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Abstract of thesis entitled

“Theoretical Studies on Potassium Cation-Ligand Interaction”
submitted by Wong Hoi Shan

for the degree of Doctor of Philosophy in Chemistry

at The Hong Kong Polytechnic University in August, 2004,

Abstract

Potassium cation is one of the most abundant metal ions in biological systems, where
it-is involved in numerous biochemical functions, such as stabilization of protein
structures and osmotic equilibrium of cells. For a better understanding of such
interactions, information about the intrinsic binding modes and energies of K* to

simple model systems ligands is essential.

The present study addresses this subject by determining the geometries and energetics
of K* binding to: (a) small organic ligands, (b) aliphatic amino acids, (c) linear
dipeptides (glycylglycine, GG, and alanylalanine, AA), (d) dipeptides containing
phenylalanine and (¢) the‘basic amino acid, histidiné, by quantum chemical molecular
modeling methods. The theoretical studies were carried out by high-level density
functional theory calculations at the B3-LYP/6-311+G(3df,2p)//B3-LYP/6-31G(d))
level of theory (abbreviated as the ‘EP(K") protocol’). Our study shows that
theoretical protocol yields absolute affinities. for 65 model organic ligands in excellent

agreement with experimental affinities {mean absolute deviation of 4.5 kJ mol?), in

support of the reliability of the B3-LYP protocol adopted in our study.
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Using this EP(K") protocol, ten stable isomers of K'-glycine on the potential energy
surface have been located and the most stable mode of K* binding involves a
bidentate interaction between the cation and the O=C and —OH sites in the charge-
solvated (CS) form. We also found that the stabilization energtes of these complexes
can be well approximated by a linear function of the ‘dipole interaction parameter
(DIP)’ and ‘polarizability interaction parameter (PIPY’. For the larger aliphatic amino
acids, we found that the most stable modes of K* binding is still the same as K-
glycine, even though the zwitterionic (ZW) form is stabilized more than the CS mode.
The effect of alkyl chain length of the relative K* affinities of aliphatic amino acids

are also discussed.

The most stable K'-GG/AA/FG/GF complexes are found to be in the charge-solvated
(CS) form, with K" bound to the two carbonyl oxygen atoms of the peptide backbone.
For the FG/GF dipeptides, K* additionally bound to the phenyl n-ring of
phenylalanine are comparably stable. The K* is found to be in close alignment with
the molecular dipole moment vector of the bound ligand, indicating that electrostatic
ion-dipole interaction is the key stabilizing factor in these complexes. Furthermore,
the strong ion‘-dipole‘ interaction between K" and the amide carbonyl oxygen of the
peptide bond is important in determining the relative stabilities of different CS
binding modes. When compared to amino acids, the most stable ZW complex is
found to be much less stable than the CS form for dipeptides. The usefulness of
proton affinity as a criterion for estimating the relative stability of ZW versus CS
binding modes is examined. Based on the results of this study, the interaction of K*

with longer peptides consisting of aliphatic amino acids is also rationalized.
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Theoretical studies on protonated and potassiated histidine ([His + H/K]") and their
mass spectrometric fragmentations in the gas phase have been conducted.
Fragmentation of [His + H]" occurs when the proton attaching to N" is transferred to
the hydroxyl oxygen (yielding [CO + H,0] or H;0), or when the backbone amino
nitrogen is protonated (yielding [CO; + NHa]). The critical energy required for the
formation of {CO + H;O] is found to be much lower than that for [CO, + NH;], in.
agreement with the dominant loss of [CO + H,O] observed.in the low-energy (eV,
laboratory scale) collision-induced dissociation (CID) mass spectrum. However, the
fragmentation pattern of potassiated histidine is entirely different. While the
dominant fragment in [His + H]" corresponds to the loss of [CO + H,0], such
fragment is absent in the [His + K]* CID mass spectrum. Instead, loss of K* is
dominant in potassiated histidine, with minor fragment ions aris;ing from the losses of
CO; and NHj; separately. The difference in fragmentation behavior between

protonated and potassiated histidine are discussed.
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Chapter 1 Introduction

11 The Potassium Cation: Its Biological and Analytical

Importance

Potassium cation, X', is one of the most abundant metal cations found in biological
systems. Studies have shown that K* can induce conformational changes when it
binds to proteins. [Kohtani et al., 2000; Taraszka et al., 2001] As a result, the
interaction between potassium cation and proteins/carbohydrates structures underlies
many fundamental biological processes and enzyme functions [Hughes, - 1972;
Lippard and Berg, 1§9ﬂ; Stryer, 1995], including maintaining the osmotic equilibrium
of cells, [Lippard and Berg, 1994; Stryer, 1995] stabilization of protein structures,
[Lippard and Berg, 1994] activation of enzyme functions, [Hughes, 1972] signaling in
the nervous system, generation of rhythmic signals by the heart, selective transport of
K" across cell membranes [Jiang et al., 2003; Zhou and MacKinnon, 2003] and
unceasing sifting of toxic solutes in the blood by the kidney. [Miller, 1993; Kaim and
Schwederski, 1994; Hille, 2001] Thus, knowledge of the K’ binding modes and
intrinsic bindi;lg energies (afﬁnities) of smaller model ligand/amino acid systems are
basic to a full understanding of the interaction of K' in the more complex and larger

peptide/protein system.

Furthermore, understanding the interaction between K* (and other alkali-cations) and
model amino acids/peptides is important in the interpretation of the mass spectra of
M"-peptide/protein complexes, from which sequencing information of peptides can be
obtained. [Teesch et al., 1991a; 1991b; Loo and Muenster, 1999; Hoyes and Gaskell,

2001, Huang et al., 2002b]
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A related issue that has attracted a lot of attention is the stability of the neutral versus
zwitterionic (ZW) form of amino acids/peptides in the gas phase. In aqueous media,
all common o-amino acids are found iﬁ the zwitterionic form, with a deprotonated
carboxyl and a protonated amine (or basic side chain) termini. [Zubay, 1988] In
contrast, gas-phase c-amino acids are believed to exist in the ‘neutral’ freé acid form

because of the absence of stabilizing intermolecular interactions with solvent
molecules. Williams et al. has suggested that arginine, the most basic amino acid,
could be zwitterionic in the gas phase. [Williams et al., 1997] However, later
experimental study by Chapo et al. [Chapo et al., 1998] suggested that it should occur
in the ‘neutral’ form; i.e., the carboxyl group is not sufficiently acidic to drive
spontaneous intramolecular deprotonation even if the fairly basic guanidine group is

present. [Hunter and Lias, 1998]

However, the stability of zwitterionic amino acids can be enhanced by complexation
with alkali metal ions. For example, the energy difference between zwitterionic (ZW)
and charge-solvated (CS) Na'-glycine is estimated to be only 8-12 kJ mol”, primarily
because of the formation of a salt bridge between the carboxylate terminus and the
metal cation. [Jensen, 1.992; Hoyau and Ohanessian, 1998; Wyttenbach et al., 1998,
1999a] Based on theoretical calculations, the K™-arginine complex (and larger alkali -
cations like Cs* and Rb") is found to be zwitterionic; the enhanced stability of the
zwitterionic form is proposed to have important implication for the observed mass
spectrometric fragmentation pattern by facilitating the loss of NH3 from K -arginine.

[Jockusch et al., 1999]
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1.2 Quantifying the Interaction between Potassium Cation and

Ligands

A parameter describing the interaction between K* and a ligand (L) is the binding

energy/affinity, defined as the enthalpy change (AH) for the reaction {1.1]:
K'+L > K'-L [1.1]
and can be obtained from Eqn. [1.2] as:

AHo = [(Bx*+ 1) - B4 [1.2]

- where Ex*, E and Ex*._ are the electronic energies of the potassium cation, the ligand

and the K*-ligand complex, respectively.

Affinity is clearly an important parameter as it determines the stability, structure, and
reactivity of a K'-ligand complex. | Despite its importance, experimental
determination of this paraméter in vivo is difficult. In a typical biological
environment, the stability of different forms of complexes may be modified by the
presence of solvent molecules. Thus, a variety of techniques has been applied to
obtain the intrinsic affinity between the potassium cation and.ligands, in the absence
of solvent. On the one hand, absolute affinities were obtained experimentally by
threshold collisional induced dis.sociation (threshold-CID), [Klassen et al., 1996;
More et al,, 1997, Walter et al., 1998; Rodgers and Armentrout, 1999; Amunugama
and Rodgers, 2000; Rodgers and Armentrout, 2000a; 2000b; Amicangelo and
Armentrout, 2000; Armentrout and Rodgers, 2000; Rodgers, 2001; Huang and
Rodgers, 2002; Amunugama and Rodgers, 2002] radiative associative kinetics

measurements, [Ryzhov and Dunbar, 1999] and high pressure mass spectrometric
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(HPMS) equilibrium measurements, [Dzidic and Kebarle, 1970; bavidson and
Kebarle, 1976a,b,c; Castleman, 1978a; Sunner et al., 1981; Sunner and Kebarle, 1984;
Keesee and Castleman, 1986; Guo and Castleman, 1991; Kebarle, 1997; Hoyau et al,,
1999; Ryzhov and Dunbar, 1999; Amunugama and Rodgers, 2002] while relative
affinities have been obtained by Fourier transform ion cyclotron resonance (FT-ICR)
ligand exchange equilibrium measurements, [Alcami et al.,, 1990; Burk et al., 2000,
McMahon and Ohanessian, 2000; Gapeev and Dunbar, 2001]. and the mass
spectrometric kinetic method. [Cerda and Wesdemiotis, 1996; Cooks and Wong,

1998; Cooks et al., 1999; Ryzhov et al., 2000]

Complementing the progress made in experimental measurements, quantum chemical
methods have advanced to a stage that both relative and absolute alkali. cation
affinities can be obtained in excellent agreement (with an accuracy of £15 kJ mol™")
with experimental values. [Hoyau et al., 1999; Armentrout and Rodgers, 2000;
Rodgers and Armentrout, 2000a; Burk et al., 2000; McMahon and Ohanessian, 2000,
Ma et al., 2000; Siu et al., 2001a] In many instances, reliable theoretical results have
been -shown to provide a complementary/alternative route for obtaining and
confirming alkali cationi affinities. [Siu et al., 1998; Hoyau and Ohanessian, 1998;
Russo et al., 2001a; 2001b] Also, theoretical findings on the most stable and low-
lying binding modes/structures often provide new insights in the interpretation’ of
experimental data. For example, the recent theoretical study on Li*, Na' and K*
affinities of DNA/RNA nucleobases highlighted the problem.of assigning correct
metal cation binding structures to measured alkali metal affinities when the free

ligand exhibits tautomerism. [Russo et al., 2001a; 2001b]
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While there exists good compilations of the intrinsic interaction energies
between Li'/Na’ with model organic ligands, [Hoyau et al., 1999; Alcami et al. 1990;
Burk et al., 2000, McMahon and Qhanessian, 2000; Armentrout and Rodgers, 2000]
much fewer potassium cation affinities (both experimentally and theoretically) have

been reported in the literature.

1.3 Factors Affecting Potassium Cation Affinities (PCAs)

" The binding affinity of potassiated ligand complexes (AHg, Eqn. {1.2]) is a result of
the difference between stabilizing (Estabilization) and destabi]izing (Edmabiiizalion)
interactions, and is given by:

AHg = Esuabitization - Edestabilization [13]

The stabilizing forces between potassium cation and ligands are believed to be non-
covalent in nature. Non-covalent interactions are significant in many areas of science
and technological applications, including nanoelectronics, biochemical sensors, and
the design of new drugs. [Stenesh, 1998] Comparing to covalent interactions, non-
covalent interactions are relatively weak. In the case of alkali metél cations and
model organic ligands, the binding affinity is in the range of 20 - 300 kJ mol”, [Burk
et al., 2000; Petrie, 2001; Russo et al., 2001b] which is less than half of the strength of
a carbon-carbon single bond. The non-covalent interaction between K and ligand is

largely electrostatic in nature, arising from ion-dipole, ion-induced dipole, and in

some cases, cation-m interaction. [Armentrout, 2001]
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1.3.1 lon-Dipole Interactions (Ejsn-dipote)

For molecules, even though electrically neutral, their internal electronic charge
distribution generally is not uniform. This separation of charges within a molecule
gives rise to the permanent molecular dipole. The interaction energy (Eion-dipote)
between an ion and a molecular dipole moment, p, of the ligand is given by Eqn. [1.4]

based on the Coulomb’s Law: [Isracelachvili, 1992]

_ ~Qpucos®

ion—dipole —

E 2
4ne 1

(1.4]

where Eion-dipote = ion-dipole interaction (binding) energy (in Joules, J)

Q = electric charge of the ion (in Coulomb, C) -

il = dipole moment of the ligand (in Coulomb-meter, C-m)

® = angle of deviation between the ion from the dipole moment vector (in

degrees, °)

r = distance between ion and tﬁe center of the dipole axis (in meter; m)

£0.= dielectric permittivity of free space (8.854 x 1072 CY'm™)
Thus, the strength- of ion-dipole interactions is strongest when the metal ion is in
perfect alignment (@ = 0°) with the dipole Iﬁoment vector and has been suggested to
be one of the major contributions to electrostatic binding in metal cationized-ligand

complexes. [Davidson and Kebarle, 1976a]
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1.3.2  Ion-induced Dipole Interactions (Eon.induced dipote)

The presence of a point charge around a molecule will induce a dipole moment in the

molecule. In a uniform field, E, this induced dipole moment, 1, can be written as
a=p/E [1.5]

in which o is the molecular polarizability. Thus, polarizability of a- molecule
indicates the response of its electrons to an externally applied electric field. A metal
cation can induce an electric dipole moment in' a neighboring ligand, no matter the
molecule is polar or not. The classical interaction energies between the charge and
the center of polarizability is given by Eqn. {1.6]: [Isracelacvili, 1992)
__ Qo
ion-induced dipole 2 411,80-)2 1
[1.6]
where  Ejon.induced dipote = ion-induced dipole interaction energy (in Joules, J)
Q = electric charge of the ion (in Coulombs, C)
a = polarizability of the ligand (in Coulombs-meter, C-m) |

r = distance between the interacting ion and ligand (in meter, m)

£g = dielectric permittivify. of free space (8.854x10°"? C2J"m")

Note that no angle @ appears sinc;e the induced dipole is taken to be parallel to the
field. As shown in Eqn. [1.6], the ion-induced dipole interaction energy depends on
the polarizability, a; of the ligand, and is inversely proportional to r*. Thus, compared
to ion-dipole interaction, the relative importance of ion-induced dipole is expected to

diminish more rapidly, with increasing cation-ligand distance.
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1.3.3 Dipole Interaction Parameter (DIP) and Polarization Interaction

Parameter (PIP)

To aid our discussion on cation-ligand interaction, and based on the classical
electrostatic theory of Eqns. [1.4] and [1.6], {Isracelachvili, 1992] we define two
properties of metal cation-ligand interaction, the ‘dipole interaction parameter (DIP,

Eqn. [1-.7]).’ and “polarization interaction parameter (PIP, Eqn. [1.8])’ here:

DIP = p*cos(®) / 1, [1.7]
PIP=a/r,’ [1.8]
where p = permanent molecular dipole moment of the deformed ligand in the

complexed state (from Mulliken population analysis, in Debye)

@ = angles of deviation between the K* and the molecular dipole moment
vector (in degrees)

r,= the distance between the K* to the center of the dipole (in A)

Thus, DIP is in the unit of Debye A~
o = molecular. polarizability of the deformed ligand (from Mulliken
population analysis, in A%)
r, = the distance between the K' to the center of charge (the origin of the

molecule) of the deformed ligand (in A)

Thus, PIP is in the unit of A™".

Graphical representation of these two parametérs are depicted in Fig. 1.1, using K'-

glycine complex as the example:
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Figure 1.1. Definition of parameters used in the calculation of DIP (Eqn. [177]) and
PIP (Eqn. [1.8]}. Here, p is the permanent molecular dipole moment of the
deformed ligand; @ is the angle of deviation between the K* and the dipole
moment vector; 1,°is the distance between the K* to the center of the dipole

moment vector; and r, {(in A) is the distance between the K* to the center of

charge for the deformed ligand.

These electrostatic properties of the deformed ligand (DIP and PIP) take into account
of the orientation of the molecular dipole moment and polarizability with respect to
the K* in the deformed ligand via the ®, 1y, and 1, terms, and are expected to provide
a better correlation with the stabilization energies than pand a. (The i&ea of ligand

»

deformation will be discussed further in Section 1.3.5)

1.3.4 Cation-n Interaction

‘Cation-n interaction is a relatively new type of non-covalent interaction, involving the
electrostatic attraction between a cation and the negative electrostatic potential

associated with the n face of a simple aromatic system.
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Scheme 1.1. Cation-n interaction.

Various theoretical studies of the interaction between alkali, [Caldwell and Kollman,
1995; Cubero, 1998; Amicangelo and Armentrout, 2000; Felle; et al., 2000a; Ikuta,
2000; Tsuzuki et al, 2001; Dunbar, 2002b; Kim et al., 2003b; Lau et al., 2003]
alkaline earth, [Zhu et al., 2003] transition metal, [Dunbar, 2002b; Caraiman et al.,
2004] and ammonium cation [Zhu et al., 2000; Kim et al., 2003b] and the simple
aromatic system benzene and its derivatives have been conducted. These studies
suggested that the cation-m interaction is essentially electrostatic in nature, [Ma and
Dougherty, 1997; Cubero, 1998; Tsuzuki et al., 2001; Kim et al., 2003b] with
induction force playing an important role. [Cubero, 1998; Tsuzuki et al., 2001; Kim et
al., 2003b] For K, it has been found that dispersion forces are also significant. [Kim
et al, 2003] In the context of potassium cation and biological ligands, K'-n
interaction can occur between the metal cation and the aromatic side chains of
phenylalanine/tyrosine/tryptophan on the peptide/protein chain, [Hirota et al., 2000;
De Wall et al., 2000; Shoeib et al., 2002; Hu et al., 2002a; 2002b; Williams et al.,

2003; Meyer, 2003] and the DNA/RNA nucleobases [Wintjens et al., 2000, Mao et

al., 2004].
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1.3.5 Deformation Energies (Eg.p)

In order to accommodate the K* at the binding sites, the preferred intramolecular
hydrogen bonding pattern of the free amino acids/peptides might be disturbed.
Furthermore, comparing to the free ligand, intramolecular electrostatic repulsion
between electron-rich functional groups are expected to increase. To understand how
metal-cation binding affects the stability of the free ligand, we define and calculated

the deformation energy, Eger, where Eqcr is given by Eqn. [1.9]:
Eger = E(L in the K*-L complex) - E(L in the Jfree uncomplexed form)  [1.9]

where E is the electronic energy of the ligand, L,_ in the two different forms. As the:
deformed ligand in the complexed form is always less stable than the free ligand, Eqer

is always positive.

Rearranging Eqn. [1.3], the raw interaction energy, Esupilization, Which only accounts
for the total favorable (stabilizing) interaction energy of the metal-ligand interaction,

is then given by:

: Esubitization = AHg + Eder [1.10]
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1.4 Research Objectives

The objective of this research work is to apply theoretical modeling to:

(a) quantify the interaction between K' and model ligands, i.e., obtain the relative and

absolute potassium cation affinities;
(b) understand the relative importancer of various factors affecting the K™ affinities;

(¢) elucidate the relation between strength/preferred mode of binding and the mass

spectrometric fragmentation of H'/K'-histidine.

The objectives are achieved by a series of studies as described in various chapters

below:

Chapter 3: Benchmarking theoretical K" affinity (calculated with high level ab initio
and density functional theory (DFT) theoretical protocols) against the binding
affinities obtained experimentally, and constructing quantitative-structure-parameter-

relations between binding affinity and ligand properties.

.Chapter 4: Using the validated theoretical protocol obtained in Chapter 3 to study the
alkyl substituent effect on the K* binding affinities of aliphatic amino acids (Gly, Ala,
Val, Leu and Ile). The determinant factors govering the relative stabilities of
different CS and ZW modes of binding bf K*-aliphatic amino acids were also

investigated.

Chapter 5: Extending the theoretical study, i.e., the determination of absolute and
relative affinities of different binding mode, etc., from K'-Gly/Ala to K*-model

aliphatic dipeptides (glycylglyine, GG and alanylalanine, AA). The effect of alkali
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metal cation on metal cation-dipeptide interactions is elucidated by comparing K*-GG

with previous studies on Ag'/Na'-GG.

Chapter 6: Further extending our studies form model aliphatic dipeptides GG to
dipeptides containing phenylalanine (FG and GF), in order to understand the role of
cgtion—rr interaction in: (a) the relative stability of charge-solvatéd Versus zwitterionic
forms, and (b) the effect of the position of the aromatic ring of phenylalanine (as N-

terminal versus C-terminal substituent) on K* binding geometry and affinity.

Chapter 7: Explaining the difference in the observed mass spectrometric
fragmentation pattern ?f H*'_-histidine and K'-histidine by obtaining the detailed
potential energy surface of H'-histidine, and propose plausible mechanisms for the
fragmentation of K™-histidine based on a key stable structures obtained by theoretical

calculations.

Chapter 8: Conclusions arising from this series of studies will be summarized.
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Chapter 2 Theoretical Methodology

In this chapter, the theoretical modeling methodologies used in our study will be
introduced. All ab initio and density functional theory calculations have been carmed
out using the Gaussian98 [Frisch et al., 1998] package of programs Compagq XP900,

Intel Pentium 4 and SGI Supercomputers workstations.

2.1 Ab Initio Molecular Orbital (MO) Methods

Molecular orbital theory uses one-electron functions to approximate the full molecular
wavefunction and ab initio means from the beginning. Thus, ab initio molecular
orbital theory aims to predict the properties of afomic and molecular systems based on
the laws of quantum mechanics, and using only fundamental constant, withoﬁt

experimental parameterizations.

2.1.1 The Schrodinger Equation

The energy of a stationary state of a molecule can be obtained by solving the

‘Schridinger equation: [Hehre et.al., 1986]
HY = E¥ [2.1]

where H is the Hamiltonian (a differential operator representing the total energy,
consists of kinetic and potential parts); ‘¥ is the wavefunction (a function of the
Cartesian coordinates of all particles and spin coordinates in the atomic/molecular
system) and 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).
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2.1.2 -The Born-Oppenheimer Approximation

The Hamiltonian for a molecular system, H , can be written as the kinetic and
potential energy operator of the nuclei and electrons as shown below: [Hehre et al.,

1986]

Y

H=T +T +V_ +V_+ [2.2]

where f; andfe are the kinetic energy operator for nuclei and electrons;

A

%

ne?

I;ee and I}M are the potential energy operator for nuclei-electron attraction,

electron-electron repulsion and nuclei-nuclei repulsion, respectively.

The Bom-Oppenheimer approximation simplifies the molecular problem by
separating nuclear and electronic‘ motions.  This approximation is generally .
reasqnable since the mass of nucleus is thousands of 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, we can

construct an electronic Hamiltonian ( & . )» which neglects the kinetic energy term for

-

the nuclei:

H=H =T +V_+V_+ [2.3]

2.1.3 The Slater Determinant

A -molecular orbilal (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
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describe an electron completely, the spin coordinates (& = +1/2 or -1/2 for o, P
respectively) also have to be included. Thus, a complete wavefunction for a single
electron is the product of a molecular orbital () and a spin function (£), named as the

spin orbital.

For an n-electron system, the full wavefunction (‘P'), often referred to as a Slater

determinant, Wsyaer, is represented by Eqn. {2.4].

WE(D) v, (0E,() ese w, (DE,0)]
V2D ¥, (20,(2) eoe v, (E,()

__; ) [2.4]

Slater °

VL @E) Yy (MEgm) wee (M)

" The first row of the Wser included all the poséible spin orbital assignments for
electron 1, and similarly for the other electrons in other rows. On expansion, the
Weper becomes a sum of products of spin orbitals. In order to ensure the probability
of finding the-electron anywhere in space is unity, a normalization constant of m)"?

is needed. The Wsqer fulfills two important properties of molecular wavefunction:

(i) It satisfies the antisymmetric requirement of a wavefunction, i.e., when the
coordinates of any two electrons are interchanged, it is equivalent to the
interchange of the corresponding rows of these two electrons in the
determinant, which does have the effect of changing the +/- sign. {Jensen,

1999]

(ii) It also satisfies the requirement arises from the Pauli exclusion principle, i.e.,

no two electrons of the same spin may occupy the same molecular orbital. It
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is because the product terms vanish when two columns in Wgp are

identical. [Jénsen, 1999]

2.14 Basis Set Approximation

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 (¢,). For
example, Eqn. [2.5], the i molecular orbital is represented by a linear combination of
a series (x=1, 2, 3, ...N) basis functions (¢,) with coefficient (cy;) as the molecular
orbital expansion coefficients.

v, = Zcxi¢x [25]

x=]

where 1 represents a series of molecular orbitals, x represents a series of basis
functions, and N is the dimension of the basis function. The expansion coefficients in
Eqn. [2.5] are determined by applying the variational principle in a self-consistent

fashion (described in Section 2.1.6 below).

2.1.5 Basis Sets
Slater and Gaussian Type Orbitals

There are two types of basis functions, the Slater and Gaussian type of orbital

functions. The Slater Type Orbitals (STO) have exponential radial parts. They are
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labeled like hydrogen atomic orbitals, 1s, 2s, 2px,..., and have the normalized form.

The one with STOy; is as follows: [Hehre et al., 1986]

3 12

STO, =[ } exp(C, 1) [2.6)

FL

where £, is constant determining the size of the orbitals. STOs provide reasonable
representations of atomic orbitals with £ values recommended by Slater. However,
they are not suitable for computational calculations. Thus, a second type of basis
functions, the Gaussian-type basis function, GTO, is introduced. The Gaussian basis
function for the s-type atomic orbitals, GTQ,, which have angular symmetries, is

represented as follows: [Hehre et al., 1986]
20y ¥
GTO, = (—a) exp(—ar’) [2.7]
“\ .

Pople Style Basis Sets

Pople style basis sets are the basis sets that we used extensively in this work, and thus
more details are introdu‘ced 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 of the examples:

(1) STO-nG basis set: n = number of PGTO, that are contracted to form a fit to
the Slater type orbital (STO). Usually, STO-3G is the widely used

minimum basis.

(ii) k-nlmG basis set: split valence basis sets. The first part ‘k’ means k

PGTO are used for representing the core orbitals, while the second part
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‘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 valence orbitals (denoted as ‘nlm’ here, which represented n-,

1- and m- PGTOs, respectively).

(i)  Sometimes, more parameters are added before the G (for Gaussian) and
after the G, to indicate diffuse and polarization functions added. The
diffuse functions (denoted as ‘+°) are large-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 wh’ere
electrons are relatively fa}' away from the nucleus, for molecules with lone
pairs, anions and other systems with significant negative charge, and also
for systems in their excited states. The polarization functions are higher
angular momentum functions, i.e., a p-orbital introduces polarization of
the s-orbitals, while d-or’oit.als can be used for polarizing p-orbitals, and f-
orbitals for d-orbitals, etc. They are particularly useful in describing

chemical bonds.

Taking the highest basis set we used in this thesis 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
application of one set of diffuse s-p-functions on heavy atoms. The polarization
functions (3df,2p) indicate three d- and one f-functions are added on heavy atoms, as

well as two p-functions on the hydrogens.
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2.1.6 Hartree-Fock Self-Consistent Field (SCF) Theory

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 exact energy, 'is employed (i.e., Eyial 2 Eexaer). In other words, the
variational principle is to minimize the energy of a single Slater determinant by
choosing suitable valués for the MO coefficient, under the constraint that the MOs
retain orthonormal. By making a trial wavefunction containing a number of
parameters, we can generate the “best” trial function of the given form by minimizing

the energy as a function of these parameters.

Hartree-Fock (HF) self-consistex;lt field method is based on this variational principle.
In simple terms, if a basis set is selected for orbital expansion, the coefficients (cxi in
Eqn [2.5]) may then be adj-uste;:il' iteratively .tc.) rrﬁnimize the expectation value of
energy, Euial. ﬁence, the best sing]e-determinant '\::lvaveﬁmction, Yyr, 1s found by
minimizing Euig with respect to the coc‘fﬁcients cx';., by the following relationship:

[Hehre et al., 1986]

OFEiia / 0cxi =0 [2.8]

2.1.7 Roothaan-Hall Equations

By applying the variational principle, a set of algebraic equations for ¢y can be
formed. They can be solved independently by Roothaan-Hali equation for a closed
shell system (Eqn. [2.9]). In other words, the Roothaan-Hall equations allow the
solution of HF equations using matrix techniques, since these equations can be

considered as a matrix representation of the HF equation in an infinite basis. In
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practice, for computational efficiency, the number of basis functions is limited. Thus,
these calculations cannot reach the HF limit. The Roothaan-Hall equation is given as

below: [Hehre et al., 1986]
Z(F‘xv - Eigi(v)cvi = 0 [29]

where i‘xv and §xv are the Fock matrix and overlap matrix, respectively, between %

and v basis functions, while ¢; is the one electron enérgy of the molecular orbital, ;.
For normalization conditions, the MO coefficients are given as

N N
2.8, =1 . [210)

%=l v=l

To determine the unknown MO coefficients, c.;, the Fock matnx, T:xv, must be

known. On the other hand, the Fock matrix is only known if all the coefficients, c.;,
are known. Thus, an iterative process is needed to test for 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 cy;

»

needed can be solved. The whole iteration process is illustrated in Fig. 2.1.
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Figure 2.1..  Iterative process of SCF procedure.

2.2 Density Functional Theory (DFT)

In contrast to ab initio theory where all analyses are based on the wavefunction,
electron density {p) is used in all DFT methods. In DFT, the electronic energy 1s
expressed as a functional of density, E[p], i.e., the goal of DFT methods is to design
functionals connecting the electron density with energy. [Parr and Yang, 1989;

Bartolott: and Flurchick, 1996; Baerends and Gritsenko, 1997]

Under DFT formalism, the total energy is decomposed into three contributions, a

kinetic energy, a Coulomb energy-(due to classical eléctrostatic interactions among all
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charged particles in the system), and a term called the exchange-correlation energy

which captures all many-body interactions. [Koch and Holthausen, 2000]

According to Kohn and Sham, the kinetic energy functional can be split up further

into two parts, one of which can be calculated exactly and a small correction term:

E[p] Tlp] + Tslp] + Enc[p] + Ece[p]

T[p] + Ts[p] + Eaclp] + (3[p] + K[p])

I

Ts[p] + Ene[p]+] [PIHK[p)+T[p])

Ts[p] + Ene[p] + J[p] + Exe[p] [2.11]

The E{p] 1s the energy functional, T[p] is the part of the kinetic energy contribution,
which can be solve exactly; T[p] is the part of the kinetic energy with a small
correction, which cannot be solved exactly; E,.[p] is the attraction bétween the nuclei
and electrons, while the coulomb and an exchange contribution to the electron-
electron repulsion (Ee[p]), is given by J[p] and K[p], respectively. Note that part of
the kinetic energy which cannot be solved by T;[p], i.e., T[p], is also absorbed into an
exchange contribution, K[p], to form the exchange-correlation term of electron-

electron repulsion, E,[p].

It is noted: that T;[p], En[p] and J[p] can also be solved exactly. Thus, the first task
for DFT is deriving suitable formulae for the exchange-correlation tehn, Ex[p)
Then, the second task is to determine a set of orthogonal (to enforce the Pauli

principle) orbitals which minimize the energy. Since both J[p] and Ey.[p] functional

depends on the total density, an iterative procedure is needed. Usually, the E,[p] is
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further partitioned into two parts, a pure exchange (Ex) and a pure correlation part -
(Eo), i.e., Ex[p] = Ex + E.. 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]).

There are three types of DFT methods: Local Density Approximation (LDA)
methods, Gradient Corrected Approximation {(GCA) Method, and-H}‘/brid 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 density functional used in this work, B3-LYP,

1s one of the most-commonly used DFT methods and it is a hybrid functional method.

2.2.1 Hybrid Methods

In hybnid 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
three parameters exchange function (B3-) and the correlation functional of Lee, Yang

and Parr (-LYP). [Lee, et al. 1988] The E: is given as below:

EXY =aB" +(1-2)EX* +bAE? + ¢EX'F +(1 -c)ES® [2.12]

xc c

The constants a, b and ¢ are those determined by Becke by fitting the G1 molecule set.
Becke 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=0.80, b=0.72 and

c¢=0.81 were used. [Frisch et al., 1998]
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Because of the parameterization, B3-LYP functionals perform almost as well as the
more elaborate G1/G2 model, with the unsigned error for energetics at about 8 kJ 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 is of the same order as the
uncertainties in the experimental equilibrium structures for most peolyatomic
molecules. Because of this, several authors suggested [Frisch et al., 1998] that the
B3-LYP functional could be used instead of MP2 geometries for the highly accurate

extrapolation schemes like G2 method.

2.3 Zero-point Corrections and Frequencies

All molecules have some vibrational energy even at 0 Kelvin, arising from the
Heisenburg uncertainty principle. Thus, a zero-point energy term, ZPE, has to be
added to the calculated total energy (i.e., the electronic energies, Ege., calculated
above, which assume the system is completely at rest) to obtain the ‘true’ energy of

the molecule, that is:
E¢ = Eeree + ZPE [2.13]

Molecular frequencies, v, depend on the second derivative of the energy with respect

to the nuclear positions, r, that is:
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v=9’E/a’ [2.14]

Raw frequency values computed with the Hartree-Fock method (and other quantum
mechanical methods) are known to contain systematic errors, generally overestimates
the frequency for the Hartree-Fock method by 10%-12%. Therefore, it is a common
practice to scale down frequencies predicted at the Hartree-Fock level, with a scale

factor of 0.8929. [Foresman, 1998]

24  Thermochemical Corrections

In order to obtain the energy of a system at higher temperature, a thermal energy -
correction must be added into the zero-point corrected electronic energy, Eo (Eqn.
[2.15]). The thermal correction includes the effects of molecular translation, Eians,

rotation, E.y, and vibration, Eyp, at the specified temperature, T, and pressure, that is:
Eiot = Eo+ Evip + Erot + Eans [215]

The Etans, Eror and Evi, can be estimated by statistical mechanics equation, assuming
that the molecule is a rigid rotor and a harmonic oscillator. {[McQuarrie and Simon,

1997} From the total energy, enthalpy can be obtained:
H= Etot + RT [216]

, where R is gas constant (8.314 ] K™ mol™). In order to obtain the Gibbs free energy

©)

G=H-TS [2.17]
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Entropy (S) is estimated from harmonic vibrational frequencies, via statistical

mechanics equations. [McQuarrie and Simon, 1997]

2.5  Molecular Dipole Moment

The molecular dipole moment reported in our study is calculated at the B3-LYP

levels, and is obtained according to the following equation:

U= —(g—l | [2.18]

where E and F is the energy and external electric field.” The dipole moment calculated
by hybrid functionals are found to be very reliable, for example, by using B3-LYP
protocol, the mean absolute ‘deviation is onljf 0.04 Debye in average. [Koch,

Holthausen, 2000]

2.6  Molecular Polarizability

The polarizabilities reported in this project are calculated at the B3-LYP level

according to Eqn. [2.19]:

2
[ﬂ_] 2.19)
* \@OFdF, /)
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where E and F are the energy and external electric field, respectively. Compare to
experimental results, the polarizabilities calculated at B3-LYP functionals have been

shown to be reliable. [Koch and Holthausen, 2000]

2.7 The ‘Energetic Protocol for K™

In this work, the interaction between potassium cation and the ligand in the gas phase
was modeled with the ‘Energetic Protocol for K, abbreviated as EP(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(K") protocol is as follows:

(1)' Geometry optimization at the HF level using the standard 6-31G(d), followed
by frequency calculations in order to confirm to be real £1'1inima and obtain the

zero-point-energy (ZPE) correction at this level;

(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 K*-ligand complexes; [Becke, 1993]

(3) 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), L.,
the energetic calculations were carried out at the B3-LYP/6-311+G(3df,2p)//B3—

LYP/6-31G(d) level.

Potassium cation affinities (PCAs) at 0K, AHy, are obtained using Eqn. [2.20]:
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AHo = [(Ex* + Er) - Ex*.] + [ZPE|, - ZPEg* ] x 0.8929 [2.20]

, 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 0.8929 for the Hartree-

Fock frequencies. [Frisch et al., 1998]

For the purpose of comparison with experimental values, the EP(K") theoretical
values at 0K (AHo) are converted to affinities at 298K (AH,og) and free energy of
. binding (AGags) of different conformers/isomers by applying standard statistical
thermodynamics relations [DelBene, 1983] calculated from the scaled HF/6-31G(d)

vibrational frequencies.

In summary, all studies reported in this work employed is modeled by the following

level of theory, unless otherwise noted:

(1) Geometries: B3-LYP/6-31G(d);

(2) Single poir‘lt energies: B3-LYP/6-311+G(3df,2p)//B3-LYP/6-31G(d);
(3) Zero-point energy (ZPE) and thermal correction: HF/6-31G(d);

(4) Deformation energy (Eq.r, defined in Section 1.3.5): B3-LYP/6-31G(d)//B3—

LYP/6-31G(d);

(5) Dipole moment (1), polarizabilities (), dipole interaction parameter.(DIP, defined

in Section 1.3.3) and polarization interaction parameter (PIP, defined in Section
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1.3.3): B3-LYP/6-31G(d)//B3-LYP/6-31G(d) by Mulliken population analysis, using

the geometries of the deformed Ligand.

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 best experimental values typically by no more than 2-3 kJ mol’. [Wang et
al., 1999; Rodriquez et al., 2000; Addario, 2000] We found this observation to be
valid in the calculation of K* affinities, even though a relatively large basis set has to
be used. The agreement between the experimental and calculated AHy 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 ‘co-valent’ 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]
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2.8  Conformation Search for Dipeptides

The majority of the studies reported in this work is modeled by ab initio molecular
orbital and density functional theory methods, which are based on quantum mechanics
(described in Sections 2.1. and 2.2). These methods are expected to be reasonably
reliable and accurate, but at the same time computational expensive, especially for the
larger dipeptides and their complexes described in Chapter 5 and 6. To reduce the
number of conformers/isomers of dipeptides systems that we have to calculate
quantum mechanically, we employed Monte Carlo conformation search, using force
field calculated energies. For this purpose, the Macromodel 7.0 package of programs
(running from Intel Pentium III workstation) based on the AMBER* force field and
Monte Carlo Multiple Minimum (MCMM) search method was used in our study.
Macromodel is an integrated software system for modeling organic and bioorganic
molecules using molecular mechanics written by Mohamadi et al. [Mohamadi et al.,

1990]

2.8.1 Force ‘Field

In the force field method, a molecular system is treated as a collection of hard

spheres, connected to each other by springs (depicted in Fig. 2.2):
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Torsion (1)

\Bond stretching (r)

Angle Bending (0

Non-bonded interaction (r;)

Figure 2.2.  The definition of bond stretching, angle bending, torsional and non-

bonded interaction in molecular mechanics modeling.

The total energy (relative to the strained free system) of a molecule, Eg, is modeled
E g ' [ F. : i

as the sums of the following terms:

Err= Esr + Ebend + Etors + Enon-bonded [221]

, where Eg represents the energy required for stretching a bond between two atoms
from its equilibrium position, r; Epend is energy associated with bending an angle, 6;
Eiors 15 torsional energy for rotation around a bond, 1; and Enen-bonded is the non-bonded

atom-atom interactions, as functions of different conformations.

The main difference between different force fields lies in the functional form of each
energy term and the type of information used for fitting the parameters. In the current
study, AMBER* force field [Weiner et al., 1984] is employed. This force field is

chosen as it is developed especially for the simulation of nucleic acids and proteins.
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2.8.2 Monte Carlo Multiple Minimum (MCMM) Search

In Monte Carlo conformational search, a starting structure is first chosen. From this
structure, random variations to selected coordinates are applied in order to generate a
series of displaced structures. These displaced structure is then energy minimized, in
this case, with the AMBER* force field calculated energy (described in Section
2.8.1). The energy of these structures is compared with minima found during
previous conformational search steps. This new minimized structure js accepted if it

is within the cutoff energy window from the instant minimum.,

In the MCMM search methodology, the K* was not connected to any atoms of the
dipeptides so that the ion can move freely to interact with any part of the- ligand.
Point charges and distant-dependent dielectric constant were used in the electrostatic
interaction treatment. Extended cutoff bond le;igths of 20A were employed for
plausible van der Waals and- electrostatic inté}actions, and hydrogen bonding
distances for K" complexes. For K'-dipeptides in the CS and ZW forms, n%onfMonte
Carlq steps (where negnr = 1500 x number of rotatable torsional ang]és of the dipeptide
ligand in CS ar ZW form) were carried out to locate the low energy structures. Using
this method, a limited number of isomers/conformers were obtained within an energy
window of 50 kJ mol™. Any complexes generated from the MCMM step without
maximum number of intramolecular hydrogen bondings were discarded. The

candidates chosen for further exploration are modeled quantum mechanically.
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Chapter 3 Nature of K'-Small Model Ligand

Interactions

3.1  Background

Since K' is so important in biological systems, we are interested to study the K
binding modes and intrinsic binding energies (affinities) of smaller model ligands to
serve as the basis to fully understand the binding interaction of K" in more complex
and larger biological systems. Thus, to start with, we have carried out a systematic
theoretical study on 136 organic ligands (20 classes) in the gas phase by using hybrid

density functional theory (B3—-LYP) calculations with the 6-311+G(3df,2p) basis set.

The present work represents the most comprehensive theoretical studies on the 
p:'otassium cation affinity (PCA) scale reported up-to-date. For the 136 ligands
st;udied here, the K* interacts with different atoms (rare gas, carbon, 6xygen, nitrogen,
sulfur, and phosphorus, etc.) in the ligands, and with a wide range of functional
groups (alcohol, sulfide, sulfoxide, amine, amide, ether, aldehyde, ketone, nitrile,
carboxylic acid, aromatlc, heterocyclic, etc.). With such a broad spectrum of ligands,
we believe that the findings presented here are of general chemical interests and
useful in revealing the intrinsic nature of K* binding to organic and biological li gands

in the gas phase without the complicating effect of solvent molecules.

Out of these 136 ligands, 70 experimental values and 64 theoretical values reported in
the literature are available for comparison in order to establish the accuracy of our
current theoretical energetic protocol for XK', EP (K*) (refer to Chapter 2 for the
details). The effect of substituents on the modes of binding and the PCAs of

unsubstituted parent ligands are discussed. The relations between Li'/Na" and K*
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affinities for the wide range of ligands and their natﬁre of binding are examined. In-
addition, in order to test the quality of quantitative results (geometries and binding
affinities) obtained .by density functional calculations, test calculations were first
carried out on smaller organic ligands. The aim is to show that the accuracy of the
hybrid density functional theory calculations (B3-LYP with the 6-311+G(3df,2p)
basis set, i.e., the PCA obtained by the EP(K") protocol as compared with those
obtained by the B3-P86, G2(MP2,SVP) protocol, and previously reported theoretical
values. The effect of B3-LYP/6-31G(d) correction on zero point vibrational energies,
temperature corrections, and the effect of full counterpoise correction on EP(K")

PCAs are also discussed.

Because of the broad scope of the work, calculations on the ligands hydrogen sulfide,
thiols, dioxanes, hydrogen cyanide, alkyl nitriles, sulfoxides, and some members of
the alcohols, aldehydes, ketones, carboxylic acids, esters, amide, azoles, amino acids
were performed by Mr. JK.C. Lau, Ms, P.S. Ng, and Dr. F.M. Siu of Prof. Tsang’s
research group. For the total of 136 ligands, calculations on 66 ligands were carried

out by the author.

