al., 1995; Yalcin et al., 1996], which is formed by intra-
molecular nucleophilic attack of an amide carbonyl oxygen at the neighboring amide carbon
on the C-terminal side.[Paizs and Suhai, 2005; . Paizs and Suhai, 2004; Schlosser and
Lehmann, 2000] The formation of the b,(oxazolone-His) ion by this mechanism from the

protonated model peptide HG (Histidine-glycine) is illustrated in Scheme 8.2.

H HZN\FHZ
K F&NZ*H R/C\)( "~
Ha
HZN/C%ﬁ/N\C\H ) _— /C\CH\C@NH
S AT o
b,(oxazolone-His)
H
,H"N/\ H
i Hzé NZW‘ 7 CH
O\fN\ ; y N
CHZK/?OO\H i\ N
\ o]

b, (diketopiperazine-His)
J

(o g ol
Cy N — NSO
ML) Y

b, (bicyclic)

[GH +H]"

Scheme 8.2 Chemical structures of b,(oxazolone-His), b,(diketopiperazine-His) and by(bicyclic)
formed from [GlyHis + H]"
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However, the b, ions formed from histidine-containing peptides could have three possible
structures, namely b,(oxazolone-His), b,(diketopiperazine-His) (for simplicity, denoted as
b,(diketo-His) hereafter) and b,(bicyclic) (for peptides with histidine located at the C-
terminus only). O’Hair and co-workers first reported that the ion trap MS/MS spectra
(without defining detailed conditions, such as collisional activation RF voltages used) of b,
ions derived from protonated O-methyl esters of model di-/tripeptides GH, HG, GHG and
HGG were found to be very similar to that of cyclo-(GH). Furthermore, by using ab initio
calculations, they showed that the structure of the b,(diketo-His) ions of protonated GH and
HG are more stable than that of the b,(oxazolone-His) ions by 19.9 and 21.6 kJ mol™,
respectively.[Farrugia et al., 2001] This suggests that the presence of histidine/imidazole
ring in peptides facilitates proton transfer, favoring the formation of the b,(diketo-His) ion.
Formation of b,(diketo-His) involves nucleophilic attack of the N-terminal amino (-NHy-)
nitrogen on the amide/carboxylic carbon on the C-terminal side, leading to the formation of a
6-memberd ring b,(diketo-His) ion (Scheme 8.2). It should be noted that the b,(diketo-His)
ion has the same ion structure as protonated cyclo-(GH), an ion that could be easily generated
by ESI of cyclo-(GH). Hence, the further dissociation of by(diketo) ion, as monitored by its
CID-MS/MS daughter spectrum, should resemble the MS/MS spectrum of protonated

cyclo(GH).

However, a recent theoretical study on the dissociation of protonated glycylglycine (GG)
showed that the “diketopiperazine’ pathway is kinetically disfavored with a free energy barrier
(AGyes) of 86.7 kJ mol™ higher than the N-protonated ‘oxazolone’ pathway, so that the
b,(diketopiperazine) ion may not be formed even though it is the most stable ion structure.

[Balta et al., 2003] This study demonstrates that aside from the stability of the fragment ion
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(and the associated neutral lost), knowledge on the energy barriers are essential in evaluating

the competition between dissociation pathways in protonated peptides.

Wysocki and co-workers first demonstrated the very selective (preferred) cleavage of the
histidine-proline (H-P) amide bond in the angiotensin family of protonated peptides, and
provided experimental evidence in support of the formation of bj(bicyclic) ions (i = location
of histidine in the peptide), different from that of bj(oxazolone-His) ions. The proposed
reaction mechanism involves nucleophilic attack of the side chain imidazole N” (nitrogen at
the 3-position) at a neighboring amide carbon on the C-terminal side, forming a bj(bicyclic)

ion, as illustrated for the case of protonated GlyHis in Scheme 8.2.

Recently, Harrison and co-workers reported that, based on experimental observations and
theoretical calculations, the linear penta-peptide YAGFL-NH, yields bs ions with the classical
oxazolone structure initially, then further isomerize to yield the bs(diketopiperazine) ion upon
collisional activation. [Harrison et al., 2006] By isomerization to an ion having a cyclic
structure, the bs ion loses its sequence-specific information in the 5th amino acid residue.
Hence, the isomerization process is viewed as an undesirable complicating phenomenon

which could make peptide sequencing by MS/MS to be more difficult.

Studies in our laboratory also show that, at least under high collisional activation (RF)
voltages of the ion trap mass analyzer, the MS/MS spectra of b, ions derived from protonated
model tripeptides GHG and HGG and cyclo(GH) are very similar. On the other hand, it is
still not known that aside from the b,(diketo-His) ions, whether the b,(oxazolone-His) and
b,(bicyclic) ions could be competitively formed under different mass spectrometric collisional

activation conditions.
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Theoretical studies on the dissociation of protonated model dipeptides containing hisitidine
remains not reported in the literature because the computation work is very demanding due to
relatively larger size of the histidine-containing dipeptide system involved. However, recent
success and theoretical studies presented in Chapter 6 and Chapter 7 suggest that density
functional theory calculations could still be manageable for such complicated chemical
system if a basis set chosen at a slightly lower level is used in the theoretical study. [Paizs and

Suhai, 2005]

Because of the biochemical significance of histidine-containing peptides, and the likely
implications of ion structure isomerization to peptide sequencing by MS/MS, we have
decided to carry out a combined experimental and theoretical study on the competitive
formation of by(oxazolone-His), b,(diketo-His) and b,(bicyclic) ions from protonated peptides
containing histidine.  Specifically, high level density functional theory (DFT) calculations
will be carried out to established the theoretical potential energy surfaces (PES) for formation
and isomerization of various b, ions from two model protonated histidine-containing
dipeptides, glycyl-histidine (GlyHis, or GH) and histidyl-glycine (HisGly, or HG). The stable
intermediates, transition states (TS), and energy barriers (AHo, AH29s and AGygg) of the
dissociation pathways, which are not dealt with in the previous work of O’Hair and co-
workers,[Farrugia et al., 2001] will be found. The theoretical study on dissociation pathways
will be supplemented by energy-resolved and time-resolved mass spectrometric data obtained
by Ms. Toby P. Y. Lau of Prof. Tsang’s research group. The theoretical findings will be used

to interpret and rationalize the experimental observations.
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8.2 Results and Discussion

