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Chapter 2

Fundamentals

In this chapter, a brief introduction into the chemical structure of amino acids will be given.
An explanation of peptide bonds between amino acids leadingto the formation of polypep-
tide chains and proteins will follow. The fundamentals of the mass spectrometric techniques
for protein sequencing rely on sequence–characteristic bond scissions along the polypeptide
chain. The underlying mechanisms and the common nomenclature used to describe the re-
sulting fragments will be introduced. A sketch of the basicsof density functional theory used
in the course of this thesis to calculate biomolecular electronic properties follows. The chap-
ter will close with an introduction into the classical over–the–barrier model and the concept
of electronic stopping, two approaches used to approximateelectron capture and excitations
in ion–molecule interactions.
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Figure 2.1: a) The simplest amino acid glycine with only H as a side chain,b) α–alanine with a methyl
group (α– andβ–carbon indicated), and c) phenylalanine with a benzyl sidechain (red: O, blue: N,
grey: C, white: H).

2.1 Biomolecules

2.1.1 Amino acids

Amino acids consist of an amino group (NH2), a carboxyl group (COOH) and a side chain
as a characteristic feature (see fig. 2.1 and 2.2). For the simplest amino acid glycine e.g.
the side chain is only an H atom, for alanine it is a methyl group CH3 and in phenylalanine
it is a benzyl group (see fig. 2.1). The carbon atom closest to the carboxyl group is called
the α–carbon and when all groups are connected to it, the resulting molecule is called an
α–amino acid. The carbons are labeled in order asα, β , γ etc. Some amino acids, where
the amino group is attached to theβ or γ carbon are therefore referred to asβ– or γ–amino
acids (seeα– andβ–alanine in fig. 4.1). Amino acids are the building blocks of peptides
and proteins. In fact, all proteins in all species, from bacteria to humans, are constructed
from the same set of 22 standard amino acids, of which 20 are encoded by the genetic code.
The remarkable range of protein functions results from the diversity and versatility of these
22 different amino acids. Eight of the standard amino acids can not be synthesized from
other compounds by the human body and have to be obtained fromnutrition. Therefore these
amino acids are called essential.

2.1.2 Peptides

During the so–called dehydration synthesis of peptides theamino group of one amino acid
reacts with the carboxyl group of another amino acid and forms a peptide bond under release
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Figure 2.2: Two model amino acids with side chains R1 and R2 forming a peptide bond under release
of water (H2O).

of H2O (see fig. 2.2). When moreα–amino acids are linked this way, a linear polypeptide
chain, often called peptide, is formed. Larger peptides areusually referred to as proteins or
protein chains. Most natural protein chains contain between 50 and 2000 amino acid residues.
Each protein has a unique amino acid sequence, the primary structure, determined by genes.
Proteins have also a well–defined three–dimensional structure. The functionality of proteins
originates from this secondary structure, specified by the amino acid sequence. Proteins tend
to form many hydrogen bonds. E.g. hydrogen bonds between theNH and CO groups of the
main chain can fold the polypeptide into regular structureslike theα–helix. Also, 11 of the
natural amino acids have side chains that can take part in hydrogen bonding. Hydrogen bond
donor and acceptor side chains can be distinguished. In aqueous environment minimization
of the number of hydrophobic side chains exposed to water is an important driving force of
protein folding.

Protein sequencing deals with determining the amino acid sequence of proteins to get to
know their structure and function. This insight is important to understand the protein depen-
dent chemical processes in living cells. Mass spectrometryhas become an important tool for
protein sequencing. Since soft ionization techniques likeelectrospray ionization exist which
can produce intact peptide and protein ions in the gas phase in vacuo, mass spectrometric
methods for these large molecules are feasible. Common fragmentation techniques like col-
lisions with a non–reactive gas (collision–induced dissociation, CID) are employed on the
protein/peptide ion. The observed fragmentation patternscontain structurally informative se-
quence ions and less useful non–sequence ions [1]. Ions corresponding to the cleavage of the
amide bond (b and y ions, see nomenclature) are considered tobe the most useful sequence
ions. The mass spectral data are computer analyzed and compared with databases originating
from already sequenced proteins to determine the sequence of the protein under investigation.
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Figure 2.3: Nomenclature of a peptide. Rn indicates the amino side chains.