»
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3.2 Results and Discussion

3.2.1 Overview of Theoretical and Experimental Alkali Cation Affinities

In this section, we would like to highlight some recent advances and issues related to
the theoretical and experimental determination of alkali cation affinities reported in
the literature. Using density functional based method, Burk et al. recently reported
the Li" affinity for 63 ligands, calculated at the B3-LYP/6-311+G(d,p) level. [Burk et
al., 2000] Calibration against experimental data suggested that this level of theory
carried an average unsigned error of 15 kerol", and the accuracy could be improved

if systematic errors are taken into account. [Burk et al., 2000]

Several theoretical studies of Na' affinities appeared recently. [Hoyau et al., 1999;
McMahon and Ohanessian, 2000; Armentrout and Rodgers, 2000; Petrie, 2001] Most
of these studies were conducted at the MP2(full)/6-311+G(2d,2p)/MP2/6-31G(d)
level, with basis set superposition error. (BSSE) corrections. [Hoyau et al., 1999;
McMahon and Ohanessian, 2000] Armentrout and Rodgers further compared the
performance of this level of theory and other models (DFT, CBS, G2, G3, etc.) with
experimental data. [Aﬁr;entrout and Rodgers, 2000] Theoretical and experimental
sodium affinities were found to be in good general agreement. However, while BSSE
corrected  B3-LYP/6-311+G(2d,2p)//B3LYP/6-31G(d) sodium affinities are
consistently too high (mean-absolute-deviation (MAD) of 8.5 kJ mol”' in comparison
with experiment), the BSSE corrected B3-P86/6-311+G(2d,2p)//B3-P86/6-31G(d)
values appear to far better (MAD of 5.5 kJ mol” in comparison with experiment).
[Armentrout and Rodgers, 2000] Very recently, in order to improve the quality of the
basis set for the soﬁium inner-valence 2s/2p orbitals, Petrie decontracted the standard

6-311+G(3df) basis for the Na atom. With this more flexible basis set, Na*© affinities
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of 38 ligands at the geometry—corrected counterpoise "CPd-G2thaw" level were
obtained, [Petrie, 2001] and it was suggested that the currently established

experimental sodium cation affinities were systematically too low by 3—5 kJ mol™.

For K, much fewer theoretical and experimental values are available. Without going
into details, we compiled the EP(K") theoretical PCAs at 298K obtained in this study
and the available experimental PCAs as reported in the original sources in Table 3.1
(also graphically presented in Fig. 3.1), while the geometries of K* binding modes for
. representative class of ligands are shown in Fig. 3.2. Here, we wish to make a note on
the temperature reported in the experimental literature. The experimental PCA values
were largely obtained by threshold-CID, high pressure (equilibrium) mass
spectrometry (HPMS) and kinetic method measurements. The threshold-CID
measurements yielded PCAs at 0K, and corrections to 298K (generally less than 2 kJ
mol™") are carried out by theoretical.. calculations. In HPMS measurements, it is
generally assumed that the standard eﬁthalpy of cation binding, AH, is approximately
equal to the jon-ligand bond dissociation energy, and is independent of temperature
effects. Similarly, in kinetic method measurements, the relative affinity measured,
A(AH), is also implicitly assumed to be independent of the ‘effective temperature’,
even though the A(AH) term may be anchored to a reference AH value at a known
temperature. Consequently, experimental values obtained by HPMS and the kinetic
methods are usually not reported at any specified temperature. However, temperature
effects on the AH or A(AH) term are expected to be small. For the 136 ligands
studied, we found general agreement (within 15 kJ mol™) between our EP(K") PCA
values and available experimental values reported in the literature. Only for a few
sets of PCA values (phenylalanine, cytosine, guanine, adenine obtained by kinetic

method measurements, and Me;SO obtained by high pressure mass spectrometric
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equilibrium measurement, as indicated by open circles in Fig. 3.1), the difference

between EP(K") values and reported experimental values exceeds 15 kJ mol”'. These

cases of discrepancy will be further discussed in the individual sections below.

Table 3.1. Theoretical EP(K") values at 298K and experimental potassium cation

affinities (kJ mol™).

Mol[e]cule Theorgftical Exper!il]nental Molt{ac}:ule Theoll‘;ftical Exper;'r]nental
He 4.1 ~ 1,2-dioxane 84.1
Ne 4.1 1,3-dioxane 829
Ar 9.4 15.4(NH 1,4-dioxane 71.0
co’ 24.8 19.05.00®  HCHO 77.9
HF 51.3 MeCHO 93.7
HCl 27.6 EtCHO 95.8
P, 34.4 n-PrCHO 97.3
PH, 422 n-BuCHO 98.5
CH, 37.4 CF;CHO 59.5
C;H, 34,7 CCLCHO 740
H,S - 39.6 “Me,CO S 104.6 102.1,%108.8"
MeSH 52.7 MeCOEt 105.9
EtSH 57.5 NH, 77.2 74.9,[91 84 1
82(8)™
n-PrSH 59.3 MeNH, 79.2 79.9!¢
i-PrSH 60.2 Me,NH 77.5 81.6%!
n-BuSH 60.6 Me;N 74.2 83.7t4
i-BuSH 63.2 EtNH, 81.8
t-BuSH 62.0 n-PrNH, 81.3 91.2t
Me,S 61.8 HCN 78.4
H;0 70.4° 70.7,19 74 91181 peCN 101.9 102.1(1. 7)1
MeOH 75.7 79.5,M83 7™  EiCN 105.5
EtOH 81.4 "~ n-PrCN 107.0
n-PrOH 82.2 i-PrCN 108.2
i-PrOH 85.2 t-BuCN 110.3
n-BuOH 86.2 PhCH,CN 110.3
i-BuOH 80.5 CF,CN 58.6
s-BuOH 87.6 CCL,CN 76.4
t-BuOH 88.1 HCO,H 80.4
1,2-Propanediol 116.2 HCO,Me 90.2
1,3-Propanediol 122.5 MeCO,H 91.8
Ethylene glycol 1193 HCOEt 95.3
Glycerol 133.9 HCO:n-Pr 97.0
CF;CH,0OH 71.4 MeCO,Me 99.5
CCL,CH,0H 76.1 MeCO,E! 105.7
Me,0 74.9 87.0,") 74.0(4.0) EtCO,Me 100.9
Et,0 85.0 93 3t CF;CO,Me 82.2
(MeOCH,), 123.5 120.0(4.0)[,]_{}” CICO;Me 80.9
129.7
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Table 3.1. (cont.).

Molecule Theoretical Experimental  Molecule Theoretical  Experiment
[a] fb) fe] (a] bl [<]
SO, 51.9 1-Me-pyrazole 94.5 94.8(3.6)™

Me,SO 128.1 130.1,M 3-Me-pyrazole 92.8
146.4(12.6)1
PhSOMe 132.2 4-Me-pyrazole 96.4
HCONH, 114.1 1,4-Me;-pyrazole 100.0
HCONHMe 120.7 117.7%! 1,5-Me,-pyrazole 101.3
HCONMe, 126.2 123.4M129.70 1.3 5.Me,- 103.4
. pyrazole
MeCONH, 123.2 124.3,%118.9® 3 4 5-Me;,- 105.4-
pyrazole
MeCONHMe 128.4 127.2™ 1,3,4,5-Me,- 106.2
, pyrazole
MeCONMe, 130.6 121.3,W 1[2]9.7,"1 1-Me-imidazole 118.8 117.7(2.7)"
13120 .
Benzene 67.6 76.6,18 74.%54.1),“" 1,2-Me,-imidazole  120.5
80.30
“Borazine 46.8 2,4,5-Me;- 122.0
imidazole
Phenol 70.0 77.9(12.6),%)  2H-1,2,3-triazole 64.5M 55.6(5.5)™
74.6(3.8)1
Pyridine 93.3 86.6,%190.6(3.9)*! 1H-1,2,4-triazole 87.0M 87.5(4.5"
2-Me-pyridine 94.6 98.5(3.5"  2H-tetrazole 88.5¥1 89.6(4.6)
3-Me-pyridine 99.1 100.13.5)" 1H-tetrazole 109.7%
4-Me-pyridine 101.1 99.0(4.00"  4H-1,2,4-triazole 140.1%
2-F-pyridine 100.3 1H-1,2,3-triazole 118.6!
3-Cl-pyridine 81.9 Glycine 118.4 125,54
119.3®
1,8- 155.6 Alanine 124.0 123.6%1
naphthyridine ‘
Pyridazine 130.0 130.92.6)  Valine 128.2 128.01)
Pyrimidine 75.7 69.7(4.3)  Leucine 128.8 129,31
Pyrazine 69.8 67.6(3.6)  Iso-Leucine 129.8 129.91
1,3,5-triazine 56.5 55.6(3.00"  Proline 143.0
Pyrrole 77.1 85.13.6)™  Serine 137.5
Indole 89.1 99.0(12.6)®  Cysteine 123.5
Pyrazole 90.5 84.2(3.3)M Phenylalanine 145.6 104.2 (20.9)'
Imidazole 111.1 109.6(5.6)")  Adenine 87.11 106,14
97.4(3.2)!
Thiazole 87.1 Thymine 112.01 102,
104.6(3.8)
Isothiazole 86.1 Uracil 113.1l! 101,19
105.0(2.8)"
Oxazole 83.5 Cytosine 166.3° 110
Isoxazole 94.4 Guanine 143.31 11714

[a]: Abbreviations: Me = -CH;, Et = -C;Hs, n-Pr = -C3Hg, i-Pr = -(CH,),CH, n-Bu= -C,H,,, i-Bu = -
(CH3),CHCH,, t-Bu= -(CH,);C, Ph=~C¢H;. [b]: This work , theoretical EP(K*) affinitics at 298K

Page 39



(AH,05). [c]: Experimental affinities are tabulated at 298K {AH3e3) or at unspecified temperatures (see
text for further discﬁssions). Numbers in parenthesis represent reported experimental uncertainties, if
available. [d]: Threshold-CID, AH,, adjusted from AH, reported in ref. [Walter et al., 1998] in this
work. [e]): HPMS, ref. [Davidson and Kebarle, 1976a). [f]: HPMS, ref. [Dzidic and Kebarle, 1970].
(g): HPMS, ref. [Sunner et al., 1981]. [h]: estimated from ligand exchange-HPMS data, ref. [Nielsen et
al, 1999]; first value anchored to experimental PCA of water reported in ref. [Davidson and Kebarle,
1976a] and the second value anchored to experimental PCA of water reported in ref. [Dzidic and
Kebarle, 1970] and ref. [Sunner et al., 1981]. [i}: Threshold-CID, AH,, ref. [More et-al., 1997]. [j]:
HPMS, ref. [Davidson and Kebarle, 1976¢). [k]: Threshold-CID, AHags, ref. [Klassen et al., 1996]. [l}:
HPMS, ref. [Sunner and Kebarle, 1984]. [m]: Threshold-CID, AHyeq, ref. [Iceman and Armentrout,
2003]. [n]: HPMS, ref. {Castleman, 1978a]. [0]: HPMS, ref. [Davidson and Kebarle, 1976b]. [p]: ref.
[Tsang et al., 2001a), kinetic method measurements using theoretical G2(MP2,SVP)-ASC(GCP) K*
affinity values (AH,) values at OK of formamide (109.2 kJ mol")/ N,N’. dimethylformamide (123.9
kJ mol") / N-methylacetamide (125.6 kJ mol™) as reference values as reported in ref. {Siu et al.,
2001a), and corrected to AHyg. [q): Threshold-CID, AH;oq, ref. [Amicangelo and Armentrout, 2000].
[r}: HPMS, ref. [Keesee and Castlemnan, 1986]. [s]: Radiative associative kinetics measurement, ref.
[Ryzhov and Dunbar, 1999], reported value reduced by 6.2 kJ mol™' according to text, and with thermal
correction to 298K. [t}: Threshold-CID, AH,s, ref. [Amunugama and Rodgers, 2002]. [u]: Threshold-
CID, AHygg, ref. [Amunugama and Rodgers, 2000). [v]: Threshold-CID, AH;s, ref. [Rodgers, 2001].
[w]: 'I'hreshoid-CID, AHsgg, ref. [FHuang and Rodgers; 2602]. [x: Thr-f:shoia—CLD, AH g, tef. [Rodgers
and Armentrout, 1999]). [y]: EP(K") PCA .of the most stable tautomer of the free ligands: 1H-1,2,4-
triazole, 2H-1,2,3-triazole and 2H-tetrazole kinetically (but not energetically) favored to bind to K* in
the gas phase, resulting in the formation of K+-(1H-l,2,4-triazole), K*—(2H-1,2,3-triazole) and K'-
(2H-tetrazole) complexes proposed to be likely observed in threshold-CID  experiments as explained
in ref. [Rodgers and Armentrout, 1999]. [z]: EP(.K‘\) PCA of the less stable tautomer of the free ligands
: 4H-1,2 4-triazole, 1H-1,2,3-triazole and 1H-tetrazole but energetically (but not kinetically) favored to
bind to K" in the gas phase, leading to formation of the most stable K'~(4H-1,2,4—triazole), K*-(1H-
1,2,3-triazole) ‘and K'-(1H-tetrazole) complexes with the largest PCA, but not likely observed in
threshold-CID experiments as explained in ref. [Rodgers and Armentrout, 1999]. fa’]: kinetic method
measurements using theoretical G2(MP2,SVP)-ASC(GCP) K" affinity values at 0K {AHg) of
acetamide (118.7 kJ mol™") / N-methylacetamide (125.6 kJ mol') / N,N’-dimethylacetamide (129.2 kJ
mol'") as reference values in ref. [Tsang et al., 2004}, and the experimentally found values were
corrected to AHg. [b']: Kinetic mer.hoﬂ, ref. [Ryzhov et al,, 2000]). [c']): the PCA is estimated for the
most stable tautomer of the free ligands, corresponding to species At, T1, Ul, Cl and G1 in ref. [Russo
et al,, 2001b). [d']: Kinetic method, ref. [Cerda and Wesdemiotis, 1996]. [e']: Threshold-CID, AHpgs,
ref. [Rodgers and Armentrout, 2000b}.
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Figure 3.1.Plot of experimental potassium cation affinities versus EP(K") calculated
potassium cation affinities: the diagonal line with a slope of 1.0 is drawn
for reference purposes. Large differences exceeding 15 kJ mol” are depicted as

‘o’ in the figure.

Page 41



Figure 3.2.The geometries of selected K'-ligand complexes, optimized at the B3—
P

LYP/6-31G(d) level of theory. Ligand in a-c = P4 d = 1,4-dioxane;
e = 1,2-dioxane; f = 1,3-dioxane; g-h = SO;; i-j = borazine; k = benzene;
l-m = phenol; n = 1,8-naphthyridine; o = indole; p = isoxazole; q =

oxazole; r=proline; s = serine; t = cysteine; u = phenylalanine; v =

CFiCH,0H. Selected non-bond distances are shown in Angstroms.
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In addition, we also compiled the existing theoretical PCAs in the literature (Table
3.2), corrected to 298K if necessary, to facilitate comparison. Different theoretical
models were employed in various studies, in which different geomctries, electron
correlation methods, basis sets, core sizes, zero-point energies are employed and
BSSE corrections may or may not be included. [Tkuta, 1984; Magnusson, 1994; More
et al., 1997; Hoyau and Ohanessian, 1998; Ryzhov and Dunbar, 1999; Rodgers and
Armentrout, 1999; Amicangelo and Armentrout, 2000; Amunugama and Rodgers,
2000; Dunbar, 2000; Rodgers and Armentrout, 2000b; Russo et al., 2001b; Siu et al.,
2001a; Rodgers, 2001; Abirami et al., 2002; Amunugama and Rodgers, 2002; Huang
and Rodgers, 2062; Iceman and Armentrout, 2003] Even though direct comparison is
difficult, it appears that the PCAs estimated by the EP(K") protocol tend to be slightly
larger than the affinities estimated by other methods, except when the K binds to the
ligand via aromatic © binding (as in the case of benzene, phenol and pyrrole).
Nevertheless, the general agreement is good (ﬁrithin +5 kI mol') except for a few
Species-.(CO, H,S, NHj, imidazole, glycine and the five DNA/RNA nucleobases).
Detailed discussions of the newly found discrepancies will be given in individual

sections below.

Page 43



Table 3.2. Theoretical potassium cation affinities (PCAs) (kJ mol™).

Theoretical

Molecule Literature Molecule Theoretical Literature
[a] [b) [c] (a] [b] fc}
CO 24.8 371 Phenol 70.0 7411
PH, 422 41.4°1  Pyridine 93.3 91.3(M, 91 4%
H,S 39.6 316" 2-Me-pyridine 94.6 94,5
H,0 70.4 74.7%, 707" 3-Me-pyridine 99.1 97.0t™
6848

MeOH 75.7 74.9%  4-Me-pyridine 101.1 97.9™
EtOH 81.4 81.4%  Pyridazine 130.0 130.5"
n-PrOH 82.2 81.2!! Pyrimidine 75.7 7320
i-PrOH 85.2 85281 Pyrazine 69.8 68.7"
n-BuOH 86.2 85.8(e! 1,3,5-triazine 56.5 53.5M"
i-BuOH 80.5 83.6!8  Pyrrole 77.1 82.1%!
s-BuOH 87.6 87.4®1  Indole 89.1 87.2%!
t-BuOH 88.1 887 Pyrazole 90.5 86.7%!
1,2-Propanediol 116.2 117.9"™  Imidazole 1.1 109.39,116.89
1,3-Propanediol 122.5 1222 1-Me-pyrazole 94.5 91.31]
Ethylene glycol . 119.3 - 1182 1-Me-imidazole 118.8 117.2%
Glycerol 133.9 1343™  2H.1,23-triazole  64.5 65.51
Me,O 74.9 79.01 1H-1,2 4-triazole 87.0 91.79
NH, 77.2 7951, 77,611, 2H-tetrazole 88.5 90,71

75.18 75,100 -

77.1,U76.1,9

64.1,166.10
HCONH, 114.1 111.2%  Glycine 118.4 110.9"
HCONHMe 120.7 1189  Phenylalanine 145.6 146.4")
HCONMe, 126.2 124.5®  Adenine 87.11 78,711, 85,204
MeCONH; 123.2 120.2"®  Thymine 1120 107119, 104.0M
MeCONHMe 128.4 126.9%)  Uracil 113.19 108410 104.5"
MeCONMe;, 130.6 129.518  Cytosine 166.31 159.0°
Benzene: 67.6 72.0%  Guanine 143,300 139.701

»

[a]: Abbreviations: Me = -CHj;, Et = -C;Hs, n-Pr = -C3Hg, i-Pr = —«(CH;),;CH, n-Bu=-C;H,,, i-Bu = -
(CH;),CHCH,, t-Bu= -(CH;);C, Ph=-CsHs. [b}: This work , theoretical EP(K") affinities at 298K
(AH,05). [c]: Previously reported PCA at 298K from literature. For cases where only 0K values are
reported, thermal corrections to 298K using HF/6-31G(d) geometries and frequencies are applied. [d]:

_ref. [Ikuta, 1984]. {e]: ref. [Magnusson, 1994]. [f]: ref. [Russo et al., 2001b]. [g]): ref. [Siu et al,,
2001a). [h): ref. [Abirami et al., 2002]. [i]: ref. [More et al., 1997]. [j]: ref. [Iceman and Armentrout,
2003}. [k]: ref. [Amicangelo and Armentrout, 2000]. [t]: ref. [Amunugama and Rodgers, 2002]. [m]:
ref. [Rodgers, éOOl]. [n]: ref. [Amunugama and Rodgers, 2000]. [o]: ref. [Huang and Rodgers, 2002).
[p): ref. [Ryzhov and Dunbar, 1999]. [q]: ref. [Rodgers and Armentrout, 1999]. [r]: ref. [Hoyau and
Ohanessian, 1998]. [s]: ref, [Dunbar, 2000]. {t}: the PCA is estimated for the most stable tautomer of
the free ligands, corresponding to species Al, T1, U1, C1 and G1 in ref. [Russo et al.,, 2001b]. [u]: ref.
[Rodgers and Armentrout, 2000b].
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3.2.2  Accuracy of EP(K") Protocol for K* Affinities

Before we discuss the PCAs of individual class of ligands, we would like to comment
on our choice of B3-LYP over B3-P86 density functional. In order to obtain the
energetics at the B3-P86/6-311+G(3df,2p)//B3-LYP/6-31G(d) level for comparison,
we replaced the single point energy calculations (step (3) of the EP(K") protocol in
Chapter 2) with the B3-P86 functionals, and the results are shown in the Appendix I,
Table 8-3.1. We found that the affinities obtained by EP(K") and B3-P86 functional
are both in good agreement with existing experimenfal affinities, with MAD of 4.5
and 4.3 kJ mol™, respectively. The EP(K™) affinities tend to be slightly larger in most
cases, except when the K interacts with -type i gands, e.g., C;H,, C;H4, benzene and
borazine, etc. The largest difference is found in glycerol where the EP(K") affinity is
larger than the B3-P86 affinities by 6 kJ mol”'. For species which show relatively
large difference in EP(K") and .1.33-P86 affinities, we carried out additional
calculations at the G2(MP2,SVE") leﬁ:l for benchmarking (Table S-3.1). We found
that the EP(K") affinities are marginally more comparable to this benchmark level
with 2 MAD of 3.2 kJ mol" (as opposed to 4.1 kJ mol” for B3-P86 values). As the
performance of both functionals does not differ si gnificantly, the B3-LYP functional
was chosen for obtaining PCAs as it is more widely used, thus possibly allowing a

more direct comparison with other theoretical studies.

For a representative subset of 14 ligands shown in the Appendix I, Table $-3.2, we
further explored the effects of employing B3-LYP geometries and vibrational
frequencies on zero-point vibrational energy and thermal correction to 298K, and the
magnitude of basis set superposition error. Using the B3-LYP frequencies to correct

for zero-point energies tend to decrease the theoretical PCA by ~0.5 kJ mol”, as
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compared to using the HF frequencies. The thermal correction at 298K with B3-LYP
parameters leads to a further decrease of ~0.3 kJ mol'. We found that the estimated
BSSE obtained by the density functional-based protocol is small (average of 0.7 kI
mol”), but can be as large as 1.8 kJ mol”" when the cation binds to ligand via
aromatic-m interactions. For this subset of ligands, seven experimental PCAs (CO,
H,0, NH;, benzene, pyridine, pyrrole and uracil) are available for comparison. For
these seven species, inclusion of the above refinement in fact leads to a slight increase
of MAD (6.4 kI mol™, as opposed to 6.0 kI mol™ with our proposed EP(K") protocol).
Therefore, the corrections may not lead to better agreement with experimental data.
Given that the magnitude of these corrections (~1-2 kJ mol™') has minimal effect on

calculated PCAs, it appears that they could be omitted for computational efficiency.

3.2.3 Geometries and Potassium Cation Affinities of 20 Classes of Ligands
Rare Gas Atoms

The strength of K* bindi?g to the rare gas atoms is at the lowest end of the PCA scale.
While the experimental K affinities for He and Ne are not known, the Ar affinity
[Walter et al., 1998] has been determined to be 14(7) kJ mol” at OK (experimental
uncertainty in parenthesis). Our calculated K affinity for Ar (8 kJ mol™ at OK) is

within the error limit of this experimental value.

As the potassium cation is isoelectronic with the argon atom, it is of interest to
compare the PCAs of the rare gas-atoms with the bond dissociation energy of the
corresponding 1soelectronic rare gas dimer of HeAr, NeAr and Ar,. The bond

dissociation energies for the dimers are very small (less than 1 kJ mol™”) as the rare
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gas atoms are held together by weak dispersion forces. [Ma et al., 1993]
Comparatively, the interaction between K* and rare gas atoms are much stronger,
ranging from 4 to 9 kJ mol”, reflecting the strength of the induction forces when a

cation interacts with the polarizable rare gas atoms.
Carbon Monoxide

In agreement with previous findings on Li", [Ikuta, 1984; DelBene, 1996], Na* [Ikuta,
1984, Hoyag et al., 1999} and K*, [Ikuta, 1984] the potassium cation prefers to b_ind to
the carbon in CO (estimated K"...C distance of 3.04 A), forming a linear cation-ligand
complex. The p;eferential binding of K* to carbon can be explained by the fact that
even though oxygen is more electronegative than carbon, the negative- end of the
dipole moment of CO in fact resides on the carbon atom. [Emzerhof et al., 1993;
Schautz and Flad, 1999] ..Thus, our result highlights the importance of ion-dipole

interaction in this complex.

The EP(K") calculated PCA is approximately 12 kJ mol” smaller than that reported
previously by Ikuta, [Ikuta, 1984] and the discrepancy arises presumably from the
small basis sets employed in the previous study. We note in passing that although the
experimental PCA of CO at 298K (19(5) kJ mol'") [Walter et al., 1998} is closer to
our theoretical estimate for the K*...OC (18 kJ mol™) than for the K*...CO (25 kI
mol™) binding mode, both theoretical values are within the error bar of the

experimental measurement.
Hydrogen Fluoride and Hydrogen Chloride

K" prefers to bind to the halogen atoms in hydrogen halides. While K™-HF is linear,

the K*-HCI complex is bent (with ZK*...CI-H of 119°). Sodiated hydrogen chloride
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(Na*™-HCl) is in a similar shape as the K'-HCI complex, in which the ZNa"...CI-H is
estimated to be 114°. [McMahon and Ohanessian, 2000] Hence, for both Na* and K,
the cation does not bind along the dipole moment vector of the HCI, reflecting a
certain degree of covalency when the- alkali metal cation binds to second row

elements in the periodic table. [McMahon and Ohanessian, 2000]
Phosphorus and Phosphine

Theoretical study on Li*-P4 suggested that Li* binds to P4 in a monodentate fashion,
along a 3-fold. axis of the tetrahedron (species 2, in ref. [Abboud et al., 2000]). We
found that the larger K* prefers to bind bidentately along the edge of the P
tetrahedron, with a K*.. P distance of 3.51A (Ca, species a, Fig. 3.2) and a PCA of
34 kI mol”. The monodentate complex (Cs,, species b, Fig. 3.2) and the tridentate
face-bound K*-P4 complex (Csy, species ¢, Fig. 3.2) are approximately 4 kJ mol™ less

stable.

The PCA of phosphine (PHj3) is siightly larger than that of P;. The cation binds to
phosphine along the Cs, axis of the ligand, with a K'...P distance of 3.37A. Our
estimate of K'-PH; afﬁ}iity at 0K (41 kJ mol™) is in excellent agreement with a

previous theoretical value of 40 kJ mol™'. [Magnusson, 1994]
Ethene and Ethyne

Hoyau et al. [Hoyau et al., 1999] showed that- Na* binds to the © bond of C;H; and
C,H, at an average distance of 2.65A above the plane of the ligand. For K*, we found
that cation-n binding distance is longer at 3.13A. The increase in bonding distance

leads to a decrease in cation affinities by approximately 16 kJ mol™.
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Hydrogen Sulfide and Thiols

For these sulfur-containing ligands, the cation binds to the sulfur at approximately
3.20 A. The cation has a tendency to bind to one of the lone pairs of the sulfur, and

hence, align rather poorly (~40°) with the molecular dipole moment of the ligand.

The estimated PCAs for this class of ligand studied here range from approximately 40
to 60 kJ mol"'. Our theoretical K" affinity of H,S at 0K (38 kJ mol™} is 8 kJ mol” too
large compared to a previously reported value by Magnusson. [Magnusson, 1994]
This discrepancy may be attributed to two factors: no zero point energy correction
was made and the affinity was calculated with rather small basis sets in that paper.

However, no experimental PCAs for this class of species is available for comparison
Water and Alcohols

For this class of ligands, the K' binds to the oxygen atom at a distance of
approximately 2.58A. For K'-H,0, the cation binds along the 2-fold axis of the
ligand, in perfect alignment with the dipole moment of the ligand. This is in contrast
with the preferred mode of K* binding in H,S discussed in the previous section, again

reflecting the presence and influence of covalency when the cation binds to second

row atoms.

Two sets of experimental PCA for H,O have been reported by Kebarle and co-
workers using the HPMS technique. Our present estimate of 70 kJ mol”' is within +5
kJ mol"' of both experimental values: 70.7 kJ mol’! [Davidson and Kebarle, 1976a]
and 74.9 kJ mol™ [Dzidic and Kebarle, 1970; Sunner et al., 1981]. Three theoretical
PCAs for HO are available for comparison. [Magnusson, 1994; Russo et al., 2001b;

Siu et al., 2001a] The EP(K") estimated PCA is in good agreement with all three
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values, and it is virtually identical to that obtained by Russo et al. [Russo et al,,
2001b] at the B3-LYP/6-311+G(2df,2p)//B3-LYP/6-311+G(2df,2p) level, corrected

with BSSE.

For simple alcohols, the cation is in reasonable alignment (~17°) with the dipole
moment of the ligands. Previously studies [Rodgers and Armentrout, 1997, Siu et al.,
1998] found that when n-BuOH binds to Li", the atkyl chain wfaps around so that the
terminal carbon atom of the ligand forms a secondary interaction with the cation. In
the case of K*, apparently the additional favorable interaction cannot compensate for
the unfavorable ligand deformation so that this cyclic form is slightly less stable than

the extended open form (by 5 kJ mol™). [Siu et al.,, 2001a]

Direct experimental determination of the absolute PCA of simple alcohols has not
beéﬁ reported. ”Ho:wever, the reIati\ie enthalpy changl: 1when water is exchanged by
methanol has b.een determined to be 8.8 kJ mol™, [Ni;isen et al., 1999] which is in
reasonable agreemént with the corresponding relative: .afﬁnity values estimated by
various theoretical protocols (i.e., EP(K") in Table 3.1; B3-P86, and G2(MP2,SVP) in
the Appendix I, Table S-3.1), in the range of 4.3 to 6.4 kJ mol’. We note in passing
that using the two experimental PCAs of water‘and the experimental relative enthalpy
change value of 8.8 kJ mol”, [Nielsen et al., 1999] an absolute PCA for methanol can-
be estimated to be either 79.5 [Davidson and Kebarle, 1976a] or 83.7 kJ mol”! [Dzidic
and Kebarle, 1970; Sunner et al., 1981]. All the theoretical protocols employed here
(EP(K"), B3-P86, G2(MP2,SVP)) yield PCA values that are more consistent with the

lower estimate.

Compared with simple aliphatic alcohols, K* interactions with polyhydroxy! ligands

are less studied. Qur results suggested that the K* binds bidentately to ethylene glycol
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(1,2-ethanediol}, 1,2-propanediol and 1,3-propanediol, while interacting in a tridentate
fashion with glycerol (1,2,3-propanetriol). Comparing with the monodentate bindings
in simple alcohols, bidentate K" interactions with the diols increase the PCA. by ~30
kJ mol™. Howevér, the transition from bidentate (in diols) to tridentate (in glycerol)
bindmg only leads to a further enhancement of PCA by ~15 kJ mol™. This suggests
that the destabilizing effect of ligand deformation plays an important role in
determining the PCA of multidentate complexes. [More et al., 1997; Rodgers and:

Armentrout, 2000a; Abirami et-al., 2002]
Ethers and Dioxane

For this class of -ligands; K" binds to the oxygen atom with a typical K*...O distance of
2.65A, slightly longer than that found in K* bound complexes of aliphatic alcohols,

“and hence a smaller PCA as compared to the corresponding alcohol analogue.

Dioxanes (C40,Hs), which are well-known carcinoéens, can be considered as cyclic
ethers. For 1,4-dioxane, the c.:ation binds monodentately to one of the oxygen atoms
in the ligand (C;, species d, Fig. 3.2). InK'-1,2-dioxane (C). species e, Fig. 3.2) and
K’-1,3-dioxan® (C;, species f, Fig. 3.2), the cation is bidentately co—ordinated to the
two closely situated oxygen atoms. As a result, the PCA of 1,4—dioxane is lower than

that of 1,2- and 1,3—dioxane.

Experimental affinities are available for some ethers. The 298K PCA for Me,O and
(MeOCH?>), have been determined by Armentrout and co-workers using the threshold-
CID method to be 74(4) and 120(4) kJ mol”, respectively. [More et al., 1997] Both

values are in good agreement (within +4 kJ mol') with our theoretical estimates. In
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contrast, an older reported PCA of Me,0 [Davidson and Kebarle, 1976a] determined

by HPMS (87 kJ mol™) differs more from our theoretical estimate of 74.9 kJ mol ™.
Aldehydes and Ketones

For this class of ligand, K" binds to the carbonyl oxygen (O=C). Compared to the
alcohols and ethers, the K'...O distance is shorter at 2.56A, with a typical ZK*..0=C
angle of 165°. In general, the PCA of a ketone is larger than that of the corresponding
aldehydes and alcohol, for the same number of carbon. Two experimental values for
the PCA of Me,CO were reported, [Sunner and Kebarle, 1984; Klassen et al., 1996]

and both are within +4.5 kJ mol” of our calculated value (105 kJ. mol™).

Ammonia and Amines

K" binds to'the electronegative nitrogen atorﬁ in these ligands;-.\;;ith a typical K"..N
distance of 2.78A. A few theoretical PCAs are available for comparison for NHs.
[Magnusson, 1§94; Russo et al.,, 2001b; Siu et al., 2001a; Iceman and Armentrout,
2003] The EP(K") estimated PCA is in good agreement with all the reported values.
based on all electron baf,is sets calculations. In comparison, the two value_s reported
in ref. [Iceman and Armentrout, 2003] using pseudopotential are too low by over 10
kJ mol'. Our EP(K") PCA is virtually identical to that obtained at the B3-LYP/6-
311+G(2d,2p)//B3-LYP/6-311+G(2d,2p) - [Russo et al, 2001b] and B3-LYP/6-
311+G(2d,2p)//B3-LYP/6-31G(d) levels, [Iceman and Armentrout, 2003] indicating
that if sufficiently large basis set are used, the effects of geometry and zero point
corrections on K binding affinities would be minimal. It is also interesting to note

that for K-*'—(NH3)n complexes (where n = 1-5), the BSSE at the B3-LYP level is small

(within £1 kJ mol™') when compared to the BSSE obtained by MP2 calculations (3-4
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kJ mol'") using the-same basis set. [Iceman and Armentrout, 2003] The rather small
BSSE corrections found for these systems at the B3-LYP level is in agreement with

our general findings presented in the Appendix 1, Table S-3.2.

Experimental affinities are available for ammonia and four alkylamines. [Davidson
and Kebarle, 1976a; Castleman, 1978; Iceman and Armentrout, 2003] While the
experimental PCAs are in good general agreement with our theoretical estimates
(within £10 kJ mol™), qualitative differences are found on the order of relative
affinities upon successive methy! substitution of ammonia (refer to section 3.2.5 on

"Effect of Substituents" below for further discussion).
Hydrogen Cyanide and Alkyl Nitriles

For HCN and fhe stx alkyl nitriles studied here (including PhCH,CN}), K" prefers to
:bind t§ the nitrégen atom of the jigand. The average K'...N distance. is 2.68A,
slightly shorter than that found in po.tassiated amines complexes. This reflects that the
K* interaction with the sp hybndized nitrlogen in nitriles is strbnger than the sp’
nitrogen in amines. The 298K experimental PCA of MeCN [Davidson and Kebarle,

1976b] at 102 kI mol™ is in excellent agreement with our calculated value.
Carboxylic Acids and Esters

Two potential K* sites of binciing are available for this class of iigands {two
carboxylic acids and eight esters), namely, carbonyl oxygen and hydroxyl/alkoxy!
oxygen. We found that the K* prefers to bind to the carboﬁyl oxygen (0=C), with an
average K'...O distance of 2514, ZK'...0=C of 165°, and adopting a “trans”
conformation for the K*...0=C~O. In this class of ligand, the K" is in fairly good

alignment with the molecular dipole moment of the ligand (angle of deviation ~10°),
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In general, the PCA of a carboxylic acid is larger than that of the corresponding
alcohol, e.g., the PCA of methanoic acid is 5 kJ mol™ above that of methanol. As we
are not aware of any experimental and theoretical values in the literature, the PCAs

reported here is the first set of estimates available for this class of ligands.
Sulfoxides

For the three sulfoxides studied here, including PhSOMe, K* binds exclusively to the
oxygen atom in the ligand, with an average K*...O distance of 2.50A. Itis interesting
to compare the structure of the K*-S0; complex with the Na"™~SQ, complex reported
previously. [Hoyau et al., 1999] Ohanessién and co-workers found that Na* binds to
the SO, in a bidentate fashion (with Cpy symmetry). For the larger K', we found that
thie cation prefers to bind monodentately to one of the oxygen atoms (C;, species g,
Fig. 3.2), and this mode of binding is about 4 kJ er)1” more stable than the bidentate
C»y, mode (species h, Fig. 3.2).

Two experimental values for the PCA of Me,SO: 146 (HPMS) [Sunner and Kébarle,
1984} and 130 kJ mol™' (threshold-CID) [Klgssen et al., 1996} have been reported by |
Kebarle and co-workers. However, it was pointed out that the HPMS value was based
on the slope of a van’t Hoff plot covering only a narrow temperature range, and hence
subjected to greater experimental error. Thus, the threshold-CID value is considered
to be more reliable. [Klassen et al., 1996] Our calculated PCA (128 kJ mol™) at 298K
is in very good agreement with the threshold—CID value of 130 kJ mol™, and provides

further evidence in support of the more recent value.
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Amides

Amides are perceived as the entry point for understanding the peptide linkage in
protein structures, and thus the K'-amides interactions are of special biological
interest. For the amide complexes studied here, the K* binds monodentately to the
oxygen atom (K™...O of 2.45A, ZK*...0=C of 166°), in good alignment with the
molecular dipole moment of the amides. [Klassen et al., 1996] |

Kebarle ar_1d co-workers reported the PCAs of four (out of the six) amides studied
here, using two different experimental techniques (HPMS [Sunner and Kebarle, 1984]
and threshold-CID [Klassen et al., 1996]). The reported 298K PCA of N,N’-
. dimethylacetamide (MeCONMe;) deserves special attention. For this species, the
PCA determined by threshold-CID [Klassen et al., 1996] (121 kJ mol']') 1s noticeably
lower thau that determined by HPMS method (130 kJ mol™') [Sumner and Kebarle,
1984] More importantly, the affinity determined Ey threshold-CID is even lower than
that of N,N’-dimethylformamide (HCONMe,, 123 -kJ mol') and acetamide
(MeCONH,, 124 kJ mol‘l). [Klassen et al., 1996] This is quite surprising as amongst
these three amides, the more polarizable MeCONMe; is expected to have the highest
K" affinity. In order to resolve this discrepancy, we recently re—-measured the PCA of
MeCONMez using the kinetic method. Anchoring to the ab initio G2(MP2,SVP)—
ASC(GCP) theoretical value of HCONMe; corresponding to 125 kJ mol' at 298K
[Siu, 2001a] (which is consistent with the threshold-CID value [Klassen et al., 1996]
of 123 kJ mol™), we obtained a PCA of MeCONMe; at 131 kJ mol ™. [Tsang et al,,
2001a] This indicates that, in contrast to what is found in the case of K'-Me,SO
(discussed in the ‘sulfoxides’ section above), the K'-MeCONMe; affinity determined
by the HPMS method [Sunner and Kebarle, 1984] is more consistent with available

theoretical and experimental values. Excluding the threshold-CID value of
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MeCONMe,, it is pleasing to note that our protocol yields affinities to within +3 kIJ

mol™! for all the six amides studied here.
Benzene, Borazine and Phenol

The interaction between cations and aromatic 7 electrons is a relatively new type of
electrostatic interaction. This so-called cation-m interaction is implicated in many
important biological functions, [Mecozzi et al., 1996; Dougherty, 1996; Ma and
Dougherty, 1997; Nakamura et al., 1997; Dougherty and Lester, 1998; Zacharias and
Dougherty, 2002] and benzene is often used as the prototype ligand for understanding
this interaction. The most recent experimental dissociation energies of K*-benzene (73
kJ mol' at 0K), determined ‘by Amicangelo and Armentrout, [Amicangelo and
Armentrout, 2000] is in good agreement ‘with our present estimated value
of 67 kI mol” at-OK. We note in passing that our 298K PCA reported in Table 3.1
(67.6 kI mol™) is obtained from the EP(K") PCA value at 0K (67.1 kJ mol™), with
thermal corrections using HF/6-31G(d) geometry and vibrational frequencies. The
experimental PCA (74.2 kJmol”, in Table 3.1) is taken directly from ref.
[Amicangelo and Armentrout, 2000], with thermal correction . at the MP2(full)/6-
31G(d) level. The apparent inconsistency (0.7 kJ mol™) between the two sets of PCA
values at 0K and 298K probably arises from the level of theory employed for the
thermochemical correction. | |

Even though borazine (B;N3;Hg) is isoelectronic with benzene, its electronic .nature has
been controversial. Criteria based on magnetic properties, energetic and geometric
indices have suggested that borazine may not be aromatic. [Schleyer et al., 1995;
Katritzky et al,, 1998] However, recent findings showéd that borazine should be

aromatic, though its aromaticity is about half of that of benzene. [Kiran et al., 2001]
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The most stable structure we obtained for borazine possesses the Day, symmetry, and s
in agreement with previous experimental and theoretical studies. [Harshbarger et al.,
1969; Parker and Davis, 1997, Chiavarino et al., 1999]

We located two stable minima on the K'-borazine potential energy surface. The less
stable complex is planar, with Cay symmetry (species i, Fig.3.2). The more stable
complex possesses Ciy symmetry (species j, Fig.3.2), with.the cation situated at 2.88A
above the ring centroid and K'...N and K'...B distances of 3.22 and 3.33A,

respectively.

. While the structural features of the most stable K'-borazine complex (species j, Fig.
3.2) is quite comparable to that obtained for K*-benzene (Cs,, species k, Fig. 3.2), the

estimated PCA of borazine is 21 kJ mol less than that for benzene (68 kJ mol™).

Phenol representé é prototypical cése for the competition of n and non-n hydroxyl
oxygen binding site for K*. For the Na'-phenol complexes, [Hoyau et al., 1999.;
Dunbar, 2002b] the binding affinities at 298K for the aromatic-x and- non-n
complexes are comparable, and differ by ~1-4kJmol' depending on the
' computational‘protocol used to obtain the Na" affinities. However, the free energy of
binding, AGaes, indicates that the non—n complex is the favored form of Na*-phenol

complex in the gas phase. [Hoyau et al., 1999]

For K'-phenol, two stable minima are again found. In the more stable form (in terms
of AHags), the K" is bound to the aromatic-n ring (species 1, Fig. 3.2), while the less
stable (by 3 kJ mol™) non-m mode involves a K*...O interaction of 2.58A (species m,
Fig. 3.2). Similar to Na'—phenol system, the difference in EP(K") free energy of
binding (AGzos) suggests that the non-n complex is favored over the = mode-(by

about 4 kJ mol’') in K*-phenol.
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The EP(K") PCA we obtained for phenol is 70 kJ mol”. Two experimental values are
available for comparison: a recent threshold-CID value of 75 kJ mol™, [Amunugama
and Rodgers, 2002] and an earlier value of 84 kJ mol™ based on results of radiative
association Kinetics measurements and density functional calculations. [Ryzhov and
Dunbar, 1999} Here, we note .that the latter value is anchored to the K'-benzene
affinity (at 298K) of 80 kJ mol’. [Keesee and Castleman, 1986] However, recent
experiment [Amicangelo and Armentrout, 2000] suggested that the PCA at 298K for
benzene might need to be lowered to 74 k) mol™'. Adopting this lower PCA value of
benzene as the anchoring point, a-revised PCA valﬁe of 78 kI mol ‘is obtained
(corrected to 298K). With this downward revision of the PCA of K*-phenol from ref.
[Ryzhov and Dunbar, 1999], the two experimental values and our theoretical EP(K™)

affinity are now much more consistent.
Azines

Pyridine (CsNﬁs), pyridazine, pyrimidine, pyrazint;, (isomers of C4N;Ha) and 1,3;5-
triazine (C3N3H;) are six-membered ring mitrogen heterocycles. The presence of
nitrogen atom(s) disturb_s the symmetry of the m—electrons distribution, creating a
localization of charge on the nitrogen atom, thus decreasing the resonance
stabilization and aromatic character of the molecule. [Amunugama and Rodgers,
2000] Hence, for this class of ligands, the K prefers to bind to the nitrogen lone pair,
with an average K'...N distance of 2.75A, rather than to the = cloud. Our present
relative and absolute PCAsare in very good agreement with a combined experimental
and theoretical study: [Amunugama and Rodgers, 2000] the MAD with the reported
experimental and BSSE corrected MP2(full)/6-311+G(2d,2p)//MP2(full)/6-31G(d)

values are 2.5 (Table 3.1) and 1.8 kJ mol™ (Table 3.2), respectively.
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The modes of cation binding in 1,8-naphthyridine (CgN;Hg) and its PCA have not
been reported previously. Our model (C,y, species n, Fig. 3.2) suggeéts that K binds
bidentately to the two nitrogen atoms of the ligand. Because of the combined effect
of polarizability and multidentate interaction, the PCA of 1,8-naphthyridine (at 156 kJ
mol™) is much higher than the other pyridines, and it is in fact at the top end of the

PCA scale presented here.
Pyrrole and Indole

Pyrrole (CsNHs) and indole (CgNH;) are important models for understanding of the
cation-n interactioné in tryptophan containing proteins. Unlike pyridine, the nitrogen
atom in pyrrole is electron-deficient, [Fessenden and Fessenden, 1998] ihus, the
pyrrole nitrogen is not a favorable site for cation binding. As in the case of Na'-
pyrrole, the potassium cation prefers to .bind to the mring (K'-n distance of |

approximately 2.85A) of the ligand.