8.2.1 Collision-induced Dissociation (CID) of Protonated GlyHisGly and HisGlyGly

In this section, the experimental observations on the dissociation of the protonated GlyHisGly
(GHG, His at C-terminal side of glycine) and HisGlyGly (HGG, His at N-terminus of the
tripeptide) model peptides will first be presented. The low energy collision induced
dissociation (CID) MS/MS spectra were obtained by Ms. Toby P. Y. Lau of Prof. Tsang’s
research group using a Finnigan-Mat LCQ ion trap mass analyzer (San Jose, USA). The ion
trap CID MS/MS spectra of GlyHisGly (GHG) and HisGlyGly (HGG) is shown in Figure 8.1.
The by ion is the dominant sequence-specific fragment ion found in the mass spectra, while
the y, ion is of very low intensity, or even absent in the case of HGG. This is a typical
MS/MS spectrum of protonated peptides containing histidine; intense b; ions are found to

provide information on the peptide sequence. .
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analyzer conditions: normal scan mode, multiplier at -1100 volts; trap offset at -8 volts; isolation

width at m/z 2; ion activation time in 10 ms; g, at 0.25)
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Further dissociation of b, ions derived from protonated GlyHisGly An energy-
resolved MS/MS breakdown graph is comprised of plots of % relative fragment ion
abundances as a function of collision energies. The ion trap MS/MS breakdown graph for b,
ions of [GHG + H]" (m/z 195) and [cyclo(GH) + H]" ions (m/z 195) are shown in Figure 8.2(a)
and 8.2(b), respectively. The % relative fragment ion abundances are found to be very similar
for the two ions in the high activation (RF) voltage region (0.66 - 1.0 V). However, in the
low activation (RF) voltage region (0.38 — 0.64 V), the by ion of [GHG + H]" dissociates to
yield very abundant [b, - NH3]" ions (due to loss of NHa3) different from the [cyclo(GH) + H]"
ion.  This observation indicates that aside from the b,(diketo-His) ion, other possible
structures of b, ions, i.e., the by(oxazolone-His) and/or by(bicyclic) ions, may initially be

formed at low collision energies (refer to Scheme 8.2).

Low energy CID MS/MS spectra obtained with the ion trap mass analyzer is known to favor
formation of fragment ions with low critical energies; i.e., the average internal energy of the
dissociating protonated peptide precursor ions (dissociations within a time frame of 5-30
milliseconds) is relatively low compared to that observed in a triple quadrupole or a
quadrupole—(time—of-flight) (Q-TOF) tandem mass spectrometers (dissociations within a
much shorter time frames of a few tens of microseconds).[Catinella et al., 2000; McLuckey
and Goeringer, 1997; Gronowska et al., 1990] In order to confirm the ion trap CID
observations, the breakdown graph obtained under the more energetic CID conditions of a Q-
TOF tandem mass spectrometer were obtained (Figure 8.3 (a) and (b)), which again
confirmed the preferred loss of NH; from the b, ion of protonated GHG at low collision
energies (8-16 eV range, with % abundance of the [b, — NHs]" ion exceeding the 20% ion

abundance of [cyclo(GH) + H]"). Thus, both the ion trap and Q-TOF breakdown graphs
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suggest that the by(oxazolone-His) and/or by(bicyclic) ions are energetically preferred to be
formed, at least at low collisional energies near the appearance threshold region. As the
bi(bicyclic) ions are known to prefer losing CO rather than NH3 [Tsaprailis et al., 2004], the
intense loss of NHj3 at low-collision energies is very likely to be originated from the
b,(oxazolone-His) ion. The proposed pathway for the loss of NH; from b,(oxazolone-His) ion

is shown in Scheme 8.3.

o o] o]
I I I (o)
O/C O/C O/C ‘(\:
| Fw/\ | >’w/\ | /
C=pn* = C= — NHy  © — .
\H N\/NH — K N‘\/N Wi // N\N+ ~ —> \C’N\N*\/NH NH3
’\tz) +N—H \/ \‘\ \/NH //

b,(oxazolone-His) from GH

Scheme 8.3  The proposed pathway of loss of NH; from b,(oxazolone-His) ion of [GlyHis + H]*
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Figure 8.2 lon trap energy-resolved MS/MS breakdown graphs of (a) b, ion of protonated

GlyHisGly, [GHG + H]" (m/z 195), (b) protonated cyclo(GH), [cyclo(GH) + H]*
(m/z 195), and (c) b, ion of protonated HisGlyGly, [HGG + H]*" (m/z 195) ((a) (b) (c)
ion trap mass analyzer conditions: normal scan mode, multiplier at -1100 volts; trap offset at

-8 volts; isolation width at m/z 2; ion activation time at 10 ms; g, at 0.25)
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Experimental evidence indicating isomerization from by(oxazolone-His) ion to by(diketo-
His) ion derived from protonated GlyHisGly The results of the ion trap time-
resolved study of the dissociation of b, ion of [GHG + H]" (m/z 195) and [cyclo(GH) + H]"
(m/z 195) are shown in Figure 8.4.  For the by ion of [GHG + H]", the [b, - CO]"/ [b; -
NH;]" intensity ratio increases with increasing the collisional activation time, but remains less
than that of cyclo(GH) even at a relatively long activation time of 80 milliseconds. The
observed results strongly suggest that more by(oxazolone-His) ions isomerize to the b,
(diketo-His) ions with increasing collision activation time, so that more loss of CO and NH;3
are derived from the b,(diketo-His) ions formed at long activation times. However, even at

very long activation times, the [b,- CO]* / [bz - NH3]" intensity ratio is not the same as that of

[cyclo(GH) + H]*
T

&
N o T ©

[
b, ion of [GHG + H]*

Fragment ion Intensity ratio
[loss of CO]/ [loss of NH;]
o
(o]

10 30 50 70 90 110 130 150 170

lon activation time (msec)

Figure 8.4 lon trap time-resolved MS/MS study of b, of protonated GlyHisGly, [GHG + H],
(m/z 195) versus [cyclo(GH) + H]" (m/z 195) (both: ion trap mass analyzer conditions:

normal scan mode, multiplier at -1100 volts; isolation width at m/z 2; trap offset at -8 volts; g,
at 0.25; activation RF voltage in 0.42 V)
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[cyclo(GH) + H]", suggesting that complete isomerization to the by(diketo-His) structure has

not been achieved.