Nomenclature

In this thesis the nomenclature developed by Roepstorff andFohlman [2] and modified by
Biemann [3] is used (see fig.2.3). The nomenclature describes the different fragment ions
originating from the different cleavages along the peptidebackbone. When the charge is
located on an N–terminal fragment, the ion is called either a, b or c, depending on the site
where bond scission occurred. If the charge is located on theC–terminus the ion assignment
is x, y or z. The a/x scission is located between theα and the carboxyl carbon, the b/y
scission at the peptide bond and the c/z scission between theamino group and theα–carbon
(see fig. 2.3). The number of amino acid residues is indicatedby a subscript.

Table 2.1: Assignment of the 1– and 3–letter codes, the immonium ions and related fragments of the
amino acids occurring in this thesis.

Amino acid 3–letter 1–letter Immonium Related
code code ion fragment ion

Alanine Ala A 44
Glycine Gly G 30
Leucine Leu L 86 44, 72

Phenylalanine Phe F 120 91
Tyrosine Tyr Y 136 91, 107
Valine Val V 72 41, 55, 69

Internal fragments are formed by a double backbone scission, in general a combination of
b–type and y–type cleavage (see fig. 2.4a). The internal fragments are usually labeled with
their corresponding amino acid 1–letter code (see table 2.1). Internal fragments originating
from a single side chain, usually by combination of an a–typeand y–type cleavage, are called
immonium ions (see fig. 2.4b). Also these fragments are usually labeled with their 1–letter
amino acid code.
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Figure 2.4: Skeletal formula of a) an internal fragment and b) an immonium ion of a peptide.

Mobile proton model

Mass spectrometric studies are based on the use of charged proteins and their charged frag-
ments. The vast majority of techniques rely on chemical ionization, i.e. (multiple) protona-
tion of the protein under study. At low excitation energies (few eV) charge–directed fragmen-
tation of protonated peptides is assumed to be the dominant process. This process is described
by the mobile proton model. Within this model transfer of theadditional proton/protons in-
tramolecularly triggers cleavage of particular bonds of the peptide [4]. Charge transfer to
various protonation sites occurs when the protons are not sequestered by basic amino acid
side chains, i.e. when a strongly favored protonation site is lacking. If many of the protona-
tion sites are accessible in a narrow energy range, little activation energy enables the proton
to explore less–basic sites along the peptide chain. This process is slow and ergodic. The
proton migration is facilitated by the proton affinity of heteroatoms (e.g. backbone carbonyl
oxygen). Protonation of an amide nitrogen weakens the peptide bond and leads to formation
of the structurally valuable b and y fragment ions (depending on which side the charge re-
tains)(see fig 2.3). Amide nitrogen protonated species can dissociate by direct bond rupture
(into a and y fragments), but in the low–energy fragmentation regime the available energy
is insufficient for this reaction. Therefore instead the amide bond is weakened by the proto-
nation and most of the amide bonds are cleaved in a more complex rearrangement process
involving a nucleophilic attack of the carbon atom of the amide bond by nearby electron–rich
groups [1].

2.2 Density functional theory

To simplify the Schrödinger equation for molecules the Born–Oppenheimer approximation
considers the nuclei to be static and neglects coupling between electron distribution and nu-
clear motion. Electronic and nuclear wavefunctions can then be separated so that we obtain
an electronic Hamiltonian:

Hel =−1
2

el

∑
i

∇2
i +

el

∑
i

el

∑
j<i

1
|~r i −~r j |

−
el

∑
i

nuc

∑
I

ZI

|~r i − ~RI |
(2.1)

The electronic Hamiltonian is thus a sum of the kinetic energy of the electronsTel, the
electron–electron repulsionVel,el and the external (nuclear) potentialVel,nuc:
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Hel = Tel+Vel,el+Vel,nuc (2.2)

Hence, it is possible to solve a Schrödinger equation purely for the electronic energiesEel and
wavefunctionsΨel, which only depend parametrically on the (static) nuclear coordinates:

HelΨel = EelΨel (2.3)

A variety of methods can be used to approximately solve this equation for complex
molecules which differ in numerical expense and in accuracy, often in a non–trivial way.
The assumption underlying the Hartree-Fock (HF) method is that the exact,N–body wave
function of a fermionic system can be approximated by a single Slater determinant (see equa-
tion 2.4) built up from one–electron wavefunctions. Since the Slater determinant yields a
total antisymmetric wavefunction, the Pauli exclusion principle is satisfied.