The experimental PCA for pyrrole has recently been determined to be 85 kJ mol™,
[Huang and Rodgers, 2002] in good agreement with our theoretical PCA (77 kJ ol ™).
This is approximately 10 kJ mol™ larger than the theoretical estimate for benzene, and
can be attributed to the larger quadrupole moment and dipole moment of pyﬁole.

[Doerksen and Thalkkar, 1999]

In the Na'-indole complex, the cation may bind to either the benzo-n or pyrrolo—m
face of the ligand. [Dunbar, 1998] For the larger potassium cation, only one type of
K'-indole complex is found where the cation binds to the benzo-n face, with an
estimated PCA' of 89 kJ mol™ (species o, Fig. 3.2). Thus, even though the PCA of
pyrroie is larger than that of benzene, it appears that the K* binds exclusively to the

benzo-n face of indole. This suggests that the distribution of @ electrons is
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sufficiently altered in the polycyclic aromatic ligands so that indole should not be
considered as a “fused” ring of benzene and pyrrole. [Mecozzi et al,, 1996; Ryzhov

and Dunbar, 1999]

The experimental PCA of indole at 0K was reported in the same study of K'~phenol
by Ryzhov and Dunbar at 105 kJ mol ™. [Ryzhov and Dunbar, 1999] In view of our
discussions in the "benzene, borazine and .phenol” section, this experimental PCA of
indole might need to be lowered (by 6 kJ .mol") because of the anchoring value of
benzene. The revised value is 99 kJ mol” (at 298K), which brings it in closer

agreement with our estimated PCA at 298K for indole of 89 kJ mol ™.
Azole

Azoles are building blocks for many antibigtics; anticancer agent and drugs.
[Cartledge et al., 1997; 1998; Hopewell, 1997] Even though these five-membered
ring heterocycles may be perceived as derivatives of pyrrole, the mode of potassium
cation binding is different from that found in pyrrole. For the study of azoles here
(except isoxazole), the K* binds exclusively to the nitrogen lone pair, with an average
K*...N distance of 2.71A, comparable to that found in azines. No cation-n complexes
were located, i.e., all azoles favor o binding interaction (except pyrrole). [Rodgers
and . Armentrout, 1999; Huang and Rodgers, 2002] Two theoretical PCA for
imidazole (C;N.Hi) were réported previously. {Rodgers and Armentrout, 1999;
Huang and Rodgers, 2002] Our value is in good agreement with the more recent
value, calculated at the MP2(full)/6-311+G(2d,2p)//MP2(full)/6-31G(d) level,
corrected with BSSE. [Huang and Rodgers, 2002] The earlier value, [Rodgers and
Armentrout, 1999] calculated at HF/6-31G(d,p), was about 6 kJ mol” too large when

compared to the EP(K") estimated PCA.
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In general, the PCA of azoles increases with increasing number of methyl substituents,
[Huang and Rodgers, 2002] and with increasing number of ring nitrogen atoms
present, except for tetrazole. [Rodgers and Armentrout, 1§99] We have also
estimated the PCA of the oxygen- and sulfur-containing azoles (isomers of C;ONH;:
oxazole, isoxazole; isomers of C3SNH;: thiazole and isothiazole), which has not been
reported previously. Isoxazole has a higher PCA (by ~10 kJ mol™) than oxazole as
K" is bound bidentately to both N and O atoms in isoxazole (species p, Fig. 3.2}, but
solely to the N atom in oxazole (species q, Fig. 3.2). On the other hand, thiazole and

isothiazole have similar PCA as K binds to the N atom exc]usivély in both ligands.

OQur EP(K") PCA values at 0K for 2H-1,2,3-triazole, 1H-1,2,4-triazole and 2H-
tetrazole are in good agreement (within +9 kJ mol”) with the previously reportéd
experimental threshold-CID PCA values (MAD of 4kImol™). However, our
theoretical PCA for the corresponding 1H-1,2,3-triazole, 4H-1,2 4-triazole and 1H~
tetrazole tautomers are signiﬁcéntly greater (and hence more stable K’ bound
complexes) by 20-63 kJ mol™. [Rodgers and Armentfout, 19991 Our findings here
are consistent with the rationa‘lizatio_n put forward by Rodgers and Armentrout: in
their threshold-CID experiments, the K* are kinetically favored to bind to the most
stable 2H-1,2,3—triazoles, 1H-1,2 4-triazoles and 2H—tetrazoles azole tautomers, even
though the resulting K™ bound complexes are not the most stable K* bound species
thermodynamically (refer to footnote [y] and [z] of Table3.1). [Rodgers and

Armentrout, 1999]
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Aminoe Acids

Because of the presence of the acidic carboxylic group and basic amino group, amino
acids can exist in two forms: the charge-solvated (CS) and zwitterionic (ZW) form.
[Hoyau and Ohanessian, 1998; Marino et al., 2000; Pulkkine et al., 2000; Strittmatter
et al., 2000; Wyttenbach et al., 2000] The ZW form of amino acids is dominant in
solution, [Wada et al., 1982] and can be stabilized in the gas phase by binding to
cations. [Strittmatter et al.,, 2000] Similar to the case of glycine and alanine reported
earlier, [Wyttenbach et al., 2000] our calculations show that for the other aliphatic
amino acids like valine, leucine, and isoleucine, the potassium cation prefers to bind
bidentately to the carbonyl and hydroxyl oxygen atoms, with the ligands in the

charge-solvated CS form.

Comparing our EP(K") PCA of glycine with that estim;ued by Hoyau and Ohanessian,
[Hoyau and Ohanessian, 1998] théir value is too srﬁall by almost 8 kJ mol”; the
difference most likely is due to the different basis sets employed. We are not aware
of theoretical and experimental PCAs for the larger aliphatic amino racids in the
literature. Using our the:oretical G2([\/1P2,SVP)5ASC(G-CP) PCA at OK of acetamide
(118.7 i(J mol™"), N-methylacetamide (125.6 kJ mol") and N,N’-dimethylacetamide
(129.2 kJ mol™) as anchoring reference values, [Tsang et al., 2004] we have obtained
the experimental PCA of aliphatic amino acids by the kinetic method as shown in
Table 3.1 (refer also to footnote [a'] of Table 3.1). The relative and absolute EP(K")
PCAs of all five aliphatic amino acids were found to be in very good agreement with
the quantitative values determined by the mass spectrometric kinetic method in the

order: [Tsang et al, 2001b]

glycine < alanine < valine ~ leucine ~ isoleucine
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. the absolute PCAs are also within +1 kJ-mol™ of that determined experimentally.
[Tsang et al., 2001b] We note in passing the anchoring value of 129.2 kJ mol ™ we
used for N,N’—dimethylacetamide is very close to the experimental HPMS value of
129.5 kJ mol” reported by Kebarle and co-workers. [Sunner and Kebarle, 1984]
Thus, the experimental set of PCAs for aliphatic amino acids is not only consistent
with our EP(K") estimates, but it is also consistent with the reported experimental
affinity of N,N’-dimethylacetamide.

We have also obtained the PCA of proline, serine, cysteine and phenylalanine (species
1,8, t,u, Fig. 3.2, respectively). The mode of K binding fot these ligands are similar
to that found in the corresponding Na’ complexes. [Hoyau et al., 1999; Siu et al,,
200_1b] No experimental or theoretical PCA is available in the literature, except f§r
K'—phenylalanine. The theoretical PCA reported by Ryzhov et al. (Table 3.2, 146.4
kJ mol™) is very close to our EP(K+) PCA of 145.6 kJ mol™. [Ryzhov et al., 2000]
Using the experimental PCA of adenine (106 kJ mol ™), cytosine (110 kJ mol) and
guanine (117 kJmol") as reference values (Tablé 3.1),‘ [Cerda and Wesdemiotis,
1996] Ryzhov et al. reported a kinetic method value of 104.2 kJ mol” for the PCA of
phenylalanine; [Ryzhov et al., 2000] which is even lower than the threshold-CID
value of K'—glycine (126 kJ mol”! at 298K) reported by Kebarle and co-workers.
[Klassen et al., 1996] This is counter-intuitive because phenylalanine is expected to
have greater PCA than glycine due to its greater polarizability and ion-induced dipole
interactions. Hence, it is very likely that the kinetic method -value for phenylalanine
might involve a relatively large margin of experimental uncertainty greater than 20.9
kI mol”! (5 kcal mol”) as estimated by Ryzhov et al. (refer to the section on

"nucleobases" below for further discussions on the reference values). We have
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conducted detailed theoretical and experimental studies on the K'-phenylalanine

system, and our findings will be reported elsewhere.
Nucleobases

Given the biological importance of these ligands as models for cation-RNA/DNA
interactions, several. experimental [Cerda and Wesdemiotis, 1996, Rodgers and
Armentrout, 2000b] and theoretical works [Burda et al, 1996; Rodgers and
Armentrout, 2000b; Russo et al., 2001a; 2001b] have been reported on the gas-phase
alkali cations affinities of the five nucleobases adenine (A), thymine (T), vracil (U),

cytosine (C) and guanine (G).

Experimental PCAs for all five nucleobases (A, T, U, C, G) have been obtained by
Cerda and Wesdemiotis [Cerda and Wesdemiotis, 1996] using the extended mass
specﬁéme&ié kinetic methods, anci tﬁé PCA of adeninefthymiﬁé/uracil (A, T, U has
been determined by Rodgers and Armentrout [I:{odgers and Armentrout, 2000b] using
the threshold-CID method. There have been some concerns regarding the accuracy of
the PCA reported by Cerda and Wesdemiotis. [Cerda and Wesdemiotis, 1996]
Firstly, Rodgers and Amientrout, [Rodgers and Armentrout, 2000b; Armentrout and
Rodgers, 2000] noted .that the kinetic method measurements were carried out at only
two excitation conditions or effective temperatures. As a result, relative enthalpy
(affinity) and entropy changes may not be extractable in a statistically meaningful
way from the experiment. Secondly, under the experimental condition of the kinetic
method measurement, [Cerda and Wesdemiotis, 1996] several tautomeric forms of the
free ligand may co-exist, leading to different K* bound structures and affinities.
[Russo et al., 2001b] Depending on the energy barrier of interconversion between

these tautomeric forms in the free ligand and the K* bound form, the kinetic method
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values determined may or may not correspond to the PCA of a particular alkali metal
cation-nucleobase complex. [Russo et al., 2001b]  Such complication is suggested to
be the case for cytosine and guanine. [Russo et al., 2001b] Moreover, it has also
been noted that the kinetic method values for adenine could not be easily ascribed to
the alkali cation affinity of any one of the tautomers. [Russo et al., 2001b]
Nevertheless, on careful examination, we consider the PCA of U and T determined by
the kinetic method should be reliable. In the experiment, pyridine, aniline and n-
propylamine were used as the reference compounds.  As noted by Rodgers and
Armentrout, {Rodgers and Armentrout, 2000b] these three reference compounds and
U/T all bind to K* in a monodentate fashion; thus, entropic effect in the kinetic
method measurement would be negligible. Moreover, for these two species, the PCA
determined by kinetic method is comparable to that determined by threshold-CID.
Taken all the above factors into congideration, we have omitted the kinetic method
\.ralue's for A/C/G, but retaining the. ones for U/T in the evaluation of our EP(K")
protocol. We have estimated the'_EP(KJ') affinities of the most stable K* bound
structure of these ligands in the most stable free tautomeric SJorms. When compared to
the experimental threshold-CID and selected kinetic method values, [Rodgers aﬁd

Armentrout, 2000b] our EP(K") affinity is on average about 9.6 kJ mol™ too large.
g

Comparing the EP(K") PCA with previously reported ab initio MP2 and density
functional theory values, [Rodgers and Armentrout, 2000b; Russo et al., 2001b] our
present estimate is approximately 7-9 kJ mol™ too large. In the case of the MP2
values, [Rodgers and Armentrout, 2000b; Russo et al., 2001b] the difference can be at
least attributed partly to BSSE corrections. As an example, for K'-uracil, the reported
BSSE for the MP2 based model is 4 kJ mol™ [Rodgers and Armentrout, 2000b] which

accounts for about 50% of the difference. We note here again that our EP(K") model
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ddes not include the BSSE correction, but for this species, the EP(K')-BSSE
correction is calculated to be small at 0.8 kJ mol™ only (refer to Appendix [, Table S-

3.2).

However, the differences between our values and the density function based estimates
by Russo et al. [Russo et al., 2001b] could not be easily explained. The two DFT
protocols, even thdugh not identical, are expected to be comparable, and indeed we
found evidence of support in the case of PCA of water and ammonia (see discussions
in the respective Sections above). Using K'-uracil as an example, we tried to identify
the source of discrepancies. We found that the geometries are similar: for this
complex, the calculated K...O distance at B3-LYP/6-31G(d) level (2.4654) is only
0.002A shorter than that obtained at the B3-LYP/6-311+G(2df,2p) level. The zero
i ];Oint corrections are also simiiar: the B3LYP/6-31G(d) level ZVPE is only 0.4 kJ
mol™ larger than that at B3LYP/6-31 1+G(2df,2p);l -In order to resolve the differences,
we attempted to obtain the PCA of uracil using the model reported in Russo's work
(B3-LYP/6-311+G(24£,2p)//B3-LYP/6-311+G(2df,2p) with BSSE correction). A
PCA of 113.8 kJ mol™! (without BSSE correcti‘on) was obtained, which is very close
to our EP(K") estimated PCA of 113.1 kJ mol". Applying the BSSE correction
reduced the estimate from 113.8 to 113.0 kJ mol™!, but still differs from the reported
value of Russo (108.1 kJ mol, corrected to 298K) by 4.9 kJ mol™. [Russo et al,
2001b] In conclusion, it appears that DFT based protocols could be over-estimating
the PCAs for the nucleobases. Given these uncertainties, further theoretical studies
and experimental measurements on guanine, cytosine and adenine are clearly

required.
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3.24 Comparison between PCA with Lithium and Sodium Cation Affinity

Scales

Our theoretical PCA obtained using the EP(K") protocol were plotted against the
reported theoretical Li" affinities [Burk et al., 2000] (calculated at the B3-LYP/6-
311+G(d,p) level) and Na* affinities [Hoyau et al., 1999; Armentrout and Rodgers,
2000;_McMahon and Ohanessian, 2000; Amunugama and Rodgers, 2000; Rodgers,
2001; Petrie, 2001] in Fig. 3.3. The theoretical methods used in ref. [Hoyau et al,
1999; Armentrout and Rodgers, 2000; McMahon and Ohanessian, 2000; Amunugama
- and Rodgers, 2000; Rodgers, 2001] and related studies were all carried out at the
MP2(full)/6-311+G(2d,2p)//MP2/6-31G(d) level, and hence, the theoretical Na*
affinity values from these studies were pooled together as one set and correlated with
the EP(K") PCAs (denoted as Na'*-1 in Fig. 3.3). However, the theoretical Na*
affinities reported by Petrie [Petrie, 2001] Were calculated at a different. level of
theory (CPd-G2thaw), {Petrie, 2001] and hé'nce was correlated separately with the

EP(K") PCAs (denoted as Na*-2 in Fig. 3.3).

The PCAs correlates linearly with Li* and Na* affinities: _

AHp (Li*-L) = 1.55 PCA + 40.93, R* = 0.96 [3.1]
AHo (Na*-L)=1.16 PCA + 12.84, R = 0.97, for Na'-1 affinities [3.2]
AHp (Na™-L) = 1.22 PCA + 10.48, R? = 0.97, for Na*-2 affinities [3.3)
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Figure 3.3. The cormrelation of potassium cation affinities, with (a) theoretical Li*
affinities reported in.ref. [Burk et al., 2000] (298K, indicated by ‘0’); (b)
theor_e;ical Na" affinities reported in ref. _['Hoy?au et al., 1.'9_99; Armentrout
and Rodgers, 2000; McMahon and t)haﬂessian,- 2000; Amunugama and
Rodgers, 2000; Rodgers, .2001] and related studies (298K,' indicated by

‘A’, Na*-1) and ref. [Petrie, 2001] (0K, indicated by “+*, Na'™-2).

Such good linear correldtion indicates that the nature of interaction between alkali
cations (Li*, Na" and K*) and the wide range of ligands studied here are indeed very
similar. Furthermore, we note that the correlation relation obtained using Na'-1 (Eqn.
[3.2]) and Na*-2 (Eqn. [3.3)) differs slightly only in the intercept. In other words,
_different theoretical models are likely to yield the same relative affinity ladder, but the
absolute affinities obtained may be different slightly. This highlights the importance
of obtaining a set of absolute theoretical PCAs that is consistent with experimental

values in order to minimize the presence of systematic errors.
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3.2.5 Effect of Substituents

We would now like to comment on the effect of substituents, in terms of how they

affect the binding mode and the PCA as compared to the unsubstituted parent ligands.

For substituents with no electronegative atoms (e.g., alkyl group), the cation is not
bound to these groups. Hence, the presence of these substituents only affects the PCA,
but not the site of binding. For aromatic ligands such as pyridine and azoles,
methylation increases the PCA. Compared to o- and m-substitution, the effect of p-
substitution on PCA is most significant in pyridine, and has been attributed to the

larger dipole moment found in p-methylpyridine. [Rodgers, 2001)

Using classical electrostatic theory, Davidson and Kebarle suggested that alkyl
substituent- affects four properties of a ligand: its poIarizaBility, dispersion, intra—
molecular repulsion (between ligand. and ion), and dipole moment. [Davidson and
Kebarle,’ 1976¢] While successive allcyl substituents increase the binding affinity. of
ligand by enhancing the polarizability and dispersion component of the catton-ligand
interactions, it also increases the repulsion and decreases the dipole moment of the
ligand, thus, 1¢ading to the decrease of binding affinities. Here, we studied the effect
of successive methylation at the Q/N/S binding sites on the PCA of water, ammonia,

formamide/acetamide and hydrogen sulfide.

In the H,O/MeOH/Me,0 series, first methylation increases the PCA by ~5 kJ mol‘],
while slight decrease in PCA is found in the second methylation. In the
H,S5/MeSH/Me;S series, the PCA is in the order of H,S < MeSH < Me;S. Similar
observations are found for the corresponding theoretical sodium cation affinities for
both series, [Hoyau et al., 1999; McMahon and Ohanessian, 2000] and have been

rationalized in terms of opposing effects of changes in ligand polarizability (increase)
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and dipole moment (decrease). [McMahon and Ohanessian, 2000] While similar
rationale can be applied in explaining the observed trends in PCAs, we would like to
point out that repulsive effect may also play a role here. For the smaller oxygen atom,
the repulsive steric effect of successive methylation would be much strongly felt when
compared against the larger sulfur atom. Thus, it may not be surprising that while
PCA increases with increasing methylation in the HaS series, it “tails-off” or

decreases in the H;O series.

For the ammonia series, our theoretical results show that the effect of multiple methyl
substitutions on the PCA of Nﬁg is small, spanning a range of only 5 kJ mol™.
Similar to what is found in the case of the HO seﬁes, the tﬁe_oretical‘ PCA increases
with first rﬁethylation (by 2 kI mol” from NH; to MeNH,), but decreases on second
and third methylations. Interestingly, earlier experimei';tal HPMS results suggest that :
suc;cessive metilyl substitution increases tﬁe PCA, i.tI::.:, NH; < MeNH; < Me;NH <
Me;N. [Davidson- and Kebarle, 1976c] As the difference in PCA in successive
methylation is small, and can be considered as within the expected error limits of
theoretical models, we only note here that our EP(K") affinities are more in line with
the recent reported trends for the experimental (FT-ICR) and theoretical (MP2)
sodium cation affinities, [McMahon and Ohanessian, 2000] and our B3-P86 affinities
(Appendix I, Table 8-3.1), yet differ from the prediction at the G2(MP2,SVP) level
(Appendix I, Table S-3.1).. Thus, further calculations and experimental measurements

may be needed to resolve the difference in qualitative trends found between

experimental and theoretical PCAs of ammonia and its methyl substituted derivatives.

For electronegative (e.g., -fluoro, -chloro) or electron-rich substituents (e.g., aromatic

n-rings), not only are the binding affinities affected, but the presence of these
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substituents opens up new modes of binding that is not possible in the parent ligand.
We found that the -F and -Cl substituents are in general not competitive against the O,
N binding sites already present. Hence, for most classes of ligands (e.g., carboxylic
acids, aldehydes, ketones, nitriles, etc.), the modes .of binding remain the same as the
parent ligand upon halogenation. In general, the PCA of halogenated ligands
decreases as these electron withdrawing groups decrease the dipole moment of the
ligand. Howeyer, in a few cases (e.g., CFJ-CHon, species v, Fig. 3.2} when the
halogen atom is closed to the -original site of binding of the parent ligand, it offers
additional binding site for K*. In these cases, the PCA are increased compared to the

unsubstituted parent ligands.

For aromatic-m substituents, the PCA increase in all cases as polarizability of the
ligand is greatly enhanced by the presence of the highly polarizable pheny! ring. In -..
some cases, the aromatic-m substituents (e.g.,{ from ‘alanine to phenylalanjne-) are also
involved .in the binding, leading to further increase in PCA than what is expected

solely from polarizability effect.

*

3.2.6 Relating PCAs to Properties of Ligands

In the previous section, the effect of substituen.ts on PCA is discussed in a qualitative
manner. Here, we would like to take the discussion one step further by establishing
quantitative relations between the PCA of the 136 ligands and its properties. Our aim
is to use molecular properties which are readily available and accessible, so that the

PCAs can be predicted with relative ease.
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As the K'-ligand interaction is mainly electrostatic in nature, ligand properties such as
dipole moment and polarizability are expected to be important. The number of
interactions (co-ordinate number or dentate) and which type of atom(s) the K binds
to should also be important. Based on the goodness of fit (in terms of adjusted RY)
from multiple linear regression analysis, four parameters were identified to be
important in governing the PCA of a ligand. They are: the dipole moment (u, in
Debye, which are determined at the B3-LYP/6-311+G(3df,2p)//B3-LYP/6-31G(d)
level), the polarizability (o, in A, which are determined at the HF/6-31G(d)//HF/6-
31G(d) level) of the ligand, the number of first row atoms the K interacts with (ny),
and the number of second row atoms the K" interacts with {n;). The PCA is related to

these four parameters via:
“PCA=10.7p +3.60 + 16.1n; — 11.8n+ 29.6  (adjusted R?=0.82) [3.4]

Fig. 3.4 shows the relation between the calculated PCA (Table .:3.1) and the predicted
PCA using Eqn. [3.4]. It is clear from Fig. 3.4 that severa-l points show large
deviations from the ideal correlation line with slope of 1. At the lowest end of the
PCA scale, the error coyld be very large; in the case of Ne, the error could be as large
as 1_2-fold (calculated PCA 4 kJ mol”, predicted PCA 47 kJ mol™). Such deviation
partly arises from the simplicity.of the correlation equation employed, but is also due

to the small numerical PCA value for this ligénd.

It is clear that our proposed model is quite crude and has neglected the other effects
such as ion-local dipole interactions. [Amunugame and Rodgers, 2000] Despite the
crudeness of the model, the equation could yield reasonable estimates of PCA. If the

four lowest PCA values (He, Ne, Ar and CQ) are ignored; the MAD for the remaining

Page 72



132 ligands is then reduced to 12 kJ mol”' (error of 10%), with a maximum of 38 kJ

mol” for CF3CH,0H (error of 52%).
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Figure 3.4. Plot of predicted PCAs (Egn. [3.4]) against EP(K") PCAs: the diagonal ..
g :

line with a slope of 1.0 is drawn for reference proposes.
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3.3 Conclusion

In this chapter, we reported the theoretical potassium cation affinities (PCA) of 136
ligands, spanning a range from 4 to 166 kJ mol'. Out of these 136 ligands, 70
experimental and 64 theoretical values reported in the liteature are available for
compa_rjson. We found that our theoretical estimates and most of the experimental
affinities are in very good general agreement (within £10 kJ mol™). Based on our
theoretical EP(K") values, we are able to conduct a critical evaluation of the reported
values for Me;SO, MeCONMe; and phenol obtained by different experimental
techniques, for which PCA differences of over +10 kJ mol™ ﬁave been reported.
Large discrepancies (exceeding 26 kI mol') has been found in the case of
phenylalanine, [Ryzhov et al., 2000] cytosine, [Cerda- and Wesdemiotis, 1996]
guamne [Cerda and Wesdermiotis, 1996] and adenine. [Cerda and Wesdemiotis, 1996]
However, in all these cases, the discrepancies are hkely to arise from comphcatlons in
the experimental measurements. Ignorin‘g these four values and the PCA of Me;SO
detennihed by HPMS, the mean-absolute-deviation of our theoretical PCA with the
remaining experimental values is 4.5 kJ mol™. Our EP(K") PCA fs also consist_ent
with most of the previously reported théoretical values to within +5 kJ mol”. For
species with larger differénces, we are able to account for the difference in terms of
different basis sets used in the theoretical calculations and/or basis set superposition
errors. However, the rather large difference of 7-9 kJ mol™ found between our values
and those reported by Russo et al. [Russo et al, 2001b] for the DNA/RNA

nucleobases remains unclear.

The effects of substituents on PCA of parent ligands are also discussed. For a

halogenated ligand, the PCA decreases in general, excépt when the halogen is

Page 74



proximal to the original binding site. For aromatic-n substituents, the PCA increases
in all cases as polarizability of the ligand is greatly enhanced by the presence of the
highly polarizable phenyl ring. First methylation tends to increase the PCA, while

PCA may decrease upon further methylation.

We have also compared the PCA with previously reported lithium and sodium cation
affinities in the literature. Excellent linear correlation is found, indicating that the
nature of interaction between alkali cations (Li*, Na* and K*) and the wide range of
ligands studied here are indeed very similar. Thus, such relations (Eqns. [3.1-3.3])
allow estimation of PCA for ligands with known Li* and/or Na* affinities, in
particular in cases where the mode of binding for K* is not expected to differ from the

smaller Li*/Na*.

F inaliy, we established one correlation equations (Eqn. [3.4)) rélating PCAs of ligands
with their properties (dipole moment, poiarizabi,l.ity, and number of interactions).
This equation offers relatively simple and efficient methods of estimating the PCA of

ligands not reported here.

.
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Chapter 4 Interaction between K and Aliphatic Amino

Acids

4.1 Background

In Chapter 3, the energetic protocol for obtaining potassium cation affinities, EP(K")
has been validated. While the mean-absolute-deviation (MAD) between the EP(K")
estimates and available experimental values is 4.5 kJ mol™ for 65 ligands, the protocol
performs particular well for the five aliphatic amino acids (within %1 kJ mol™).
Encouraged by this, we expanded the theoretical study to other modes of binding

between K and the aliphatic amino acids.

Glycine is the simplest of the aliphatic amino acids. The -N-C-C-O- motif, which is
found in glycine, is the fundamental Bui]ding block fbr all amino acids and proteins.
[Lehninger, 1982; March, 1-985] As an important model compound in biophysics and
biochemistry, glycine has been the subject of many experimental and theoretical
investigations. [Iijit_na et al., 1991; Csaszar, 1996; Shirazian and Gronert, 1997; Balta
et al., 2000; Matta and-Bader, 2000] A number of theoretical studies have been
conducted to elucidate the fundamental nature of the interaction between alkali metal
cations and simpler aliphatic amino acids (glycine/alanine) in the gas phase. {Jensen,
1992;.Hoyau and Ohanessian, 1998; Wyttenbach et al., 1998; Marino et al., 2000;
Pulkkinen et al., 2000; Strittmatter et al., 2000; Moision and Armentrout, 2002; Talley
et al, 2002; Kish et al., 2003] In these works, the relative stabilities of the charge-
solvated (CS) or zwitterionic (ZW) forms of the aliphatic amino acids with different

metal cations were studied.
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It was found that the smaller alkali metal cation M* (Li*/Na") prefers to interact with
glycline [Hoyau and Ohanessian, 1998; Marino et al., 2000; Talley et al., 2002;
Moision and Armentrout, 2002; Kish, 2003] and alanine [Marino et al., 2000; Talley
et al,, 2002; Kish, 2003] via bidentate coordination to the amino nitrogen and the
carbonyl oxygen of the amino acid in CS form, while the larger M" (K*/Rb*/Cs")
prefers to bind with the two carboxylic oxygen atoms of glycine in the CS form.
[Hoyau and Ohanessian, 1998; Talley et al., 2002] In contrast to the monovalent
alkali metal cations, and with the exception of Be?*, most divalent alkaline earth metal
cations like Mg**/Ca®"/Sr**/Ba?* [Strittmatter et al., 2000] stabilize the ZW form of

glycine where the M** prefers to bind bidentately to the carboxylate oxygen atoms.

Recent theoretical studies also suggested the use of proton affinity (PA) could be a
criterion to determine the relative stability of CS versus ZW forms of metal cationized
amino acids and N-substituted amino acids, [Pulkkinen et al., 2000; Wyttenbach et al.,
2000] because the CS and ZW forms of these complexes can be related by an
intramolecular proton transfer process. Given the increase in PA from Gly to the
larger aliphatic amino acids, would the ZW form gain more stability when compared
to the CS form? . Despite these studies, the underlying physico-chemical factors
governing the relative stabilities of the CS versus ZW forms of the K*-aliphatic amino
acids remain unexplored. Thus, the objective of our present study is to investigate the
nature of intrinsic interaction between K* and aliphatic amino acids, i.e., how jon-
dipole and ion-induced dipole interactions affect the stability of different CS versus

ZW binding modes.
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4.2 Results and Discussion

4.2.1 Geometries of Ligands - the Aliphatic Amino Acids

In order to understand the effect of M* complexation on the geometry of aliphatic
amino acids, stable conformers of the free amino acid of glycine (Gly), alanine {Ala),
valine (Val), leucine (Leu) and isoleucine (Ile) have been explored. The
conformations of Gly, Ala, Val and Leu have been the subject of several ab initio and
DFT studies [Csaszar, 1996; Shirazian and Gronert, 1997; Balta et al., 2000; Matta
and Bader, 2000], and these structures are in good agreement with these previously
reported theoretical studies at various levels of theory. However, to our best
knowledge, there z;re no similar studies for isoleucine previously. Isoleucine can be
regarded as a methyl-gubstitu-ted derivative of valine. Hence, we made use of our
optimized geometry for Val, replacing one of the C4 hydrogen é;toms with a methyl
group, and rotéte the C3-C4 bond to crient the C5 methy! group in order to minimize
the steric repulsion. - This trial structure of Ile was fully optimized at HF/6-31G(d),
confirmed to be a minimum with frequency dnalysis, and refined at the B3-LYP/6-
31G(d) level. The most,stable conformers of the five aliphatic amino acids are shown

in Fig. 4.1,

For Gly, Ala and Val, the rotational constants derived from our theoretical structures
carry an efror bar of less than 0.5% as compared to previously reported experimental
[lijima et al., 1991; Godfrey et al,, 1993] and theoretical values [Stepanian et al,,
1999] (Table 4.1). Hence, our calculated rotational constants of Leu and Ile are

expected to serve as useful references for. further experimental studies.
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Gly {Cy) Ala (Cy) Val (C,)

Figure 4.1. Geometries of the most stable conformer of five aliphatic amino acids
obtained at the B3-LYP/6-31G(d) level of theory. The dipole moment

vectors are drawn for reference only and are not to scale. Selected non-bond

distances are shown in Angstroms.
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Table 4.1. Theoretical rotational constants (in MHz) for the B3-LYP/6-31G(d)

optimized structures of aliphatic amino acids.”!

Species Rotational Constants
A B C
Gly ™ 10297.6 (-0.3) 3858.9 (-8.6) 2898.9 (-12.1)
Ala ! 5027.9 (-38.2) 13091.3 (-9.6) 2237.7 (-26.3)
val 9 29212 (11.2) 1415.0 (5.0) 1318.1 (9.1)
Leu 2745.2 831.1 782.3
Tle 2074.1 1081.6 965.2

[a]: Deviations from experimental values are given in parenthesis. [b]: The experimental
rotational constant (A, B, C) are: 10297.9, 3867.5 and 2911.0 MHz, respectively, for Gly (ref.
[lijima et al., 19917); and 5066.1, 3100.9 and 2264.0 MHz, respectively, for Ala (ref.
[Godfrey et al.,, 1993]). [c]: In this work, no experimental rotational constant has been
obtained. Holver, as the experimental infrared vibrational frequencies and intensity are in
good agreement with calculated values for the most stable Val conformer ‘Ia’ (ref. [Stepanian
et al., 1999)), thus suggesting that the theoretical structure obtained in this work is reliable.
For this species, the reported theoretical rotational consltants (A, B, C) are 2910, 1410 and
1309 MHz, respectively.

4.2.2 Binding Modes between K’ and Glycine

»

There are three electron-rich binding sites (NHz, O=C, and OH) in glycine, and hence,
ten complexes with different. modes of binding can be formed in principle. Out of
these ten modes, seven of them are charge-solvated (CS) complexes (three
monodentate, three bidentate and one tridentate modes) and the remaining three are
zwitterionic (ZW) complexes (two monodentate and one bidentate modes). Our
detailed exploration on the K*-Gly potential energy surface reveals six complexes

which differ in the mode of binding (CS1 to CS5, and ZW1), and four other species,
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CS1°, CS82’, CS5’ and CS5”°, which are less stable conformers of CS1, CS2 and

CS5. The geometries of these ten K'-Gly complexes are summarized in Fig. 4.2.

In agreement with previous findings, [Hoyau and Ohanessian, 1998] the tridentate CS
mode (O=C, OH, NH,) is not a stable minimum on the K*-Gly potential energy
surface. Starting with sensible candidates, these structures collapsed to the bidentate
CS2 species at the HF/6-3iG(d) level. The monodent;clte CS mode of binding to.
hydroxyl group -OH is also found to be unstable, presumably due to the relatively
weak interaction between K’ and -OH as sensible candidates becomes either CS1 or
CS4 upon geometry optimization. Similar result is observed in simpler model like
carboxylic acids (Chapter 3), in which the K* is not preferable to biﬁd with hydroxyl
oxygen atom. Moreover, the ZW complexes where the K* binds only to one of the
carboxylate {COO") oxygen atoms are not stable as these species optimize to the
bidentate ZW1 species, that involves the proton is transferred intramolecularly to the
basic —-NH, site. This suggests that the intrinsic attraction between K and the
formally negative charged carboxylate group is strong enough to overcome the strain

of .the bidentate binding mode.

*
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CS1(Cy) cs26) Cs3(Cy)
[OC,0H] [OC,NH3] [OC]

€S54 (Cq) CS5(C,)

[NH;]

cst'(Cy) CS2' (Cy)
{OC,OH] [00.@]
) 2944 12566

CS5'(Cy) CS5" (C,)
{NH]

Figure 4.2. Geometries of ten stable K*-Gly complexes, obtained at the B3-LYP/6-
31G(d) level of theory. Their correspending binding sites are shown in square

bracket. The dipole moment vectors are drawn for reference only and are not to

scale. Selected non-bond distances are shown in Angstroms.
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Our structures obtained at the B3-LYP/6-31G(d) level for CS1, CS2, CS4, CS5 and
ZW1 are comparable with that reported by Hoyau and Ohanessian (denoted as 3, 1, 2,
5 and 6, respectively, in ref. [Hoyau and Ohanessian, 1998] for K*-Gly. One might
argue that calculations without diffuse functions on heavy atoms are inadequate for
ion-molecule complexes. In order to investigate the validity of our reported B3-
LYP/6-31G(d) structures in Fig. 4.2, and its consequence on the reported energetics,
the geometries of these K™-Gly complexes at the B3-LYP/6-31+G(d) level of theory
are also obtained. In terms of geometries, we found that both sets of geometries are
similar with the distances between K and various sites of binding shortened
somewhat (average of 0.04A) with the incorporation of the diffuse function, except

for the geometries of species CS1°.

For species CS1° at the B3-LYP/6-31G(d) level of théory (Fig. 4.2), the interaction
between K™ and the two carboxylic oxygen atoms are quite asymmetric in CS1’ where- .-
the binding distance of K*...0=C is approximately 0.4A shorter than that of K*...OH. .
Howevér, optimization of this species at the HF/6-31G(d) and B3LYP/6-31+G(d)
level of theory yielded an essentially monodentate species, i.e., K* binding with C=0
bond only. Hence, this species should be quite sensitive to the level of theory

employed.
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4.2.3 Binding Affinities for K'-Glycine Complexes

From Table 4.2, the most stable binding mode is bidentate coordination to the two
carboxylic oxygen atoms of Gly in CS form (CS1), which is even more stable than

the ZW form (ZW1), with binding affinity obtained at the EP(K") level of theory.

Table 4.2. Binding affinities at 0K (AHy, in kJ mol”), stabilization energies
(Estabilizations 11 kJ mol™'), deformation energies (Eq, in kJ mol), Dipole
Interaction Parameter (DIP, in D A’z), Polarization Interaction Parameter (PIP,

in A™") for K*-Gly conformers optimized at the B3-LYP/6-31G(d) level.

Species  Binding mode AH, Eger'>  Esubilization I prpl  prpid

Cs1 0=C,0H 1177 77 1254 03184 0.0256
CS2  O=C,NH, 1152 241 1393 02141 0.0434
Cs3 0=C 844 114 = 958 0.0869  0.0145
CS4. OH,NH, 759  24.0 999  -0.0060 0.0429
CS5 NH; 672 39 71.1 0.0697 0.0110
ZW1 coo 1045 862 190.7 0.4594 0.0312
cs’ 0=C,0H 802 284 108.6 0.1507  0.0238
cs2’ ~C,NH, 964 507 147.1 03194 0.0421
CS5’ NH, * 556 9.9 65.5 0.0339  0.0112
Ccs5” NH, 385 29.0 67.5 .0.0056  0.0105

[a]: Calculated by the EP(K™) protocol. [b]: Refer to Eqn. {1.9]. [c]: Refer to Eqn. [1.10].
[d]): Refer to Eqn. [1.7]. [e]: Refer to Eqn. [1.8]).

One might argue that calculations without diffuse functions on heavy atoms are
inadequate for ion-molecule complexes. In order to study the effect of geometry on
the calculated affinities, we also obtained the geometries of different modes of
binding of K'-Gly complexes (Fig 4.2) at the B3-LYP/6-31+G(d) level of theory and

further compare the binding affinities in Appendix II, Table S-4.1. The binding
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affinities obtained ‘at the B3-LYP/6-311+G(3df,2p) level using the B3-LYP/6-31G(d)
and the B3-LYP/6-31+G(d) geometries are virtually identical (within 0.7 kJ/mol™
except CS1°). Even for the apparently problematic species CS1°, the difference in
geometry only affects our reported energetics by 2 kI mol’'. Given the saving of
computational time, and the geometry of the. CS1° species might be even more
“reliable” than that obtained at B3-LYP/6-31+G(d) level, the use of B3-LYP/6-
31G(d) geometries for the larger K'-aliphatic amino acids would appear to be
Justified. Besides, the geometries obtained with the Blaudeau 6-31G(d) basis set
[Blaudeau et al., 1997] is comparable to that obtained here. With this alternative

geometry, the binding affinity obtained at the B3-LYP/6-311+G(3df,2p) level again is-
virtually identical to our EP(I&)- protocol (with—in 0.7 kJ mol™). Hence, our results
suggest that the choice of geometry is of secondary importance if the final energetics
are reported at a sufficiently high level of theory. In other words, the binding
affinities obtained at the same level of 'théory, with minc.>r differences in geometry,

could in fact be compared directly.

4.2.4 Factors Affecting the Relative Affinities of Different Binding Modes of

K'-Gly Complexes

Even though many theoretical studies on metal cationized amino acid complexes have
been reported, the underlying factors affecting the relative affinities of different
binding modes of K*-Gly are seldom discussed. Thus, we would like to correlate the
binding affinities of metal-ligand complexes with stabilization energies, Egupitizations
betv;.reen the metal cation and the ligand arising from ion-dipole, ion-induced dipole

and other electrostatic interactions, as well as the deformation energy (E4ep) arising
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from structural distortion (see Chaptérs 1 and 2 for details). The binding affinities at
0K, AH,, deformation energy (Eg) and the stabilization energy (Esubilization) fOr

various K*-Gly isomers are summarized in Table 4.2.

The stabilization energy of the M'-Gly complexes arises primarily from the
interactions of the cation with the permanent molecular dipole and the induced dipole
of the amino acid. Thus, the defined molecular properties ‘Dipole Interaction
Parameter (DIP, Eqn. {1.7])’ and ‘Polari.zation Interaction Parameter (PIP, Eqn.
[1.8])" will be applied to correlate with the K* affinities of different modes of binding.
These molecular properties of the ligand (DIP and PIP) take into ;account of the
orientation of the molecular dipole moment and polarizability with respect to the

cation in the deformed Gly via the ®, 1, and 1, terms; and are expected to provide a

better correlation with the stabilizing energies than p and . Both DIP and PIP,

calculated at the B3-LYP/6-31G(d) level of theory, are tabulated in Table 4.2.

From Table 4.2, the Equbiizaion in general increases with increasing DIP of the M'-Gly
conformers, suggesting that ion-dipole interaction is a key factor in determining their
relative stabilizing energy. Interestingly, for the case of CS4 and CS5”’ (Fig. 4.2), the
DIP is negative. This indicates that fhe positive end of the dipole moment vector is in
facf closer. to the positively charged K than the negative end of the dipole vector.
Hence, the ion-dipole interaction in these cases might in fact be destabilizing. In such
cases, the jon-induced dipole interaction would be an important force binding the K*
and the Gly together. Hence, a muitiple linear regression analysis on Esupilization USINE
DIP and PIP as the regression parameters were carried out, which can be described by

Eqn. [4.1] for the ten K*-Gly complexes:

Esubilization = 194 DIP + 1007 PIP + 54 [41]
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The correlation is very good, with an adjusted R? = 0.92. Fig. 4.3 shows the relation
between the calculated Egapitization (from Table 4.2) and the predicted Egupitization using
Eqn. [4.1].  With our simple model, the maximum deviation of the predicted
Estabitization from the calculated value is 17 kJ mol”, with an average deviation of
SkImol'. To test the applicability of this equation, test cases based on
non-stationary- points on the K*-Gly potential surface were created (indicated by solid
circles in Fig. 4.3). We found that for species with Estab.i[izalion within the range of 66
(CS5%) _and 191 kJ mol (ZW1), the average deviation between calculated and .
predicted Esaahn.imion is 19 kJ mol”, suggesting that Eqn. [4.1] can be applied to
estimate the raw binding energies within this range. Outside this range, Eqn. [4.1] is
apparer-ltly less applicablé as our test cases yielded an average error of 65 kJ mol™.