Further dissociation of b, ions derived from Protonated HisGlyGly Similarly,
energy-resolved and time-resolved studies were conducted with b, ions derived from
protonated HisGlyGly (HGG) where histidine is located at the N-terminus of the model
tripeptide. ~ The quadrupole-time-of flight (Q-TOF) energy-resolved MS/MS breakdown
graph of by ions derived from [HGG + H]" (m/z 195) and that of [cyclo(GH) + H]" (m/z 195)
are shown in Figure 8.3(c) and 8.3(b), respectively. As in the case of [GHG + H]", both ions
dissociate to yield the same fragment ions due to loss of CO, NHs, (CO + H,0), (CO + NHjy),
CH,=NH and (2CO + NHj3) neutrals, but the % relative abundance of the fragment ions differ
over the entire collision energy range of 8 — 28 eV. In the low collision-energy region (~12 —
14 eV), the by ion of [HGG + H]" shows more prominent loss of CO than [cyclo(GH) + H]".
Both the bj(oxazolone) and bj(bicyclic) ions are known to dissociate further by preferred loss
of CO. At higher collisional energies (~14 — 40 eV), the % fragment abundances of b, ions of
[HGG + H]" resemble more to that of [cyclo(GH) + H]*, but still remain different. For
example, the % abundance of the [His + H — (CO + H,0)]" fragment ion exceeds the intensity
of the [b, — CO]" ion at ~24 eV collision energy for the b, ion, but remains less than that of
the [M + H — COJ" ion for [cyclo(GH) + H]". This indicates that aside from the b,(diketo-His)
ion , other possible structure of b, ions, i.e., the by(oxazolone-His) ion is likely to be formed
initially at low collision energies at the microsecond time scale and more energetic CID
conditions of a Q-TOF mass spectrometer, and remain at noticeably significant proportions

even at higher collision energies. The by(bicyclic) ion is unlikely to be formed because its
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formation is possible only when histidine is located at the C-terminal side of glycine (refer to

Scheme 8.2)

Experimental evidence indicating isomerization from b,(oxazolone-His) to b,(diketo-His)
ion derived from protonated HisGlyGly Contrary to the energy-resolved breakdown
graphs obtained under Q-TOF CID conditions (microsecond time scale), and with much
longer (millisecond) time scale of the ion trap mass analyzer, the energy-resolved breakdown
graph of the b, ions derived from [HGG + H]" (Fig. 8.2 (c)) are almost the same as that of
[cyclo(GH) + H]" (Figure 8.2 (b)). One possible explanation is that given sufficient time, the
initially formed b,(oxazolone-His) ions have isomerized to the b,(diketo-His) structure in the

millisecond time frame of the ion trap mass analyzer.

The results of energy-resolved studies are further corroborated by ion trap time-resolved
studies. As shown in Figure 8.5, the ion trap [b, — CO]" / [b, — NHs]" intensity ratio as a
function of collisional activation time for the b, ions of [HGG + H]" is nearly the same as that
of [cyclo(GH) + H]", indicating that isomerization of initially formed b,(oxazolone-His) (or
b,(bicyclic) ion) to by(diketo-His) ion is nearly complete in the millisecond time scale of the
ion trap mass analyzer. This is in direct contrast to the Q-TOF CID results, which indicate
that the by(oxazolone-His) ions (or by(bicyclic) ions) initially formed cannot isomerize
completely to the b,(diketo-His) ion in the relatively short time frame (microsecond) of the Q-

TOF mass spectrometer.
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8.2.2 Dissociation of Protonated GlyHis: Theoretical Potential Energy Surface (PES)

for Competitive Formation of b,(oxazolone-His), b,(diketo-His) and by(bicyclic) ions

The smallest protonated peptide system that could yield the b, (oxazolone-His) and b, (diketo-
His) ions with histidine at the C-terminal side of glycine is the model dipeptide GlyHis. For
this reason, we have explored theoretically the energetics of competitive formation of the
b,(oxazolone-His), by(diketo-His) and b,(bicyclic) from protonated GlyHis; the proposed

pathways and the corresponding potential energy surface (PES) are shown in Figure 8.6.

2
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Figure 8.5 lon trap time-resolved MS/MS study of b, ion of protonated HisGlyGly, [HGG + H]",

(m/z 195) versus protonated cyclo(GH), [cyclo(GH) + H]", (m/z 195) (both: ion trap
mass analyzer conditions: normal scan mode, multiplier at -1100 volts; isolation width at m/z
2; trap offset at -8 volts; g, at 0.25; activation RF voltage in 0.46 V)
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Following the notations used in the previous chapter, the labels 1, 3, etc. denote the various
minima (stable intermediates), and the labels TS2, TS4, etc. denote the various transition
structures (TS) between the minima on the PES. All the intermediates and transition
structures are fully optimized at the B3-LYP/6-31G(d) level, and the nature of stationary
points were confirmed by frequency calculations. Moreover, the transition structures are
verified to be connecting the specific minimum by Intrinsic Reaction Coordinate (IRC)
calculations.  The optimized geometries of the various intermediates and TS are shown in
Figure 8.7.  With these structures, single point energy calculations were performed at the
same level of theory, i.e. B3-LYP/6-31G(d).  The electronic energies at OK of all species
were corrected with B3-LYP/6-31G(d) zero-point vibrational energies, scaled by 0.9806
[Scott and Radom, 1996].  All the discussions below are based on energetics at OK unless

otherwise stated.

Proposed Pathway for formation of by(oxazolone-His) ions The proposed mechanism
of by(oxazolone-His) formation from protonated GlyHis is shown in the corresponding
potential energy surface (PES) (Fig. 8.5(a)). Starting from the most stable conformer of
protonated GlyHis (species 1), species 2 (a less stable conformer of protonated GlyHis) is
formed after a simple bond rotation between the carbon of the imidazole ring and the
methylene group (-CHy-) of the main carbon chain. It is formed to facilitate the proton
transfer from the N™-nitrogen of the imidazole ring to the hydroxyl oxygen (Oy) at the C-
terminus via the transition species TS3. After the proton transfer, a loose ion-molecule
complex, species 4, is formed. Species 4 is actually a loose ion-molecule complex with a
water molecule (H,0) weakly bound to the 2-(aminomethyl)-4-(1H-imidazol-4-ylmethyl)-5-

0x0-4,5-dihydro-3H-1,3-o0xazol-1-ium ion, which is more commonly known as the
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b,(oxazolone-His) ion [Farrugia et al., 2001].  Before the H,O is about to be detached, it
could rotate freely to form a relatively more stable complex, species 5, with H,O hydrogen
bonded to the N of the imidizole ring (OH------ N™) and the secondary amino hydrogen of the
oxazolone ring (H2O------ HN). After the detachment of H,O, the by(oxazolone-His) is
formed (species 6 + H,0).  The energy barrier for the formation of b,(oxazolone-His) of this

process, i.e., the energy difference between species 1 and species (6 + H,0), is 129 kJ mol™.

Formation Pathway of b,(diketo-His) The formation of b,(diketo-His) is another
competitive dissociation pathway of protonated GlyHis. The proposed formation
mechanism of by(diketo-His) is also shown in the corresponding potential energy surface
(PES) (Fig. 8.5(a)).  Starting from the most stable conformer of protonated GlyHis (species
1), species 7 is formed after the carbonyl group (-COOH) is rotated to the same side of the
amino group (-NHy) at the N-terminus, such that the hydroxyl oxygen (Oy) is near to the
amino group. After the proton is transferred from the amino group to Oy via transition
species TS8, an ion-molecule species 9 is formed. A water molecule (H.0) is weakly
attached to the 5-(3,6-dioxopiperazin-2-yl)-1H-imidazol-3-ium, which is also denoted as
bo(diketo-His) in this section.  H,O could freely move around the molecule and attach to
other possible binding sites in order to obtain a more stable structure; it is finally attached to
the t-nitrogen (N°) of the imidazole ring (species 10).  After the H,O is detached from the
molecule, a stable species, by(diketo-His) is formed (species 11 + H,0).  The 0K enthalpy
of the formation of by(diketo-His) of this process, i.e., the energy difference between species 1

and species (11 + H,0), is 38 kJ mol™, with an energy barrier at TS8 of 190 kJ mol™.