ΦS(~x) =
1√
Nel!

∣

∣

∣

∣

∣

∣

∣

∣

∣

φ1(~x1) φ2(~x1) . . . φNel(~x1)
φ1(~x2) φ2(~x2) . . . φNel(~x2)

...
...

. . .
...

φ1(~xNel) φ2(~xNel) . . . φNel(~xNel)

∣

∣

∣

∣

∣

∣

∣

∣

∣

(2.4)

The one–electron wavefunctions in turn are constructed as alinear combination e.g. of
Gaussian type atomic functions. The variational principleis then used to solve a set of
N–coupled equations for theN electrons. The Hartree–Fock wave function and energy of the
system are approximations of the exact ones. With the singleSlater determinant HF treats
the electron correlation only for electrons with the same spin but the Coulomb correlation
for electrons with opposite spin is not included. Møller–Plesset theory [5] is a perturbation
theory approach that adds electron correlation by adding a small correlation potential to the
HF Hamiltonian. Since the Hartree–Fock method is not very accurate and Møller–Plesset is
computational expensive for large systems, in the following density functional theory (DFT)
is used for calculation of molecular properties. DFT was pioneered by Walter Kohn in the
1960s [6] and nowadays it is a popular method for large systems because of its computational
cost/quality ratio. Kohns inspiration for DFT was the Thomas–Fermi theory [7, 8] where the
electronic energy was described in terms of the electron density ρ(~r) distribution. A con-
nection betweenρ(~r) in Thomas–Fermi theory and the Schrödinger equation in terms ofΨ
was still missing. Walter Kohn stated the hypothesis that ’aknowledge of the ground state
density ofρ(~r) for any electronic system, (with or without interactions) uniquely determines
the system’ [9]. Therefore all components of the ground state energy can be expressed as a
functional of the electron density (first Hohenberg–Kohn theorem):

E0[ρ0] = T[ρ0]+Eel,el[ρ0]+Eel,nuc[ρ0] (2.5)

The second Hohenberg–Kohn theorem states that the energy and the electronic density
obey the variational principle, which means that the functional which gives the true ground
state energy must correspond to the true ground state density ρ0:

E0[ρ0]≤ E[ρ ] = T[ρ ]+Eel,el[ρ ]+Eel,nuc[ρ ] (2.6)
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Both theorems do not provide the form of the functional that reproduces the ground state
energy. Therefore in 1965 the Kohn–Sham equations were introduced using the orbital con-
cept of HF theory and an adapted form of a Slater determinant.The non–interacting particles
can then be described by the one–electron Kohn–Sham equation [10]:

fKSφi = εiφi (2.7)

where the one–electron operatorfKS is defined as

fKS =−1
2

∆+Vs(~r) (2.8)

The electron density can then be obtained fromφ i
∗φ . In contrast to the HF theory the kinetic

energy

TS[ρ ] =−1
2

Nel

∑
i
〈φi |∆|φi〉 (2.9)

can not be calculated exactly in the case of non–interactingelectrons. Therefore, the elec-
tronic energy was separated into the non–interacting kinetic energyTs, Coulomb termJ,
the potential energy arising from the nucleus electron attractionEel,nuc and the exchange–
correlation energy termEXC including the remaining part of electron–electron interactions:

Eel[ρ ] = TS[ρ ]+ J[ρ ]+Eel,nuc[ρ ]+EXC[ρ ] (2.10)

with
EXC ≡ (T −TS)+ (Eel,el − J) (2.11)

Vs is then approximated as an effective potential:

Vs =

∫ ρr2

|~r1−~r2|
d~r2−

nuc

∑
I

ZI

|~r1− ~RI |
+VXC (2.12)

with

VXC =
δEXC

δρ
(2.13)

The highest occupied molecular orbitals and spin densitiesof alanine (chapter 4) and
leucine enkephalin (chapter 6) were determined by DFT. The used functional and basis set
are presented in the following subsections.