No apparent pattem can be found between the magnitude of deviation and the

structures of these test cases.
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Figure 4.3. Plot of predicted stabilization energy (by Eqn. [4.2]) against calculated
stabilization energy. The stationary points on the K™-Gly potential energy
surface are designated by ‘x’ while the non-siationary test points are labeled as

‘s>, The diagonal line with a slope of 1.0 is drawn for reference purposes.
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Comparing our model with that of Gresh et al. as applied to Zn2+-Gly complexes,
[Rogalewicz et al., 2000a] the interaction energy of their model (equivalent to the
Egtabitization here) is partitioned into contributions from ion-dipole,. ion-quadrupole,
repulsion, polarization, charge-transfer and dispersion interactions. Since Eqn. [4.1]
suggests that if the effect of ion-dipole and polarization is modeled classically via DIP
and PIP, a constant term of 54 kJ mol” would represent the contribution from all the
other kinds of interactions, that is jon-quadrupole, répulsion, charge-transfer and
dispersion iﬁteractions, which are virtually constant compared with our model.
Moreover, in all the K™-Gly complexes, the natural charge of K* is very close to one
(approximately 0.98 Coulombs). This suggests that the contribution due to covalent
charge-transfer is minimal. Given that ion-quadrupole interaction is significant for
cation-aromatic 7t interactions only, it appears that the sum of repulsive and dispersive

interactions can be approximated by the constant term of 54 kJ mol"..

4.2.5 Types of Bonding Present in K'-Aliphatic Amino Acid Complexes

For the larger aliphatic amino acids (Ala/Val/Leu/Ile), only the three most stable
CS1, CS2 and ZW1 isomers are discussed, which also are the first three most stable

complexes found in K*-Gly case.

The geometries of CS1, CS2 and ZW1 for K* bound complexes of the larger aliphatic
amino acids were found to be very similar to that of the corresponding K*-Gly
complexes (Fig. 4.4). For example, the average bond lengths for K*...0=C and

K'...OH in the most stable CS1 bidentate binding mode in K*-Ala/Val/Lew/lle
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are 2.634A and 2.827A (Fig. 4.4), respectively, which are comparable to that obtained

for the K*-Gly complex (Fig. 4.2).

553
K*-Ala K*-¥al K*-Lau K*-le

cs2

K*-Ala K*-val K*-Leu

K*ls

K*-Ala

Figure 4.4 The optimized geometries of CS1, CS2 and ZW1 binding modes for
different aliphatic amino acids, -obtained at the B3-LYP/6-31G(d) level of

theory. Selected non-bond distances are shown in Angstroms.

For Val, Leu and Ile, the potassiated complexes in which the K* is additionally
stabilized by secondary interaction with a 'coiled' alkyl chain were also investigated,
similar to that observed in the case of the Li"/K’ bound n-butanol complex [Ma et al.,
. 2000]. Several plausible complexes were constructed where the K™ might interact
with the carbon on alky! side chain (with K'...C-alkyl initially at approximately
3.4A), while maintaining the original CS1/CS2/ZW1 modes of binding. Upon

optimization at the HF/6-31G(d) level, these K*...C-alkyl bonding distances

Page 90



lengthened to at least 4.9A, suggesting that these secondary interactions do not exist
in the case of alkali metal cation binding to amino acids. Presumably, in order to
establish these K...C-alkyl interactions, the amino acid ligand has to adopt a very
unfavorable geometry where the potassium cation cannot interact efficiently with the
oxygen/nitrogen binding sites. As a result, no stable CS1/CS2/ZW1 isomers with
additional K'...C-alkyl (“coiled” form) interactions can be formed. Based on our
study here, we could conclude that the presence of a long alkyl side chain does not
alter the K' binding geometries at the O/N binding sites in the larger aliphatic amino
acids, and the geometries of the CS and ZW binding modes would be very similar to

that of K*-Gly complexes shown in Fig. 4.2.

4.2.6 Theoretical Energetics K*-Aliphatic Amino Acids Complexes

The theoretical K binding affinities (AHyp), deformation energies (Egr) and
stabilization energies (Esubilization) determined at the EP(K") level for the CS1, CS2,

and ZW1 binding mode of all five aliphatic amino acids are summarized in Table 4.3.

»

Similar to the case of K'-Gly complexes, the CS1, CS2 and ZW1 binding modes of
larger aliphatic amino acids are energetically comparable, lying within a range of 8 kJ
mol™!, with the most stable mode of K* binding for all five aliphatic amino acids is the

CS1 mode.
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Table 4.3. Theoretical EP(X") potassium cation affinities at 0K, AH,, (in kJ mol”
l), stabilizati;)n energies (Eubiization, in KJ mol "), deformation energies (Eger, in kJ
mol"), three-dimensional Wiener Index (3-W, in A), and three-dimensional alkyl
side éhain Wiener Index (3-Wiide chains in A), for K'-aliphatic amino acid (Gly,

Ala, Val, Len and Ile) conformers optimized at B3-LYP/6-31G(d) level.

Species Modes AHg™  Euerl?  Espitizaion')  3-W  3-Waide chain
K*-Gly CSI 1177 7.7 125.4 45.64  0.00
CS2 1152 241 1393
CZW1 1045 862 1907
K'-Ala CS1 1231 5.3 128.4 5241 861
CcS2  117.9 247 1426
ZW1 1151 785 1936
K'-val CS1 1273 46 131.9 84.14 4827
CS2 1221 254 1475
ZW1 1227 756 1983
K*Lew CS1 1279 6.1 134.0 112.69 43.50
QS22 1216 2601 1477
ZW1 1222 784  200.6
K'Ile CSI 1289 45 1334 9826 49.59
CS2  -123.7 253 149.0
ZW1 1249 752 200.1

[a]: Calculated by the EP(K") protocol. [b]: Refer to Eqn. [1.9). {c]: Refer to Eqn. [1.10].
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4.27 Comparison with Experimental and Literature Data

In order to compare with experimental and literature data, standard thermodynamic
relations [DelBene et al., 1983] were applied to obtain the 298K affinities (AH3¢g) and
free energy of binding (AGygs) of the most stable K* binding mode of the five
aliphatic amino acid, i.e., the CS1 mode (Table 4.4). As expected, theoretical AH,og
is slightly larger than AH, by an average of 0.9 kJ mol™. Moreover, as entropy is
expected to increase when the cation is released from complexes, AGjoz 1s smaller
than AH;g5 (by average of 27.8 kJ mol™). Nevertheless, the relative afﬁ'n.ity and free

| energy of binding scales are essentially parallel, and this suggests that entropy effects

are not important in determining the preferred interaction of K* with aliphatic amino

acids.

For K*~Gly, our theoretical vaiue (.1‘-18.6 k] ﬁol") is in good agreement with the
threshold-CID value (125.5 kJ mol™) reported by Kebarle and coworkers [Klassen et
al., 1996], and with the MP2 estimate (120 kJ mol™) reported by Talley et al. [Talley
et al., 2002]. While BSSE correction is small at the B3-LYP level (0.5 kJ mol™, n=5),
it is much larger at the MP2 level (7 kJ mql'l, n=2), leading to the consistently lower
affinity (~6 kJ 'mol") estimated by Hoyau et al. [Hoyau and Ohanessian, 1998; Talley
et al., 2002] Previously, various research groups [Feller et al., 1995; Hoyau et al,,
1999; McMahon and -Ohanessién, 2000; Feller et al., 2000a; Moision and-Armentrout,
2002] have commented that the full counterpoise approximation to BSSE can provide
worse agreement with experiment than that of the theoretical values without BSSE
corrections in systems such as those studied here. Given the additional computational
cost and the small BSSE correction, we believed that full counterpoise correction is

unnecessary for the DFT based protocol we employed here.
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More importantly, the BSSE correction shows little variation amongst the five
aliphatic amino acids. With or without BSSE, the order of relative K binding affinity

estimated theoretically for the CS1 binding mode is:
Gly < Ala<Val~Leu<Ile

It is pleasing to note that the above theoretically established order is in exact
agreement with the experimentally observed order or 'affinity ladder’ obtained by the
mass spectrometric kinetic method measurements [Tsang et al., 2001b}._ Furthermore,
as shown in Table 4.4, excellent agreeﬁlent is achieved between our experimental and
theoretical K™ affinity values; the theoretical K™ affinities are in excellent agreement
with the absolute experimental affinities to within 1 kJ mol”, which is within the
experimental uncertainty of ~8 kJ mol” for the kinetic method measurement [Tsang et
al., ;'ZOOIb],.with the mean-absolute-deviation (MAD) is 0.4 kJ 1_:[101'l only (n = 5).
Such good quantitative agreement between theory and experiment provides
confidence to the quality of our theoretical model employed and the conclustons

drawn here.
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Table 4.4. Potassium affinities (AH395) and Gibbs free energies (AGjo3) at 298K in

kJ mol™ for aliphatic amino acids.

Species AH293  AGsg (]
Experimental Theoretical '
Without BSSE ~ With BSSE
Glycine (Gly) 11930 118.41 118.0 92.1
125.5 ™ 1209 1131
110.91"
Alanine (Ala) 123.6" 124,01 124.91 96.3
1261 11919
Valine (Val) 128.00) 12821 128.61 99.8
Leucine (Leu) 129.30 128.81¢! 129.6!¢ 100.5
Isoleucine (Ile) 12991 129.8] 129.9 101.5

[2): Kinetic-method measurements using theoret:ral G2(MP2,SVP)-ASC(GCP) K" affinity
values at OK(AHg) of acetamide (1 18.7 kJ mol 'y N—methyacetamlde (125.6 kJ mol’ )/ N, N’-
dlmethylacetarmde (129.2 kJ mol™) as reference values in ref. [Tsang et al., 2004). The
experimentally determined values approximated to AH, values at 0K and further corrected to
AHz.gs using HF/6-31G(d) frequencies in this work. [b]: Experimental threshold CID values,
AHgg, ref. [Klaésen et al., 1996). [c]: This work: theoretical EP(K") affinities at 298K (AHaos)
for the most stable CS1 binding mode (Figs. 4.2 and 4.4), with thermal corrections to 298 K
using HF/6-31(§(d) frequencies. [d]: Theoretical AH,o values at 298K reported by Talley et
al. [Talley et al.,, 2002}, calculated at the MP2/basis2//MP2/basis1 level. [e]: This work,
EP(K") affinities at 298K with full counterpoise correction, including effect of geometry _
- deformation calculated at the B3-LYP/6-31G(d) [Siu et al., 2001a]. {f]: Theoretical AH,oq
reported by Hoyau and Ohanessian [Hoyau and Ohanessian, 1998], calculated at the
MP2/basis2//MP2/basis]l level including BSSE. [g]: Standard thermodynamic relations
[DelBene et al., 1983] were applied to obtain the free energy of binidng (AGass) at 298 K.
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Lastly, we wish to comment on the difference between sodiated and potassiated
aliphatic amino acid. Moision and Ammentrout has recently proposed that
volatilization of the ZW complex directly into the gas phase via electrospray
ionization might be plausible, as the zwitterionic complexes enjoy better stability in
the solution phase. [Moision and Armentrout, 2002) This proposal arises from both
thermodynamics and Kinetics consideration. Thermociynamically, the CS and ZW
forms are of comparable stability: for sodiated glycine, the ZW form is only ~ 8 kJ
mol lesé stable than the most stable CS2 mode. [Hoyau and Ohanelssian, 1998}
Furthermore, the rearrangement barrier between the two forms are high. In sodiated
glycine, the barrier is estimated to be ~70 kJ mol™”. [Hoyau and Ohanessian, 1998)
Thus, if the ZW complex is formed inttially, it may not be abl¢ to rearrange to a more

stable CS form in the gas phase. [Moision and Armentrout, 2002]

Interestingly, our current theoretical K™ affinities for the mo'sf ;taﬁle mode of binding
in aliphatic amino acid is in excellent agreement with experimental values. The
difference in behavior in Na* and K™ can be attributed to the different most stable
binding modes. In the gas phase., the CS2 mode (Na* binds to O=C and NH,) is
preferred in Na*-Gly. If ZW1 form were initially generated in the solution phase, it
would take a few steps for this form to rearranged to the CS2 form (estimated energy
barrier of 70 kJ mol™ [Hoyau and Ohanessian, 1998]) On the other hand, the most
stable mode of K™ binding is CS1 (K binds to O=C and OH). The formation of CS1
from ZW1 would be via a simple, one-step proton shift from the amino nitrogen to
the carboxylate oxygen. Our calculation suggests that this process would be virtually
barrierless. In other words, even if K'~Gly generated in our experiment is in the
ZW1 form, it ﬁould be converted to the CS1 form easily as the latter species 1s

thermodynamically more stable.
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4.2.8 The Effect of Alkyl Chain Length on the Relative Affinities of K'-

Aliphatic Amino Acids

While the effect of cationic charge and size on the relative stability of the most stable
CS/ZW binding modes have been explored, the effect of alkyl chain length have not
received much attention. Using the proton affinity argument, Wyttenbach et al.
[Wyttenbach et al., 2000] suggested that while the K*-Gly/Ala complexes should be
in the CS mode, the K'-Ile and possibly that of K*-Val/Leu complexes, might be in
the ZW mode. This is in partial disagreement with our theoretical results, which show
that the CS1 mode is always favored in the aliphatic amino acids. We further tested -
our conclusions by calculating the affinity with MP2(full) and B3-P86 protocols with
the 6-311+G(3df,2p) basis set, using optimized B3-LYP/6-31G(d) geometry. While
the absclute affinities differed somewhat (average deviation of less than 4 kJ mol'l),
the relétive stabilities for the CS1/CS2/ZW1 species are not affected. In other worcis,
all three levels of theory (EP(K"), MP2, and B3-P86) indicated that the most favorable
K" binding sites in aliphatic amino acids are at the carboxylic oxygen atoms,

designated as the “CS1” mode in this study.

The relative stabilities of the CS1, CS2 and ZW1 binding modes for the K*-aliphatic
amino acid complexes as a function of the alkyl side chain length are shown in
Fig.4.5. While the binding affinities of all three binding modes increase with
increasing alkyl chain length, the rate of increase for ZW1 is steeper than the two CS
modes. In the case of Val/Leu/Ile, the ZW1 mode is, in fact, more stable than the

CS2 mode of binding, even though it is still less stable than the CS1 mode.
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Figure 4.5. Variation of CS1, CS2 and ZW1 binding affinities for different aliphatic

amino acids.

The Egr of the ZW1 mode of K'-Gly is particularly large (86 kJ mol”, Table 4.3)
compared to the complexes of other K'-aliphatic amino acids (75 to 79 kJ mol™,
Table 4.3). This is in contrast to the relative insensitivity (less than 3 kJ mol'l) of Eger
for CS1 and CS2 modes of binding when the aliphatic amino acid is changed. Hence,
the apparent increase in the stability of the ZW1 mode, as compared to the other two
CS binding modes for the larger aliphatic amino acids is, in fact, due to the greater
deformation energy and hence instability of the ZW1 binding mode observed
especially for the smaller K*-Gly complex. One can understand this by comparing the
structurally similar CS1 and ZWI1, where the two species are related by an
intramolecular proton transfer reaction. The larger Eg of the K'-Gly complex
suggests that the amino nitrogen of the Gly, as compared to the other aliphatic amino
acids, is more reluctant to act as a proton acceptor. This could be related to the

presence of an alkyl substituent at the C2 carbon of Ala/Val/Leu/lIle, but not for Gly.

In the absencc of an electron donating alkyl group at C2, protonation at the amino
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nitrogen site might be more difficult. It is further supported by the proton affinity
(PA) of the aliphatic amino acids. The PA of Gly (887 kJ mol™) {Hunter and Lias,
1998] is the smallest of all the aliphatic amino acids, and the difference of PA (in kJ
mol™") between the Gly/Ala pair (15) is larger than the Ala/Val (9), Val/Leu (4) and
Leu/lle (3) pairs [Hunter and Lias, 1998]. Hence, in agreement with the predictions of
Wyttenbach et al. [Wyttenbach et al., 2000], the preference for the CS1 mode of
binding over ZW1 is reduced for the larger aliphatic amino acids, even though our
calculations would suggest that the CS1 mode is still slightly more stable than the

ZW1 mode for the larger aliphatic amino acids, Leu and Ile.

Previously, it has been suggested that a close to linear + - + arrangement for amino
hydrogen, carboxylate oxygen, and metal cation (<H...O...M) is one of the factor
stabilizing the formation a zwitterionic complex in Na'-Pro. [Hoyau et al., 199¢;
Talley et al., 2002; Kish et al., 2003] Thus, we would like to explore whether there is
any correlation between the stability of the ZW1 mode in the aliphatic amino acids
with the <H...O...M. We found that there is a slight increase of the angle from 0.5°
(Gly) to 1.4°(1le). Siﬁce the deviation from linearity is not significant (within 1.4° for
five aliphafic ;ﬁlino acids), we believed that the only determinant factor governing the

relative stabilities of the ZW form is the proton affinities of aliphatic amino acids.

Given the similarity of binding geometries for K*-Gly and the larger K*-aliphatic
amino acid complexes, we attempted to predict the Egupilizaion ©f the
K"-Ala/Val/Leu/lle complexes by the correlation equation (Eqn. [4.1]) obtained for
K'-Gly. Unfortunately, Eqn. [4.1] was found not applicable to K* bound complexes
of other aliphatic amino acids. This suggests that the correlation coefficients are not

constant when the amino acid is changed, so that Eqn. [4.1] is not transferable
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between different amino acids. In fact, one may expect that the slightly increases in
binding affinities with greater alkyl chain length from Gly to Ile should be mainly
parallel to the increase in polarizability of the amino acids since the substitution of a
CH; group for an H will not appreciably change the dipole moment of the ligand, but
will increase the molecular polarizability. We further try to correlate the Egupitization
with the three—dimensional Wiener index (3-W) of the amino acid [Trinajstic], which
is a parameter correlated to molecular polarizability. The 3-W index is a

topographical index which measures the compactness of 2 molecule, and is given by:

Three - dimensiond Wienerindex (3— W)= %Z > (3-D); [4.2]
i

where (3-D); is the matrix element representing the shortest Cartesian distance
between all atom pairs i and j of the molecule [Trinajstic). This index has been found
‘previously to co{pclate well with shape-dependent physical properties like boiling
points [Trinajstic], but to the best of our knpwledge, this is the first time that it has
been used to correlate with alkali cation affinities of neutral ligands. We found that
the 3-W index (Table 4.3) correlates linearly with Egapitization (R2 = (.93), but only
fairly with the absolute c;ation binding affinity, AHy (R?=0.80).

In light of these observations, we like to introduce a modified form of the Wiener
index, i.e., a side chain analogue of the 3w index (denoted as 3-Wiige chain in Table
4.3) which only restricts itself or models the compactness of the alkyl side chain while
ignoring the conformation of the amino acid backbone. In other words, only the
atoms in the side chain are included in the calculation of Eqn. [4.2]. As an example,
in the case of Ala, 3-Wg;qe chain Was calculated from the shortest Cartesian distances of

the methyl group attached to the C2 carbon. This 3-Wgge chain index is found to
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correlate very well linearly with both Egupitization and AHp with R? = 0.90. From this,
we conclude that the varation of absolute binding affinity, AHy, within the series of
aliphatic amino acids might be more of a substituent effect, and less of a property of
the whole ligand molecule. On the other hand, the overall stabilization interaction
between the cation-and the ligand might be better modeled as é linear function of the
3-W index of the Qhole ligand because the effect of ligand deformation is already

taken into account in the Eupitization t€rM.

4.2.9 Biological Implications

The relative stability of various charge solvation CS and zwitterionic. ZW forms of
metal cationized glycine has been studied previously [Hoyau and Ohanessian, 1998;
Stn'ttrﬁatter et al, 2000]. From these two studies, one can draw the following
conclusions: firstly, the smaller cations (Li*, Na* and Be®") tend to favor the CS2
modes of binding where the cation is bidentately coordinated to NH; and O=C groups.
Secondly, for the larger alkali cations (K+, Rb* and cs*), CS2 1s less strable relative to
CS1 where M" binds to the two oxygen atoms of the carboxylic acid group (OH and
O=C). Thirdly, the larger divalent M>* cations (Mg®*, Ca®*, Sr** and Ba’") are more
capable of stabilizing the zwitterionic form of glycine, where the cation binds to the
both carboxylate oxygen atoms (COO”) than the monovalent M' in the metal
cation-glycine complex. These results might have some interesting biological
implications. In biological systems, due to the similarity in charge density, smaller
cations of lower charges often behave chemically similar to larger cations of higher
charges. Because of this so-called “diagonal relations”, Li* shows similar

physiological affinity for the phosphate ligand as compared to Mg** [Kaim and
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Schwederski, 1994]. However, comparing the alkali cation [Hoyau and Ohanessian,
1998] to the alkaline earth cation bound complexes of glycine [Strittmatter et al.,
2000], we found that such relation does not appear to hold in the gas phase. For the
alkali cations, the charge solvation (CS) mode is always preferred. On the other hand,
the zwittenionic (ZW) species tend to be more stable for the alkaline earth cation
bound complexes. - As different mode of binding is often associated with different
binding energies, it would appear that the “diagonal relations” observed in biological
systems could not be explained solely by the intrinsic binding energies of the metal
cations, and solvent effects might be playing an important role in the establishment of

the diagonal relations.

Based on a protein crystal structure at 3.2A resolution for K channels from
Streﬁtomyces lividans, MacKinnon and co-workers [Doyle et al:, 1998] proposed a
molecular mechanism for the selective transport of K* across the protéin structures of -
K" channels. In this model, as the K" enters the pore region or selectivity filter of the
ion channel, the water solvating the K* is removed. It is postulated that the amide
carbonyl oxygen atoms of the peptide backbone act as SI-Jrrogat'e co-ordination centers
in place of water to stabilize the bare K" ion, even though the precise orientation of
individual carbonyl oxygen atoms cannot be discerned at the resolution of the X-ray
analysis. So it seems that the stability -of CS1 binding mode (binding to O=C
and OH), which involves preferred binding to the amide carbonyl oxygen over other
binding sites/modes, may be of direct relevance to the transmembrane transport of
potassium ions in biological systems, and our reported theoretical geometries may
serve as the reference on K*-carbonyl oxygen bonding distances for further structural

studies on K’ channels.
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4.3 Conclusion

This is the first time for the structures and binding affinities of potassium cation
bound complexes of alipﬁatic amino acids (Gly, Ala, Val, Leu, Ile) in the gas phase
are obtained at one uniform level of theory by the EP(K") protocol. The theoretical
rotational constants of the free ligands and the calculated K" binding-affinities are in
excellent agreement with the available experimental data, in support of -the reliability

of the EP(K") protocol presented here.

In the case of K'-Gly, all the stable stationary ]ﬁoints (ten conformers) on the potential
energy surface have been located. By analyzing the stabilization energies (raw
interaction energies) in terms of classical molecular dipole moments and
polarizabilities, we found that ion-dipole and ion-induced dipole interactions are the
major factors in &e.termining the relative stabilities of different modes of binding in

K'-Gly.

For the K'-aliphatic amino acid complexes, even though the ZW form is stabilized
more 1n the larger aliphatic amino acids than Gly, we found that the most stable mode
of binding still involves the K* interacting bidentately to the carboxylic oxygen atoms
in the CS mode. Important determinant for the formation of zwitterionic complexes is
a higher proton affinity for aliphatic amino acids, but not the linearity for the
<H..-O...M). Moreover, we found good correlation of the absolute K* binding
affinities with the side-chain three-dimensional Wiener index, but not with the three-
dimensional Wiener index of the whole amino acids. This suggests that the increasing
trend of binding affinities found within the series of aliphatic amino acids is more
related to the polarizability of the side chain, rather than the property of the whole

molecule. Lastly, our quantitative results' may provide further insights on the
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molecular basis of the “diagonal relations”, and the transmembrane transport of K in

biological systems.

2. Pao Yue-Kong Library
& polyu » Hong. Kong.
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Chapter 5 Interaction between K" and Aliphatic
Dipeptides: K'-Glyeylglycine (GG) and K-

Alanylalanine (AA)

51 Background

In chapter 4, we have studied the interactions of alkali metal cations with simpler
aliphétic amino acids. The lowest energy (most stable) structure of K+—aliphétic
amino acids complexes is found to be CS1, with K" binding to the [CO, OH] sites.
(Chapter 4, Figs. 4.2 and 4.4) This may suggest that K* binding to the carboxylic
oxygen atoms of peptidgs containing aliphatic amino acids residues should at least be
a stable binding modes. Furthermore, since the species CS2 with K* binding to [NH,,
CO] sites. loses its competitivenesé to-CS1 for the larger aliéhatic amino acids, one
may expect that the aliphatic peptiaes may not favor K* binding to the N-terminal —
NH.. On the other hand, the greater flexibility of the peptide backbone (as compared
to the C-C backbone of an aliphatic amino acid) may allow alternative and more
stable K" binding modes to occur. To extrapolate from the small amino acid model
systems to metal cation-protein systems, the interaction between metal cation and the
simplest dipeptide glycylglycine (GG) and alanylalanine (AA) is a vital bridge. With
no functionalized side chain, the interaction between metal cations and the dipeptides,
GG/AA, are restricted to O/N binding sites at the amide oxygen of the peptide bond,
the amino nitrogen at the N-terminal, and the carboxylic oxygen atoms at the C-
terminal, thus yielding valuable information on the individual metal cation binding

sites on the peptide/prdtein backbone.
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Because of the relatively large molecular sizes, only five high-level theoretical studies
on Li*-GG, [Feng et ai., 2003] Na'-GG [Cerda et al., 1998; Wyttenbach et al., 1998]
and Cu'/Ag’-GG [Chu et al., 2001; Shoeib et al., 2001] peptide complexes have been
reported. To the befst of our knowledge, theoretical determination of K affinities of
dipeptides has not been reported in literature. The most stable mode of interaction
between N2 and GG is a charge-solvated (CS) complex involving Na™ binding
bidentately to the two carbonyl O=C oxygen atoms of both amino acids residues,
[Cerda et al., 1998] while the ZW forms of Li*/Na" are found to be not as stable as CS
forms. [Cerda et al., 1998; Feng et al., 2003] The Na*-GG affinity was determined by
extended mass spectrometric kinetic method measurements, [Cerda et -al., 1998] and
appears to be supportive of the theoretical findings. On the other hands, the more
polarizable Ag"® cation prefers to bound bidentately to the N-terminal amine nitrogen
and amide carbonyl O=C oxygen in' the .c'harge-solvated (CS) form. [Shoeib et al.,

2001]

In order to gain a better understanding of how different metal ions interact with the
peptide backbone and the nature of binding, we carried out density functional theory
(DFT) studies of the poiassiated—glycylglycine (K*-GG) and the related potassiated-
alanylalanine (K*-AA) system. The Monte Carlo conformational search technique is
used to generate plausible conformers for further ab initio/DFT calculations. Through
this combined approach, we located several modes of metal cation binding on the GG
and AA backbone that were not reported in previous studies. In the case of K'-
GG/K'-AA complexes, some of thes¢ binding modes are fairly low-lying, and hence,
may be énergetically accessible under experimental conditjons. The key stabilizing
factor of ‘local’ ion-dipole electrostatic interactions is highlighted. Factors affecting

the relative K* affinities of these different ZW versus CS binding modes will be
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discussed. The usefulness of proton affinity (PA) as a criterion for estimating the
relative stability of ZW versus CS binding mode is also examined. Based on the
results of this study, the interaction of K* with‘longer peptides consisting of aliphatic

amino acids are proposed and rationalized.
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5.2 Computational Details

For the free ligand GG, the stability of its various conformers has been the subject of
several theoretical publications. [Wu and Lebrilla, 1993; Zhang et al., 1993; Cassady
et al,, 1995; Cerda et al., 1998; Shoeib et al., 2001] We re-optimized the four most
stable conformers presented in ref. [Cerda et al., 1998; Shoeib et ’al., 2001] at the
HF/6-31G(d) level, and refined their g-eometries at the B3-LYP/6-31G(d) level.
Single point energy- calculations were performed at the B3-LYP/6-311+G(3df,2p)

level based on the B3-LYP/6-31G(d) geometries.

To our best knowledge, there are no prior high level theoretical studies on the
stabilities of K'-GG complexes. The K may interact with the dipeptide ligand in
charge-solvatec} (CS) or zwitterionic (ZW) forms. The zwitterionic of fhe ligand can
“in tum. .be classified into three types in which the protc;n is attached to the terﬁu’nal
amino ni-trogen atom (Nj), fhe nitrogen in the peptide linkage (N;) or the amide

carbonyl oxygen atom of the peptide bond (0,’) as depicted in Scheme 5.1.

IR PR
I | I
N el L e W
H 1\\'4?1 \uc1 \“Tz\’(iz \ch O:H
b1 H P M) H ¢2H @2
_f__._l

peptide linkage

| 1 |

residue 1 residue 2

Scheme 5.1. Systematic naming of atoms and dihedral angles of the glycylglycine
ligands according to the IUPAC recommendation. [Anonymous, 1975]
Atoms and their positions in the peptide backbone are indicated by

letters/symbol/numbers in bold fonts. {Anonymous,1975]
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We adopted a Monte Carlo Multiple Minimum (MCMM) conformational searching
technique, [Saunders et al., 1990] outlined in details in Chapter 2, to obtain the K-
GG conformations, with AMBER* force field [Weiner, 1984} implemented in the
Macromodel 7.0 package. [Mohamadi et al., 1990] While the nur is 9000 for CS and
ZW(01°), and 7500 for ZW(N,) and ZW(N,) were carried out to locate the low
energy structures for K'-GG/AA. With an energy window of 50 kJ mol™, more than
130 of K*-GG isomers/conformers were obtained. After discarding conformers with
no intramolecular hydrogen'tﬁonds, ~60 K'-GG conformers were retained. These
species are re-optimized and confirmed to be a real minimum by using EP(K*)‘

protocol. (refer to Section 2.7)

The affinities at 0K (AHy) for all K'-GG complexes calculated using the EP(K")
protocol are summarized in Table 5.1. Standard thermodynamic relations [DelBene et
al., 1983] were applied to oﬁtaiu the affinities (AHz93) and free ensrgy of binding
(AGgzgs) of various modes of binding at 298K (Table 5.1). As expected, for a given
mode of binding, AH,gg is larger than AH, (average of 1.4 kJ mol™'). Moreover, as
entropy is expected to increase when the cation is released from the complexes, AGaoq
is smaller than AH,gs (by an. average of 31.5 kJ mol™). Nevertheless, the relative

affinity and free energy scale is essentially parallel, suggesting that entropy effect is

not important in determining the preference of how K* interacts with the GG ligand.
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Table 5.1. The theoretical energetics of potassiated glycylglycine (K'-GG)

complexes, in kJ mol™.

Species  Site of binding AHG™ AHao™ AGos™ Eaer™ Egupitization)
CS1 0/, 0y 151..8 153.0 120.7 31.1 1829

C82 0,0, N; 1453 1472 1106 454 190.7

CS3 0,0, 1225 1234 926 215 1440

CS4 0/, 0,0y 106.1 107.0 759 63.6 169.7

CS5 0,’,0; 1374 1391 1058 93 146.7

CSé 0/, Ny 137.2  138.6 1069 333 1705

CS7 oy 127.3 1278 100.1 6.7 134.0

CS8 N; B0.2  80.7 54.9 140 942

ZW(Oy’) Carboxylate COO—  103.8 1055 746 1495 253.3
ZW(N;) Carboxylate COO™ 904 935 559 888 1792

ZW(N;) Carboxylate COO~ 461 478  18.6  156.1 202.2

[a): Calculated by the EP(K") protocol. [b]: Standard thermodynamic relations [DelBene et al., 1983]
were applied to obtain the affinities (AHyss) and free energy of binding (AGyes) at 298K. [c]: Refer to
Eqn. [1.9]. [d]: Refer to Eqn.]1.10].
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Furthermore, in order to understand how metal cation binding affects the structural
and electronic energy of the ligand, we also calculated the deformation energy, Eqer,

and stabilization energy, Estabitization, by using Eqns. [1.9] and [1.10] (Table 5. 1).

By replacing one hydrogen on each of C,* and C,* with a methyl group (without
performing the MCMM conformation search again), we carried out EP(K")
calculations to obtain AH, for the potassiated-alanylalanine (K*-AA) system. Also,
the same computational procedures were applied to obtain the AHzo3 AGgog, Fyer and

Esuabilization Of the K'-AA complexes. (Table 5.2)

As mentioned in Chapter 1_, the strength of the ion-dipole. interaction is directly
i)roponion;al to the molecular dipole moment () of the deformed ligand in the
complexed state, the cos}n_e of the ang_le of deviation between the cation and the
dipole moment vector ((i),- in degrev.%) (.p and ® a.re shown in Scheme 5.2). The
strength of ion-dipole intera_ctions_ is strongest when the metal ion is in perfect
alignment (@ = (°) with the dipole moment vector. The aligrnnen; of K* with the
amide O=C, carboxylic O=C and -OH bonds at the individual O/N heteroatom

binding sites are represented by the angles of deviation 8,, 9; and 95, respectively

(only 8, and §; are shown in Scheme 5.2).
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Table 5.2. The theoretical energetics of potassiated alanylalanine (K'-AA)

complexes, in kJ mol™.

Species  Site of binding AHp®' AH»08® AGr08™ Eaer™ Esabitization™
cst - 0.0 1572 1581 127.0 288 186.0
CS2 0, 0%, Ny 1459 1475 1123 502 196.1
CS3 0., 0; 130.1 130.8 100.0 196 149.7
CS4 0y, 0, 07’ 113.1 113.6 83.6 649 178.0
CS5 0;’, 0; 140.6 7142.2 109.7 140 1546
CSé6 0/, N; 1358 137.1 106.0 403 176.1
CS7 0/’ 123.8 1241 98.0 6.4 130.2
CS8 N, | 83.7 84.1 58.1 153 99.0
ZW(QI’) Carboxylate COO™ 110.6 1122 798 143.5 254.1
ZW(N;) Carboxylate COO™ 1040 1064 712 797 13338
ZW(N;) Carboxylate COO— 596 608 317 1485 208.1

fa]: Calculated by the EP(K") protocol. [b]: Standard thermodynamic relations [DelBene et al., 1983]
were applied to obtain the affinities (AHzs) and free energy of binding (AGpes) at 208K. [c]: Refer to
Eqn.[1.9]. (d] Refer to Eqn. {1.9).
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Scheme 5.2.

Representation of the ion-dipole interactions in the K'-Glycylglycine
complex in which the angle of deviation between the cation and the
dipole moment vector is @ (in °), and the distance between the cation
and the center of the dipole moment vector is 1, (in A, with origin at
ce'rllterlof charge of the deformed ligand). The alignment of KJr with the

O=C bond axis is fepresented by the angles of deviatior 9; and 9,.
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5.3  Results and Discussion
5.3.1 Glycylglycine Ligand

Four glycylglycine conformers, GG1 to GG4 (Fig. 5.1) were investigated. The most
stable conformer of glycylglycine we obtained, GG1, is stabilized by three sets of

intramolecular hydrogen bonds.

Our findings are in agreement with Cerda et al (species X in ref. [Cerda et al., 1998])
but in contrast with that reported by Cassady et al. [Cassady et al., 1995] and Siu et al.
[Shoeib et al., 2001]). Without electron corrclatioﬂ (at the HF/6-31G(d) level),
Cassady et al. [Cassady et al., 1995] suggested that GG3 is most stable. On the other

hand, Siu et al. [Shoeib et al., 2001] reported that conformer GG2 (species SN in ref.

[Shoeib et al.,, 2001]) is the global minimumi. : At our current level of theory, the -~

energy difference between these three confonhers is within 4.0 kJ mol™ and such :-
minor. energy difference can easily be the result of using different theoretical -
treatment or protocols. Nevertheless, to obtain theoretical K™ binding affinity of
glycylglycine, it may not be important to locate the giobal minimum on the GG

potential energy surface. [Shoeib et al., 2001]
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GG3 GG4

Figure 5.1. The geometries of four conformers of the glycylglycine (GG) ligand,
optimized at the B3-LYP/6-31G(d) level. The dipole moment vectors are
drawn for reference only and are not to scale. Selected non-bond distances are

shown in Angstroms.

53.2 The Most Stable K'-GG Complex

Using the MCMM and the EP(K") protocols, we have located 27 complexes (18 in CS
forms and nine ZW forms) within 140 kJ mol”' from the most stable K*-GG complex.
These 27 species can be further classified according to their modes of binding into
eight CS (Fig. 5.2) and three ZW (Fig. 5.3) classes. The remaining 16 low-lying CS
and ZW forms are shown in Appendix III, Fig. §-5.1. In our discussion below, we
.have reserved the term "form” to distinguish between charge-solvated (CS) and

zwitterionic (ZW) species; "conformers" for species with same chémical formula and
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mode of binding, but different conformations; and "isomers" for complexes with

different mode of binding between the metal.cation and the dipeptides.

We found that the most stable mode of interaction between K™ and GG is one in
which the ligand is in the charge-solvated CS form. This mode of binding, deﬁoted as
CSI here (Fig. 5.2), involves K' binding to the two carbonyl O=C oxygen atoms (one
at the peptide -amide -bqnd, and one at the carboxylic acid functional group) on both
amino acid residues. The K* is in very close alignment (& = 9°) with the molecular .
dipole moment vector of deformed GG (AScheme 5.2), suggesting that ion—dipole
interaction is important in stabilizing the CS1 mode of binding. We note that CS81 is
also identified to be the most stable binding mode in the Na*-GG complex. [Cerda et

al., 1998]

Cs1 CSs2
{0,.0') [0/,0.°N4] [0/°,01] (0),07°,01]

2172 5 2328
s

Figure 5.2. © The geometries of eight CS binding niodcs of K*-GG, optimized at the
B3-LYP/6-31G(d) level. The molecular dipole moment vector of the

deformed GG ligand is indicated by an arrow (not to scale). Selected non-

bond distances are shown in Angstroms.
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3.3.3 Other Charge-solvated (CS) Complexes

We found eight complexes (Fig. 5.2) in which the K* binds to GG in the CS form; the
least stable CS isomer (CS8) has binding ‘afﬁnity 71.6 kI mol™' above the CS1
complex (Table 5.1). These CS complexes (CS1 to CS8) can be classified into two
groups in terms of how the K' interacts with the CG ligand: those that involve
Binding to O/N sites of both amino acid residues and those that involveAbinding to
only one residue. As in the case of CS1, we found good general alignment of K™ with

the dipole moment vector (@ from 7° to 24°) in the CS2 to CS8 modes of binding.

For CS2, C83 and CS4 complexes, the K™ is attached to O/N heteroatoms from both
-residues. One may view these complexes as “derivatives” of the CS1 mode of
binding. Comparing CS2 and CS1, the fridentate CS2 complex is stabilized by an
additional interacti'c;ri'between K* and the N-terminal amino nitrogen (N;). While this
additional interaction stabilizes-th_e complex, it also leads to greater deformation of
the GG ligand (Eqer is 14.3 kJ mo.l'l greater than that of CS1), hence decreasing the

overall stability of the CS2 mode of binding.

The binding affinity of CS3 is quite comparable to that of CS1: in CS1, the K*
interacts with two carbonyl oxygen atoms (O=C), while in CS3, the cation interacts
with one O=C and one ~OH. The interaction of K" with the hydroxyl (-OH)
functional group is known to be noticeably weaker than binding to O=C, (Chapters 3
and 4) hence, accounting for the decrease in stability of the CS3 mode of binding

relative to CS1.

The CS4 mode differs from the CS1 mode in two aspects. Firstly, the N-terminal

amino group adopted a “cis” (¢, = 29°), rather than a “trans” conformation (o1 =-
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173°) in CS1. Secondly, the K interacts with an additional -OH in the CS4 mode of
binding. Even though these changes might be considered minor, it is interesting to
note that the Eyer of CS4 is more than twice that estimated for CS1. We attribute this
large Eger to intra;ligand repulsion. In the CS4 mode of binding, in order for the three
negative sites to bind to K+ simultaneously, the three oxygen atoms have to be very
close to each other. The distance between O;’ and O; is only 3.04A in CS4 mode,
which is 1.41A shorter than what is found in CS1. Given that the K™ OH interaction

is weaker, hence, the CS4 mode of binding is less stable than CS1 by 46 kJ mol™.

Complexes CS5, CS6, CS7 and CS8 are charge-solvated complexes in which the K"
interacts with the O/N heteroatoms sites of one amino acid residue only. Hence, it is
of interest to compare these species with the corresponding modes of binding in K-
~ Gly (Chapter 4) so that the effect of the additional glycyl residue_'can be elucidated.-
Fir-sitl.y, the AH, of K*-GG is at least 13 kJ mol™ ﬁigher than the corresponding modes: -
of b.inding in K*-Gly, wi‘t.h the largest difference (43 kJ mol™') found in CS7. (Chapter .
4) Secondly, the order of relative affinity for these modes for binding (CS5 > CS6 >
- CS7 > CS8) of K'-GG is identical to that of K™-Gly. (Chapter 4) This impliés that for
the same mode of bindi;lg, the role of the addﬁional spectator glycyl group in GG is
simply to enhance the K* afﬁ‘nity,‘ presumably due to the increase of permanent dipole
moment and polarizability in the presence of the glycyl group. In other words, when
one further extends the peptide backbone. from GG to GGG (and other longer
aliphatic peptides as well), and as long as the K only binds to one glycine residue, the
relative. stabilities of the binding modes would not be expected to differ in the

following order:

0O=C + OH ~ 0=C + NH,; > O0=C > NH;
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It is also interesting to compare the stability of CS1 relative to that of CS5 and CS6.
When K* binds to small ligands, the raw interaction energy (in kJ mol") Estabitizations

using EP(K") protocol, for formamide is found to be especially large: (Chapter 3)
formamide (115) >> formic acid (83) ~ ammonia (74) ~ water (68)

, and is in line with the much larger theoretical dipole moment of deformed.
formamide (~ 4 Debye) in the complexed state when compared to the other three
ligands (~2 Debye). The K” binding to these small organic ligands can be viewed as
model interactions between K* and the individual O/N heteroatom binding site in
peptides, i.e., K binding to the amide C=0 oxygen atoms (formamide) versus
carboxylic C=0 oxygen atoms (formic acid), N-terminal -NH; (_ammonia) and the-C-
terminal ~OH (water) functional groups. Here, for the K'-GG complexes, we found
that the Egpilizaion term (Table 5.1) for lthese bidentate modes of binding is in the order
of: CS1 (amide C=0 + carboxylic C.=O) > CS6 (amide (£=O + N-terminal -NH,) >
CS3 (amide C=0 + carboxyl OH), in line with the greater Egpitization derived from K*
binding to the amide C=0 oxygen. The only exception is CS5 (carboxyl C=0 and
OH), which §hows comparable Egpitization to CS3, presumably because CS5 is
stabilized by a particularly strong intramolecular hydrogen bond (~ 1.54, Fig. 5.2).
Furthermore, the K'...O=C interaction is enhanced by beiter alignment of K* with the
bond axis of the binding sites (and presumably the ‘local’ dipole moment vector of the
C=0 binding sites) in CS1 (with angles of deviation 9,= 33° and‘ 9,=47° for the
amide and carboxylic C=0O bonds, respectively) than that in K*-Gly, in which K*
binds to the carboxylic C=0 and —-OH oxygen atoms (with angles of deviation 8,=
77° and 83=91°, respectively). (Chapter 4) Thus, the stability of CS1 is also related to

the strength of the ‘local’ ion-dipole interaction between K* and the carbonyl oxygen
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atoms, and especially K binding to the amide carbonyl oxygen of the peptide bond
which is energetically much favored. In fact, the highest Egupitization values (Table 5.1)
are found for the four CS forms (CS1, CS2, CS4 and CS6) which involve K' binding
to the arhide carbonyl oxygen of the dipeptide (Fig. 5.2). Our findings are in line with
previous postulates that M O=C ion dipole interactions (M= Na or K*) are
important sources of attractive interaction contributing to the stability of -M'-
formamide/acetamide and Na'-GG complexes. [Roux and Karplus, 1995; Tortajada et

al., 1995; Klassen et al., 1996].