Proposed pathway for formation of by(bicyclic) ions The proposed dissociation pathway

of protonated GlyHis leading to the formation of the by(bicyclic) ion is shown in the
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corresponding potential energy surface (PES) (Fig. 8.6(b)).  Starting from the most stable
conformer of protonated GlyHis (species 1), species 12 is formed after a simple bond rotation
between the carbon of the imidazole ring and the methylene group (-CH,-) of the main carbon
chain, so that the N™-nitrogen of the imidazole ring is near to the hydroxyl oxygen (Op).
Species 14 is formed after the proton is transferred from N™ of the imidazole group to Oy via
the transition species TS13.  Species 14 is an ion-molecule complex which a water molecule
(H20) weakly bound to a bicyclic molecule, 6-[(aminoacetyl)amino]-5-oxo0-2,5,6,7-
tetrahydropyrrolo[1,2-c]imidazol-4-ium.  For simplicity, it is named as the by(bicyclic) ion
in this study. After the detachment of H,O, the b,(bicyclic) ion is formed (species 15 +
H,0).  The OK enthalpy of the formation of b,(diketo-His) of this process, i.e., the energy
difference between species 1 and species (15 + H,0), is 163 kJ mol™, with an energy barrier

at TS13 of 180 kJ mol™.
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calculated at the B3-LYP/6-31G(d)//B3-LYP/6-31G(d) level
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Figure 8.7(a)  Optimized geometries (at B3-LYP/6-31G(d) level) of the various intermediates and
transition species shown in the potential energy surface (PES) of formation of

b,(oxazolone) and b,(diketopiperazine) from protonated GlyHis
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Figure 8.7(b) Optimized geometries (at B3-LYP/6-31G(d) level) of the various intermediates and
transition species shown in the potential energy surface (PES) of formation of

by(bicyclic) from protonated GlyHis
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Table 8.1  Energy barriers for the formation of different b, ions and further isomerization on the [GlyHis / HisGly + H]

+

potential energy surface® : the relative enthalpies (AHo, AH,0s at OK and 298K), Gibbs free energies (AGzeg at 298K,

in kJ mol™) and entropies (ASes at 298K, in J mol™)

[GlyHis + H]" [HisGly + H]*

AHg AHagg AG208 ASes AHo AHogg AGoes ASsgs
b, formation
b,(oxazolone) 129 134 90 148 233" 233 232 3
b,(diketopiperazine) 190° 186 200 -485 2348 230 242 -40
b(bicyclic) 180° 182 180 7 / / / /
further isomerization
b,(oxazolone)> .

330° 333 305 94 348 350 325 84

b,(diketopiperazine)

& Theoretical calculated AHo, AH,95, AG205 and AS,gg Values are based on the potential energy surface at OK calculated at B3-LYP/6-

31G(D)//B3-LYP/6-31G(D) level

® Formation of b,(oxazolone) from [GlyHis + H]", structure 6 of Figure 8.6(a).

¢ Via transition structure TS8 of Figure 8.6(a).
4 Via transition structure TS13 of Figure 8.6(b).
¢ Via transition structure TS7i of Figure 8.8.
"Via transition structure TS5 of Figure 8.10.

9 Via transition structure TS10 of Figure 8.10.

" Via transition structure TS12i of Figure 8.12.
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The theoretically estimated energy barriers (AH, at OK) for competitive formation of the
b,(oxazolone-His), b,(diketo-His), and by(bicyclic) ions from protonated GlyHis, together
with the calculated AH2gs, AGagg and ASygg values, are listed in Table 8.1.  As shown in Table
8.1, the order of critical energies (dissociation energy barriers of different structures in kJ mol’
1y is: by(oxazolone-His) (129) < ba(bicyclic) (180) < b,(diketo-His) (190).  The theoretical
order of critical energies is in agreement with experimental observations, indicating that the
formation of b, ions is competitive, and the product ions might actually be a mixture of b,
ions with three different structures, if sufficient collisional energy (exceeding the energy
barrier of formation of b,(diketo) ion at 190 kJ mol™) is available. ~ On the other hand, as the
b,(oxazolone-His) pathway has the lowest critical energy among the three pathways, the
formation of b,(oxazolone-His) ion is energetically preferred over the formation of b,(diketo-
His) and by(bicyclic) ions at low collisional energies. Furthermore, once the critical energies
are exceeded, formation of b,(diketo-His) ion is entropically (kinetically) disfavored, as
indicated by the relatively large negative AS,e values of -485 J mol™ K™ for the energy
barriers.  Taken together, the by(oxazolone-His) is very likely the dominant b, ion formed
from the dissociation of protonated GlyHis at low collision energies; the formation of
b,(oxazolone-His) ion is both energetically and entropically preferred over the formation of

b,(diketo-His) and by(bicyclic) ions.
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8.2.3 Dissociation of Protonated GlyHis: Proposed Pathway for Isomerization of

b,(oxazolone-His) ion to b,(diketo-His) ion

According to the ion trap time-resolved study of b, ion of protonated glycyl-histidyl-glycine
([GHG + HY") in Section 8.2.1 (Fig. 8.4), the proportion of by(diketo-His) ions relative to that
of the b,(oxazolone-His) ions increases with the activation time, or with increasing internal
energies supplied to the ion via longer activation times. In other words, even though the
b,(oxazolone-His) ion is energetically favored to be formed (as indicated by the lower energy
barriers, ~61 kJ mol™, refer to Fig. 8.6(a)) from the dissociation of protonated GlyHis, it will
further isomerize to the by(diketo-His) ion through molecular rearrangement if ‘additional’
internal energy is imparted to the ion via collisional activation.  Because the b,(diketo-His)
ion is much more stable than the by(oxazolone-His) ion (~91 kJ mol™), isomerization to the
most stable product ion is likely to occur eventually.  However, reverse isomerization from
b,(diketo-His) back to b,(oxazolone-His) is unlikely to process because of the relatively large
reverse energy of activation energy required. For this reason, we have explored theoretically
the energetics and mechanism of isomerization from b,(oxazolone-His) ion to by(diketo-His)
ion of protonated GlyHis; the proposed pathway and the corresponding potential energy
surface (PES) is shown in Figure 8.8. The optimized geometries of the various intermediates

and transition species are shown in Figure 8.9.