5.3.4 Zwitterionic (ZW) Modes of Binding

We have ideptiﬁed three types of compl_e-x;s where the K interacts with the
Z\;vittefionic (ZW) form of GG (Fig. 5.3). In all three types qlf ZW complexes, the K+
interacts in a l:;identate fashion with the two carboxylaté oxygen atoms COO, but
differs in the site of intramolecular protonation: (i) at the amide carbonyl oxygen

(O;’) of the peptide bond, (ii) at the N-terminal amino nitrogen (Nj), or (iit) at the

amide nitrogen (N,) of the peptide linkage.
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ZW(0/) ZW(N,) ZW(N,)
[COOT] [COO [COO)

Figure 5.3. The geometries of three ZW binding modes of K*-GG, optimized at the
B3-LYP/6-3 1G(d) level. The molecular dipole moment vector of the deformed

GG ligand is indicated by an arrow (not to scale). Selected non-bond distances

are shown in Angstroms.

The binding affinities of the ZW con;plexés in K*-GG s;ystem are at least 48 kJ mol™
lower than the CS1 mode of binding. It is interesting to compare this difference with
our previous study of the K*-Gly system. (Chapter 4) 1n the case of KJ'—GIy? the
lowest energy ZW mode is only i3 kJ mol™! less stable compamd to the most stable
CS comﬁlex. (Chapter 4) As the site of K* bindipg is identical {at the carboxylate
COO) in both K'-Gly and K*-GG, the relative instgbility of ZW modes of binding in
K'-GG arises from the -IIIOI'B unfavorable (greater) charge separation in the
zwitterionic dipeptide backbone.  Similar conclusion has been drawn in the

corresponding Na” system. [Wyttenbach et al., 1998]

Previously studies [Wu and Lebrilla, 1993; Zhang et al., 1993; 1994; Paizs et al,, |
2001; Rodriquez et al.,, 2001] suggested that, when an external proton is attached to
GG and tripeptide GGG, the relative stability and basicity of different sites is in the

order of:

amino nitrogen Ny ~ amtide carbonyl Oy’ >> peptide amide N;
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In the case of ZW K*-GG complexes, the preference of intramolecular proton transfer

from the carboxylic acid group to the three basic sites is in the order (Table 5.1):
amide carbonyl O, > amino nitrogen N; >> peptide amide N;

Thus, it can be concluded that complexation with K' has not altered the amide
nitrogen (N;) as the least favorable site of protonation. This could be attributed to the
loss of resonance stabilization of the peptide bond after protonation at the amide
nitrogen [Zhang et al., 1994] which destabilizes the ZW(N;) structure. Hence, the
ZW(N;) complex is approximately 44 kJ mol ™! less stable than ZW(N;), which has

the protonation site at the N-terminal amino nitrogen Nj.

For the GG ligand, it has been estimated that in terms of proton affinity at 0K (AHp),
protoﬁation at the N-terminal amino N, site 1s only favored by 3.7 kJ mol” than the .
;mid; .carbonyl oxygen Oy’ site (TaBle IV of rei‘. [Zhang et.'al., 1993)). {Zhang et al,,
1993i Recent high-level density functional calcv.ilations of the GGG ligand also
indicate that ‘the proton affinity (AHy) of the N-terminal amide carbonyl oxygen is
only ma;.rginally smaller (by 0.9 kJ mol™) than that of the amino site (supplementary
information of ref. [Rociﬂquez et al., 2001]). [Rodriquez et al,, 2001] In both cases,
protonation at the N-terminal amide C=0 is stabilized by internal hydrogen bonding
between the additional proton and the amino nitrogen (-NHy), leading to very similar
proton affinities for these two proton binding sites at the N-terminal glycyl residue.
However, in the case of the zwitterionic K'-GG complexes, protonation at the N-
terminal amide carbonyl Oi’-'site is noticeably preferred by 13.4 kJ mol™' (in terms of
AHy, Table 5.1) over protonation at the N-terminal amino N, site. We attribute the
greater stability of the ZW(0O,”) binding mode of K'-GG to three factors: (i) the

enhanced resonance stabilization (partial double bond character) in the peptide
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linkage O —C/—N,;—H, (ii) the formation of a stable hydrogen bonding
interaction O’H"N; (1.77A), analogous to the ‘internal proton solvation’ found at
the N-terminal glycyl residue of protonated GGG, and (iit) the better alignment of the

molecular dipole moment with K* in the ZW(0O,’) mode of binding (@ of 15° in

ZW(0/’) versus 35° in ZW(N))).

The ZW complex with protonation site at the N-terminal N,, ZW(N,), deserves
further attention. Its deformation energy is ~40% smaller than that of the ZW(O,*)
and ZW(N;), and quite comparable to that found in some CS modes of binding (e.g.,
CS4). The relatively small Eqr in ZW(N;) probably arises ﬁoﬁl an extra-ordinarily
strong electrostatic bond between the hydrogen of the positively cﬁa.rged amino group
and the oxygen of the negatively charged carboxylate group, i.e., NyH™"00C
interaction of 1.49A. Such strong hydrogen bond could even compensate the two
destabilizing factors arising from N, protonation: the preference for a more stable 'cis'
conformation in the peptide bond, [Luque and Orozco, 1993] and the charge
separation in a ZW structure. This interaction is so stabilizing that upon metal
complexation, the dipeptide is driven into a compact “cyclic’ configuration in ZW(N,)
as opposed to‘ an ‘extended’ conformation found in the other zwitterionic K'-GG

complexes (Fig. 5.3).

Page 123



5.3.5 Nature of Cation on Metal Cation-glycylglycine (M*-GG) Interactions

Two high level theoretical studies on Na'-GG have been reported by Bowers et al.
[Wyttenbach et al., 1998] and Cerda et al. [Cerda et al,, 1998] independently. The
study conducted by Bowers et al. [Cerda et al., 1998; Wyttenbach et al., 1998]
reported the relative energies of three Na'-GG isomers. This sub-set of isomers are
also included in a more comprehensive ;mdy on Na'-GG interaction by Cerda et al.,
with qualitatively the same results. [Cerda et al., 1998] Thus, our comparison will
only be made against the reported results of Cerda et al. More recently, the
interaction between GG and Cu’/Ag’ has also been reported. {Chu et al., 2001,
Shoeib et al, 2001] As Cu' is a substantially smaller cation than K, and the
similarity/difference between Cu’-GG and Ag'-GG linteractions have been
| extensively- c{i_gqussed‘ in ref. [Shoeib et__fal.r_, 2001], we will only focus on the
‘ i‘nteractic;n of.;}G with K*, as opposed to Na* and Ag" :ﬁeré. Sincev Feng et al. .have

only located two geometries in Li’-GG: one sample ground state of CS form and one

ZW form, we may not compare their findings here. [Feng et al., 2003]

By carrying out geometry search described in this work, we have located somé fairly
stable modes of binding (e.g., CS3, CS4, CS5, CS7, CS8, ZW(0,’) and ZW(Ny))
previously not reported in the Na*, Cu* and Ag®-GG systems. [Cerda et al., 1998;
Wiyttenbach et al., 1998; Shoeib et al., 2001; Chu et al., 2001] Certain modes of
binding previously reported (e.g., species V in ref. [Cerda et al., 1998]) are less stable
conformers on the K'-GG potential energy surface that share the same mode of cation
binding in Figé. 5.2 and 5.3 here, and the structure and energetics of these low-lying
" conformers are summarized in Appendix III, Fig. S-5.1. We note in passing that the

relative stabilities of GG conformers sharing the same -mode of binding are in fact
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governed by the hydrogen-bonding patterns adopted by the GG ligand. The result of

this aspeét of K*-GG binding will be reported in Appendix IV.

Here, we focus our attention on how the nature of metal cations affects the relative
affinity of various modes of binding (Fig. 5.4). When compared to Na'-GG system,
[Cerda et al., 1998] the relative affinity scale of K*-GG i$ compressed. Almost all the
analogous Na+-GG isomers are much less stable relative to the CS1 mode of binding
(species I in ref. [Cerda et-al., 1998]), except for CS2 (species I in ref. [Cerda et.al.,

1998]) which is of comparable stability (0.4kImol™') to that of CS1.
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On the other hand, the K'-GG relative affinity scale is expanded compared to that of
the Ag'-GG system (Fig. 5.4). Moreover, the most stable mode -of binding also
differs. In the most stable charge-solvated Ag'-GG conformer (species 3 in ref. [Chu
et al,, 2001; Shoeib et al., 2001], corresponding to our CS6), the Ag" interacts with
0;’ and N;, while K" prefers to bind to Oy’ and O,’ of the GG ligand (CS1 mode of
binding). One can rationalize this difference in terms of the hard-soft-acid-base
(HSAB) principle. [Huheey et al., 1993] The silver cation is a softer acid (hence more
polarizable) than Na'/K*. This means that Ag’ is a better electron acceptor, and
would prefer to bind to the softer nitrogen binding sites than the harder oxygen donor
site in a ligand. The preference of Ag’ binding to nitrogen binding site is also
exemplified in the CS2 mode of binding. As the CS2 binding mode is already of
comparable stability to the CS1 binding mode in the case of Na’, the preference of
Ag" for the softer nitrogen site further stabilizes the CS2 mode of binciing. A further
example can be found in species 6 in ref. [shoeib et al., 2001} where the Ag" binding
to carboxylic C=0 and N-terminal ~NH,. ‘With reference to the corresponding CS1
mode, this mode of binding is relatively stable in Ag*-GG (~15 kJ mol’"), but very
unstable (the CS9 binding mode shown in Appendix III, Fig. S-5.1, ~100 kJ mol™) in
K'-GG. (This mode of binding cannot be found within the 50 kJ mol" energy
window utilized in our MCMM calculations. The present CS9 complex shown in
Appendix III, Fig. S-5.1 is obtained from fully optimized K+-_GG complexes based on

the geometries of species 6 in ref. [Shoeib et al., 2001]))

We have failed to locate the corresponding zwitterionic species 7 in ref. [Shoeib et al.,
2001] (identical to species 5 in ref. [Chu et al., 2001] on the K*-GG potential energy
surface. Starting from sensible trial K'-GG structures, these complexes invariably

optimized to CS5 with K* binding to carboxylic oxygen atoms (Fig. 5.2) at both
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HF/6-31G(d) and B3-LYP/6-31G(d) levels. Species 7 (ref. {Shoeib et al., 2001]) and
the CS5 complex presented here are isomers that differs in the location of
protonation: CS5 is charge—solvated in nature while species 7 is zwitterionic in which
the carboxylic proton has been transferred from the C—terminal to the N-terminal
amide oxygen O,’. We have carried out additional geometry optimization with larger
basis sets (i.e., 6-31+G(d), 6-31G(d,p) and 6-31+G(d,p)) with the B3-LYP function.
As these more flexible basis sets also failed to yield stable complex similar to that of
species 7 (ref. [Shoeib et al., 2001]) found in the Ag+—GG system, it appears that such
mode of binding is in fact unstable on the K'-GG potential energy surface.
Examination of species 7 (ref. [Shoeib et al., 2001]) reveals that the proton brnidges
between the carboxylate oxygen and amide oxygen Oy’ are short (at 1.40 and 1.074,
respectively), [Shoeib et al., 2001] and hence the proton would be expected to be
qu;fe fnc;bile-;ehNeen_ these two alternati-ve:p.rotonatioxl'r gités. While cation.binding
could stabilizg a ZW complex (through strong inte:raé.tions between positively
charged metal‘ cations and the negatively charged carboxylate COO™ group), it also
brings along in;tability to the ligand because of the charge separation effect. It
appears that as the smaller Ag" binds more strongly and closely to the ligand, the
stabilization factor outweighs the charge separation destabilization effect. As the
interaction between the larger K™ and GG is generally weaker, the stabilizing effect of
the K**COQ" interaction is not strong enough to overcome the instability arising from

the charge separation effect.
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5.3.6 Effect of Alkyl Side Chain and Proton Affinity

The energy difference between the first two most stable confqnners (AAL and AA2)
is within 1.2 kJ mol”, with reverse in relative order that found in glycylglycine ligand.
As we have discussed in Section 5.3.1, such minor energy différences can easily be
the result of using a different theoretical protocol. Thus, the final theoretical K*
binding affinity of 'a-lanylalanine will not be signiﬁcantly affected even if AA1 is not
found to be the most stable cbnformers here. Thus, the theoretical energetics of K-
AA that found in Table 5.2 are using the energy of conformers AAl for the:

calculation,

The modes of binding in K'-AA is very similar to that of K*-GG, with the more stable
CS and ZW modes of binding deplcted in Fig. 5.5. Generally speakmg, the relative
afﬁmtles of analogous binding modes in K'-AA is parallel to that of K'-GG.
Presumably, because of the increase in polanza&hty, the raw interaction emergy
(Eswbi{ization) is increased, leading to a general increase in K* binding affinities of
approximately 5 kJ mol™ from GG to AA, which is identical to the change observed
in goiné from K'-Gly to K*-Ala. Hence, it seems that the effect of increasing the
alkyl chain length (polarizability) on relative stability of CS versus ZW in K* binding

modes is the same for both aliphatic amino acids and dipeptides.
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Figure 5.5. The geometries of the most stable conformer of alanylalanine ligand (AA),
charge-solvated complex (CS1), zwitterionic forms (protonated at Q,’,
ZW(0,’), optimized at the B3-LYP/6-31G(d) level of theory: The

molecular dipole moment vector of the deformed AA ligand is indicated by an

arrow (not to scale). Selected non-bond distances are shown in Angstroms.

A greater protén affinity (PA) would favor intre;moiecular proton transfer from the C-
terminal carboxylic —OH to the amino group (-NHz) group at the N-terminal, and is
expected to confer greater stability to ZW forms of the M'-amino acid complex.
[Wyttenbach et al., 2000; Pulkkinen et al., 2000; Chapter 4] Here, we would like to
investigate how one can. extend this criterion to metal cationized dipeptides GG and
AA. The proton affinities of glycine, glycylglycine, alanine and élanylalam'ne are
summarized in Table 5.3, along with the relative stability of the CS/ZW forms in

these K*~ligand systems.
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Table 5.3. A comparison of proton affinities (PA, in kJ mol™) of glycine (Gly),
glycylglycine (GG), alanine (Ala), alanylalanine (AA) and the relative stabilities

(Epv-cs, in kJ mol™) of K* bound CS/ZW forms.

Species Gly GG Ala AA
pA [l 902.5 934.7 912.5 946.8
Eps'® 132 48.0 8.0 46.6

[a]: Experimental data at 298K and | atm taken from ref. [Cassady et al., 1995}. [b]: The AH,
of the most stable K*-ligand complex in the ZW form, relative to the most stable CS complex

of the same system.

The PA of Ala is greater than that of Gly by 10 kJ mol™, suggesting that the more
basic N-terminal site in Ala is more prone to proton attachment. Accordingly,
formation of the ZW complex is found to be more favorable for Ala than Gly. A
similar trend is observed iﬁ the dipep'ticie case when AA 1s compared against GG: the
energy difference between the most stable CS and ZW forms becomes smaller for K'-
AA (at 46.6 and 48.0 kJ mol™, respectively). Hence, we could conclude that proton
affinity affects the relative stabilities of CS and ZW complexes for both aliphatic

amino acids and dipeptides in the same way.

However, the same could not be said for the K*-Gly/K*-GG or K*-Ala/K*-AA pairs.
While GG and AA have greater proton affinities than Gly and Ala, the most stable
ZW complex for the dipeptide ligand is much less stable than the most stable CS1
complexes by 47 — 48 k] mol” (Table 5.3), a difference significantly greater than the
corresponding 8 — 13 kJ mol™ found in the case of K*-Gly and K*-Ala complexes.
(Chapter 4) 1t is because the most stable CS (K" binding to both carboxylic oxygen

atoms} and ZW (protonation at the most basic N-terminal -NHj site) binding modes
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in the aliphatic amino acids (refer to Chapter 4) are different from that of the
dipeptides. Thus, the PA criterion can only be applied to systems that have the same
CS or ZW modes of metal-cation binding, and their corresponding ZW forms should

have the same protonation sites.

5.3.7 Comparison between Experimental and Theoretical K" Affinities

Since this is the first theoretical study on K* binding to dipeptides GG and AA, no
literature values are available for comparison. To provide a better understanding on
the K* binding to the dipeptides investigated, the experimental K afﬁﬁities obtained
by Dr. Y. Tsang of our research group [Tsang, 2003] using the mass spectrometric
kinetic-method and our theoretical results for the most stable CS and ZW binding
. modes are sdﬁﬁnarized in Table 5.4. The reference K* affinity compbunds/values,'
 used in the exﬁér-imental measurements are the K* affinities at OK of amino acids with
functionalized side chains and their methylated -OMe/ ethylated -OEt derivatives (in
kJ mol), ie., Ser-OMe. (137.7); Ser-Oet (140.4), Phe-OMe (143.9), Tyr-OMe

(144.3), Phe-OFEt (145.5).
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Table 5.4. Theoretical and experimental K" affinities at 0K (kJ moI'") of K'-GG

and K'-AA dipeptides.

_ Dipeptides K" affinities AHo (£xpy — AHp
Theoretical ) Experimenta] (Theory)
CS VA"
With Without  Without ' ‘ With  Without
BSSE  BSSE  BSSE BSSE  BSSE
GG 1514 151.8 | 103.8 139.0 124 V 12.8
AA 150.6 157.2 110.6 142.0 8.6 15.2

{a] Theoretical K" affinities, AHy (meory), using EP (K*) protocol with or without BSSE
correction, based on the B3-LYP/6-31G(d) optimized geometries. The affinities of the most
stable binding mode are indicated by bold fonts. [b] Experimental K* affinities, AH, (expt)s
determined by Dr. Y.. Tsang using.extended kinetic-method measurements, with K' affinity
values at 0K of Ser-OMe (137.7), Ser-OEt (140.4), Phe-OMe (143.9), Tyr-OMe (144.3), Phe-
OFEt (145.5) as reference values. '

The order of theoretical K* afﬁnifies for GG and AA dipeptides, without BSSE
correction, is in exact agreement with the experimentally observed order of the mass
spectrometric kinetic method. measurements.  Furthermore, better agreement is
achieved between the experimental and theoretical K* affinity values with charge-
solvated (CS) binding mode, with the theoretical K affinity values systematically
higher than the experimental values by 13-15 kJ mol”, and a mean-absolute-deviation
(MAD, without BSSE correction) of 14 kJ mol” (n=2). The deviation between
experimental and theoretical absolute K" affinities is in the range of the experimental
limits of error of 12-14 kJ mol'. One possible cause for the relatively large
discrepancy (but still very acceptable) between experimental and theoretical values is

that because of the relatively large size of the dipeptides, there are noticeable inter-
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ligand repulsion in the K'-bound heterodimer ion between the dipeptide and ihe-
reference compound, causing the measured K* affinity to be lower than the actual K*
binding affinities. Another possible cause is that the error of the theoretical protocol
increases with the molecular size of the calculated systems. Both of these causes may
contribute to the observed increasing deviations between experimental and theoretical
values, which are still close to the limits of experimental uncertainty and thus, the
affinities can be regarded as still acceptable. Eveﬁ though the inclusion of BSSE
calculation are found to be in fair better agreement with experimental data (MAD
=10.5 kJ mol"), the order of K' affinities for GG and AA dipeptides is reversed
relative to experimental affinities. Therefore, the corrections with BSSE may not lead
to better agreement in the order of experimental affinities and has minimat effect on
calculated K* affinities. Therefore, it appears that BSSE correction could be omitted
for coiﬁputational efficiency. In adciit‘ibn,'the experimentally measured K" affinities
should correspond to the binding affinities of the K+-'dipeptide,complexes in the most
stable CS forms in gas phase. Theoretically, the most stable ZW form of K™ bound
dipeptides_ are generally ~ 50 kJ mol™ less stablé than-thé CS form. Beca'uselof the
large difference in binding affinities and stability between the most stable CS and ZW
forms, the K* bound dipeptides complexes are expected to be found predominantly in
the CS forms in the gas phase -under. the experimental conditions of the mass

spectrometer system adapted in the measurements.
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5.3.8 [Interaction of K* with Peptide Backbones

In the previous sections, we have discussed the factors governing the relative stability
of the CS and ZW modes of binding in K*-GG/K*-AA systems. By comparing our
present results with the intrinsic gas phase K*-peptide backbone interactions reported
in the literature, [Wyttenbach et al., 1998; Kohtani et al., 2000; Taraszka et al., 2001;
Sudha et al.,, 2002] as well as that found in biological systems, [Larsen et al., 1994;
Doyle et al.,, 1998; Isupov et al., 1998; Wyttenbach et al., 1999b] we could gain new

insight into the interactions of these and related systems.

Results from the present study illustrate the importance of ‘local’ K+"‘O=C ion—dipole -
interactions between K* and GG/AA so that the cation prefers to bind to two carbonyl
oxygens of the dipeptide backbone in the charge-solvated (CS) mode. Given this, one
expects that for the longer peptides, the increase in flexibility of the._backbone would
allow the ligand to orient its various carbonyl O=C groups to align more closely with
the cation, so that the number of K*~O=C interactions could be maximized. At the
same time, the zwitterionic (ZW) K* binding modes become much less stable (by at
least about 47: kI mol") in the aliphatic dipeptides GG and AA than in.the amino
acids glycine and alanine. This is due to (i) the enhanced stability conferred by the
strong K" O=C interaction associated with the peptide bond in the most stable CS1
structure, and (1i) the instability of the ZW structures arising from the greater charge-

separation effect in the dipeptide backbone.

Both factors suggests that the K™ is likely to be encapsulated inside the peptide chain
in a macrocyclic CS conformation with multi-dentate binding to mostly amide O=C
sites of the peptide backbone. We found first support in the potassiated valinomycin

(2 dodecadepsipeptide) complexes where the K binds to the six valine carbonyl
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oxygens in a near octahedral ﬁrrangement in the gas phase. [Wyttenbach, 19§9b] The
second support is in the metalhated CHO-GIY3-OCH3 complexes where the alkali
metal cations bind to the three C-terminus CO groups is the energetically most
favorable for Li*, Na" and K'. [Sudha et al., 2002] Moreover, given the similarity
between the mode of. binding between Na* and K" illustrated in this work for the
GG/AA, and previous works for smaller ligands, {Rodgers and Armentrout, 2000a]
our results can be used to explain the occurrence of macrocyclic CS modes of Na*
binding to backbone carbonyl oxygens in sodiated oligoglycines (Na'-Gly,, n=2-6)
and oligoalanines (Na'*-Ala,, n=10, 15, 20, and [Ala, + 3Na]**; n=18-36 ). [Cerda et
al., 1998; Wyttenbach et al., 1998; Kohtani et al.,, 2000; Taraszka et al., 2001] In
biological systems, X binding to backbone carbonyl oxygens in a macrocyclic

pattern are found in the X-ray protein structures of K" channels [Doyle et al., 1998],

X .

tryptophanase [Isupov et al, 1998] and pyruvate kinase [Larsen et al, 1994],
suggesting that the importance of local K "O=C ion-dipole interaction may be

extendible from the gas phase to solution phase.

Finally, we found that the most stabk; ZW binding mode ZW(OI’) for K'-GG and
K'-AA has the protonat‘ion site at the amide carbonyl oxygen O’ of the N-terminal
glycyl residue (Scheme 5.1), which has proton affinity very similar to that of the
amino nitrogen N; site. Despite stabilization by very strong hydrogen bonding (as
indicated by the very short bonding distance of 1.77A) between the O,’H and N;
within the N-terminal glycyl residue, this potassiated ZW(0,’) structure of GG and
AA remains much less stable than the most stable conformer CS1. For longer
aliphatic peptides, the ZW conformers are expected to become even less stable due to
the greater charge separation effect. Drawing on the similarity in binding modes

between K" and Na' again, our results on the relative instability of ZW ‘structures
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ZW(0y’) and ZW(N,) for the dipeptides GG and AA are in line with a previous
report that a longer helical ZW Na'-Ala,s structure collapsed. to a random globular
structure (presumably in the CS form) in numerical simulations. [Kohtani et al., 2000]
Furthermore, a helix with a salt bridge from the deprotonated C-terminus (zwitterionic
COO™Na') and protonation of the backbone C=O near to the C-terminus (to
minimize charge separation effect) appears to be a stable stméture in the numerical
simulation. Hence, the larger aliphatic peptides are most likely to remain in.the CS

form when sodiated or potassiated.

Page 137



54 Conclusion

To our knowledge, this is the first high-level ab initio/density functional study on K*
interaction with dipeptides. In this study, we have located eighteen charge-solvated
(CS) and nine zwitterionic (ZW) stable isomers/conformers for the K'-GG/AA
dipeptide comple_xes at the | B3-LYP/6-311+G(3df,2p)//B3-LYP/6-31G(d)
(abbreviated at EP(K")) level of calculations, which can be classified into eight CS
and three ZW K" binding modes to different O/N heteroatom sites of the peptide.
Several of tﬁese binding modes are not found in previous studies of Na*, Cu* and Ag'

binding to the dipeptide GG.

The most stable K*-GG and K*-AA complexes involve a bidentate interaction where
the K coordmates to two C-terminus carbony] oxygen atoms of two amino acid
reSIduPs in the CS form. We found good general alignment of K* with the dipole
moment vector of the complexed (deformed) aliphatic dipeptides in all of the CS
modes of binding, suggesting that ion dipole interaction is the key electrostatic
interaction contributing to the stability of the K'-GG/AA complexes. Among the
different O/N heteroat;)m binding sites on the peptide backbone, K binding to the
amide carbonyl oxygen is energetically very much preferred, and this is attributed to
the very strong Jocal ion-dipole interaction between K* and the peptide amide C=0
bond. Consequently, the more stable CS forms are those that involve K* binding to

and in close alignment With the amide C=0.

By definition, zwitterionic K'-dipeptide structures have the potassium cation bound to
the two carboxylate oxygen atoms at the C-terminus, thereby losing the stgnificant
stability that can be gained from the K™~C=0 (amide) interaction. While K* binding

to backbone amide carbony! oxygen atoms in the Na'/K* bound ZW structures of
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larger helical or globular peptide chains are still possible, the CS form will always
have the advantage éf being able to bind to more amidé carbonyl oxygen atoms than
the ZW form, thus gaining extra stability for .the CS form. We also found that
prbtonation and internal proton solvation at the basic amide carbonyl oxygen of the
N-terminal glycyl/alanyl residue in GG and AA cannot compensate for the
destabilizing charge separation effect (between the proton positive charge and the
carboxylate negative charge) even for the lowest energy (most stable) ZW(O,*)
structure involving protonation and strong hydrogen bonding at the more basic N-
terminal glycyl/alanyl residuq. Since the charge separation effect is expected to be
amplified in ZW structures of longer peptides, and coupling with the lesser
probability of K* binding to amide C=0 of the peptide backbone for ZW structures, it
is'very likely that the most stable K stabilized aliphatic peptide complexes have

charge-solvated conformations in the gas phase.

The stability of the lowest energy ZW binding mode of GG/AA (relative to their
respective most stable CS forms) is found to increase slightly with the proton affinity
of the dipeptide. However, the proton afﬁmty criterion fails when cross comparlsons
are made between the dipeptides and the aliphatic amino acids. Hence, we would
suggest caution in extending the proton affinity criterion to compare or predict the
relative stability of different ZW structures of amino acids or peptides having

dissimilar metal cation binding modes.

While the CS and ZW binding modes and the trend of relative stabilities are similar
for Na'/K'-dipeptide complexes, we found the most stable CS form of K*-GG and
Ag'-GG complex to have different O/N heteroatom binding sites, and other stable CS

conformers also show significant differences in their relative stabilities. The ongin of
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these differences may reflect the different nature of bonding and ionic sizes of Ag'
and K*. Hence, differences in the mass spectral fragmentation patterns between Ag'-
peptides and K'/Na'-peptides are expected. Mass spectra of Na*, [Grese et al., 1989;
Teesch and Adam, 1991a; Teesch et al., 1991b), K™ [Cody et al., 1985; Grese et al.,
1989; Teesch and Adam, 1991a] and Ag’ [Chu et al., 1999] cationized peptides have
been usefully applied to provide identification and sequence information of peptides.
It might be of practical interest to examine whether such differences can be exploited
to provide complementary mass spectral information on peptide sequence, which has

become an important issue in proteomic analysis today.
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Chapter 6 K'-Glycylphenylalanine (GF) and K'-
APhenylalanylglycine (FG): The 'Importance

of Cation-it Interactions

6.1  Background

The attractive force between positively charged species/centers and an electron-rich
aromatic ring, the “cation-n” interaction, is a relatively new kind of nén-covalent
force. [Gokel et al,, 2000; Tsuzuki, et al., 2001; Chen, 2002; Zacharias and
Dougherty, 2002] Such force has been postulated to play important biological roles,
like protein-DNA binding [Wintjens et al., 2000], antigen-antibody interactions,
[Hsieh-Wilson, 1996; Bracci et al, 2003] and selective ion transport across cell
membranes channels. [Silverman et al., 1998; Gokel et al., 2002; Nino et al., 2003]
Cation-rt interaction is found to be implicated in the stability of secondary/tertiary
structures of peptides and proteins [Gallivan and Dougherty, 1999; Fernandez-Recio
et al, 1999; Toth et al., 2001b], and is being exploited in the design of drugs.

[Wouters and Ooms, 2001; Mao et al., 2004]

In Biologica] systems, the cation-w interaction can occur between the metal cations,
[Hirota et al., 2000; De Wall et al., 2000; Shoeib et al., 2002; Hu et al., 2002a; 2002b;
Williams et al., 2003; Meyer, 2003] cationic side chains of lysine/arginine/histidine,
[Gallivan and Dougherty, 1999; Chen 2000; Nurizzo et al., 2001; Okada et al., 2001;
Zacharias and Dougherty, 2002] and organic cations like acetylcholine and its
derivatives [Zhong et al., 1998; Smit et al.,, 2001; Koellner et al., 2002], with the
aromatic side chains of phenylalanine/tyrosine/tryptophan on the peptide/protein

chain. - Given the importance of such interactions, insight into the fundamental nature
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of cation-m interactions is necessary. This prompted many theoretical studies of the
interaction between alkali, [Amicangelo, and Armentrout, 2000; Feller et al., 2000a;
Ikuta, 2000; Tsuzuki et al., 2001; Dunbar; 2002b; Kim, et al.. 2003b; Chapter 3]
alkaline, [Zhu et al., 2003] transition metal, [Dunbar, 2002b; Caraiman et al., 2004}
and ammonium cation [Zhu et al.,, 2000; Kim, et al. 2003b] with simple aromatic
systems benzene and. its derivatives. Because of the size of the system, high level
theoretical study of the interaction between cations and aromatic amino acids/peptides
remained few in number. [Ryzhov et al., 2000; Dunbar, 2000; Siu et al., 2001b; 2004]
Density functional calculation by Dunbar and co-workers indicated that the phenyl-n
face was one of the most preferable sites involved in the Na'/K* bound complexes of
phenylalanine/tyrosine/tryptophan. By -comparing against the corresponding non-u
mode, the additional = interaction is found to increase the binding affinity by ~20 kJ
mol™. [Ryzhov et al., 2000; Dunbar, 2000] Siu et al. [Siu et al., 2001b; 2004] further
examine the role of the two forms of phenylalanine (Phe), charge-solvated (CS)

versus zwitterionic (ZW), plays in the competition between n and non-nt binding of

Li"/Na"/K".

Here we extend tl;e study on cation-n interactioﬁ into the binding of potassium
cation (K) with prototypical dipeptides containing an aromatic amino acid,
phenylalanylglycine (FG) and glycylphenylalanine (GF). In this work, the interaction
between K* and FG/GF dipeptides was modeled. using high-level density function
theory. Theoretical geometries of free FG/GF and their K* complexes will be
presented, and the potassium cation affinity (relative and absolute) for different
binding modes will be compared. Our study aims to address the questions: what is the
preferred site(s) of K™ binding on dipeptides containing aromatic amino acids? How

does the K" binding to aromatic dipeptides differ from that of aliphatic dipeptide (like
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glycylglycine), and to aromatic amino acid (like phenylalanine)? What is the effect of
the position of the aromatic ring (at N-terminal versus C-terminal) on the geometry

and affinity of K* binding?
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6.2 Computational Details

There are no prior high level theoretical studies on the interactions of K" and FG/GF
ligands. Similar to K'-GG/AA, (Chapter 5) the K™ may interact with the dipeptide
ligand in charge-solvated (CS) or zwitterionic (ZW) forms, and their naming system

are presented in Scheme 6.1.

We adopted a Monte Carlo Multiple Minimum (MCMM) conformational searching
technique [Saunders et al., 1990], outlined in details in Chapter 2, to obtain the
conformation of the free ligand and their K' complexes, with AMBER* force field
[Weiner et al., 1984] implémented in the Macromodel 7.0 package. [Mohamadi et al.,
1990] While the default extended non-bonded cutoff (8, 12 and 4 A for Van der
Waals, electrostatic and hydrogen bonds, respectively) is employed for FG/GF in the
MCMM search, the cutoff was increased to 20A for K'-FG/GF, identical to our
previous studies on K*-GG complexes. (Chapter 5) With an energy window_of 50kJ
mol™, 251/242 FG/GF conformers, and 619/607 K*-FG/GF complexes, respéctively,
were obtained. After ciiscarding conformers with no intramolec‘_:ular hydrogen bonds,
~40 FG/GF and ~100 K*-FG/GF conformers were retained. These species were re-
optimized and confirmed to be real minima by using EP(K") protocol (refer to Section

2.7).

The affinities at 0K (AHy) for all K’-FG/GF complexes calculated using the EP(K")
protocol are summarized in Tables 6.1 and 6.2. In order to convert AHy to affinities at
298K (AHj0s) and free energy of binding (AGaes), standard statistical thermodynamics

relations [DelBene et al., 1983] (Tables 6.1 and 6.2) were employed. The
deformation energy (Ed«r) and the stabilization energy (Esuabilization) for all the K*-

FG/GF complexes are also summarized in Tables 6.1 and 6.2. Polarization interaction
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parameter (PIP) and dipole interaction parameter (DIP) (refer to Section 1.3.3) of the
deformed ligands in the complexed states are also considered. The PIP and DIP take
into account the effect of ligand framework deformation, binding distance/geometry
effect along with the molecular electrostatic properties (polarizability and dipole
moment), which have been found to provide better quantitative description of the
interaction energy between K and glycine. (Chapter 4) ‘Finally, we wish to point out
that the TUPAC naming scheme [Anonymous, 1975] is adopted here, and illustrated in

Scheme 6.1.

X Y

Yol | ¥
H—N, '6?1“'6‘:1"6"2‘6‘32"‘@02'—0:“
oy N ) |!| L7 W ®

[ —
peptide linkage

residue 1 - residue 2

Phenylalanylglycine (FG): X= —CH, ,—Q 1¥Y=H

Giycylphenylalanine (GF: X=H; Y= —CH, —@

Scheme 6.1. Schematic naming of atoms and dihedral angles of the

phenylalanylglycine (FG) and glycylphenylalanine (GF) ligands
according to the [UPAC recommendation. [Anonymous, 1975] Atoms

and their positions in the peptide backbone are indicated by letters/

symbols/numbers in bold fonts.
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6.3  Results and Discussion

6.3.1 Conformation Preference of Free Phenylalanylglycine (FG) and

Glycylphenylalanine (GF) Ligands

The four most stable phenylalanylglycine (FG) and glycylphenylalanine (GF)

conformers are depicted in Figs. 6.1(a) and (b), respectively.

There are no previous high level studies on the free FG/GF ligand. For
pheny]alanylglycine_ (Fig. 6.1(a)), thé hydrogen bonding patterns exhibited in the four
most stable conformers are'identical to what we have found for GG previously,
spanning a similar energy range (refer to Section 5.3.1). On the other hand, for
glycylphenylalanine (Fig. 6.1(b)), the most stable conformer we obtained is GF2, not
the analogous species of GF1 as Imght have been expected. Thc unexpected stability
of GF2 could be due to the presence of NH .7 interaction (~2. 77A in this species), a
stabilizing non-covalent force implicated in biological recbignition and receptor
binding. [Jeffrey and Saenger, 1991; Fong et al., 1993; Koeh! and Levitt, 1999; Toth
et al,, 2001b] More importantly, the NH...7 moiety in GF2 is part of a non-covalent
OH...NH...n “daisy-cha‘in” network of interactions (illustrated in Scheme 6.2(c)),
which is believed to confer extra stability in aromatic amino acids. [Snoek et al.,

2000; Robertson and Simons, 2001]

Page 146



{a)

2541 w3508 - -4,
2542 2,140 2.829
FG1 FG4-
{0} )]

GF1 GF2 GF3 GF4
() {0} (8) (10)

Figure 6.1. The geometries of four conformers of (a) phenylalanylglycine (FG) and
(b) glycylphenylalanine (GF) ligands, optimized at the B3-LYP/6-31G(d)
level. Selected non-bond distances are shown in Angstroms. The values in

bracket is the relative stability (in kJ mol™) with reference to the most stable form

in the respective ligands: FG1 and GF2.

Page 147



& o+ 5- O+
(@)  X—H--oeeeeees Y—H

o o+
O A
5 &+ 5~ &+
(€}  x—H--ooee e

where X or Y = heteratom O or N of the dipeptides FG/GF

Scheme 6.2. INustration of the “daisy-chain” effect: (a) hydrogen bonding, with atom
“X” being the hydrogen bond donor and atom “Y" being the hydrogen
bond acceptof, {b) YH-x interaction, (c) “daisy-chain”: effe&.:t: because Tof
the X-H...Y-H hydrogen bonding interaction, the Y-H bond would
become more polarized, leading to stronger electrostatic interaction

between the H and the =« face. ~
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6.3.2 Potassium Cation Binding Modes of Phenylalanylglycine and

Glycylphenylalanine Complexes
Non-n Modes of Binding (Geometries)

The optimized structiires of K'-FG and K*-GF complexes, in which the ring is not
involved in K" binding, are depicted in Figs. 6.2 and 6.3, respectively. All these non-
7 modes of binding in K*-FG/GF are analogoﬁs to those reported for K*-GG (Chapter
5). The average K* binding distance to carbonyl oxygen atoms (O, 0,%), hydroxyl
oxygen atoms (O;), amino nitrogen (N;) and the carboxylic COO™ of K*-FG/GF
ranges between 2.53 to 2.98 A, slightly shorter (with difference less than 0.03A) than

what is found in K*-GG previously (Chapter 5).

Similar to what is found in K'-GG, the nitrogen of tie peptide bond, Nz, remains a.
unfavorable site for K binding. For formamide (which is often used as the model of
the peptide linkage), the most favorable binding site for Li*/Na’/K" is the amide
oxygen atom. [Tortajada et al., 1995; Remko, 1997; Chapter 3] Furthermore, the
common view is that alkali metal ions bind to peptides at one or more of the following
sites: amino nitroger_l, carbonyl oxygen, carboxylate oxygen atoms (of a zwitterionic
peptide), but not at the amide Nj. [Mallis and Russell, 1986; Russell et al., 1988;
Grese et al., 1989; Teesch and Adams, 1991a; Kenn); et al., 1997, Cerda et al., 1998;
Shoeib et al., 2001} Thus, even though the amide N; holds a key role in the peptide
conformation, [Meyer et al., 2003; Duan et al., 1999] it may not be a favorable K*

binding site.
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cst cs2- : cSs3
[0:,0:"] (01,0 Ny) [0:",0:)

Figure 6.2. The geometries of the non-n binding modes of potassiated
phenylalanylglycine (K'-FG) complexes in the (a) charge-solvated (CS)
and (b) zwi‘tterionic (ZW) form. Selected non-bond distances are shown in

Angstroms.
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Z.GOIQ 2838

2688 3T

Cs4
[OI,’OZaOI,]

Zw(0,") ZW(N,) ZW(N;)
[COO] [CO0') _ [COO]

Figure 6.3. The geometries of the non-n binding modes of potassiated
glycylphenylalanine (K*-GF) complexes in the (a) charge-solvated (CS)
and (b) zwitterionic (ZW) form. Selected non-bond distances are shown in

Angstroms.
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We would like to propose two rationales for this observation here. Firstly, because of
resonance (Scheme 6.3), the amide N; would be expected to be less negative as

compared to the amino nitrogen Nj.

Indeed, natural chérge estimated at the B3-LYP/6-31G(d) level for N; and N are —
0.66 and -0.93, respectively, thus making the amide N; a less favorable site of K*
binding. Secondly, binding of metal cation to the amide nitrogen would perturb the
resonance stabilization (Scheme 6.3). One finds supporting evidence in the Cu’-
formamide complex [Luna, et al.,, 1998]. For Cu’, binding to the amide nitrogen
(species ‘1c” in ref. {Luna, et al., 1998]) is ~80 kJ mol” less favorable than binding to
the amide oxygen (species ‘la’ in ref. [Luna, et al., 1998]). This is partly due to the
loss of resonance stabilization, as reflected by the substantially longer CN bond (by
~0.16A) in species ‘lc’ than ‘12°. [Luna, et al., 1998] With a larger ionic radii, the-
interaction of K* with the amide nitrogen would be even weakef, thus, unlikely té.
reéover the energetic penalty due to the loss of resonance stabilization arising fronhl.'

metal cation binding.

3 f

0-

Scheme 6.3. The resonance hybrid forms of the amide bond. Because of resonance,
the amide nitrogen is expected to carry less negative charge, compared to

the amino nitrogen.
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Non- Modes of Binding (Energetics)

The bmnding affinity at 0 and 298K (AH, and AH,gs), free energy of binding (AG;g),
deformation energy (Eger) and stabilization energy (Estabitization) are summarized in

Table 6.1.