Proposed isomerization pathway of bj(oxazolone-His) to b,(diketo-His) for protonated
GlyHis The formation pathway of by(oxazolone-His) from GlyHis has been briefly
discussed in the previous section.  Starting from the b,(oxazolone-His) ion (species 6), bond
lengthening occurs between the carbonyl group (C=0) and the oxygen of the oxazolone ring.

The amino nitrogen from the amino group (NH,) tends to form a bond with the carbonyl
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group to compensate the positive charge on the carbocation ("C=0) via transition species
TS7i.  After bond formation, species 8i is formed, where the protonation site is located at
the amino nitrogen (N"H,) of the diketopiperazine ring.  The proton is then transferred from
the N'H, of the diketopiperazine ring to the m-nitrogen (N”) of the imidazole ring via
transition species TS9i to yield species 10i. However, species 10i is not the most stable
form of the product in this pathway; it changes to be a more stable conformer (species 11i)
via a simple bond rotation. Species 11i has the same structure and conformation as the
b,(diketo-His) ion which has been discussed in the previous Section 8.2.2.  The OK enthalpy
of isomerization from b,(oxazolone-His) to b,(diketo-His), i.e., the energy difference between
species 1 and species (11i + H,0), is 38 kJ mol™, with an energy barrier at TS7i of 330 kJ

mol ™.

The theoretically estimated energy barriers at 0K for isomerization from b,(oxazolone-His) to
b,(diketo-His) of protonated GlyHis, together with the calculated AHygs, AGagg and ASjeg
values, are listed in Table 8.1. The energy difference between the barrier of the formation of
b,(oxazolone-His) and that of further isomerization is about 201 kJ mol™; the relatively high
energy difference could account for the incomplete isomerization as shown in the ion trap
time-resolved study of b, ion derived from protonated glycyl-histidyl-glycine ([GHG + H]")

(Fig. 8.4).
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Figure 8.9 Optimized geometries (at B3-LYP/6-31G(d) level) of the various intermediates and
transition species shown in the potential energy surface (PES) of further

isomerization to b,(diketopiperazine) from protonated GlyHis

8.2.4 Dissociation of Protonated HisGly: Theoretical Potential Energy Surface (PES)

for Competitive Formation of by(oxazolone-His) and b,(diketo-His) ions

In this section, the dissociation pathway of protonated HisGly is theoretically studied. It is
likely that the location of histidine (His) residue in dipeptides will affect its dissociation
mechanism. As a result, it is of interest to find out the difference in dissociation
mechanisms and critical energies due to the positional effect, i.e., when His is located at the
C-terminus (Section 8.2.2 and 8.2.3) versus the N-terminus (current Section 8.2.4). For this

reason, we have explored theoretically the energetics of competitive formation of the
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b,(oxazolone-His) and by(diketo-His) ions from the dissociation of protonated HisGly; the
proposed pathways and the corresponding potential energy surface (PES) is shown in Figure
8.10.  The optimized geometries of the various intermediates and TS are shown in Figure

8.11. The discussions below are based on energetics at OK unless otherwise noted.

Formation Pathway of by(oxazolone-His) The proposed formation mechanism of
b,(oxazolone-His) ion from protonated HisGly is shown in the corresponding potential energy
surface (PES) (Fig. 8.10).  Starting from the most stable conformer of protonated HisGly
(species 1), species 2 is formed after a simple bond rotation, which is a less stable conformer
of protonated HisGly. It is formed to facilitate proton transfer from the n-nitrogen (N™) of
the imidazole ring to the amide oxygen (CO). Species 3 is formed where the proton is
attached to the amide bond oxygen, forming a weak hydrogen bond with the carbonyl oxygen
at the C-terminus.  After a simple bond rotation, species 4 is formed where the proton is
now nearer to the hydroxyl oxygen (Oy) at the C-terminus. The proton is then further
transferred to the Oy at the C-terminus via transition species TS5 to form species 6.  Species
6 is a loose ion-molecule complex where a water molecule (H,0) is weakly attached to the 2-
[1-amino-2-(1H-imidazol-4-yl)ethyl]-5-0x0-4,5-dihydro-3H-1,3-oxazol-1-ium, which is the
b,(oxazolone-His) ion for protonated HisGly [Farrugia et al., 2001]. Before the H,0 is
about to be detached, it could rotate freely to form a relatively more stable ion-molecule
complex, species 7 is then formed with the H,O attached to the t-nitrogen (N) of the
imidazole ring. After the loss of H,0, b,(oxazolone-His) is formed (species 8 + H,0).
The 0K enthalpy of the formation of by(oxazolone-His) of this process, i.e., the energy
difference between species 1 and species (8 + H,0), is 143 kJ mol™, with an energy barrier at

TS5 of 233 kJ mol™.

229



Formation Pathway of b,(diketo-His) The formation of by(diketopiperazine) is another
competitive dissociation pathway for protonated HisGly. The proposed formation
mechanism of b,(diketo-His) is also shown in the corresponding potential energy surface
(PES) (Fig. 8.10).  Starting from the most stable conformer of protonated HisGly (species 1),
species 9 is formed after the carbonyl group (-COOH) is rotated to the same side of the amino
group (-NH,) at the N-terminus, such that the hydroxyl oxygen (Oy) is nearer to the amino
group.  After the proton is transferred from the amino group to Oy via transition species
TS10, an ion-molecule complex 11 is formed. A water molecule (H,0) is weakly attached
to the 4-[(3,6-dioxopiperazin-2-yl)methyl]-1H-imidazol-3-ium, which is the b,(diketo-His)
ion for protonated HisGly.  After the H,O is detached from the molecule, a stable species,
the b,(diketo-His) ion is formed (species 12). The OK enthalpy of the formation of
b,(diketo-His) of this process, i.e., the energy difference between species 1 and species (12 +

H,0), is 60 kJ mol?, with an energy barrier at TS10 of 234 kJ mol™
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Figure 8.11 Optimized geometries (at B3-LYP/6-31G(d) level) of the various intermediates and
transition species shown in the potential energy surface (PES) of formation of

b.(oxazolone) and b,(diketopiperazine) from protonated HisGly
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The theoretically estimated energy barriers at OK for competitive formation of the
b,(oxazolone-His and b,(diketo-His) from protonated HisGly, together with the calculated
AHags, AG29g and ASygg value, are listed in Table 8.1.  As shown in Table 8.1, the order of
critical energies (in kJ mol™) are: by(oxazolone-His) (233) ~ by(diketo-His) (234).  As the
two pathway have very similar critical energies, it is likely that the formation of these two b,
ions is competitive, and the product ions are actually a mixture of b,(oxazolone-His) and
b,(diketo-His) ions over the whole range of collisional energies.  However, once the critical
energies are exceeded, the formation pathway of b,(diketo-His) are entropically disfavored, as
indicated by the relatively large negative AS,s values of -40 J mol™® K™ for the energy
barriers of formation of b(diketo-His) ion.  As a result, the by(oxazolone-His) ion is both
energetically and entropically slightly preferred over that of b,(diketo-His), and is likely to be

formed in larger initially proportions from the dissociation of protonated HisGly.

8.2.5 Dissociation of Protonated HisGly: Proposed Pathway for Isomerization of

b,(oxazolone-His) ion to b,(diketo-His) ion

According to the ion trap time-resolved study of b, ions of protonated histidyl-glycyl-glycine
([HGG + H]") in Section 8.2.1 (Fig. 8.5), the fragmentation behavior (as indicated by the ratio
of ion intensities due to the loss of CO versus the loss of NHs) of b, ions of [HGG + H]"
relative to that of cyclo-(GH) (with the same structure of b,(diketo-His)) are nearly identical
throughout the entire activation time range, indicating that the isomerization rate is fast and
nearly complete in the millisecond time frame of the ion trap analyzer. The b,(diketo-His)

ion is much more stable than by(oxazolone-His) by ~83 kJ mol™. Similar to the case of
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protonated GlyHis (Section 8.2.3), further isomerization of the b,(oxazolone-His) ions to
b,(diketo-His) ions could take place when “additional’ internal energy is imparted to the ions
via collisional activation. For this reason, we have explored theoretically the energetics and
mechanism of isomerization from b(oxazolone-His) ion to b,(diketo-His) ion for protonated
HisGly, and the proposed pathway and the corresponding potential energy surface (PES) is
shown in Figure 8.12.  The optimized geometries of the various intermediates and transition

species are shown in Figure 8.13.

Proposed isomerization pathway of bj(oxazolone-His) to b,(diketo-His) for protonated
HisGly The formation pathway of b,(oxazolone-His) ion from protonated HisGly has
been briefly discussed in the previous section. Starting from the by(oxazolone-His) ion,
(species 8), bond rotation along C-C bond linking the oxazolone ring occurs and species 9i is
formed.  Via TS10i, bond lengthening occurs between the carbonyl group (C=0) and the
oxygen of the oxazolone ring. After bond breaking, the amide nitrogen (N) immediately
form a bond with the carbonyl group to compensate the positive charge on the carbocation
(*C=0), leading to the formation of species 11i. A proton is then transferred from the
amino nitrogen (NH;) at the N-terminus to the nitrogen of the triangular ring via transition
species TS12i to form species 13i.  Species 13i has the same structure and conformation as
the b,(diketo-His) ion.  The OK enthalpy of the further isomerization from by(oxazolone-His)
to by(diketo-His) of this process, i.e., the energy difference between species 1 and species (13i

+ H,0), is 60 kJ mol™, with an energy barrier at TS12i of 348 kJ mol™.

The theoretically estimated energy barriers at OK for further isomerization from b,(oxazolone-
His) to by(diketo-His) of protonated GlyHis, together with the calculated AHjgs, AG2gg and

ASjgg values, are listed in Table 8.1.  Unlike the case of protonated GlyHis with His at the
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C-terminus, the energy difference between the barrier of the formation of b,(oxazolone-His)
and that of further isomerization for protonated HisGly is lower to about 115 kJ mol™ only,
which is much smaller than that of protonated GlyHis (~201 ki mol™).  The relatively lower
energy difference could explain why nearly complete isomerization of the b, ions of
protonated histidyl-glycyl-glycine ([HGG + H]") was observed in the ion trap time-resolved
study as shown in Section 8.2.1 (Fig. 8.5).  Thus the location of histidine in the dipeptide
does exert a significant effect on the rate and extent of b,(oxazolone-His) ion to b,(diketo-His)

ion isomerization.
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Figure 8.13  Optimized geometries (at B3-LYP/6-31G(d) level) of the various intermediates and
transition species shown in the potential energy surface (PES) of further isomerization

to b,(diketopiperazine) from protonated HisGly

8.3 Conclusion

In this study, by using protonated GlyHis and HisGly as model dipeptides, we have shown
theoretically that the formation of b, ions having the b,(oxazolone-His), b,(diketo-His) and/or
bo(bicyclic) structures are actually competitive, i.e., they have similar energy barriers.
Nevertheless, we have found that the by(oxazolone-His) ion is the energetically and
entropically favored b, ion to be formed, at least initially at low collisional energies. The

detailed mechanisms for the formation of these three b, ion structures have been elucidated.
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As the by(diketo-His) ion structure is much more stable than the bp(oxazolone-His) structure,
initially formed b,(oxazolone-His) ions could further isomerize to b,(diketo-His) ions if there
is sufficient internal energy imparted to the b, ions by collisional activation. The energy
barrier for isomerization is found to be dependent on the location of histidine in the dipeptide
at 330 and 348 kJ mol™ for protonated GlyHis and HisGly, respectively. The difference in
isomerization energy barriers is consistent with experimental observation in ion trap energy-
resolved MS/MS studies: isomerization is only partially achieved for b, ions derived from
protonated GIlyHisGly, but complete isomerization is found for b, ions derived from

protonated HisGlyGly in the millisecond time frame of the ion trap mass analyzer.

The newly found isomerization process for b, ions of protonated histidine-containing peptides
has implications for peptide sequence identification by MS/MS. To a very large extent, the
isomerization process leads to ‘masking’ of the location of histidine at the N-terminus, and at
the second position C-terminal to the N-terminal amino acid residues, with the result that the
location of histidine in the two locations cannot be clearly defined through MS/MS sequence
analysis. To solve this analytical problem, chemical derivatization, either at the N-terminal
amino acid or with histidine, to prevent the cyclization pathway leading to the formation of

b,(diketo-His) ions need to be carried out prior to the MS/MS analysis.
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Chapter 9  Suggestions for Further Works

In this work, very good agreement (within + 11 kJ mol™, refer to Table 7.2) was obtained
between experimental and theoretical proton affinity values for molecules as large as the
model a-/B-dipeptides and (B-Ala)His. However, we found the discrepancy between
experimental and theoretical potassium cation affinity values is relatively large and
unacceptable at +25 kJ mol™ for arginine. This highlights the limitations of both the mass
spectrometric kinetic method and the theoretical density functional theory protocol adopted in
the present study to estimate the absolute alkali metal cation binding energies. Arginine is the
largest of the a-amino acids investigated with the highest K* affinity. Experimentally, a
suitable reference (anchoring) compound with known and comparable K" affinity to arginine
could not be found for the kinetic method measurements. By our own experience, the
accuracy of theoretically estimated affinity values also deteriorates with increasing molecular
size of the system under investigation. Hence, for future studies in alkali metal cation
binding affinities, the experimental and theoretical methodology described in the present work

should be limited to molecular systems smaller than arginine.