Given the very similar binding characteristics (discussed in the previous section), and
the fact that the & ring is not involved in K* binding, the variation of AH as a function
of these non-n modes is expected to be parallel to that of K*-GG. (Chapter '5) This is,
~ infact, what is found in general (Fig. 6.4(a)), with an average increase in absolute K
affinity of 4-5 kJ mol™ from GG to FG/GF, with the only notable exception noted for
the CS7 mode of binding. For this mode (K" binds monodentate to 0=C), we found
tﬁat the K* affinity has decreased by 5 and 3 kJ mol”, for FG and GF, respectively,
when compared to GG (Fig. 6.4(2)). We wish to note here that, for the CS7 mode,
the K" affinities for alanylalanine (Chapter 5) and glycylproline [Abirami et al.2004b)
are also smaller than that of GG. Thus it appears that that K* binding to O=C in
glycylglycine is unexpectedly strong (when compared to other aliphatic dipeptides),

even though the origin of this abnormality is not clear.
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The molecular polarizability of the FG/GF dipeptides (~174%) are estimated to be
more than twice of that of GG (~8A3 ). Thus, based on this factor alone, one would
expect the K" affinity of FG/GF to be substantially larger than that of GG. Thus, the
rather small increaser in affinity (~4-5 kJ mol') may be due to the distance factor (the
increased distance between K and the center of charge) and/or repulsion between the
nucleus of K* and the various atoms on the ligand. Here we tried to correlate the
strength of interaction between K* and GG/FG/GF dipeptides with polarization
interaction parameter (PIP) and dipole interaction parameter (DIP). Despite the
success for K* and glycine; (Section 4.2.4) one finds no correlation between the PIP
and DIP with the variation in K* affinity of the thfe,e dipeptides (Fig. 6.4(b) and (c)).
In terms of effect of molecular dipole Amoment on K affinity, one finds that the DIP
(Fig. 6.4(c)) of GG is consis_tently larger than that for FG/GF. In other words, based
on DIP alone, one may expect that the K* affinity of GG to be higher than that of
FG/GF, which is opposite to what is in generally observed here. The failure of DIP
and PIP in describing the variation of K' affinity of GG/FG/GF may not be too
surprising as the electron distribution in these species are more complex than in
glycine, so that simple parameters like PIP and DIP are not sufficient to accurately

describe the underlying physico-chemical basis of the interaction.
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Figure 6.4. The variation of (a) binding affinities, AHy, (b) polarization interaction
parameter, PIP, (c¢) dipole interaction parameter, DIP and (d)
deformation energy, Eqer, as a function of the non-x mode of binding for
K*-GG (cross, with solid line), K'-FG (triangle, with dotted line), and

K'-GF (circle, with dotted line).
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Interestingly, the absolite affinity of ZW(N;) in K*-FG and ZW(N,) in K*-GF are
noticeably higher (~ 20 kJ mol™) when compared to the analogous species in K'-GG.
(Section 5.3.4) The species ZW(N)) is so stable that it becomes the most stable
zwitterionic species in K+-FG; surpassing the stability of ZW(O;). This could be
attributed to the relative change in Egyer for these two species (Table 6.1). In fact,
when the vanation of Eger of these non-n modes in K*-FG/GF are compared (Fig.

6.4(d)), two quite distinct trends can be observed:

— for the non-n CS modes, the Egr of K*-FG is smaller when compared to K*-

GF (by 4-16 kJ mol™)

— for the non-t ZW modes, the Eqer of K*-FG is greater when compared to K-

GF (by 3-9 kJ mol™)

In other words, replacing glycine with phényialaniﬁe :at the C-terminal (i.e., in GF)
tends to disfavor K* binding in the CS mode but to favor the ZW modé; even though

the phenyl = ring is not involved in the cation binding directly.

This observati‘on may be attributed to the interaction between the aromatic =« ring and
other binding sites. In the CS mode, as the K* prefers to bind to the oxygen atoms,
the cation would prefer to bind to the oxygen rich C-terminal side. When glycine is
substituted with phenylalanine, the electron-rich x ring is in the same residue as the
carboxylic oxygen atoms, and the electrostatic repulsion between the sites would

increase Eger.

On the other hand, the electron-rich 7 ring may stabilize the positively charged part of
the dipeptide in the zwitterionic form, i.e., via cation-x interaction. It is enlightening

to note that in the case of ZW(0,’), the proton attached to O, is interacting with the
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N-terminal amino group in both K'-GG/FG/GF. Without cation-x interaction (in this
case, OH'...x), the Eger of ZW(O,?) in K*-FG/GF is larger than that for K'-GG. In
species where NH'...m interaction are present (2.52A in ZW(Nj) of K'-FG in Fig.
6.2, 2.95A in ZW(N,) of K’-GF 7in Fig. 6.3), the Eq.s 1s 1n fact Vsma_ller than what 1s

found in K*-GG.

In conclusion, possibly due to geometrical constraints, the  ring of phenylalanine is
involved in more repulsive interactions in the CS mode, but more attractive
interactions in the ZW mode, when it is situated at the C-terminal (GF) than when it

is at the N-terminal (FG).
m-Modes of Binding (Geometries)

Most of the non-n binding modes depicted in Figs. 6.2 and 6.3 have corresponding ©
binding modes, in which the K f(-i-rms additional Biﬁding/interaction ‘with the
aromatic-n ring (Figs. 6.5 and 6.6 for K+-FG and K*-GF, reépectively, with energetics
summarized in Table 6.2). Compared to the corresponding non—m modes, the average
K* binding distance t.o Oy, 07, 02, Nj and the carboxylic COO™ in the n modes are .
slightly longer (maximim of 0.12 A in K*-FG/GF). The K'-x distance ranges from
2.92-3.84 and 2.96-3.73 A in FG and GF, respectively, again longer than that
reported for K -Phe previously (2.83-3.15A) [Siu et al., 2004]. Thus, in order to
attain larger number of interactions, the interaction between K and individual binding

sites is-weakened from K*-Pheto K*-FG/GF.
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CS1-x CS2-n CS3-n

CS4-n CS5-x ' CS6-m
[0|,902s02, sﬂ] [02,:021-“] [OI ,&Nhﬂ]

CS7n CSt-n
[0/.n] [Nix]

Figure 6.5. The geometries of the = binding modes of potassiated
phenylalanylglycine (K*-FG) complexes in the (a) charge-solvated (CS)
and (b) zwitterionic (ZW) form. Selected non-bond distances are shown in

Angstroms.
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»

Figure 6.6. The geometries of the = binding modes of potassiated
glycylphenylalanine (K*-GF) complexes in the (a) charge-solvated (CS) |
and (b) zwitterionic (ZW) form. Selected non-bond distances are shown in

Angstroms.
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We note that not all non-x mode of binding can form additional # interaction with the
K*. As an example, in GF, the corresponding charge-solvated x mode for CS2, CS4,
and CS8 (i.e., CS2-7, CS4-m and CS8-7) cannot be located. It appears that geometry
of binding plays an important role in governing the formability/stability of the =

binding modes:

— the & ring could be too far from the other binding'site, e.g., for CS2, the n-ring
is too far away from the other sites (0O¢’, Oy’, Ny) for the K" to bind to all four

‘sites simultaneously; or

— the @ ring could be too close from the other binding sites, e.g., sensible trial
structures for the CS8-n binding mode (with the K' interacting bidentately
with N; and 7) invariably optimized to the CS6-z mode (with the K* binds to

0¢’, Ny, and n) as the carbonyl oxygen O’ site is close by.

It also appears that the K* has a low freference to bind to carbonyl oxygen, hydroxyl
oxygen and aromatic 7 on the same residue/amino acid. In the case of K'-Phe [Siu et
al., 2004), the K*...x distance for such mode of binding is ~ 0.2A longer (CS6 in ref.
[Siu et al., 2004]) than the others. Here, for the GF dipeptide, the CS4-r mode of
binding could not be located. This probably arises from geometrical constraints as
when tﬁe O=C/OH and = ring are located on different residues, as in the case of FG,
suc;h modes are found to be fairly stable, making additional binding to the n-ring less

preferred.

As one can see from Table 6.2, the ZW forms of these K'-dipeptides are energetically
not competitive against the CS modes, even in the presence of cation-n interaction.

For the ZW modes to engage in K'—x interaction while maintaining the metal cation
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binding to the COO™ group means that the = ring and the carboxylate group has to be
in close proximity. Such conformation is expected to be unfavorable in general
because of the strong electrostatic repulsion between the binding sites. While this
hypothesis is supported by the fact that such mode of binding could not be located in
K'-Phe, [Siu et al., 2004] we found cases that K* can simultaneously bind to both
carboxylate oxygen atoms and the n ring: ZW(N,)-n in K*-GF; and ZW(N,)-n in K*-
FG/GF. In these ZW complexes, we notice that the positively charged nitrogen (N
‘for ZW(N;)-T: or Ny for ZW(N,)-=) is at close vicinity to the carboxylate group (with-
NH,"...0OCO" distance ranges_from 1.63 to 2.77 A). Such electrostatic interaction not
only stabilize the zwitterionic mode in general, but may also help to disperse the
negative charges on the COO’, thus, reducing the destabilizing electrostatic repulsion

between COO- and the 7 ring to allow the formation of these ZW-n modes.
n-Modes of Binding (Energetics)

In this section, we would like to discuss the effect of additional 7 interaction on the
K" binding energetics. As not all corresponding 7 modes can be located, the number
of species that we can compare is limited. However, some trends/patterns can be

observed.

The effect of additional m interaction on the binding affinity for CS modes and ZW
modes are quite different (Figs. 6.7(a) and 6.7(c)) for K'-FG and K*-GF complexes,
respectively). For the ZW modes, additional 7 interaction reduces the binding
affinity, while for the CS modes, such interaction fends to enhance the affinity, with
the monodentate modes (CS7 and CS8) benefit most from the additional n interaction
(by 30 to 40 kJ mol™). Reduction of affinity is observed in some CS modes, but they

are generally small (1 to 6 kJ mol™), with the only exception being CS5 in which the
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decrease in affinity due to additional n interaction can be up to ~40 kJ mol™ for K'-

GF.

Thus, additionalln interaction in FG/GF dipeptide does not always increase the K"
binding affinity when compared to the corresponding non-n mode. This could be
largely attributed to the effect of deformation energy. Comparing the 7 and non-m
| mode, the Egr is always larger (by 6 to 40 kJ mol™) for the © complex (Figs. 6.7(b)
and 6.7(d)). Thus, the unfavorable factor would partially outweigh, and in some cases
offset, the increase in stabilizing forces from K'-x interaction, leading to the observed

difference in AH between n and non-n modes.

Moreover, the effect is rather dependent on the mode of binding, which is similar to
what is found in K*-Phe: when K" binds to NH; and O=C, additional = interaction
increase the binding affinity by ~20 kJ mol'; [Dunbar, 2000] h'oWever, when K binds

to OH and O=C, additional interaction is in fact destabilizing. [Siu et al., 2004]
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Figure 6.7. The variation of (a) binding affinities, AHy (b) deformation energy, Eger, as
a function of binding mode: non-n mode with open triangle, dotted line
and 7 mode with solid triangle in K*-FG complexes. The corresponding
quantities (AH and Egep) for K*-GF are depicted in (c) and (d), respectively,
with the non- mode denoted in open circle, dotted line and = mode in

solid circle.
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6.3.3 Potassium Cation Affinity of Phenylalanylglycine (FG) and

Glycylphenylalanine (GF)

In the previous section, we noted that the K* binding affinity of a few x modes are
found tobe less stable than the corresponding non-m modes. Most importantly, the
most stable mode of binding is found to be the CS1 mode in K*-GF (with the CS1-n

mode less 'stablel by about 2 kJ mol™). Thus, it remains unclear whether cation-nt |
interaction is present in the most stable mode of binding in K*-GF; and whether such

interaction is stabilizing or destabilizing for the CS1 complex.

In order to shed some light into these questions, we conducted additional single point
energies calculation with several other theoretical models (Table 6.3). All these
single points calculations are conducted with the 6-311+G(3df,2p) basis set, using the
B3-LYP/6§_—31.G‘(d) geometries, and corrected with zero-point-vibrational energy effect

at the HF/6-3 1G(d) level. The effect of BSSE correction is also investigated.
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Table 6.3. Estimated K" affinities (AH, kJ mol ") for GF and FG systems obtained

by different exchange-correlation functionals.

Level of theory

FG GF
AH(m) A(AH) ™) AH(m) AAH)
B-LYP 159 11 149 -5 '
B3-LYP 167 15 158 2
B3-P&6 169 18 158 3.
B1-LYP 168 15 159 2
MPW1-PW91 169 19 159 3
PW91-PWI1 174 19 161 6
BHandH-LYP 176 19 169 1
MP2(full) 192 34 186 23
B-LYPU 157 10 147 6
B3-LYp¥ 165 14 156 3
B3-P86 167 16 156 ~ 2
B1-LYpl 165 14 157 -3
- MPWI1-PW91 [ 167 17 157 2
PW91-PW9] ] 171 18 159 5
BHandH-LYP 174 18 167 0
MP2(full) 181 29 175 18
Experiment ') 155 152

[a]: K affinities of CS1-m at different level of theory, with basis set 6-311 +G(3df,2p)

for single point energy calculation, with geometry optimized at B3-LYP/6-31G(d),

corrected with zero-point vibrational energies calculated at HF/6-31G(d). [b]: The

difference in affinity between CS1-x and CS1 modes (a positive A(AH) indicates that

the CS1-m is more stable than CS1). [c]: AH and A(AH) at various levéls of theory,

with BSSE correction. [d]: Experimental K* affinities determined by kinetic method

performed by Dr. Y. Tsang.
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Because of the size of the system, the calculation we conducted is neither systematic

nor exhaustive. However, some general conclusions about the absolute affinity of

these species can be drawn:

(1)

2

All models agree that the K* affinity of FG is larger than that of GF,
which 1s in general agreement with the experimental values of 155 and 152

kJ mol”', respectively, but tend to be too large.

The K" affinity estimated by B3-LYP, B3-P86, B1-LYP and MPWI-
PWOI functionals are very similar while that estimated by PW91-PW91
and BHandH-LYP tends to be higher. This is in agreement with what is

found previously for K" affinity of proline [Marino et al., 2003].

In agreement with previous works [Rodgers. and Armentrout, 2000b;
Iceman and Amicntrout, 2003; Chapter 4], BSSE is large for the MP2
method (6-11 kJ mol™) but small (0-3 kJ mol™) for DFT. Even with BSSE
correction, the K™ affinity estimgted at the MP2 level is still larger than the

DFT estimates.

»

Interestingly, the relative stability of the CS1 versus CS1-m mode in K'-GF is very

sensitive to the level of theory. At some level of theory (BLYP, B1-LYP and B3-

LYP), the non-mr mode is marginally more stable, while at other DFT levels

- (PW91PW91, B3-P86 etc.), the * mode could be marginally more stable. In fact,

similar trends are also observed in K*-FG but because the energy difference of the

two modes, A(AH), is larger (> 10kJ mol’), the CSl1-w mode is found to be

consistently more stable than the CS1 mode. Based on the above, we propose an error
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bar of +3 kJ mol” for the relative affinity estimated by our B3-LYP based model

(obtained by averaging all the DFT A(AH) values for K*-GF).

The energy difference between CS1 and CS1-m, A(AH), estimated by the MP2 model,
is large, strongly favoring the complex with cation-r interaction. However, the trend
is the same: the CS1-n mode is dominant in K*-FG, while comparatively, the CS1
and CSl-m modes are energetically more competitive in K'-GF. Comparing-the
K*...n distance of CS1-m.in K*-FG (~3.00A) with that in K*-GF (~3.02A), the latter
one is marginally longer so that the stability of the CS1-x in K'-GF is unlikely to
arise from stronger cation-7 interaction. We note that for K'-FG, the binding distance
from K to the C-terminal carbonyl oxygén (0?’) has only in_creaséd by ~0.04A from
CS1 (2.64A) to CS1-n (2.684) complex; while the corresponding distance in K*-GF
has lengthened by ~0.07A. Furthermore, the difference in deformation energy (Eqes)
for CS1-m (Table 6.2) versus CS1 (Table 6.1) for the two species for K*-FG is alsé-
slightly smaller than that of K*-GF (15 and 12 kJ mol™, respectively). Thus, for the"
CSl1-n mode-in K'-GF, the gain in stability arising from cation-r interaction is offset
by the loss of stabilization in K*...0,’ and the larger Eq, so that the CS1 and CS1-n

modes in this species are of similar stability.
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64 Conclusion

A density functional study of phenylalanylglycine (FG) and glycylphenylalanine
(GF) dipeptides and their potassiated complexes has been conducted. It is found that,
while the relative stability of the FG conformers closely resembles that of
glycylglycine (GG), a different conformer, stabilized by a ‘“daisy-chain”

OH...NH...n network, is preferred in GF.

All basic sites on the FG/GF dipeptides (Oy’, O7°, O3, Ny, the carboxylic COO", and
the aromatic-7 ring) are accessible to K* binding, but the binding to amide ‘nitrogen

(N3) is in general not favored. Some plausible reasons have been proposed.

For the non-n modes of binding, the K* binding characteristics are similar to that
.- ;epb@ed previously iﬂK"-GG (Chapter 5), with bmdmg affinity increased by ~4 kJ
| mol;'l.:i Unlike K*-glycine (Chapter 4), we fo:und .that the pbiarization interaction-
par;metcr and dipole interaction parameter has no correlation with the K* affinities of
GG/FG/GF. From the analysis of deformation energy, we found that replacing the
glycine with phénylalanine'at the C-terminal (i.e., GG to GF) tends. to disfavor K*
binding in the CS mode .but to favor the ZW mode, even though the pheny! & ring is

not involved in the cation binding directly. -

Because of geometrical constraints and electronic factors, not all of the non-n modes
may engage in additional K*- interactions. While the formation of ZW-x modes are
not favorable in K*-phenylalanine due to electrostatic repulsion, [Siu et al., 2004] for
the FG/GF dipeptides, some of the negative charges on the COO™ may be dispersed

via. the NH;'...OCO" interaction. This reduces the destabilizing electrostatic
g
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repulsion between COO- and the =n ring, hence facilitating the formation of ZW-n

modes.

Comparing the # and non-n mode for the FG/GF dipeptides, the deformation energy
is always larger for the m complex. Thus, the unfavorable factor would partially
outweigh the increase in stabilizing forces from K'-n interaction so that the additional
T interaction does not necessarily enhance the binding affinity. As a result, we found
that while the. CS1-m mode (with K+ binds the aromatic-r ring and the two carbonyl
oxygen atoms) is the most favorable mode of binding for K'-FG, for K*-GF, the CS1
mode (with K" binds the two carbonyl oxygen atoms) is of compal;able étability with
the CS1-n mode. Finally, we-noté that the absolute K" affinity for the most stable
mode of binding in FG (CS1-n) and GF (CS1) are 167 and 160 kI mol™,
respectively, in fair compariscn with the experimental afﬁp:it_ies recently determined

by the mass spectrometry kinetics method (155 and 152 kJ mol”, respectively).
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Chapter 7 Fragmentation of Cationized Histidine in the

Gas Phase: Protonation versus Potassiation

7.1 Background

Mass spectroﬁletric studies of protonated/élkaliated peptides/proteins yield important
information about these biomolecules. Under favorable conditions, the fragmentation
of these cationized species allows the determination of the sequence of amino acids in
a given peptide. [Loo and Muenster, 1999; Hoyes and Gaskell, 2001; Huang et al.,
2002b) Furthermore, H/D exchange studies provide information on the number of
active (labile) hydrogen atoms on the surface of the macromolecule, thus yielding
important structural information on the proteins/peptides. [Roepstorff, 1997; Dongre

etal., 1997; Yates, 1998; Figueroa and Russell, 1999]

Ih a typical mass spectrometric. experiment on determination of peptide sequence, the
sample of interest is first cationized with a proton or a metal cation. Under metastable
and low-energy collision-induced dissociation (CID) conditions, characteristic
fragment ions are formed along with loss of small stable neutrals, such as H,O, CO
and NH;. [Rogalewicz et al., 2000c; Farrugia et al., 2001a; 2001b; Aribi et al., 2003]
As the fragment ions formed are dependent on the constituent amino acids, [Grese and
Grosé, 1990; Yalcin et al., 1995], it is of both fundamental and practical interest to

elucidate the fragmentation mechanisms of cationized amino acids.

Our research group has previously conducted a combined experimental and
theoretical study on the fragmentation of a prototypical cationized aliphatic arino
acid, i.e., protonated and alkaliated alanine. [Abirami et al., 2004] Here, we extend

the study to an amino acid with a functionalized side-chain, histidine (His).
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Experimental studies on protonated histidine [His + H]' suggested that, like many
protonated amino acids, the loss of a neutral of 46 u, [CO + H,0], is dominant. [Kulik
and Heerma, 1988; Dookeran et al, 1996; Rogalewicz et al, 2000c] With the
exception of histidine, deuterium-labeling experiments indicated that all a-amino
acids lost [CO + D,0} exclusively from [ND,RHCOOD + DJ". [Rogalewicz et al.,
2000c] On the other hand, protonated histidine also showed other minor fragment
ions due to the loss 17 u (NH3), 18 u (H;0) and 61 u ([CO; + NH3]), depending on tiae
‘expe_rimentél conditions. [Kulik and Heenna,' 1988; Dookeran et al, 1996;
Rogalewicz et al.,, 2000c] This shows that the frag'ment_ation of protonated histidine is
different from the other amino acids. Theoretical studies on protonated histidine
derivatives (methylated histidine [Turecek et al, 1998), histidine methyl esters
[Farrugia et al., 2001a] and N-acyl methy] ester histidine [Farrugia et al., 2001b], etc.)
have been reported. However, the scopes of these studies are limited, and the

complete fragmentation pathways and mechanisms have not been elucidated.

On the other hand, experimental studies in our group revealed that the formation of
m/z 39 (K") from [His + K] was domiﬁant, with other less intense fragment ions
arising from tl‘1e loss of NH3 (17 u) and CO, (44 u) were also observed, depending on
the experimental conditions [Wong, 2003; Abirami et al., 2004]. These results clearly
illustrate that the products formed from [His + K]* and [His + H]" are very different.
Thus far, there are only limited studies on the fragmentation of metal cationized basic
amino acids like histidine in the literature; the previous focus lies mainly on transition
metal cations likes Cu* [Lavanant and Hoppilliard, 1997; Caraiman et al., 2003], Ag*
[Shoeib et al., 2001b; Talaty et al., 2001; Shoeib et al., 2002; Caraiman et al., 2003]
and Ni" [Rodriguez-Santiago et al., 2001], etc. Hoppilliard and co-workers studied

the dissociation of [(His — H) + M]** (M = Fe, Co, Ni, Cu and Zn) [Lavanant et al.,
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1999] and found the characteristic [(His - H) + M - CO,]" fragment ion derived from
decarboxylation of the amino acid. More recently, Hoppillard analyzed the pathways
for the losses of CO», [CO + H;0] and CO from {(Gly - H) + Zn]“. [Lavanant et al.,
1999] However, the fragmentation of mono-cationized and di-cationized amino acids
[Lavanant et al., 1999; Rogalewicz et al., 2001; Hoppilliard et al., 2001] are expected
to be quite différent. Firstly, di-cationized species is expected to be more reactive in
the gas phase when compared to their mono-cationized counterpart as di-cationic
species are intrinsically unstai:le in the gas phase. Secondly, the interaction between a
di-cation and a ligand is much stronger than that between a mono-cation and the
ligand. With such strong interaction, a cation “insertion” mechanism, in whigh the di-
cation may be inserted between carbon-carbon bonds, is viable. [Eller and Schwarz,
1991] = Such “insertion” mechanism would be unlikely to occur in mono-cation
systems as the interaction is too weak to compensate for the energy penalty for

breaking up the covalent bonds in the ligand.

In this Chapter, detailed theoretical study on the fragmentation mechanism of [His +
H]" for the loss of [CO + H,0), H;0, and [CO, + NH3] will be preéented. With the
time available and- the c;omplexity of the system, only a partial theoretical study on
[His + K] was conducted. Even though the sc;:;pe of study on [His + K} is limited
only to the relative stability of a few potassiated histidine complexes, we will show
that useful insight can be gained in terms §f understanding the fragmentation of the

[His + H]" versus [His + K] systems.
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7.2 Computational Details

Density functional calculations were performed using the GAUSSIAN9S package
(Frisch et al, 1998).  Structures for both the protonated and potassiated histidine
systems were fully optimized at the B3-LYP/6-31G(d) level, and the nature of
stationary points were confirmed by frequency calculation. For protonated histidine
in which a full potential energy surface study is conducted, transition structures are
“verified to be connecting the' specific minimum by Intrinsic Reaction Coordinate

(IRC) calculations.

With these structures, single point energy calculations were performed at the
B3-LYP/6-311+G(3df,2p) level. 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 discussions below are based on energetics at 0K unless
otherwise noted. To obtain the enthalpy (AH) and Gibbs free energy (AG) of the
various species at finite temperatures, standard thermodynamic relations [DelBene et
al., 1983] were applied, calculated from the scaled B3-LYP/6-31G(d) vibrational

frequencies. *
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7.3  Results and Discussion
7.3.1 Low-Energy Collision-induced Dissociation (CID) of Protonated Histidine

The experimental results presented in this Chapter were obtained by Dr C. L. Wong.

The original spectrum can be found in ref. {Wong, 2003], but are reproduced here for

easy reference.

Fig. 7.1 presents the MS/MS spectra of protonated histidine, [His + H]" (m/z 156),
obtained under low-energy CID | (MS/MS) conditions with an fon trap mass
spectrometer system. The identity of the fragment ioﬁ arising from the loss of the
three neutrals, i.e., H;0 (m/z 138), [CO + H,0] (nm/z 110) and [CO, + NH;] (m/z 95),

were further confirmed by deuterium labeling experiments (will be discussed

hereafter).
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Figure 7.1.Ton trap MS/MS spectra of protonated histidine, [His + H]" (m/z 156). (ion

trap mass analyzer condition: normal scan mode; ion activation time, 10 ms; trap

P T TR TN e
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............................

offset at -10 V, q, at 0.25 and activation RF voltage (V,,,) at 0.4 V).
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Previous studies on [Gly + H]" [Abirami et al., 2004] suggested that ion-trap-CID
shows preference for dissociation reactions with low critical energies. As shown in
the breakdown curve obtained under such conditions (Fig. 7.2), loss of [CO -+ H,0] is
the pathway with the lowest threshold voltage (threshold RF voltage 0.3 volts),
followed by loss of H;0 (0.35 volts) and loss of [CO, + NH3] (0.4 volts) (Fig. 7.2).
Thus, we tend to conclude that the order of critical energies for the three dissociation

channels is: -[CO + H;0] < -H;0 < -[CO; + NH;j]

'1OOW o o) & o

> [His + H -{CO+H,0)]
@ 80 miz 110
2
=
c &0
o
I= .
O 40 - [His + H H,0)*
%. m/z 138 [His + H (NH;+CO,)
£ miz 95
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B\U; E\k_e_/\'——' x5
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Activation RF Voltage {volts)

Figure 7.2.1on trap energy resolved MS/MS breakdown graph of protonated histidine,

[His + H]" (m/z 156). (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).
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7.3.2 Proton Affinity and Basicity of Histidine (His)

We first attempt to establish the reliability of our protocol by comparing the
theoretical values against the experimental proton affinity (PA) and gas phase basicity

(GB) of histidine.

In order to estimate PA and GB, energetic information for both free histidine (His)
and protonated histidine [His + H]" is required. We are not aware of detailed ab initio
conformation studies for free histidine in the literature. Because of tautomerism, the
‘external’ hydrogen may be located on either the N™ or N' of the imidazole ring. Based
on previous theoreticﬁl studies of aliphatic amino acids, [Csaszar, 1996; Stepanian et
al., 1999; Balta et al, 2000] analogous His conformers were constructed with
hydrogen bonds between the imidazole N*/N" and hydrogen bond doneor sites (i.e., H-
. N%,-and H-Og);-or between N™-H/N"-H and hydrogen bond acceptor sites (i.e., N%, Oy,
and O¢) (Scheme 7.1) on the backbone. (IUPAC Nomenclature, ref. [Anonymous,

1975))

Scheme 7.1. The schematic labeling of the atoms of histidine that follows the IUPAC

instruction. (IUPAC Nomenclature, ref. [Anonymous, 1975])
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As in the case of glycine {Jensen and Gordon, 1995; Ding and KroghJespersen, 1996]
we have not been able to obtain free histidine in the zwitterionic form. For the four
most stable conformers we found (Fig. 7.3(a)), the relative energy is in the order of (in

kJ mol™):
His1 (0) < His2 (2) < His3 (5) < His4 (6)

i.e., the two N" tautomers (His1 and His2) are marginally more stable than the two N”
tautomers (His3 and His4). Our finding differs from that report;ad by Blinzyuk et al.,
[Bliznyuk et al., 1993] who suggested that, based on semi-empirical calculations His3
is the most stable form. Here, we choose His1 as the reference form of free histidine
in the calculation of proton affinity, but note that the choice would have no

consequence to the potential energy surface presented in this work.

In the two theoretical studies of histidine protonation, [Bliznyuk et al., 1993; Maksic
and Kovacevic, 1999] it appears that only protonation at N* is considered. In fact,
four potential protonation sites are present on Hisl: (i) N”, nitrogen on the side chain
imidazole ring, (ii) N%, the amino nitrogen, {iii) Oy, the C-terminal hydroxyl oxygen,
or (iv) Oc, the‘ C-terminal carbonyl oxygen (Scheme 7.1). All these possibilities were
explored and the optimized H'-His isomer obtained is depicted in (Fig. 7.3(b)). The
theoretical proton affinity, PA, at OK anci 298K (AHg and AHz;;g, respectively) and gas

basicity, GB, at 298K (AG;gs) for various basic sites, are summarized in Table 7.1.
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{a) Histidine

His1 (N%)
2,199 F§
p— ~

H*-His3 (Oy) H*-His4 (O¢)

Figure 7.3. Optimized geometry (at B3-LYP/6-31G(d) level) of (a) histidine and (b)
protonated histidine. The weak non-covalent interactions are highlighted with

dotted lines, with distance given in A.
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Table 7.1. Gas phase proton affinity, PA and bésicity, GB (in kJ mol?) of

histidine.
This work _ Literature !
Sites AHo  AHzes AGygs AHazgs AGagg
Imidazole N* 981 987 952 971" 952 F] 983 T 936 T8I 91511 950 T
956 (1. 98 17 892950 [0
amino N* 974 984 952

hydroxyl Oy 909 915 891
carbonyl O¢ 893 904 866

[a): Thermal corrections with B3-LYP/6-31G(d) gedmetn'es and frequencies were
applied, if necessary, in order to adjust the reported values to 298K. [b]: Theoretical
AHg (M(ID)) from ref. [Maksic and Kovacevic, 19991. [c]: Theoretical AH, (AM1)
from ref. [Bliznyuk et al., 1993]. [d]: Experimental value ﬁom NIST webbook, ref.
[Hunter and Lias, 1998]. [e]: Minimum of experimental values from ref. [Locke and
Mclver, 1983, Lias et al., 1984; 1988; Decouzon et al., 1991; Zhang et al., 1993; Wu
and Fenselau, 1994; Bojesen, and Breindéﬁl, 1994; Cassady et al., 1995; Carr and
Cassady, 1996; Harrison, 1997; Hunter and Lias, 1998). [f]: Maximum of
experimental values from ref. [Locke and Mclver, 1983; Lias et al., 1984; 1988;
Decouzon et al,, 1991; Zhang et al.,, 1993; Wu and Fenselau, 1994; Bojesen, and
Breindahl, 19?4; Cassady et al, 1995; Carr and Cassady, 1996; Harrison, 1997;
Hunter and Lias, 1998].

Protonation at N* (H*-His1 in Fig. 7.3(b)) is at least 7 kJ mol”' more stable than the

other three basic sites. The relative stability of the four basic sites is:

H'-Hisl (imidazole N*) > H*-His2 (amino N%)

> H'-His3 (hydroxyl Oy) > H*-His4 (carbonyl O¢)

Thus, protonation at nitrogen is preferred over oxygen. Similar to the case of glycine

[Rogalewicz and Hoppilliard, 2000b], protonation at hydroxyl Oy of histidine leads to
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the formation -of an ion-water complex (H'-His3, Fig. 7.3(b)). Interestingly, while
protonation at the carbonyl oxygen (Oc) is more stable than Oy-protonation in glycine
(by ca. +10 kJ mol™), the opposite is observed in histidine (by —16 kJ mol"). We
attribute the difference between glycine and histidine to the presence of the aromatic
imidazole ring in histidine. In the presence of the ring, a bicyclic species is produced
when a covalent bond is formed between C; and N". For this bicyclic ion,
cohjugation of the sp? C; in H*-His3 (On) with the imidazole ring conjures extra
stability. Such stabilizing factor is absent in H'—His4 (Oc), nor can be found in the

corresponding protonated glycine complexes.

We also explored the possibility of the formation of H'-His in the zwitterionic form.
Previously, H'-Arg has been suggested to be in zwitterionic form in the gas phase
[Price et al., 1997] because of the presence of the highly basic guanidine side chain.
As the proton affinities of H'—Arg and H*-His are the closest among.the 20 amino
acids [Harrison, 1997] (with PA at 1051 and 988 kJ mol, respectively) [Hunter and
Lias, 1998], one may expect H™-His to be zwitterionic as well. However, we have not
been able to locate al:ly stable H'-His in zwitterionic form, and thus, we conclude that

such protonated histidine form(s) may not be stable in the gas phase.

Based on the energetic difference of His1 and H'-His1, our estimated PA and GB for
histidine is 987 and 952 kJ mol”, respectively. These values are in excellent
agreement (within 2 kJ mol™) with the recommended values in the NIST Standard
Reference Database [Hunter and Lias, 1998], at 988 and 950 kJ mol”, respectively.
Previously estimated values [Bliznyuk et al., 1993; Maksic and Kovacevic, 1999} are

at least 10 kJ mol™ too low.
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7.3.3 Dissociation of Protonated Histidine

Experimentally, [His + H]" yields predomin_antly fragment ions due to the loss of 46
u, [CO + H,0], regardless of the ionization techniques used. [Kulik and Heerma,
1988; Dookeran et al., 1996; Rogalewicz and Hoppilliard, 2000b] Furthermore,
minor fragment ions due to the loss of 18 u [Kulik and Heerma, 1988] and 61 u
{Dookeran et al., 1996] are sometimes observed. This is in contrast to protonated-
aliphatic amino acids in which [CO + H,O] is lost exclusively. In the discussion
below, we will first focus on the loés of 46 u for [CO + H,O), followed by the loss of
18 u for H;0, and finally the loss of 61 u for [CO, + NH;] in profonatéd histidine.
The pqteritial energy surface of all three channels is summarized in Fig. 7.4, while the
structures of the stationary points are depicted in Figs. 7.5, 7.6 and 7.7 (Cartesian
coordinates can be found in Appendix V, Table S-7.1). In this work, the labels 1, 2,
etc. are used to denote the various minima on the PES, while labels 1-2, 2-3, etc.

denote the transition structures between minima 1 and 2; 2 and 3, respectively.
Loss of [CO + H;0f

Previously, Rbgalwicz and Hoppilliard [Rogalwicz and Hoppilliard, 2000b] have
compared the energetic requirement for the loss of 46 u from [Gly + H]": (i) formic
acid (HCOOH), (11) carbon dioxide and hydrogen (CO, + H,), (iii) dihydroxycarbene
(C(OH);), and (iv) water and carbon monoxide [CO + H,0], and found that the last
pathway (i.e., loss of [CO + HO0]) is energetically most favorable. In this project, we
have postulated the mechanism for the loss of all these four sets of neutfals, and our
findings are summarized in Appendix VI and VII. Details aside, we note here that
similar to [Gly + HJ', the formation of [CO + H,0] from protonated histidine is

energetically more favored. Thus, in the discussions below, we will assume that the
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loss of 46 u corresponds to that of [CO + H,0]. Furthermore, several pathways
leading to the loss of [CO + H;0] from protonated histidine has been investigated.
The lowest energy pathway is depicted in Fig. 7.4, with the relevant structures and

energetics displayed in Fig. 7.5 and Table 7.2, respectively.
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Figure 7.5. Optimized geometry (at B3-LYP/6-31G(d) level) of the species related to

the loss of 46 u ({CO + H;0]) and 18 u (H;0) from [His + H]". -

Page 186



From the most stable form of protonated histidine (1 in Fig. 7.5, identical to M*-His1
in Fig. 7.3 (b)), the species goes tﬁrough severai low energy conformational changes
(1-2, 2, 2-3) to yield 3, in which the Oy is positioned to accept the proton from N"-H.
Proton transfer occurs via TS 3-4 to form a 6-amino-5-ox0-2,5,6,7-tetrahydro-
pyrrolo{1,2-climidazol-4-ylium(bicyclic ion)...H,O complex (4 in Fig. 7.5, identical
to H'-His3 in Fig. 7.3 (b)). Through TS 4-5, species 5 is formed, which can be
described as a H;O...immonium ion...CO ion-molécule complex. Species 5 could
ﬁagme_nt to yield (6 + CO) or (7 + H;0) directly. Immonium ion 8 can be formed
from either 6 or 7, via ﬁlrt_her lgss of H,O and CO, respectively. Through 8-9, a more
stable form (stabilized by N®-H...N" hydrogen bond) of the immonium ion 9 is
formed. Via a facile proton transfer from N*-H to N* (9-10), an imine cation 10.is
produced. The 0K enthalpy of reaction of this process (energy difference between 1

and 10} is 98 kJ mol™, with an estimated energy barrit_ar of 165 kJ mol’.
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Table 7.2. The relative enthalpies at 0K (AH,), relative Gibbs free energies at

298K (AG29s) and 600K (AGggp), in kJ mol", with respect to species 1.

Energetics
Species AH, | AGags AGggo
1 0 0 0
1-2 57 55 52
2 5 3 1
23 41 38 34
3 30 27 21
34 165 164 156
4 72 66 52
4.5 148 137 116
5 7 W 7
6+ CO 85 30 -40
7+H0 | 21 65 -8
8 + CO-+ H,0 139 51 .52
8-9 + CO + H,0 138 53 43
9+ CO +H;0 103 16 85
910 + CO + H;0 104 19 77
10+CO+H,0 98 11 88
11+H,0 .+ 1000 - 60 13
7-11 + H,0 187 142 87
1-12 187 182 172
12 169 157 136
13 120 108 89
13-14 265 240 202
14 -80 2107 -148
15+C0;, .63 118 185
16 + NH; 12 73 -149
17 + CO, + NH; 8 -82 1185
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While loss of [CO + H,0] is the dominant fragmentation pathway for both protonated
aliphatic amino acids and [His + H]", H/D exchange studies suggested that the
mechanisms involved are different. [Rogalewicz et al., 2000c] Our mechanism
presented above is consistent with experimental H/D exchange results and that
proposed previously, but it does not explain why there is a change of fragmentation
mechanism from protonated aliphatic amino acids to [His + H]" even though the loss
of neutrals is the same. In order to address this, we examined the loss of [CO + H,O0]
from [His + H]", in a manner analogous to that reported in [Gly + H]*and [Ala + H]*
[Uggerud, 1997; O'Hair, 2000; Rogalewicz and Hoppilliard, 2000b; Abirami et al.,
2004]. This analogous mechanism (initiated by proton transfer from amino N® to
hydroxyl Ou, summarized in Appendix VII, Fig. S-7.3), is found to be at least 30 kJ
mol™ (via TSa and TSb, Fig. 7.6) higher in energy as compared to TS 3-4 presented
above. In other words, the presence of an imidazole ring in protonated histidine
allows the formation and occurrence of a “bicyclic-like” transition structure 3-4,
resulting in the switch of fragmentation pathway for loss of [CO + H,0] different

from that of protonated aliphatic amino acids.

2.092

1.6881 12.704

bk

TSb
(197)

Figure 7.6.Higher energy transition structures for the loss of 46 u ([CO + H,0)) in
[His + H]", optimized at the B3-LYP/6-3 1G(d) tevel of theory. The bracket

values are relative enthalpies at 0K (AH,), in kJ mol™, with respect to the ground

state of species 1.
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The imidazole ring plays important fole here. As a very stable conjugated species 4 is
formed from transition structure 3-4, and according to the Hammond postulate such
TS would be expected to be energetically low. [Hammond, 1995] In other words, it
appears that the change of mechanism from [Ala + H]" to [His + H]" is due to the

stability of transition state 3-4.
Loss of H;O

Our experimental results showed that there was a minor peak at m/z 138 in the
metastable and low energy CID spectra (Fig. 7.1), corresponding to loss of H>O from
protonated histidine. In the mechanism presented above, water can be produced along
with species 7 from species 1 via 5 (Fig. 7.4). Species 5 is a weak ion-molecﬁle
complex of immonium ion with HO and CO (Fig. 7.4). Given that the immonium
ion...C(‘)':'interaction would be weaker than the immoﬁium ion'...HZO' interaction, ohe
expect thé loss of CO (28 u) would be observed if less:'of H,0 is observed from 5. As
this is not the case, it suggests that the observed loss of H,O peak at m/z 138 most

likely is formed from an alternative pathway.

Here we note that specics 4 is an ion-water ion-molecule coimplex. Removal of water
from this complex only requires ca. 30 kJ r_nol'1 to yield (11 + H,0). The 6-amino-5-
0x0-2,5,6,7-tetrahydro-pyrrolo[ 1,2-c}imidazol-4-ylium 11 (the bicyclic ion) (Fig. 7.4)
is particularly stable because of the conjugation between carbonyl C=0 and the
imidazole ring. For species 11 to react further (via transition structure 7-11), an
additional 22 kJ mol”' above the transition structure 3-4 is required. In other words,
once (11 + H,0) is formed, it may be kinetically stable enough to withstand fuﬁher
fragmentation. As the imidazole ring is not present in aliphatic amino acids, -

formation of stable intermediates like species 11 is not possible. Thus, the loss of
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H,O peak could be observed in the mass spectra of [His + H]" (Fig. 7.1), but not in

the spectra of protonated aliphatic amino acids.

Furthermore, we note that species 4 (Fig. 7.5) is identical to species H'-His3
(hy&roxyl Op protonated histidine) depicted in Fig. 7.3 (b). As protonation at N is ca.
70 kJ mol' more stable than at Oy (Table 7.1), initial Oy protonation is
thermodynamically unlikely. Thus, the reaction mer;hanism proposed here is
additional evidence that species 4 is unlikely to be formed initially: if Oy protonation
did occur, then, the dominant neutral loss would be Hz('.),.not [CO + H;0] as observed
experimentally; as loss of [CO + H,0] via 4-5 requires ca. 70 kJ mol™, but loss of

H,0 via 11 only requires ca. 30 kJ mol” from species 4.
Loss of [CO; + NH;]

In agreement with Harrison and co-workers [Dookeran et al., 1996), a minor fragment
ion due to the loss of 61 u (attributed to the loss of [CO; + NH;]) was also observed in
the metastable aﬁd low energy CID mass spectra of protonated histidine (Fig. 7.1), but
it could not be found in the corresponding mass spectra of protonated aliphatic amino
acids. [Dookeran et al., 1996; Rogalewicz et al., 2000¢] Therefore, the loss of the
[CO; + NH;] neutral must-be due to the presence of the imidazole ring in-the. side

chain of histidine.

Two pathways leading to the loss of [CO; + NH;] have been investigated in this work.
The higher energy pathway (with a barrier of 318 kJ mol' above species 1,
summarized m Appendix VII, Fig. §-7.1}, is derived from the loss of CO; pathway
postulated for [Gly + H]" in ref. [Rogalewicz and Hoppilliard, 2000b]. The lower
energy pathway (Fig. 7.7) has a barrier of 265 kJ mol”’ above species 1, which is still

significantly higher (~100 kJ mol!) than the energy barrier associated with the
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transition structure 3-4 for the loss of [CO + H,O] pathway at 165 kJ mol”! (Fig. 7.4).
Thus, our calculated energetics is consistent with the experimental observation that

loss of 61 u ({CO; + NH;]) would be only a minor channel when compared to the loss

of 46 u [CO + H,O] channel.