Our theoretical studies show that the relative stabilities of the charged-solvated CS1 and
zwitterionic ZW1 K* binding modes of B-Phe and B-Glu are different from their a-analogues,
with the CS1 more favored to be formed in B-amino acids. The dissociation of alkali metal
cationized dipeptides have been shown to proceed mainly via zwitterionic intermediates and
transition structures.[Feng et al., 2003] Given these findings, it is likely that the dissociation
of alkali metal cationzied (M*=Li*, Na* and K*) B-amino acids and with functionalized side

chains and associated B-peptides may differ from their a-analogues, and provide an alternative
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means of differentiating isomeric a-/ B-amino acids and peptides. Hence, it is worthwhile to
extend our studies on K" affinity of B-amino acids to the collision-induced dissociation of
metal cationized B-amino acids with functionalized side chains and B-peptides containing
these B-amino acids, with the aim of finding alternative method of distinguishing isomeric o-

/ B-analogues.

Preliminary results from our laboratory also revealed that formation of b, ions (n = no. of
amino acid in the peptide), derived by elimination of a water molecule with a peptide
backbone (amide) oxygen (not the carboxylic -OH oxygen, and denoted as b,(dehydration, -
H,0) here), are also common among model and bioactive histidine-containing peptides.
Given the success demonstrated in the present study of using DFT calculations to establish the
pathways of dissociation of protonated histidine-containing dipeptides, it is proposed that
similar studies can be conducted to establish the mechanisms of bn(dehydration, -H,0) ion
formation. These studies will lead to better understanding of the rules governing the
formation of sequence-specific fragment ions from protonated histidine-containing peptides,
and enhance the success rate of determining the sequence of histidine-containing peptides by

tandem mass spectrometry.

As far as we know, the isomerization of the bs(oxazolone) ion derived from a protonated
pentapeptide YAGFL-NH, [Harrison et al., 2006] and the b,(oxazolone-His) ion from
protonated histidine-containing peptides are the only two examples reported so far. Sequence
information is lost as a b; (oxazolone) ion isomerizes to a b; (diketopiperazine) ion with a
protonated cyclo-peptide structure, reducing the success rate of peptide sequencing by

MS/MS determination. Hence, it is of practical importance to investigate further the
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prevalence of bij(oxazolone) ion isomerization, and the underlying structural and energetic
requirements for such process to occur. Experimentally, the occurrence of isomerization is
indicated by finding CID-MS/MS spectra of bi ions similar to that of the corresponding
protonated cyclo-peptide. A systematic theoretical study of the relative stabilities of
bi(oxazolone) and bj(diketopiperazine) ions, and the energy barriers of formation and
isomerization of selected protonated model peptides of different sizes (e.g. i =2 to 7 for n > i),
and in terms of the ring size of the final cyclic bj(diketopierazine) ions) and different
compositions of amino acids, similar to the study described in Chapter 8 of this thesis, could
be conducted. These studies would reveal the scope of bj(oxazolone) ion to b;(diketo) ion
isomerization and its likely impact, though unwelcome, on peptide sequencing by tandem

mass spectrometry.
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Potassium Cation Binding to a-Amino Acids and Dipeptides : A Combined
Thearetical and Experimental Study

Chun-Wai Tsang ", Yuat Tsang', Carrie Hoi-Shan Wong', Fung-Ming Siu'. Jackie Man-Kit Cheng!, Tracy

Ho-Man Lee', Seduraman Abirami® and Ida Ngai-Ling Ma®

'The Hong Kang Palytechnic University, Hang Kang. “Institute of High Performance Computing, Science
Park Read, Singapare 118261

Intreduction

The non-covalent binding between K' and proteins structures underlies many lundamental biological
processas and enzyme functions.  Here we report a combined theoretical and experimental study on the
binding of K' 1o medsl biological ligands {20 ¢ommon w-aming acids and & model dipeptides, GlyGly,
AlaAla, GlyPro, ProGly, FhaGly, GlyPhe}

Methodology

The K' affinities were measured by a combination of standard and extended kinetie method measurements
using the validated theorstical G2(MP2, SVP)-ASC K' affinities values {in kJ mol’ at 0 K} of
acetamide(t18.7), MN-methylacetamide{125.6] and N M-dimethylacetamide (129.2} as the 'starting’
reference values { Tsang of al, Rapid Comm. Mass Spectrom., 18, 345-355, 2004). Theoretical studies on
K" binding geometries and enargies were camied out at the 2-LYPIE=211+G{3df 2p B 3-LYP/E-31Gid)
level af theary, with ZPE corrections at BaLYF/6-31G{d) level and scaled by 0.9808. Plausible K* binding
geomelries of the six model dipeptides were first found using the Monle Carlo Multiple Minimum (MCMK)
conformational searching technigue, with AMBER® force fiald implemented in the Macromode! 7. package.

Results and Dizcussion

The experimental K* affinities (AHy... kJ mol’) of 20 a-amino acids are shown in Table 1. The K affinities
of the six modsl dipeptides are ©  PheGly (155.4) = GlyPhe {151.9) > GlyPro (145.4) > ProGily (142.7) =
AlaAla (142.0) > GlyGly {139.0}. The experimental K affinfties are in very good agreement with theoretical
valles at 0 K, .. oowithin +8 and +15 kt o™ for most of the aming acids and dipeptides, respectively.
The thearelical studies showed that, with the exception of the zwitterionic (ZW) form of
K -PrevGIn/GluiHisiArg (Figure 13, K bound complex of w-aminc acids are in their most stable hi- or
tridentate chargs-solvated (C5) forms (Table 1). The most stable CS complexes of GlyGly, AlaAla, ProGly
and GlyPhe involve bidentate K' binding to the two carbonyl C=0 oxygens due to the strong ‘local’
ton-dipale interactions associated with these two binding sites. Tridentate binding involving the amide C=0,
carbaxylic C=0, and N-terminal -MH; f aromatic-= sites are the most stable ©5 binding made for GlyPro and
PheGly. The 24 form of K™ bound dipeptides are generally —50 kJ mol” less stable than the most stable
C5 forms.
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Table 1 Exparimental and theoraetical K™ affinities {kJ mul"’} of 20 a-amino acids

Patassium Cation ARinily

. ' L Thacratical AH at QK AHep -
Arming Acid ﬁE’_‘pt CE1™ C52” W AHgics- AHagrraary:
et H
e e AHa (7w}