16 17

Figure 7.7.Optimized geometry (at B3-LYP/6-31G(d) level) of the species related to

the loss of 61 u ([CO; + NH;]) from [His + HJ".
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To lose [CO; + NH;] from the most stable form of protonated histidiné (1), the
species goes through a transition structure 1-12 (Fig. 7.7, 187 kJ mol"' above 1), with
the reaction coordinate corresponding to thelbending of angle Oy-C'-C*. From 1-12,
an ion-molecule complex 12 is formed, in which NHj is weakly coordinated to the C®.
As the C*...NH; distance is almost 3A, and with slight excess excitation energy, it is
very likely that the two constituents parts of the ioﬁ-molecule éomplex can "freely"
rotate with respect to each other. With this relative ‘free’ rotation; complex 12 could
rearrange to- an energetically more Astable isomer in which the NH; binds to the
imidazole ring via a hydrogen bond (complex 13, with H3;N..HN" of ca. 1.7A). When
a 1,2-hydrogen shiﬁ occurred Between cP and C%, .via a barrier (13-14) of 265 kJ mol’
!, a very stable NH;...S-vinyl-BH-imidazol-l-ium...COz ion-molecule complex is
formed (species 14, ca. 80 kI mol™ below species 1), which could fragment to yield
(15 + COy) or (16 + NH;). The stable specie's 17, the 5-vinyl-3 H-imidazol-1-ium, can

be formed from either 15 or 16 via further loss of NH; and CO,, respectively.

Based on our poteﬁtial energy surface, we concluded that the imidazole ring serves
two functions in the ‘unique’ loss of [CO; + NH;] from protonated histidiné. Firstly,
the formation of the 5-vinyl-3H-imidazol-1-ium (17) is thermodynamically favorable
because of the conjugation between the imidazole ring and the C°=CP bond.
Secondly, the imidazole ring provides an "anchor" for the small neutral fragments
NH; and CO,. Without this anchoring effect of the ring, via the strong H3N...HN"
interaction (and a weaker CO,...HN" interaction), the loss of [CO, + NH;] pathway
will have to proceed via some higher energy pathway, like that proposed in Appendix

VII, Fig. S-7.1. It is also noteworthy that such “anchoring” of neutrals to an ion is not
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present in protonated aliphatic amino acids. Thus, the loss of [CO, + NH3] pathway is

not found in protonated aliphatic amino acids.
Experimental H/D Exchange Studies

The low-energy CID (eV, laboratory scale) spectrum of deuterated d;-histidine, [d,-

His + D]* (m/z 161), in which all the labile acidic/basic hydrogen atoms have been

replaced by deuterium atoms, is shown in Fig. 7.8 (taken from ref. [ Wong, 2003]).

As shown in Fig. 7.8, loss of [CO + D,0] and [CO + HDO] in the ratio ~2:1 (m/z 113
: m/z 114) and [CO; + ND;] and [CO; + ND,H] in the ratio of 4:5 (m/z 97 : m/z 98)
were observed. With all labile protons in histidine replaced by deuterium in [ds-

His+D]", elimination of D,0 and NDj is expected.

100
[dy-His + D -(CO+D,0O)
mz 113

80 [d,-His + D-{CO+HDO)*
= mz 114
4]
c
D
€ 60
@ . [dy-His + D-(COANDH))* [d-His +D-D,OF
=
£ mz 98 - nfz141
£ 40 X80 4
O\O .

[dfl-ﬁs +D '(m2+NDS)]+ [d4-HiS +D _Hmr
20 m'z 97 iz 142
_ |
O B LA LAl L) LA S AALL) ML) LA RLLL) LLLL] LEL) LLLL] LALLI ALCLI LA AR
65 80 95 110 125 140
m/z

Figure 7.8. Q-TOF MS/MS spectra of deuterated d4-histidine, [d,;-His + D]’ (m/z 161)

generated by electrospray ionization.
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Here we like to comment on the experimental H/D exchange results. We found that
full H/D exchange and dissociation of deuterated histidine yielded mixture of peaks
due to the loss of D,O/HDO; CO + D,0O/HDQ; and CO, + NDy/ND,H. While our
mechanism proposed above is consistent with the H/D experiment, the mixture of
product fragment ions suggests that scrambling of the exchanged deuterium has
occurred, i.e., the presence of the imidazole ring apparently allows the exchange of

labile deuterium with the ring carbon hydrogen atoms.

Three mechanisms [Rogalewicz et al., 2000c; Aribi et al., 2004; Lioe et al., 2004]
have been proposed on how such scrambling may occur in protonated aromatic amino
acids: histidine [Rogalewicz et al., 2000c], tryptophan [Lioe et al., 2004] and
phenylalanine [Anbi et al., 2004]. Given the similarities between the three aromatic
amino acids, we believe that the proposed scrambling mechanism for protonated
tryptophan/phenylalanine may also be plausible for protonated histidine. In Scheme
7.2, we summarize the key steps of these mechanisms for protonated histidine
(species 1), with necessary modifications on the proposed mechanism of ref. [Lioe et
al.,, 2004 and Aribi et al., 2004]. Scrambling may-occur via the exchange of the

deuterium on:
(@)  ring N" with imidazole C; hydrogen [Rogalewicz et al., 2000c];
(b)  amino nitrogen with imidazole Cs hydrogen [Lioe et al., 2004];
() hydroxyl oxygen with imidazole Cs hydrogen [Aribi et al., 2004].

We have obtained the key transition structures of the three mechanisms, labeled as a*,
b* and ¢* in Scheme 7.2. The energy barriers relative to protonated histidine (species

1) are 280, 138 and 145 kJ mol’' for a*, b* and c*, respectively.
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Scheme 7.2. Three rnecl‘lam'srns [Rogalewicz et al., 2000c; Aribi et al., 2004; Lioe et
al., 2004] have been proposed on H/D scrambling occumring in
protonated histidine.  Pathway (a) comesponds to the equivalent
mechanism proposed reported in ref. [Rogalewicz et al., 2000c] for [His
+ H]"; pathway- (b) corresponds to the equivalent mechanism reported in
ref. [Lioe et al., 2004] for protonated tryptophan; and pathway (c)
corresponds to the equivalent mechanism reported in ref. [Aribi et al,,
2004] for protonated phenylalanine. Only key steps are shown and some

modifications (if necessary) are made for these mechanisms.
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The key barrier for the loss of D,O/HDQ; [CO + D,O)HDO from species 1, (species
3-4, Fig. 7.4) is estimated to be approximately 165 kJ mol™. Given the low energetic
requirement for pathways (b) and (c), these two scrambling mechanisms would
certainly be accessible under experimentat CID conditions. Pathway (a), proposed by
Rogalewicz et al, [Rogalewicz et al., 2000c] is considerably higher in energy.
- However, as the Barrier would be expected to be much reduced in the presence of
solvating water or methanol (in solution or vapor phase) present under electrospray
ionization conditions [Rodriquez et al., 2000b; Aritq et al., 2004], the mechanism

cannot be ruled out either.

The loss of [CO; + ND3/ND;H] via species 13-14 requires 265 kJ mol™. Given such
high energy requirement, there could be a fourth mechanism, i.e., via ion-molecule
complex 13 (presented in Scheme 7.3). In this mechanism,.the ring N exchanges its
deuterium with the hydrogenA on the imidazole C,. This is related to pathwa_y (a)
presented above but the deuterium of different ring nitrogen has been excl;anged, with
the barrier for the exchange (d1*) estimated to be 241 kJ mol’. With the N°
deuterium replaced by hydrogen, following the formation of carbon dioxide and
ammonia mec‘hanism presented above (I —» 1-12 = 12, ete., Figs. 7.4 and 7.7), the
ND; has another opportunity to excliange the deuterium with the N hydrogen. The
transition structure involved, d2%, is estimated to be 195 kJ mol’, which is ~ 70 kJ

mol”' lower than the barrier 13-14 that leads to the eventual formation of carbon

dioxide and ammonia.
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~ Scheme 7.3.
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Scrambling that initiated by the ring N* exchanges its deuterium with
the hydrogen on the imidazole C; in protonated histidine, followed by
the formation of carbon dioxide and ammonia mechanism presented in

Fig. 7.7 (1 = 1-12 — 12, etc.) that the ND; exchanges the deuterium

with N* hydrogen. Only key steps are shown here.
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Effect of Temperature

In the previous sections, all energetics and discussions pertained to the
thermodynamic information at OK. We have recently found that the ion-trap
condition is more akin to reactions conditions at ~600K [Abirami et al., 2004]. Thus,
in this section, we would like to investigate how temperature affects the AG of various
fragmentation processes discussed above. The theoretically calculated AGyes and

AGsgo values are shown in Table 7.2.

In Fig. 7.9, the variation of the relative Gibbs free energy is plotted against
temperature for: (a) the competitive loss of CO, H,O and [CO + H,0O] from the
highest (determining) energy barrier TS 3-4 (Fig. 7.9 (a)) and (b) the competitive loss
of CO;, NH; and [CO; + NH;] from the highest (determining) energy barrier TS 13-
14 (Fig. 7.9 (b)). As the negative of AGis blotted in these figures, a more negative
value (lower on the y-axis) -indicates a thennodynamic;ally les.s favora;bie i)focess. As
an example, the Gibbs free energies of reactions (open symbols) are above the free
enel;gy of the associated barrier (solid symbols), suggesting that the fragmentation are

kinetically corttrolled at all temperatures.
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Figure 7.9. The vanation of relative Gibl;s free energy (kJ mol') as a ﬁmctién of
temperature of (a) cémpetitive Ioss of CO (triangle), H,O (open circle),
and [CO + H;0] (open square) from barrier 3-4 and (b) competitive loss
of CO, (triqnéle), NH; (open circle) and [CO,+ NH3] (open square) from

barrier 13-14 from [His + HJ".

The variation of AG with temperature is essentially linear, indicating that enthalpy
(AH) and entropy (AS) are fairly constant over the range of temperature depicted in
Fig. 7.9. On comparing the variation of AG for 3-4 (Fig. 7.9 (a)) and 13-14-(Fig. 7.9
(b)), the latter barrier remained less competitive even at higher temperature. Thus, as
far as the competitive loss of [CO + H;0] vs [CO, + NH;] is concerned, the Ifesults

found at OK (discussed in the previous sections) remain unchanged. This is consistent
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with the trend observed in lower threshold voltage/ critical energies for the loss of

[CO + H;0] than the loss of [CO; + NH3] pathway (Fig. 7.2).

Moreover, the variation of AG for [7 + H,0] and [6 + COJ] with temperature are
essentially parallel (Fig. 7.9 (a)). At OK, the formation of {8 + CO + H,0] 1s less
favorable than the two competing products, loss of CO and loss of H,O with the same
energy barrier at 3-4. H‘owevér, as the AG of [8 + CO + H,0] is a more steeply
variation function of temperature (arising from the entropic factor), this
fragmentation channel becomes thermodynamically preferred as temperature
increases so that two “cross-over” points are found: the first point at ~170K
suggesting that loss of [CO + H,0] is favored over the loss of H,0, the seéond point
at ~500K indicating that the loss of [CO + H,O] become the thermodynamically
preferred channel, over both loss of CO and loss of H;O. Our theoretical ﬁndlngs on

the loss of HzO pathway are consistent with expenmental observations (Flg 7. 2)

Similarly, the competitive dissociation of [15 + sz], [16 + NHi) and [17 + CO, +
NH;], which also share the same energy barrier 13-14, show the same- trend in Fig. 7.9
(b). The pathyay for loss of two neutrals, {17 + CO, + NH;] becomes dominant over
the loss of one neutral, i.e., the loss of CO; or NH; pathway at a higher temperature
(~600K). As a result, the peaks due to the loss of CO; (44 u) or NH; (17 u) are not

found in the metastable or CID spectra of [His + H]".

In summary, our potential energy surface provides theoretical rationale for the
experimental results. Firstly, the lost of 46 u [CO + H;0] is favored over 61 u [CO, +
NH;] because the barrier to the formation of the latter product is higher at all
temperatures. Secondly, for competing products that shared the same barrier, entropic

factor (TAS) would favor the product channel that forms more number of neutrals and
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fragment ions. However, whether the entropy factor is large enough to change the
thermodynamic preference (AG) of one channel over another (from the same barrier)

will depend largely on the difference in enthalpy at OK of these channels.

7.3.4 Low-Energy Collision-induced Dissociation (CID) of Potassiated Histidine

It is clear from the ion trap-CID spectrum presented in Fig. 7.10(a) (taken from ref.
[Wong, 2003.]) that loss of K (m/z 39) is dominant from potassiated histidin_e, [His +
K}' (m/z 194). Under CID conditions as shown in Fig. 7.10 (b), losses of CO; and
NH; are also observed. According to the breakdown graph shown in Fig. 7.11 (b), the
order of threshold voltages (critical energies) for the three dissociation channels is: K

<-CO; <-NH;.

Thus, _!6omparing to [His + H]", in which the MS/MS spectrum is dominated by the
loss of {CO + H,0] peak, with loss of H,O and [CO, + NH3] as the minor peaks (Fig:
7.1), it is clear that the nature of cation (H" versus K™) plays an important role in the
fragmentation of bationi?ed histidine. In thé reinaining sections in this Chapter, three

issues will be discussed:
(a) where 1s the hkely site(s) for the potassium cation to bind to histidine
(b) how does K" formation and loss of NH; and CO; occur from [His + K]

(¢) why the preferred fragmentation pathways differs in [His + H]" and [His +

K]".
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Figure 7.10. Low-energy CID mass spectra of [His + K]": (a) ion trap-CID: RF
activation voltage: 0.66V, ion activation time: 5ms; trap offset: -5V and

qz:0.2); b) triple quadrupole CID at collision energy of 14V (laboratory

scale).
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7.3.5 Stable Binding Modes of Potassiated Histidine

For histidine, because of the presence of functionalized side chain, the K may
interact with the ring nitrogen atoms (N" and N') or n-cloud of the imidazole ring, in
addition to the binding sites available in aliphatic amino acids (NH,, O=C and OH).
However, based on the resultsl presented in Section 3.2.3 on “imidazole” for K'-
imidazole, we concluded that the cation-n mode of binding is not likely in histidine.
Furthermore, as N’ is far away from the C-C backbone binding sites, multidentate
interaction may not be attainable if the K binds to this nitrogen. Based on all the
above, we assume that the K* would prefer to bind to more than one of the following
sites of binding: NH;, O=C, OH and N*. Plausible structures of these K'-His.
complexes are constructed, and allowed to be fully optimized at the B3-LYP/6-
31G(d) level. The four most stable forms of potassiated histidine complex we found

theoretically are summarized in Fig. 7.12.
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Figure 7.12. The geometries of the four most stable modes of bindings of K™-His at
the B3-LYP/6-31G(d) level. Binding affinities obtained at the B3-LYP/6-

311+G(3df,2p)//B3-LYP/6-3lG(d) level, with zero-point enérgy correction at
the B3-LYP/6-31G(d) are enclosed in parentheses. Selected non-bond

distances are in Angstroms.

We have located four K'-His complexes: three in the charge-solvated (CS) from, and
one in the zwitterionic (ZW) form. The most stable form of charge-solvated complex,
CS1, involves K bidentately coordinated to N™ and O=C, has an estimated affinity of
163 k) mol™'. The tridentate CS2 complex, with the K* binding to N*, 0=C, and NHa,

is approximately 2 kJ mol”' less stable than CS1. Thus, comparing the CS2 to the
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CS1 mode, the additional K'...NH; binding in CS2 has apparently destabilized the

K*-His complex.

Interestingly, we note that the most stable mode of binding in potassiated aliphatic
amino acids (Chapter 4), i.e., K* binds to C=0 and OH (denoted CS3 in Fig. 7.12), is
at least 5 kJ mol™' less stable than CS1/CS2. Thus, it appears that K* binding to N of
imidazole is particularly stabilizing, which is in agreement to our results presented in
Chapter 3. For K binding to simply ligands in the monodentate fashion, the binding

affinities (in kJ mol™) is in the order:
- Imidazole (111)>> formic acid (80)~ ammonia (77) > water (70)

The K affinity of imidazole is particularly high when the cation binds to the N* of the

imidazole ring.

The calculated affinity of the zwitterionic mode (ZW1) is 164 kJ mol”, which is
marginally higher (1 kJ mol™) than that of the CS1 mode. Thus, it suggests that the
K'-His complex could be in zwitterionic form in the gas phase. Several factors
facilitating the‘ formation of zwitterionic complexes have been discussed previously,
which include: a high proton affinity (PA) of amino acids, [Wyttenbach et al., 2000]
and the formation of strong intramolecular hydrogen bond in the amino acid
[Wyttenbach et al, 1999a). Both criteria are apparently satisfied in potassiated
histidine. Histidine is the second most basic amino acid (after Arg) in the gas phase,
with a PA of 988 kJ mol' [Hunter and Lias, 1998]. Furthermore, because of the
presence of the imidazole side chain, a strong N*...H-N® hydrogen bond (1.7824) is
present in ZW1 so that the formation of a zwitterionic K'-His may be favorable.

However, this is in contrast to previous findings by Talley et al. [Talley et al., 2002],
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who suggested that histidine is coordinated to all of the alkali metal cations (including
K") in the charge-solvated mode. As the very small difference in relative stability of
the ZW1 over the CS1 mode is within the error bar of our theoretical protocol (3 kJ
mol”, Section 6.3.3), further investigation is clearly needed. Nevertheless, the key
conclusion is: for K'-His, the zwitterionic ZW1 mode is of comparable stability with
the charge-solvated CS1 mode. This similarity in stability is apparently reflected in

the fragmentation of [His + K]", as discussed in details below.

7.3.6 Proposed Fragmentation Pathways and Mechanisms for K*-His

 Armed with the very limited theoretical studies conducted and the experimental
results presented in Section 7.3.5, we will attempt to rationalize the mass
spectrometric fragmentation of po-tassiated histi;:l‘ine. As our theoretical results
suggest that the zwitterionic mode of binding (ZW1) is the I:nost favored mode of K*
binding for His, we will assume that the reaction is initiated from this structure for all

the mechanisms we postulated below.

Loss of K*

Previously, it has been noted that the formation of K™ is common in the MS/MS
spectra of potassiated dipeptides. [Grese and Gross, 1990] Thus, given the possibly
lower potassium cation affinity of histidine as compared to the dipeptides, it is not

surprising that formation of K" is prédominant in [His + K]* (Fig. 7.10).

The pathway: for formation of K* should be trivial as the K* could be released from
the stable K*-His complex by simple bond fission. However, as the zwitterionic form

of the free histidine ligand is not stable (Section 7.3.2), rearrangement of the free
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ligand to the neutral form (Hisi, Fig. 7.3) would be required if the formation of K is

to be derived from ZW1 (Scheme 7.4).

ZI

i

+

NHy +K

OH

Hisl

Scheme 7.4. Proposed pathways and mechanism for the loss of K* from [His + K.
Loss of NH;

Loss of NH; (17 u) is found in the low-energy CID mass spectrum of potassiated
histidine. In the literature, loss of NHj is often perceived as an indicator of the
involvement of ZW complexes in the fragmentation, whereas the loss of H,O is often
associated to a precursor in the charge-solvated form. [Jockusch et al., 1999] This
gives a strong indication that under our experirﬁental conditions, the [His + K]*
complex is predominantly in the zwitterionic (ZW) form. This is in agreement with

our theoretical predictions presented in Section 7.3.5.

Loss of NHj is also found in the MS/MS spectra of [Ala + K]'. [Abirami, 2004]
Thus, it is plausible that [His + K] yields fragment ions due to loss of this neutral via
analogous mechanisms as in [Ala + K], It is also possible that the presence of the
imidazole ring in the histidine side-chain opens up new pathways that is not available

for Ala. Based on the assumption that the fragmentation of [His + K]* leading to the
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loss of NH; is similar to that of [Ala + KJ*, we present our proposed fragmentation

schemes below (Scheme 7.5)

Scheme 7.5. Proposed pathway and mechanism for the loss of NH; from [His + K",

analogous to that for [Ala + KJ' [Abirami et al., 2004].

Essentially, loss of NH; occurs via a bond fission between C® and NH;" from ZW1.
However, in order to stabilize the intermediate, ion-molecule complexes like KH1
and KH2 are expected to be formed. The key barrier TSa, involving a 1,3 hydrogen
shit from CP to- the epoxy oxygen, is expected to be more stable than the
corresponding transition structure in [Ala + K]* because of the highly conjugated
product formed (KH3), as well as via multidentate binding with K™ strongly

coordinated to the N™.
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Loss of CO;

- The minor fragment ion due to the loss of CO; (44 u) is found in the low-energy CID
spectrum of [His + K]* (Fig. 7.10). Here, we propose a loss of CO; pathway and
mechanism (Scheme 7.6) based on the decarboxylation of free glycine [Li and Brill,

2003, Scheme 2].

N
o
- NH,
p/
i OH
CS2
N
»
-y :2 K*
O
N
W
N..
. -CO;
K + COz ————— .
” ":'EK+
H 2
KHS5

Scheme 7.6.  Proposed pathway and mechanism for the loss of CO, from [His + K]*

>

analogous to that for free glycine ([L1 and Brill, 2003], Scheme 2).
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In this proposed mechanism, decarboxylation is initiated by proton shift from NH; in
ZW1. Through this proton shift, the ZW1 species is rearranged to the less stable

form of potassiated histidine isomer, CS2.

A 1,3 hydroxyl hydrogen shift occurs from Oy to C* (via TSb), and through the ion-
molecule complex KH4, leading to the formation of an ion-molecule complex
between potassiated histamine (KHS) and CO,. Interestingly, loss of CO; is not
observed in [Ala + K]". Thus, the imidazole ri_ng is playing an important role here,
presumably by reduciqg the energetic requirement for the fragmentation via
multidentate binding occurring throughout the course of the reaction with K* strongly

coordinated to the N™.

7.3.7 Fragmentation of Protonated Histidine versus Potassiated Histidine

In Section 7.3.3, we have summarized our theoretical potential energy surface study
for the loss of [CO + H,0], Hz0 and [CO, + NH3] from [His + H}'. In Section 7.3.6,
w‘e have proposed some pathways and mechanisms for t_he experimentally observed
for the formation of K*, and losses of CO, and NH; from [His + K]*. Even though we
have not obtained the potential energy surface for [His + K], a few
issues/conclusions can be highlighted with regards to the role of cation in the

fragmentation of [His + K]J* versus [His + HJ':
(1) The absence of atomic cation fragment in [His + H}

Loss of atomic cation (K*) is dominant in [His + K", yet the proton fragment ion,
H', was not observed in [His + H]". This difference arises from the nature of

cation binding to histidine: while the binding of K" to His is mainly electrostatic,
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the binding of H* binds to the amino acid is purely covalent. Because of the
difference in nature of binding, the strength of binding differs tremendously. With
the proton being more tightly bound than the K (the estimated H" and K" affinity
of His is 981 and 164 kJ mol”, respectively), the loss of H* would not be

energetically competitive to the loss of other neutrals from protonated histidine.
(2) The absence of loss of [CO + H,0) neutral from [His + K]

For [His + H'], the loss of [CO + H;0] is dominant (together with a minor
ﬁagmént ion due to the loss of H;0), while the loss of tCO + H20)/H;O was not
found in [His + K]*. In[Ala+ K]", loss of H,O is found as a minor fragmentation
pathway. [Abirami et al.,, 2004] Based on that study [Abirami et al,, 2004], we
propose that on analogous mechanism for [His + K]* (Scheme 7.7). In this -
" mechanism, the loss of H,O is initiated by a 1,2-hydrogen shift from C* to Ci
(TSc), followed by a 1,4-hydrogen shift from the amino mnitrogen to hydroxyl
oxygen (TSd). In the case of [Ala+ KJ', the energy barrier for the loss of NHj is
lower than that for the loss éf H,0O by 7 kJ mol”. [Abirami et al., 2004] It is
possible that the energy difference between the corresponding barriers (TS¢/T Sd,
Scheme 7.7 versus TSa, Scheme 7.5) are even larger in [His + K], leading to the

absence of loss of H,O pathway in this case.
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Scheme 7.7. Proposed pathway and mechanism for the loss of H,O from [His + K],

analogous to that for [Ala + K] [Abirami et al., 2004].

. Apart from the above scheme, we have also considered whether [His + K]* may loss
[CO + HZO]ﬂ-iZO in a fashion akin to [His + H]" (discussed in Section 7.3.3). Such
scheme is presented in Scheme 7.8, in which the loss of H,O is initiated by a proton
shift from N*-H to the hydroxyl oxygen (Oy). In Section 7._3.3, we ment'io'ned that
because of the conjugation between carbonyl C=0 and the imidazole ring in species
11 (Fig. 7.5), loss of H,O is a favorable process in [His + H]". Compared to [His +
H]', [His + K] is proton-deficient. With one proton less, the C=0 group of the final

product for the loss of H>O is in fact not in conjugation with the imidazole ring in the
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analogous K" complex (Scheme 7.9). With the loss of stability, this mechanism
becomes less viable, thus, explaining the absence of the loss of H,O pathway (and

related fragment ions) in [His + K]".

»

N
\
NG : \ 2 '
() i’
+ 0,_,2-.;__2_9_ N  —
N, /
e

Hz
\Q
HzN. ‘." . .
& . et
K \ K
OH»

KHS KH7
Scheme 7.8.  Proposed pathway and mechanism for the loss of H,O from [His + K],

analogous to that for [His + H]".

Page 215



H H
N N +N
L) 9 L)
N+ ==N+ N
O O (o]
HoN HoN HoN
N N N
N 7N - 7
() ) )
N —=N* —-—N*+
\,0 \_o \p
HoN. HoN. , HoN.
K-Q- -.K-+ ~.K-+.

Scheme7.9. Resonance form of (a) species 11 in [His + HJ', (b) the analogous
species in [His + K], i.e., species KHS in Scheme 7.8. The dominant

form is enclosed in a box.

arbon dioxide and ammonia are lost together 1in [His + , but by two separate
(3) Carbon dioxide and i ] ther in [His + H]", but b

neutrals in [His + KJ'.

CO, and NH; are lost in the fragmentation of both protonated (Fig. 7.1) and
potassiated histidine (Fig. 7.10). However, in the former case, the two neutrals are
lost together, 1.e., loss of 61 u, while in the latter case, they are observed as
leading to individual fragment ions. Thus, the loss of CO; and of NH; in [His +
K]J" is likely to go through different mechanisms as compared to the simultaneous
loss of [CO, + NH;] pathway we formed for [His + H]" (Fig. 7.7), leading to our

proposed Schemes 7.5 and 7.6, respectively,
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Without carrying out detailed theoretical studies on potassiated histidine, it is
difficult to explain this difference. However, we wish to note that one of the key
structures we proposed for the loss of [CO, + NH;] in [His + HJ, species 14 (Fig.
7.7), in which CO; and NHj are coordinated to the imidazole ring via the
hydrogen attached to N* and N°, respectively. In the case of [His + K], with tﬁe
H" on N” replaced by K", the analogous species of 14 would be KH9 (Scheme
7.10). However, as the K*...NHj; interaction is strong, the formation of ion-
molecule complex KH10 (Scheme 7.10) is more likely. From this, the
simultaneous loss of [CO, + NH;] is certainly possible, yet it is not observed
experimentally. However, without further investigation, it is imposéible to make

further comment on the experimental observations.
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Scheme 7.10. Key structures for the lo_ss_ of [COy + NI:I_;] from [His + K]". Species
KH9 corresponds to the analogous Specfies of 14 reported for [His +
H]', stabilized by hydrogen bonding of N'H...NHs; species KH10 is
the alternative structure of species 14, which is stabilized by

electrostatic interaction of K*...NHa.
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7.4 Conclusion

Detailed theoretical studies on [His + H]" and its fragmentation in the gas phase have
been conducted. Our estimated proton affinity and gas phase basicity are in excellent
agreement (2 kJ mol™') with experimental values; the most favorable protonation site
for histidine is the N* on the imidazole side chain. The mechanism for the loss of [CO
+ H,0] (46 u), H,O (18 u), and [CO; + NH;] (61 u) from [His + H]" were also
studied. The potential energy surface obtained fo.r these rcactioﬁs is found to be
valuable in explaining the experimentally observed mass spectrometric fragmentation

~ patterns.

When compared to protonated histidine, the fragmentation pattern of potassiated
histidine is entirely different. While the dominant fragment ion in [His . H] .
corresponds to the loss of [CO + H,0], such fragment ion is absent in the CID-
MS/MS spectrum of [His + K]*. Instead, formation of K is dominant in potassiated
hist.idine, with minor fragment ions arising from the losses of CO» and NH;. Based
on our limited theoretical studies on [His + K], the difference in fragmentation
behavior between the protonated and the potassiated histidine can be traced back to
the difference in the nature of H' versus K* binding to the amino acid, and the ability

of the K in stabilizing the zwitterionic form of the histidine ligand.

Furthermore, by comparing with protonated/potassiated alanine/glycine, the role of
the imidazole ring in the gas phase fragmentation of [His + H]" and [His + K]" has
been elucidated. Firstly, the presence of the imidazole ring allows the formation of
stable transition structures and intermediates via hyperconjugation, thus changing the
mechanism  for the losses of neutrals (when compared to those of

protonated/potassiated aliphatic amino acids). Secondly, low energy pathways for the
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loss of [CO, + NHa] in [His + H]" are accessible, with stable ion-molecule complexes
as key reaction intermediates when small neutrals like CO; and NHj are "anchored”
onto the imidazole ring. Thirdly, for the loss of CO; and of NH; from [His + K]+, the
imidazole ring plays only a minor role in the fragmentation, apart from providing an

additional site (via N™) for K" binding.
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Chapter 8 Conclusion:

In this thesis, we reported our theoretical studies, at one uniform level of theory
(Chapter 2), on the structures and energies (affinities) of K* binding to: small organic
ligands (Chapter 3), aliphatic amino acids (Chapter 4), aliphatic dipeptides (Chapter
5}, aromatic dipeptides (Chapter 6) and basic functionalized amino acids (Chapter 7).

The following key conclusions can be drawn:
(1) Performance of the proposed energetic protocol EP(K™H):

Thé protocol, B3-LYP/6-311+G(3df,2p)//B3-LYP/6-31G(d), abbreviated as EP(K)"
here, yields absolute K' affinities for model organic ligands to wi-thin +4.5 kJ mol
for 65 model ligands when compared' to available experimental affinities in the
literature. When compared to experimental affinities of dipeptides obtained by the
mass spectrometric kinetic method, the absolute affinities are systematically higher by

8-15 kJ mol”, with an estimated error bar of 3 kJ mol” in relative affinities.

In general, the discrepancy between theoretical and experimental K affinities
increases with.the size of the molecular systems. While the difference could arise
from the approximations employed in the theoretical modeling method, it could also
be attributed to experimental errors. For the larger ligands, increase in inter-ligand
repulsion in the K*-bound heterodimer ion are more severe that the mode of binding
formed in the heterodimer may not be the same as that in the K monomer complex,

thus, leading to a reduction in measured experimental K" affinities.
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(2) Factors affecting the stability of K' binding to ligands

The interactions between K' and organic/amino acids/dipeptides are mainly
electrostatic in nature, and in general, more similar to that of Li*/Na®, than Ag’. The
overall interaction arises from the contribution of both stabilizing and destabilizing

factors.

Polarizability, dipole moment and co-ordination number between K* and binding sites
(dentate) are the three key stabilizing factors in K* binding to ligands. Linear
correlation between K binding affinity and these three factors has- been obtained for
small model organic ligands. For a ‘series of related ligands with little variation in
molecular dipole moment, and if the mode of binding is identical with changes mainly
in alkyl side chain length (e.g., K' binding to O=C, OH in Gly/Ala/Val/Leu/lle; K*
bindin;; to amide O=C, C-terminal O=C in GG/AA and GG/FG/GF), then the’
increasé of binding affinities is found to correlate to the polarizability of the si'de

chain.

We also looked at the underlying factors that govern the stability of different modes
of binding in the same ligands. Iﬁ order to include the effect of binding geometries,
the effect of molecular polarizability and dipole moment can be described by the
polarization interaction parameter (PIP) and dipole interaction parameter (DIP) terms,
respectively. While the correlation between PIP and DIP to the overall stabilization
energy of different modes of binding in K*-Gly is almost linear, the same correlation
cannot be extended to the dipeptides. We propose that the failure arises from the
more complex electronic distribution in the dipeptides than in glycine, so that simple
parameters like DIP and PIP cannot :describe accurately the underlying physico-

chemical basis of the interactions. As an example, local interaction, as opposed to
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global, between K' and the amide carbonyl oxygen is energetically very much -
preferred in the dipeptides, which has been attributed to the very strong local ion-

dipole interaction between K and the peptide amide C=0 bond.

The increasing stabilizing factor is often associated with increases in destabilizing
forces. To bind to K, the hydrogen bonding network in free amino acids/dipeptides
are usually perturbed. To achieve multidentate interaction, the various negatively
charged binding sites are located closer to each other than otherwise would have been
in the case of free ligand, which would in tumn increase the intramolecular electrostatic
repulsion. Furthermore, to increase the electrostatic interaction, the free amino
acids/dipeptides may rearrange to the zwitterionic form, in which the carboxylate end
of these species bears the formal negative charge in order to facilitate the binding of
the positi‘vely“clharged potassium cation. The disruption of the hydrogen bonding
pattern, increase in intrafnolecular electrostati;: repulsion, and the increase in charge-
separation in ﬁm ligand in the ZW form, are the main sources of destabilization,
which is represented quantitatively and collectively as the deformation energy, Eqer, In
this work. Thus, it is not surprising that the tridentate CS2 (O,’, O;’, N;) modes is
not more stable than the bidentate CS1 (05, O,’) modes for dipeptides
GG/AA/FG/GF, as the deformation energies for the tridentate modes are always
higher, and may even outweigh the stabilization factor bought along by multidentate
binding. Similarly in K*-FG/GF, it is not surprising that not all n modes. are more
stable than the corresponding non-n-modes, as the larger deformation energy for the n

modes may again outweigh the stabilization factor of K*-n interaction.

Page 223



(3) Factors affecting the relative stability of charge-solvated (CS) and zwitterionic

(ZW) modes of K" binding

For a given amino acid/peptides, adopting the zwitterionic form 1is intrinsically
destabilizing in the gas phase. For a given cation (K in this case), the key factor
favoring the formation of the ZW form is the proton afﬁn}ty (PA) of the ligand. Our
studies in K* binding to amino acid supports this view as the PA criterion can be used
to explain the stability of ZW species in K'-His, and the increase in the stability of the
ZW form in the aliphatic amino acid séries, Gly/Ala/Val/Leu/Ile. However, we wish
to caution against extending the PA criterion to compare/predict the relative stability
of different ZW structures of amino acids or peptides héving dissinﬁlar metal cation
binding modes. This is illustrated by cross comparisons between the aliphatic

'dipéptides and aliphatic amino acids (i.e. compare GG/Gly pair or AA/Ala pair).

Apart from PA, it Las been suggested previously that a close to lincar + - +
arrangement for amino hydrogen, carboxylate oxygen, and metal cation (<H...O.. .M)
is one of the factors stabilizing the zwitterionic complex in Na'-Pro. In the case of
aliphatic' amino acids, t}le deviation from linearity is not significant, nor haver any
correlaﬁon tb the variation of stability of the ZW forms in Gly/Ala/Val/Leu/Ile. It
has been suggested previously that the formation of a strong hydrogen bond from the |
functionalized side chain is another stabilizing factor for the zwitterionic complex in.
metal cationized Arg. There is a strong hydrogen bond between the imidazole side
chain and the amino group in K'-His. Baéed on this, we concluded that the latter

factor is only of secondary importance in the stabilization of zwitterionic complexes.

For all the dipeptides we studied here (GG/AA/FG/GF), the CS binding modes are in

generally more stable than the ZW binding modes. Even though the ZW modes can
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be stabilized somewhat if the dipeptide adopts a more compact, rather than an

extended form, it appears that the instability arises from the charge-separation effect

in the larger/longer dipeptides would outweigh the gain of electrostatic interaction

between K* and "OOC in general.

(4) Preferred mode of K* binding to amino acids and dipeptides

Because of the interplay of the various stabilizing and destabilizing factors outlined

above, and for the few amino acids/dipeptide we studied here (aliphatic amino acids,

histidine, GG/AA/FG/GF), the following generalization can be made:

(i)

(i)

(iii)

(iv)

The most favorable single site of K* binding to the amino acid and dipeptide is

the carbonyl oxygen, O=C, with the ligand in the CS mode.

The optimal number of interaction between K' and ligands is two, i.e.,

bidentate interaction.

For aliphatic amino acid with no functional side chain, K* prefers to bind to
O=C and OH. For aliphatic dipeptides, binding to the two O=C is most

favorable.

For amino acids with functional side chain, e.g. aromatic-n in Phe and
imidazole in His, K* may additionally bind to the functional group site on the
side chain. For the dipeptides FG and GF, binding to the two O=C (CS1) and
two O=C, n (CS1-x) are very favo;'able, with comparable K* affinities for K-

GF.

The ZW modes are in generally not competitive against CS modes; the only

exceptional case is K'-His due to the basicity of the imidazole ring in
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histidine. Out of the three possible forms of ZW dipeptides (protonation at
peptide bond nitrogen, peptide bond oxygen, and terminal amino nitrogen), the
ZW(N,) form (protonation at peptide bond nitrogen) is least favored because.

of the loss of resonance stabilization.

(5) Relation between cation (H'/K") binding in amino acids to mass spectrometric

fragmentation

The mechanisms for the loss of [CO + H20] (46 u), H,O (18 u), and [CO;, + NH;] (61
u) from [His + H]" are studied. The potential energy surface obtained for these
reactions is found to be consistent with the experimentally observed fragmentation
patterns. Furthermore, by comparing with {Ala + H]', the role of the imidazole ring
in the gas phase fragmentation of [His + H]’.' has been elucidated. When compared to
3. [ﬁis + H]*; the fragmentation pattern of [His + KJ* 19 entirely different. Based on our
limited theotetical studies on [His'+ KJ', the difference in fragmentation behavior
between the protonated and potassiated-histidine can be traced back to the difference
in the nature of H' versus K* binding to the amino acid, and the ability of the K* in

stabilizing the zwitterionic form of the histidine ligand.

In this thesis, we have comprehensively studied the interaction between K and small
model amino acids/peptides. As ionic' species are usually stabilized by interaction
with polar solvent molecules like water, better knowledge of the interaction of K
with ‘hydrated” amino acids/peptides is a vital bridge to understanding and prediction
of biomolecular properties in vivo. However, direct comparison, in particular the
quantitative comparison of K" affinities, with such water solvated systemsrin the gas

phase is experimentally difficult, and the situation could be complicated by
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competitive binding of the alkali metal cations to the O/N heteratom binding sites of

amino acid/peptides at the same time.

In biological systems, K* binding to backbone carbonyl oxygens in a macrocyelic
pattern are found in the X-ray protein structures of K* channel [Doyle et al., 1998],
tryptophanase [Isupov et al., 1998] and pyruvate kinase [Larrsen et al.,, 1994], -
suggesting that our current study of identifying the importance of local K*~O=C ion-
dipole interaction may be extendible from the gas phase to the solution phase. Apart
from these, gas-phase studies of model systems, such as those comprised of a single
amino acid, a2 metal ion, and -individual water molecules may provide a means for
investigating the solvent effects. An example is the work of Williams and co-
workers, [Jockusch et al., 2001] who investigated the structures of gas-phase amino
acid-K'-water complexes theoretically and experimentally. Their calculations
indicated.that K" is coordinéted to both oxygens (CO, OH) of nonzwitterionic valine,
which is in lineAwith our findings. The addition of a single water molecule does not
significantly affect fhg relative K* binding energies calculated for potassiated valine
clusters. Experimentally, relative dissociation kinetics of Val-K'(H;O)io0 also
suggested that‘potassium was coofdinated to both oxygens, but could not distinguish
whether the valine was zwitterionic or nonzwitterionic from experimental

observations alone. [Jockusch et al., 2001]

In summary, much more experimental studies, along with development of new
experimental techniques for observing the interaction of metal ions with amino
acid/peptide-water cluster complexes, are desired and necessary before the effect of
solvent molecules on metal cation binding affinities to bio-molecules can be

elucidated.
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Appendix |I: Supporting information for Chapter 3

Table S-3.1. The B3-P86 and G2(MP2,SVP) potassium cation binding affinities
(kJ mol ') at 298K.

Mole[c]ule B3-P86 G2(MP2,SVP) Mol:lacfule B3-P86 G2(MP2,SVP)
He ' 2.8 n-PrCHO 96.1

Ne. 2.4 n-BuCHO 97.3

Ar 84 CF,CHO 584

CcO 24.6 CClL,CHO 73.1

HF 49.8 Me,CO 103.7

HCI 26.9 MeCOEt 105.0

P, 33.6 ' NH, 77.8 76.7
PHJ ' 424 MCNHz 79.3 80.5
C,H, - 376 Me,NH 77.6 81.2
H,S 39.3 EtNH, 81.7 84.1
MeSH 52.5 n-PrivH, 81.6 85.6
EtSH 57.2 HCN 77.6

n-PrSH 59.0 MeCN 101.4

i-PrSH - ' 60.0 EtCN 105.0

n-BuSH 60.3 n-PrCN 106.4

i-BuSH 63.1 i-PrCN 107.7

t-BuSH 61.7 t-BuCN 109.9

Me,S 61.8 PhCH,CN 109.7

H,0 69.9 70.3 CF;CN 58.4

MeOH 74.2 76.7 CCI,CN 76.0

EtOH 80.2 83.6 HCO,H 79.6

n-PrOH - 811 83.5 HCO,;Me 88.6

i-PrOH 84.1 87.5 MeCQO;H : 91.0

n-BuOH 84.7 88.2 HCO,Et 93.7

i-BuOH 82.1. 860  HCOm-Pr 95.3

s-BuOH 86.4 89.8 MeCO,Me 98.2

1-BuOH 87.1 91.3 MeCO,Et 104.4
1,2-Propanediol 114.0 119.1 EtCO:Me 899.7

1,3-Propanediol 118.7 123.8 CF,CO,Me 80.7

Ethylene glycol 1147 119.3 CICO,Me 79.8

Glycerol 127.9 136.4 S0, 49.8

CCI;CH,0H 74.7 PhSOMe 130.0

Me,0O 73.2 HCONH; 113.3 113.2
Et,O : 83.9 HCONHMe 118.8 120.9
(MeOQOCH;), 122.1 HCONMe, 124.6 126.6
1,2-dioxane 82.3 MeCONH, 122.5 122.2
1,3-dioxane 82.3 MeCONHMe 126.6 129.0
1,4-dioxane 69.3 MeCONMe, 128.7 131.7
HCHO 76.3 Benzene 70.8 78.6
MeCHO 92.6 Borazine 48.8 (48.7) ! 57.6
EtCHO 94.6 Phenol 73.7 (73.6) ™ 80.7
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Pyridine 92.6 3,4,5-Me;- ' 104.8

pyrazole
2-Me-pyridine 94.2 i,3,4,5-Me,- 105.9
pyrazole
3-Me-pyridine 98.6 1-Me- 1184
imidazole
4-Me-pyridine 100.7 1,2-Me;- 120.2
imidazole '
2-F-pyridine 98.6 2,4,5-Me;- 122.2
imidazole
3-Cl-pyridine 81.5 2H-1,2,3- 63.7
: : triazole
1,8- . 155.4 1H-1,2,4- 86.8
naphthyridine triazole
Pyridazine 129.6 _ 2H-tetrazole 88.3
Pyrimidine 75.0: 1H-tetrazole 109.8
Pyrazine 69.1 4H-1,2 4- 140.3
triazole
1,3,5-triazine 55.8 1H-1,2,3- 118.7
triazole
Pytrole 79.9 87.0  Glycine 122.1 118.3
(79.3) ® ' (121.4) ]
Indole 93.2 102.8 Alanine 128.0 1225
93.0)™ _ (127.4) 1
Pyrazole 89.8 Valine 131.9 126.5
o (131.5) ™
Imidazole 111.0 ' Leucine: 132.8 127.3
B (132.6)™
Thiazole 86.8 Iso-Leucine 133.5 128.5
(133.0)
Isothiazole 85.2 Proline 142.3
Oxazole 83.3 Serine 136.3
Isoxazole 92.6 Cysteine 1214
1-Me-pyrazole - 939 Phenylalanine 144.0
3-Me-pyrazole 922 Adenine 86.6
4-Me-pyrazole * 95.8 Thymine 110.9 1
1,4-Me,- 99.5 Uracil 111.9%
pyrazole
1,5-Me;- 100.9 Cytosine 166.9
pyrazole
1,3,5-Me;- 103.1 Guanine 143.7
pyrazole .