Gly 118 117 (0=C, OH} 114 {3=C, MNH;) 105 12 2
Ala 123 123 (0=C, OH) 117 {O=C, MHg) 16 7 D
Cys 124 123 [0=C, NH;, OHjue) 115 {0=C, CH| 17 g 1
val 127 126 (O=C, OH) 121 (0=C. MH.} 124 4 -1
Leu 128 128 (O=C, OH) 121 (=G, MH) 124 4 0
[l 128 129 (Q=C, OH) 123 (0=C, NHz} 126 ) 0
Ser 133 136 [0=C, NHz, OHjpia) 124 (Q=C, O} 122 14 -3
Met 135 143 (0=C, NHz, 5} 127 (Q=C, OH} 140 3 -
Fro 135 130 (O0=C, OH} 119 {O=C, NH) 143 -13 -4
Thr 136 149 {O=C, NHz, OHj0a) 130 {O=C, OH} 122 19 -5
Asp 137 14B {0=C, O=C, NH;} 132 {D=C, OH) 127 3| -1
Fhe 132 142 {r, O=C, HHz) 138 {n, O=C) 127 15 -4
Tyr 140 144 [z, NHz, OHJ 141 {n, O=C) 132 12 -5
Gl 140 142 (0=C, OH) 142 {0=C, G=C, MH7} 148 -G -B
Lys 144 153 {O=C, NHz, NH:) 135 {O=C, CH) 1% 34 g
Asn 148 164 (0=C, D=C, NHx) 142 {0=C, OH) 146 18 -1§
Trp 151 153 {r, D=C} 162 {m, @=C. NHy) 138 18 -2
Gin 164 164 {O=0C, Q=02, NHz} 161 {O=C, OH) 172 - -18
Hiz 185 163 [C=C, M™% 162 (C=0, MHz, N 164 -1 -8
Arg 164 188 [O=C, MHy) - 199 -10 -38

* 551, lha masl ylable charge-solvated (G553 canformer of K'-amine acid compiex.  "CS2, the socond masl stable charga-solvated

(%53) canfomaer of K -&4 comples © The difference between theorotlcal alfinitios, aH,, far lhe mest stable K charge-aslvaied (G5)

o

and swarllarionic (2w Dindoig rmade. Tha dilarenca balwaan gxparimantat afinities and theoretical afinlles of the mesl slable

chargo-golvated {C5) or zwillarlonle (2% binding mode indicated by BOLD font.

a e
“K=Hlg [C51) [1.2. O=0, 87 =KGin (G81) B0, O=0F C=0, MH) -Gl (S5 [5.5. C=0, aH]
Flgure 1 The optimlzed geometries of K'-HisfGIn/Glu complexes. The fhecrefivally caloulaied relative binding energies

al 0K {in kd mal™"y and sites of binding of the mast stabie {indicated oy *) and second most stabla binding made (indicmed by =) are
shown in pargnthesis [ ) and square brackets | ], respeclively.
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Fragmentation Pathways of Protonated B-Alanine and p-Peptides:
An Encrgy-Resolved Tandem Mass Spectrometric and Theorctical Study

Jackic M. K. Cheng, Onyx O.Y. Chan, P K S0, and C. W, Tsanp*

The llong Kong Polytechnic University, Hong Koeng,

The fragmeniation pathways of protonated {I1') -Ala and p-peptides were studicd and comparcd with
that of w-Ala and their w-analogues,  FEnergy-resolved CID (MSMS and M5’ spectra as a function of
collision cnereicsy of protonated -Ala and [-dipeptides. and ba(oxwzolone) /b (oxasinone) wns denived
from the [(-dipeptides. were moenitored with a Finnigaa-LOQ jon trap mass analyzer and Micromass -
TOF 1 tandem mass spectrometer,  The polentisl enengy sorfaces {or disseciation of II'-{p-Ala) and
model [-dipeptides, H'-Gly(p-Alay and (B-Ala}Cly, inclunding transition structures. mtermediales and
flual products, were theorctically ciplored by calealations using density fimetional theary at the R3-
LY P/6-3111GL3dE2p0B3-LY Pre-3 1Gd) Tevel,

Unlike 11'-[e-Al4), which shows concerted loss of (ILO | CO) only, H'-(f-Ala) dissociates by proferred
loss of water (11,0 to yield a stable by iom (=72, shown by M5MS studies o be a protonated -
lagtarny, and loss of ketene {CILCOY and ketene + water (UHUO + HaY), while less of mothanimine
(NH-CH-), ummonia (NHa) and ammonia | carbon monoxide (NHy + C00 ane observed under more
crergetie C1D conditions. {Figure 11 The energetics of the dissaciation pathways are found by high level
density dunctivnal theory calculations, and are consistent with cxperimental observations. (Table 1)
Compared to g-alanine, the difference in structure and stability of the fragment ions, nevtrals lost, stable
inlerinediares and transitional structyres of the dissociaton pathways of B-alanine are directly related to
the presenee of the “extra’ —CIL— unit in the carbonyl backbome,  For exumple, the predomivam
formation of protonated -laclam fragment won at 'z 72 is due to (i) the stability of the 4-membered [i-
lactatn ring, which otherwise could not be possibly formed in the case of ¢-alanine, and (ii) the reaction is
fuvored by entropy changes. (Figure 2)

Lar the tragmentation puthways ul’ protonated p-peptides, the formation of P-Ala speeific fragment ioms i3
dependent of the location, C-terminus versus N-terminus, of f-Ala in the B-dipepride. For Xxox(f-Ala) B-
dipeptides {Xxx = Gly, Leu, Phe and Met), formation of the unique bhy{oxazinonc) iony is cnerpetically
favored over v. ion formation, (Figurs 304D For (f-Ala)Xxx f-dipeptides with [-Ala at the C-tenminus
{¥xx= Gly, Fhe, L'tp and His), fragemenl iong due 1o loss of M1L and/or formation of b, (protonated [i-
lagtarmy 1oms which are indicative of the presence and locatiun of f-Ala, are competitive with ¥, lon
formation,  (Figure 3{b}} The above mentioned characteristic dissociation pathways of protonated model
B-dipeptides, Gly([-Alad and (f-Ala)Gly, were also established by high level density fonction theary
vuleulations, which are consistent with experimentyl observations.  The presence of the exten backbone —
CH,  umitin fi-Ala duse bave found to be an structural effect on the fagment of f-dipeprides
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Table 1 The relative enthalpies {AHa, AHag al 0K and 298K), Gibbs free energies (4G, at 298K, in k)
il 'y und crtropies {AS.y, at 208K, in J mol™') of the highesL energy barticrs for the loss of small neutrals
o the [([i-Alay + H]' potential eneryy surlaee. ™

[{j3-Ala) + H|'

neutral koss AH AHas Al Alzon
Ha0 ¢ CHLOH 170 16.38) 177 129 64}
CH.CO 163 (0.46 167 154 30
{CHL00 + Ha() F CHaCH) 234 10.46) 244 144 336
NIl 264 - 271 253 60

(L0 + NHy} 485 -1F 496 406 10t

U Theoretical caloulated AHo, AHagg, AGaes and ASy vulues ace based on the porential energy surface at (8. The
appeurane theeshold encrey (in ¥ for observalion of the corcesponding fragment lons ander ion trap CT0
conditions is shown in italics in parenthesis.

I Nt ohserved under ion trap CID conditions, but observed under triple quadmupole CID conditions.
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