[a): Abbreviations: Me = -CHj, Et = -C;Hs, n-Pr = -C;Hg, i-Pr = -(CH,),CH, n-Bu= -C,Hy,, i-
Bu = ~(CH;),CHCH,, t-Bu= -(CH;);C, Ph=-C¢H;. [b]: The value in bracket is the PCA
calculated using B3-P86/6-31G(d) geometry, i.e., at the B3-P86/6-311+G(3df,2p)//B3-P86/6-
31G(d) level. The similarity between the two sets of PCAs suggests that the effect of
geometry difference: (B3-LYP/6-31G(d) versus B3-P86/6-31G(d)), on binding affinity is
negligible. [c]: The PCA is estimated for the most stable tautomer of the free ligands,
corresponding to species Al, T1, U1, C1 and GI inref. [Russo et al., 2001b].
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Table S-3.2. The effect of B3-LYP/6-31G(d) correction on zero point vibrational

energies, temperature corrections; and the effect of full counterpoise correction.

Species  A(ZVPE)® AH,05)"! A(BSSE)!
co 039 20.08 T 064
CGH, = -077 -0.45 -0.39
MeSH 042 -0.14 -0.61
H,0 -0.58 -0.42 0.53
HCHO  -0.50 -0.41 -0.63
NH; -0.83 . -056 -0.30
HCN -0.26 -0.12 -0.41
HCOH  -045 -0.36 -0.65
S0, -0.15 -0.11 -0.81
Benzene  -0.30 -0.14 -1.77
Pyridine  -0.49 -0.32 -0.64
Pyrrole -0.47 -0.21 - -1.18
Glycine -0.52 0.47 -0.75
Uracil  -0.61 -0.49 -0.76

[a]: Difference in zero-point vibrational energy corrections (ZVPE), A(ZVPE) =
ZVPE calculated at the B3-LYP/6-31G(d) level - ZVPE calculated at the HF/6-
31G(d) level, in kJ rr‘lol". [b]: Difference in thermal corrections, A(Hzes) =
temperature correction calculated at the B3-LYP/6-31G(d) level - temperature:
correction at the HF/6-31G(d) level, in kJ mol™. [c}: A(BSSE) = full counterpoise
correction, including effect of geometry deformation, ref. [Siu, et al., 2001a], at the
B3-LYP/6-311+G(3df,2p) level of theory, in kJ mol”, based on B3-LYP/6-31G(d)
geometries. [d]: The PCA is estimated for the most stable tautomer of the free ligands
Ul in ref. [Russo et al., 2001b].
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Appendix Ik SUpporting information for Chapter 4.

Table S-4.1. Calculated binding affinities at 0K (AHj, in kJ mol") of various K'-

Gly complexes at the B3-LYP/6-311+G(3df,2p) level using geometry obtained at

different levels of theory.

Species AH, AHy ™ AH, ©
CS81 117.7 117.5 118.2
CS2 115.2 114.8 115.7
CS3 84.4 £4.0 85.0
CS4 75.9 75.4 75.6
CS5 67.2 66.9 67.0
ZW1 104.5 103.8 104.2
CSt’ 80.2 82.5 80.0
Ccs2 96.4 96.0 96.0
Css’ 55.6 55.2 56.3
CSs” 38.5 38.1 39.2

[a}: Using B3-LYP/6-31G(d) optimized geometry (with potassium basis set in ref.
[Frisch et al., 1998]), abbreviated as “EP(K")” in this work. [b}: Using B3-LYP/6-
31+G(d) optimized geometry (with potassiui'r_l basis set in ref, [Frisch et al., 1998]).
[¢]: Using B3-LYP/6-31G(d) optimized geometry (with potassium basis set in ref.
[Blaudeau et al., 1997]).
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Appendix 1ll: Supporting information for Chapter 5.

cseb CS5a Cs1b ZW(0¢)a
(29.3] (39.8] [47.0] (54.3]

ZW(Npa ZW{Nb
(62.0] [71.6]

ZW(O b cs9 ZW(No)a ZW{Ng)b
(71.6] (97.8] (115.0] [137.5]

Figure S-5.1. Summary of the structures and energetics of low-lying conformers on

the K’'-GG potential energy surfaces other than those shown in Figs. 5.2 and 5.3.

Selected non-bond distances are shown in Angstroms. The molecular dipole moment vectors

of the deformed AA ligand (not to scale) are included for reference. The K* binding energies

at OK of these complexes, without zero-point energy correction, relative to that of CS81, are

included in brackets.
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Appendix IV: Supporting information for Chapter 5.

Relative Stabilities of Conformers Sharing the Same Modes of Binding in K'-

GG:

The relative stabilities of conformers sharing the same modes of K" binding can be

attribute to two main factors:

(1) conformation of peptide bonds: By comparing the conformer pair: CS2/CS2b;
ZW(O’YZW(0O,’a) and CS6/CS6a (see Figs. 5.2, 5.3 and S-5.1), we found that
the trans conformation is rﬁore stable than the ¢is conformation (by 6-22 kJ mol
"Y. This is in line with the general expectation that peptide bonds prefers to be in

the trans configuration. [Luque and Orozoc, 1993]

+ ) +
H\ —"-‘:K\ | H\ ,-"--—IK"\
H-Na- 77 REEAN H-Na ™" N
3 S \ D1 2389
CH—C Qe CH—C. CH  #7
\Nz—C/C '\ 2.330 Z\C/C \ 2339
HI 2 oz'i'i "2 orH
CS2 CS2b

(2) Hydrogen bonds and other non-bonded interactions: Hydrogen bonds play a
dominant role in the structure and function of proteins including features such as
.protein folding, protein-legend recognition, enzymatic activity, protein hydration,
and material design. [Desiraju and Steiner, 1999; Sarkhel and Desiraju, 2004]
The common hydrogen bonds found in aliphatic peptides includes N-H...Q, O-
H...O, [Jeffrey and Saenger, 1991; Sarkhel and Desiraju, 2004], with bond

distances ranges from 2.03 to 2.55A [Sarkhel and Desiraju, 2004]. Previ-ously,
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Zhang et al. [Zhang et al, 1993] suggested that the strength of non-bonded
interaction (including hydrogen bond) between atom A and B (A-H...B, in the
case of hydrogen bond) for free and protonated Gly/GG, can be correlated to the
distance between A (or A-H) and B, and the Mulliken population on the atoms.
We would like to carry out similar analysis here to understand the relative
stabi_lities of K*-GG complexes sharihg the same mode of binding. In K'-GG, the

non-bonded interactions (mainly hydrogen bonds) can be classified into six types

as below:
Non- Atoms involved Natqre Found  in Typical
bonded species distance (A)
interaction
'l:yp'e 1 N,H. N o Hydrogenbond  CS1 — 2.084
Typfa 2 N H...N; Hydrogenbond  ZW(Ny) | 2.009
Type 3 N H,...0¢ Hydrogenbond  CSla 2.958;2.703
Type 4 O.H.. .Oz’l‘ Charge-dipole CSt 2319
Type 5 O;H...N; Hydrogenbond  CS1b 2.429
Type 6 0,"H...N| Hydrogenbond ~ ZW(O,’) 1.768
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Under this classification, we found that:

(1) Hydrogen bond type 1 versus type 3: CS1 1s more stable than CSla by ~25 kJ
mol", implying that hydrogen bond type 1 found in CS1 is more stabilizing than
the hydrogen bond type 3 in CSla. Similarly conclusion can be found when
CSS5 is compared against C85a. This suggests that the pair of longer bifurcated

hydrogen bond of type 3 is not as strong as one single shorter hydrogen bond of

type 1.
.-k H.a9s8 KT
'-' - \‘ N'l’ gl - - ‘|‘
9 3 \ 2703°04 ‘
CHz_C ‘\ CH;_)_C ‘\
H.N/ \ 0.’ ‘N /%
. 2 v 2 B
S T e—E Y 219 /"™~c—C 2324
2084 "H H, \ H 2\ 4
02"H 02—H
CSl1 CSla

(2) Hydrogen bond type 2 versus type 3: The energy difference between ZW(N;)
and ZW(N2)b is ~30 kJ mol”, indicating that hydrogen bond type 2 is more
stabilizing than type 3. Again, it appears that a pair of longer bifurcated

hydrogen bond (type 3) is not as strong as one single shorter hydrogen bond

(type 2).
AN 41898
\/ Ni 2"*-__ o+ , "2"-_' +
CH - K CH + _ -
2-"(':/N2\C/C\‘ ,-" N{ 92\9.5' Nz\\C/C\\ Fhe —K
' H-2 880
ZW(N,) ZW(Ny)b
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3) Hydrogen bond type 6 versus type 1: ZW(Oy’) is more stable (by ~20 kJ mol™)
. P

than ZW(O,’)b because Type 6 in ZW(0O,?) is much shorter than Type 1 in

ZW(0,")b.
H\
178 N
H\ CH2 ! -""'”02-_._*-' + I ...—-H--;-"'Oz'..
N7 NN e UK CH, 2
\“ ﬁ \\0"- N~ Z\C/C\~ ) .
1768 O 2 2 . H, 05
H H/01
ZW(O" ZW(O,)b

(4)  Charge-dipole interaction type 4 [Zhang et al., 1993] versus hydrogen bond type
5: CSla is more stable than CS1b by ~20 kI mol™, as type 4 (in CS1a) is much
_shorter than Type 5 (in CS1b). Here we note that the strength of the charge-
dipole interaction Qpe 4 would be ~18 kJ mol”. This value is obtained by
compariﬁ;g CS2 with CS2a, in which the two com;'pléxes differs mainly in the

presence/absence of the charge-dipole interaction type 4.

+
/ I:i\z".gss - 'I(\+ ,I'K-\
N 270507 Sz
CHz—C\ “0' N1\ 2'75.‘9§/9‘. H=0; 4\02
No ~ 72 CH;—C_ /.
[ Cc—C v 2324 \Nz,_%-éw
H 2 \ ] / H
02—H H 2
CSla CS1b
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Appendix \'a Supporting information for Chapter 7.

Table §-7.1. Protonated histidine (B3-LYP/6-31G(d) geometries).

E = -549.3654865 Hartress

1457019 -0.515407  -1.254689
1424604  -0.507089  0.299798
2810562  -0.535498  0.769350
2924386  -1.053018  1.636308
3197920 0397600  0.500905
0.579674  0.662807  (.884453
0012009 0532720  0.782901
1562139 0.269513  -0.411890
-1.897228  0.674473 1724730
2877569 0245100  -0.225946
23103602 0.494612  1.071033
0992465  0.076874  -1.268825
0.963503  -1.459951  0.589641
0.826343  0.749711  1.946992
0.893194  1.602732  0.410270
1846430  0.893555  2.779841
-3628826  0.054826  -0.977522
4020948 0.54199]  1.499326
2.606310  0.889275  -1.768425
0.495090  -0.237907  -1.955446
3216849  -1.023417  -0.992501
E = -549.3632358 Hartress|2

1727558 0.978668  0.053154
41392107 -0.456732  0.510405
22.514833  -1.363894  0.649024
3057228 -1.416527  -0.211567
. -3.152563  -1.046273  1.374980
* 0333871 -1.13775  -0.425716
1090268  -0.685198  -0.242501
1497775 0639420  .0.289428
2229978 -1.419133  -0.047577
2815910  0.725946  -0.129927
3281154 -0.520888  0.015034
0.795050  1.304647  -0.385468
-0.943309  -0.341653  1.507244
-0.380946  -2.187224  -0.230327

...
A
~

E =-549.3415214 Hartress

1478040  -0.556834  -1.148984
1463724 0411671 0.384627
2780838  -0.236069  0.980961
3362156  -1.060437  0.859815
3274948 0.57t468  0:606721
0549436  0.738378  0.881267
-0.929678  0.546701  0.737633
-1.565067  0.415477  -0.488394| -
-1.926579  0.514807  1.676131
-2.881626  0.302190  -0.322498
23120812 0364456  0.992677
1017228 0.355970  -1.356795
1071778 -1.366938  0.761766
0770526  0.867335  1.943401
0838677 1671824  0.380716
-1.888532  0.594402  2.751308
3619753 0.178360  -1.100375
4040647 0310741 1.414959
2425777 -1.415957  -1.614163
0.671363  -0.050631  -1.902109
3287223 -0.998577 -L777112
E = -549.3490397 Hartress

1771680 0.764972  0.124332
1449789 0711392 0.391669
.2.583760  -1.583940  0.145410
-3067817 1289921  -0.702902
-3257541 1519802 0.905598
0291576 -1.176440  -0.545138
1054385  -0.587682  -0.268291
1418691  0.718354. -0.586056
2167396  -1.138505  0.308664
2681273 0.958856  -0.222504
3150235 -0.165028  0.323329
0.806134  1.406409  -1.009708
129642 -0.823035  1.431326
0225226  -2.261580  -0.435045

ZTOQITIETZTITIZONONZOOZ T Z OO

w
L]

-0.624789  -0.966201  -1.474211 -0.580500  -0.979687  -1.585568
2.380015  -2.483508 0.043718 2337600 -2.130643 0.696755
3.403811 1.631067  -0.114645 3.221002 1.885328  -0.347306

4.090566 -0.280355  0.685002
-1.142969 1.605163  0.985807
-2.476966 1.149965  -0.779108
-1.471304 2.507693  0.797087

4256223 0761207  0.151431
-3.020148 1.269375  0.173320
-0.912200 1795268  -0.359263
-3.052877 2198610 -0.103041

T OO0 T IIISTITrIzZOoONnNZOoorrzaoa0ONMIZTOOTTIIXTIIIIZOMNZOMNISZMONCO0O—

T OO0 XTI T XXTITITITZO0O0Z00T T 200
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o n v

o x

T I T Z 0O N ZNOIT T Z 0

-1.134639
-2.047139
-1.211208
0.062523
-1.752896
-0.192628
-2.240653
-2.870093
-2.839991
1.162928
1.413967
2.378005
2.710668
3.313444
-0.887301
.119786
-0.478922
2.649299
3.186683
4.306503
-3.20459

E=.540.3535532 Hartress

0.677346
0.637116
.1.732774
-1.567427
-2.512943
1003344
1.806238
1.706225
1.824005
0.463551
-0.872528
1.000142
-1.062428
0.123708
0.544473
2.093521
0.683231
2123617
-1.996404
0.282565
-0.741202

Tt
H
P

-0.304444
0.032387
-0.080451
0.047231
0.154467
0.62503
-0.460647
-1.254775
0.364382
0.290322
0.004172
0.21146
-0.241269
-0.114274
-1.387315
0.643839
1635586
0.360238
-0.498689
-0.242072
0.269144

T IrIos oo nI TITTrTrozaonNnao oz N

2.176071
Jos4219
2.359026
1.051882
-0.20812
-1.318586
-2.614076
-1.49867
-0.538296
-1.972691
-2.895061
-3.3519356
0.556494
-0.071396
2.847234
4,05282
2.460773
0.950816
-1.306496
-1.642185
-1.105858

“E = -540297741 Hartress

T ToOCOZTTTITIZITZOO0OZOO0T T Z-00®

0.717521
-1.325772
-2.639037
-2.672338
-3.352660
-0.266993
0.938130
0.707637
2.329510
1.812771
2.807367;
-1.376263
-0.156473
-0.583983
2.981090
1.886262
3.775954
-1.185035
-1.357027

-1.772294.

-1.445313

E =-549.3341022 Hartress

-0.488470
0.912500
0.933644
0.304790
0.6567%1
1.679290
0.878136

-0.343102

0.881999.

-1.0867145
-0.349818
1.375351
27191358
1.678970
1.616998
-2.078007
-0.649065
-1.512672
-1.110655%
-1.965083
-1.018790

-
n

-0.801700
-0.553738
0.028756
0.830401
-0.639823
0.300319
0.132140
-0.457798
0.383737
-0.563946
-0.058463
-1.549429
0014782
1.348172
0.829696
-0.985539
-0.012808
41193472
1901056
1701990
2863118

T T OLT IIT T IIZONZIITZOONCOSD

1.096417
-0.280926
-1.349994
0.717141
-0.904988
-2.619482
-2.853008
-3.365741

[.286343

2.305710

2.578559

3.230914
-1.187001
-0.321340
-0.557766

2.587828

3.064440

4227328
-2.830513
-3.146667

-3.244249

-L11900}  -0.363647
011136} 0.156606
0.985451  0.31406
0.583156  0.33392
1.239004  0.784844
1024427 -0.24545
1.350788  0.224907
1407023 1.060974
-1.620445  1.030223
-2.24685)  0.91823
0.873523  1.070767
137194 -0.471179
0939438 1.766213
2365963  0.85470}
191893  0.548667
£0.154503  -0.318032
-2.00129  -0.739511
0732184 -0.037968
-0.442531  .0.764775
-1.147589  -1.605109
1573472 -1.173038
E =-549.3017759 Hartress
0612097  0.027631
1091211 -0.330484
0582124 0.617503
1.325265  0.806030
2.440828  0.968716
0610210 0.216668
-0.534450  -0.783351
0.464044  0.834994
0.696992  0.409620
-1.258919  0.020247
0.854000  0.638617
0.310638 - 0.406553
0.777508  1.675833
-2.186563  -0.282989
0.808483  -1.354134
2272054 -0.222554
1762552 0.963393
-0.460614  0.503138
0411132 -2.604496
0397814 -3.069257
-LI36711  -3.135983
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E = -549.3297848 Hartress

E = 4350664899 Hartress

5 6

C 1.354900  -1.26156t  -0.1369%4|C 0.870464  -0.269300 -0.358039
C -0.038071  -1.440274  0.400358|C -0.225088  0.564377  -0.962599
C -0.523670  -0.0998%  0.8332800|C -1.488505  -0.20869%  -0.810970
C -2.409524  3.354224 1.456999] N -2.546236 0261485  -0.247079
o -2.672891 4.398214 1.806563| H -2.560810 1217743 0.173767
N -1.628710  0.423829  0.435582|H -3381153 0312676 0.155599
H -2.235307  -0.067601  -0.254286| N 0.546125  -1.071760  0.717166
H -1.508853 1.356948  0.757273; C 2.196989  -0.406601 -0.687423
N 1.656457 0074631  0.773611| C 1665673 -1.683714 1.045485
C 2448236 -2.092946 -0.1HIT05| N 2.689624  -1.308401 0.227727
C 2916909  -0.186228  -{.139983{ H -1.529620 -1.226975  -1.191974
N 3.434516  -1.390481  -0.765776] H -0.054948  0.716964  -2.038637
H 0086189  0.478693 1.523983| H -0.328249 1551397  -0.496104
H -0.034472  -2.094197  1.284946| H 2816330  0.038083  -1.451538
H 0731681 -1.872575  -0.330796| H 1.790208  -2.395301 1.849639
H 2.612032  -3.082215  0.287991{H 3.648273  -1.626211  0.287682
H 3.494854 0559713 -1.667405| 0 -2.302875  2.795773  0.814266
H 4.374942  -1.717656 . -0.944286] H -2.154768  2.935819 1.763101
0 -3.019486 -1.085957  -1.437489| H -2.766053  3.589317 _. 0.502114
H -2.970141  -0.890014  -2.3R6507

H -.877069  -1.520077  -1.305722

7 E = -472.8447569 Hartress|8 E =-359.4799957 Hartress
C 1.637697  0.512639  -0.268740|N 0.367268  0.064728  -0.933366
C 0.537129 1.336114-  -0.876383| C 0.367908  0.102711 0.446197
C -0.715287  0.548871 -0.713807| C 0.979318  0.124463 1.111208
C -4.345133  -0.805328  0.155662] C 1.909208  -0.528910  0.151130
0 -5.264103  -1.451564  (.288485| N 2995398  0.016691  -0.284698
N -1.787550  0.998238  -0.158003| H -3.258224 0965335  -0.022043
H -1.815460 1.934268  0.243302{ H 3.6058%1  -0.456531  0.947748
H -2.633779 0420042 -0.056932|C -1.650591  0.099030  0.935822
N 1.281153  -0.357906¢  0.740834| C -1.637648  0.046582  -1.284160
C 2.984277  0.437500 -0.527328| N -2.445097  0.071534  -0.187126
C 2400691 -0.952396  1.101148| H 1.686259  -1.532170  -0.20276)
N 3453781  -0.498601 0.364971| H 0986085 -0.463694  2.038231
H 0.749700  -0.470121  -1.091719| H 1.325511 1.135424 1.363897
H 0.696887 1.489084  -1.954376[ H -2.060398 0.118769 1.934149
H 0.432951 2327763 0.416202| H -2.020315 0.016979 -2.294502
H 3.630724 0.944050 -1.227754|H -3.457129 0.086955  -0.194080
H 2504581  -1.702447 1.872436

H 4.418690 0.465438

-0.786639
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8-9 E = -359.4801001 Hartress|9 E = -359.4929896 Hartress
N 0.172128 0913175 §:527862|N 0033265  -0.899583  0.300564
C 0.468414 0295148  -0.045787|C 0.409238  0.323830  -0.16991)
C 0552186 1.397087  0.025303| C 0.535351 1473270 -0.400652
C -1.853060  0.787220  -0.370987| C 1973196 1241125 -0.101072
N 2.816180  0.591226  0.435543| N 2431133 0123168 0.337145
H -2.742119 0830824  1.406881| H -L713619  -0.648716  0.479171
H -3.660867  0.132882  0.150994| H -3.421359  -0.007451  0.533837
c 1703455  0.274630  -0.594192| C 1.767946  0.278042  -0.365892
C 1219460  -1.645733  0.337122|C 1033114 1671655  0.388479
N 2.177162  -0.978783  -0.333069| N 2140767  -0.996158  -0.005366
H -1.992591  0.461943  -1.387005} H -2.671949 2061684  -0.261983
H 0319631 2194751 -0.671654[ H 0.501073 1827497 -1.444492
H 0.622554  1.816628  1.023118[ H -0.247960 2362573 0.184833
H 2275736 1.010129  -1.117237( H 2480385  1.009237  -0.716653}
H 1339825  -2.659447  0.657433| H 1.047870  -2.698598  0.723421
H 3.073873  -1.332700  -0.583641[H 3082618  -1.365890  -0.030255
9-10 E = -359.4890866 Hartress] 10 E = -359.4956589 Hartress
N -0.587507 -0.665426  0.000000{N -0.870887  -0.298830  0.000000
o 0.000000  0.588453  0.000000| C 0.512641  -0.245821  0.000000
o 1.501083 0716854  0.000000| C 1275493 1.050578  0.000000
C 2246351  -0.588579  0.000000| C 0.456979 2323127 0.000000
N 1.630005 -1.709522  0.000000| N 0.816244 2327492 0.000000
H 0.370353  -1.532289  0.000000} H -1.393571 © 0.603097  0.000000
H 2.181526  -2.566817  0.000000| H 1210782 3269973  0.000000
c 0.997742 1528121  0.000000( C 0.941152  -1.547529  (.000000
C -1.900616  -0.504540  0.000000| C -1.285817  -1.562019 - 0.000000
N 2179398 0.815398  0.000000| N 0.193547  -2.337680  0.000000
H 3.337165  -0.541547  0.000000| H 1.058964  3.238457  0.000000
H 1.852254 1290347  0.870870| H' 1.944608  1.084080  -0.871649
H 1.852254 1290347  -0.870870| H 1.944608  1.084080  0.871649
H 0978153 2.607055  0.000000| H 1933030  -1.971975  0.000000
H -2.642419  -1.288997  0.000000] B -2.309718  -1.903179  0.000000
H 23109136 1.216892  0.000000{ H -0.205081  -3.351076  0.000000
711 E= 472.8205131 Hartress|11 E = -472.8571563 Hartress
C 0.755562  -0.664074  -0.142788|C 1035198 -0.419299  -0.251384
C 0.566236  -1.340037  -0.370338| C -1.000374  -0.537355 1243453
C 1700351 -0.726877  0.416864 C 0.504875 -0.324088  1.603917
C 1274212 1296491 0.032471|C 1143235 0326751  0.351168
0 -1.514051 2401855  -0.112112{ O 2170569  0.904788  0.182280
N 2953382 -0.993217  0.071939( N 0.703203  0.360389  2.851190
H 3191123 -1.261060  -0.87709%| H 0.472545  1.349960  2.799848
H 3729826 -0.749570  0.675907| H 1.657874  0.273557  3.188543
N 0.842200  0.709100  -0.153469| N 0.16033%  0.101504  -0.725055
C 2.003885  -1.200156  0.048837| C -1.832770  -0.599695  -1.343602
C 2113593 1.014219  0.032681|C 0.119973  0.253345  -2.054080
N 2850774  -0.117826  0.153969 N 1086239 -0.173027  -2.439947
H 1535635 -0.558413  1.477924| H 0986422 -1.309160  1.678057
H 0.508336  -2.388646  -0.049208| H 1376030 -1.496814  1.605402
H 0.834188  -1.351985  -1.435953| H -1.607409 0247514 1709461
H 2.359081 -2217781  0.109094} H -2.838863  -0.973987  -1.452079
H 2.529796 2009879  0.085408| H 0.909461  0.634949  -2.684716
H 3.852045  -0.161058  0.297386| H 1408113 -0.184340  -3.402903
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E= -549.2823548 Hartress

TSa E=-549.2833225 Hartress| TSh

C 2306321  :0.636388  -0.233686/C 0975045  0.006209  0.304848
C 0.991299  -0.036882  0.157666| C 2409665 -0.741289 -0.177176
N 0.974860 1.071354  -0.753806| N 0.923131 1131623 -0.482075
H 4466162 0813024  0.705716/ H 4.263102 1.441321 0.28%9656
H 0.048332 1190691  -1.[80025 H 0.126929 1194463 -1.121322
H 1.348314 1.925953  -0.356656| H 1.269800 1.996638  -0.088815
C <0.120517  -1.099385 -0.141217|C -0.101383  -1.067513  0.012737
C -1.472355 -0.475962  0.016285] C -1.472567 0461649  0.068643
N -1.851615  0.568446  -0.806636| N -1.829106  0.503245  -0.854025
C -2.496433  -0.804108  0.872716] C -2.530632  -0.742651 0.898658
C -3.085240  0.865444 0457216 C -3.083883  0.800225 -0.589481
N -3.518195  0.058668  0.552246( N -3.552094  0.06912] 0.460850
H 1.029439  0.189280 1.228879( H 1154768  0.176273 1.365158
H 0.007703  -1.457536  -1.169374{ H . 0.063198  -1.478947  -0.9904883
H 0.005629 -!.948;104 0.536366| H 0.006688  -1.884818  0.731320
H -2.595588  -1.557036 1.640086| H -2.654110  -1.433788 1.718761
H -3.700946 1.638221  -0.895725] H -3.690813 1.522134  -L.117820
H -4.437181 0.073665  0.975027| H -4.488984  0.102492  0.840729
0 3.380105  0.957845 1.076958| O 3.60584) 1.048996  0.888626
H 3716443 1.679396 1.712634| H 4.102198  0.854160 1.701086
0 3187126 -1.121951  -0.755314} O 3.128689  -1.196227  -0.927488
1-12 E =-549.2898215 Hartress|12 E =-549.296530 Hartress
C -2.338600 1245865  -0.161796|C 2325815 1.265031  -0.126181
N -1.611525  -0.829138  -0.125195| N -L712002 0.845777  -0.168282
C 0.239691 0.876191  -0.447398| C 0235852 0.745349  -0.368012
C 1.215343  0.184230  0.484492| C 1.088985  -0.080467  (.542320
C 1993742 0974503  0.052061| C 2074000 -1.023080  0.058724
C -2.934037 -0.892188  0.005557|C . -3.038955  -0.842992  -0.040263
N -3.395624  0.363478  -0.020238| N -3.429002 0435004  -0.017964
C -1.198362  0.492179 02273163 C -1.226178 0457500 -0.222232
o 0.877083  -1.587337  0.369352| O 0.892628 -1.616713  0.3527G1
O 3.075328  -1.269895 -0.372852| O 3143105 -1.327374  -0.358556
N 2.980410 1.753834  0.325243| N 3122465  2.068343  0.275292
H 0931988 -1.596319 -0.075154| H -1.101232  -1.662876  -0.165221
H -3.525800  -1.787962  0.119564| H -3.679214  -1.708934  0.036044
H -4.373388  0.620331 0.054982)| H -4.391808  0.741603  0.066098
H -2.487331 2313320 -0.209544] H -2.416113 2340035  -0.129695]
H 0.333085 1.95458%  -0.302232| H 0.451212 1.798735  -0.203619
H 0.516692  0.666298 -1.487678| H 0.524709  0.548583  -1.437751
H 1.166934  0.402159 1.545009| H 1.086019  0.194689 1.593868
H 3.027823  2.548700  -0.312448| H 3279757 2.831835  -0.383275
H 3.337976  2.077201 1.224089| H 3.476930  2.409148 1.169444
H 3.637224 1.051676  -0.020853| H 3.766949 1.328831  -0.008504
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o

E =-549.3152857 Flartress

E = :549.2518598 Hartress

13 13-14
c -1.505387 0969738  -0.190618|C 2280423 -0.344787  0.107837
C 1.105411 L1K0206  -0.471183( N 0.125349 0066041  0.035744
N <0.374901 0910617  -0.140416{ N 2.070743 1.017044  0.105748
N 2373208 -0.092341  -0.027092f{ C 0.703355  .2410138  0.014950
C 2.130087  0.612819  0.530931| C -0.559927  -3.017634  -0.211782
C 3369713 -0.028541 0.114024] C 0.758068 1.243798  0.062396
C -1.669226  -1.221018  0.005366] H 2.837587 1777960  0.131426
H 0.409932  -1.557028  -0.108561| C 1056212 -0.96i554  0.062225
H -2.066369  -2.216912  0.130%0t( H -0.887150  -0.046148  -0.012995
C -0.234543 0466523  -0.263519] H 0.238288  -2.838530  1.017858
H -3.447811  -0.025588  0.059383| H 0.280014  2.2§1608  0.049081
H -1.855471 1.988872  -0.246776| O -2.847845  0.134678  -0.084309
o 2.384164 0900375  0.436675| C 4012180  -0.000705 -0.183010
O 4487734  -0.054182 -0.276770| O -5.160948  -0.129404  -0.279057
H 2013942 0936444  1.564055| H 3.271359 0771572 0.137534
H 1.005345 2.196030  -0.371206{ H 1.592104  -3.035861  -0.11B448
H 1.457783 0916050 -1.491781|H -1.341210  -2.234904  -0.114315
N -5.125667  0.087082  Q0.191763| N 4.049155  2.949873  0.168694
H -5.617670  -0.498251  -0.484840) H 4127029 3411072 1.076237
H -5.463954 1.038067  0.037438| H 3908769  3.692240  -0.518067
H -5.470813  -0.188319%  L112311lH 4971112 2557658  -0.028392
14 E =-549.3886522 Hartress 15 E = -360.721286 Hartress
C 2101250 0.978963  0.030524|C 0.710691  0.557707 -0.026274
N -0.149856  -0.026733  -0.000703| N -1.238673 0444347 0.030373
C -0.038927  2.497672  0.002407| C -1.354878  2.077654 -0.041681
C 1.289711 2655984  -0.018357{ C -2.684132 2231400  -0.027635
C -1.092665  -0.977879  0.011579|C -0.297131  -1.399581 0.045148
N -2.285028  0.387103  0.030575| N 0.893217  -0.808400 0.011169
H 0.849726  -0.213927 -0.015899 H -2.235556  -0.619964  0.049479
C -0.748150 1.229222  0.010686| C -0.641538 0.811966  0.014744
H -0.909198  -2.041312  0.006919| H 0481895  -2.462438  0.078728
‘|H 1727337  3.648168 -0.022993| H -3.127532  3.220677  -0.050237
H -3.232708 |, 0893564 0.044014] H 1.845022  -1.31749%0 0.012776
H -0.687157  3.369896  0.014687| H 0.710245 2951749  0.076100
H -2.931604 1667521  (.044470| H 1.54191) 1.244682  -0.058091
H 1.989438 1.824359  -0.031534| H -3.385982 1.400913  0.00630¢
o] 4979734  -1.500316  -0.060670| N 3.351343  -2.080440 ¢.013621
O 2.742403  -0.828407  -0.044772| H 31.866462  -1.921005  -0.853286
cC 3.868569 -1.166209° -0.052727|H 3206225  -3.093640  0.126589
N -4.754027  -1.662390  0.067420{ H 3952307 -1.746043  0.768335
H -5.232209  -1.548070  0.962100
H -4.707281  -2.66810%  -0.101251
H -5.384839 . -L.28811!  -0.642688
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2.761421
0.805262
0.703175
-0.625748
1.731338
2.926006
-0.197402
1.408835
1.548271
-1.063160
3814918
1.353130
3.559320
-1.325997
-4.280759
-2.053098
-3.175203

E = 4927734797 Hartress| 17
0748323 0.034519|C
0.259384  0.000459| H
2266848  -0.051060| H
2423427 -0.044407| C
-1.219844  0.013661|C
0623095  -0.007315| N
0442146 0.011435|C
0.996453  -0.029886| C
2283287 0.036994| N
3415583  -0.061781|H
-1.110865  -0.003626| H
3137273 -0.0739%0( H
1427221 -0.054609| H
1592530  -0.021881| H
1752993 0.062718
-1.050201  0.036548
1404109 0.049765

2183494
2733237
2.790470
0.845348
0.000000
0.460267
-1.371217
-0.564573
-1.683838
1.434652
0.299341
-2.130857
-0.498821
-2.6213319

E =.304.1049043 Hartress

1.583298
2.518011
0.680467
1.579658
0.397649
-0.913464
0.296388
-1.776049
-1.049747
-1.197382
2.518890
1.062246
-2.853633
-1.436781

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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Appendix VI: Supporting information for Chapter 7.

Loss of 46 u Other Than the Loss of [CO + H;0]

Qur theoretical findings is similar to previous findings on [Gly + H]" on the
fragmentation pathways for the loss of 46 u for [His + H]". There are four different
neutral species that may correspond to 46 u; they are: (i) formic acid (HCOOH) from
the amino N®-protonated histidine, (ii) carbon dioxide and hydr.ogé'n from the amino
N%-protonated histidine, (iii) dihydroxycarbene tC(OH)g) from the OHC-pfotonated
isomer, (iv) water and carbon monoxide [CO + H,0] from the OyH-protonated form.
[Rogalwicz and Hoppilliard, 2000b] We have calculated the complete pathway of
each of the ﬁ'agfnentation product due to the loss of 46 u. In order to simplify the
- problem, we firstly reported the energy of the neutral sp_x;cies (final product after
ﬁagméntation) and their highest energy barrie.r to the meation of various 46 u
fragments as summarized in Table S-7.2. In fact, the mechanism for the loss of other
46 u we reported here for [His + H]" is identical to [Gly + H]" [Rogalwicz and
Hoppilliard, 2000b], except the mechanism postulated for the loss of C(Oﬁ)g. The
complete mechanism of [Gly + H]" has already been discussed b)‘( Rogalwicz and
Hoppilliard, thus, in the following discussion, we will only high_light some possible
differences of the fragmentation mechanism in [His + H]"; the analogous‘structures

and energetics are summanzed in. Appendix VII, Figs. S-7.1 and S-7.2.
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Table S-7.2. The relative enthalpies at 0K (AHp) of the final state and their

barrier to formation of various 46 u fragments of [His + H], in kJ mol™.

Final State ‘Barrier
Species AHp AGaos | AGgo  AHp AGg  AGgo
HCOOH 62 g -47 387 382 375
CO; +H; 32 -42 -129 318 315 309
C(OH), 240 187 131 219 213 202
CO+HO 98 11 -88 165 164 156

- According to Table S-7.2, our results show that among the four pathwajs for the loss
of 46 u, the loss of [CO + H;O] requires the least energy barrier; that is 165 kJ mol™!
in energy. -1t seems that the loss of HCOOH or [CO, + H3] is not likely since their
energy barrier is substantially higher, at 387 or 318 kJ mol™ less stable than species 1,
respectively, and similar observation is found at 600K. However, the most kinetically
favorable loss of [CO + H,0] is nc;t so energetically favorable among 46 u neutrals,
which is 98 kJ mol™ higher in energy relative to the species 1; that is at least 36 kJ
mol™ less stal;le than the neutral species of [CO; + H;] and HCOOH. Though the
energy barrier required for loss of C(OH); is quite competitive to the loss of [CO +
H,0], the loss of C(OH); is two times less stable than that of [CO + H;0]. In other
words, the loss of [CO + H,0] is very likely becaﬁse its mechanism among all loss of
46 u pathways is demonstrated to be energetically and kinetically very favorable, and

is identical to the simplest amino acids, [Gly + H]'. [Rogalwicz and Hoppilliard,

2000b]
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For the loss of other 46 u from (His + H]", the process is assumed to arise from the
most stable [His + H]" complex, species 1, in which the protonation site is found at
the imidazole N, different from that of [Gly + HJ]" at the amino N® nitrogen
[Rogalwicz and Hoppilliard, 2000b]. This means that there would be a variation in
the early part of the fragmentation pathway of [His + H]". However, this is not likely
to play an important role in the fragmentation as the barrier of conversion from
protonation at N to N is.small (within 40 kJ mol™ relative to species 1 (Table 7.2)).
Since the loss of 46 u has been proven to be an imine rather than an immonium
structure found in [Gly + Hj+ [Rogalwicz and Hoppilliard, 2000b] in Section 7.3.3,
the final products for the loss of HCOOH, [CO, + H;] and C(OH), that discussed here

are also imine (Species 10 in Fig. 7.5).

- Loss of HCOOH: (Appendix VII, Fig. S-7.1) Similar to Hoppilliard et al,
[Rogalﬁicz and Hoppilliard, 2000b] the key step for the‘ loss of HCOOH is the proton
migration of one hydrogen from the protonated amino N* to the carboxyl carbon C;
aﬁd the estimated barrier is 387 kJ mol™' higher in energy than 1 (the analogous
species in [Gly + HJ" is ‘TS 1-4’ in ref. [Rogalwicz and Hoppilliard, 2000b]). The
intermediate A (analogox;s species ‘.4’ in réf. [Rogalwicz and Hoppilliard, 2000b]) is .a
very stable ion that is an immonium ion weakly coordinated to the HCOOH, and its
energy is 34 ic] mol™ above 1. However, in [Gly + HJ, such species is much higher
in energy than that found in [His + H]", (38 kJ mol"! differs in energy), sugge‘sting that
the imidazole ring of histidine plays an important role for stabilizing the whole

species as it could form an extraordinary stable hydrogen bond between imidazole N*

and one hydrogen of amino N® (~1.74), which is not present in aliphatic amino acids.
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Loss of [CO; + H3): (Appendix VII, Fig. S-7.1) Similar to Rogalwicz and Hoppilliard
et al., [Rogalwicz and Hoppilliard, 2000b] there are two key steps for the loss of {CO;
+ H,). The first key step is the proton transfer from hydroxyl Oy to the C* atom and
facilitate the formation of a four center transition state with-a relatively high energy
barrier at 318 kJ mol’ (the analogous species ‘TS 1-5" in ref. [Rogalwicz and
Hoppilliard, 2000b]). This is followed by the stretching of the C-C bond facilitate the
loss of CO, in the second step. 'fhe product for the loss of CO; is —48 kJ mol" more
stable. The next key step is the lo.ss of H; (or the loss of NH; as discusséd in Section
7.3.3) involving a four center elimination of H; at the protonated amino N'JL hydrogen
to the leaving H from the C* atom (analogous species ‘TSB,-B;’ in ref. [Rogalwicz
and Hoppilliard, 2000b). This requires a greater amount of energy; the transition state
lies 370 kJ mol™ higher in encrgy than the product for the loss of CQO,, i.e., 304 kI
mol! above 1. In other words, at 0 K, the logs of CO; should be followed by the loss
of NH; rather than the loss of H; since the ions may not have enough internal energy”

to overcome such a high energy barrier.

Loss of C(OH),: (Appendix VII, Fig. S-7.2) For this dissociation reaction, the key
step is not sir;lilar to that found by Rogalwicz and Hoppilliard for the [Gly + H]J".
[Rogalwicz and Hoppilliard, 2000b] Thus, we postulated the dissociation reaction in
Appendix VII, Fig. S-7.2. The key steps for such dissociation reaction of [His + H]
is the hydrogen migration from imidazole N" to carbonyl O, via transition state B
located 134 kJ mol™ above 1 to yield the cyclized species C (Appendix VII, Fig. S-
7.2). The cyclized species C is particularly stable when compared to the analogous
non-cyclic species, ‘2’ in ref. [Rogalwicz and Hoppilliard, 2000b]. Further elongation
of the C-C bond to 2.95A via a transition state D leads to the loss of C(OH); (with

219.0 kJ mol” above 1). The product (immonium ion, 8) for the loss of C(OH):
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required 63 kJ mol™ higher in energy than tfle transition state. In other words; the loss
of C(OH); has no barrier for the reverse reaction. This is contrary to the loss of other
neutrals of 46 u; they all have a substantial energy barrier for the reverse reaction.
This is inline with Rogalwicz and Hoppiliard findings on {Gly + H]". [Rogalwicz and

Hoppilliard, 2000b]
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Appendix VII: Supporting information for Chapter 7.

1{0} — -2(57) —— 2{(5) ——
320, 239"
2.!107‘ 2&‘!5 .35 259‘

(39) {41}
1.674 ) 1812 . 1.68¢ “304
_— _— 1.873
: Masg Mooz
13002 XL 2508 N e
p A g 255 2849
2.988
(28) (201 {16}
1743
HC
—O—O-HB ge} —-9-10 {69}
195 1422 . l
# 1415 2315
244 2 453
10 (82}
(59) {387} A4} Ha i22)

1.683

1878
1
f2112 ‘ﬁo.d'z.mu 121 J'm
L9480 -
39} 318 {-48) (304}
NH
7 (8) |4|a t]
l.AlD 1.18:
o
{208) 3 (™

Figure S-7.1. The loss of [CO, + NH;] (61 u), [CO, + H,] (46 u) and HCOOH (46u)
from [His + H]", analogous to that for protonated glycine (i.e. initiated by proton
transfer from hydroxyl Oy to carbon C®) for the loss of [CO; + NH;] and [CO; + H,];
proton transfer from amino N* to carboxyl C, for the loss of HCOOH), postulated by
[Rogalewicz and Hoppilliard, 2000b]. The relative enthalpies at 0K (AHg), with

respect to species 1, are shown in parentheses, square bracket and large bracket for
loss of [CO, + NH;], [CO; + H;], and HCOOQH, respectively, in kI mol™,
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1(0) —— 1-2(57) —=2({5) —» 1.774

“2.952

B (134) C (95) D (219)

-C(OH)2

10(240) ~=—— 8-10(246) —=— 9(245) w—— B89(260) ~—— B8(282)

Figure S-7.2. The loss of C(OH); (46 u) from [His + H]", initiated by proton transfer
from imidazole N” to carboxyl O¢). The relative enthalpies at 0K (AHp), with respect

to species 1, are shown in parentheses (in kJ mol™).
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Figure S-7.3. The loss of [CO + H,O)] from [His + H]*, analogous to that for
protonated aliphatic amino acids (i.e. initiated by proton transfer from amino N to
hydroxyl Oy), postulated by [Rogalewicz and Hoppilliard, 2000b]. The relative

enthalpies at 0K (AHy), with respect to species 1, are shown in parentheses (kJ mol ™).
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