2.2.1 DFT calculations: B3LYP functional

A variety of functionals have been developed as approximatesolutions for EXC. The most
simple one is the local density approximation (LDA) that approximated the electron density
locally as a homogeneous electron gas. Even in this simple approximation, EXC has to be
split up in an exchange (arising from the antisymmetry of thewavefunction) and a correlation
term (dynamic correlations in the motion of the individual electrons). For the latter numerous
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expressions have been proposed. The LDA approximation gives acceptable results for simple
metals, but not for complex molecules in which electron densities are not uniform.

A better approximation is the generalized gradient approximation, in which the local
density is supplemented by its generalized gradient, i.e. aslightly modified second term of
the Taylor expansion of the true electron density is included. Again, EXC has to be split up
in an exchange and a correlation term. The functional form isthen determined by fitting
analytical functions to experimental data.

The hybrid functionals are linear combinations of the exchange part of EXC from exact
Hartree–Fock theory and the correlation part from the Kohn–Sham approach and additional
local and/or gradient corrected exchange and correlation functions. For the DFT calculations
the hybrid functional B3LYP is used:

EB3LYP
XC = (1−a)ELSDA

X +aEHF
X +b∆EB88

X +(1− c)ELSDA
C + cELYP

C (2.14)

where the parameters a=0.2, b=0.72 and c=0.81 were determined by fitting to experimental
molecular data e.g. ionization/total energies and proton affinities [11]. EHF

X is the exact
Hartree–Fock exchange energy,∆EB88

X is Becke’s 1988 gradient correction for exchange [12],
ELYP

C refers to the Lee–Yang–Parr gradient–corrected correlation functional [13] and LSDA
means Local–Spin–Density Approximation of the respectivefunctionals.

2.2.2 Basis sets

The last ingredient for the actual calculations are the expressions of the one–electron wave-
functions or molecular orbitals from which the Slater determinant is constructed. These
molecular orbitals are linear combinations of a pre–definedbasis set of one–electron func-
tions. The software package GAUSSIAN uses Gaussian type functions for the one–electron
functions to make calculation of integrals easier.

There exist different types to extend the minimal basis setslike split valence, polarized
and diffuse basis sets. A split basis set splits the basis functions for the valence orbitals
to introduce more flexibility by increasing the number of functions describing the orbitals.
To change the shape of the orbitals, higher angular momenta are included beyond what is
needed to describe atoms in their ground state. Basis sets with diffuse functions reach out far
beyond the valence regions and are important for systems where the electrons are far from
the nucleus. The split valence basis setsk−nlmGare designed by Pople and co–workers [14]
with k indicating how many Gaussian functions represent the atomic core orbitals. Thenlm
label defines into how many functions the valence orbitals are split and how many Gaussian
functions are used for their representation. TheG stands just for Gaussian. Hence the core
orbitals of the double split basis set 6− 31+G(d, p) are represented by six Gaussian type
orbitals where the inner part of the valence orbitals consists out of three and the outer part
out of one Gaussian function. According to that, the core of 6− 311++G(d, p) is also
represented by six functions but with the valence split intothree. The + sign indicates diffuse
s– andp–functions on the heavy atoms where++ means that a diffuses–function is also
added to hydrogen atoms.(d, p) indicates polarization of the basis set withd–functions
added to heavy atoms andp–functions to hydrogens.
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2.3 Molecule–ion interaction

In our DFT calculations for alanine (chapter 4) and leucine enkephalin (chapter 6) we re-
stricted our calculations to one geometry. One should realize that the potential energy surface
of large biomolecules is quite flat with many local minima so that especially at room temper-
ature different geometric structures are possible.

To calculate molecule–ion collision dynamics one should inthe ideal case solve the
time–dependent Schrödinger equation for the biomolecule–ion collisional system. Ideally
the molecule has to be followed forµs or even ms. This has to be done for all molecu-
lar configurations, orientations and impact parameters (kinetic ion energies, charge states,
impact angle, etc.). But solving the time–dependent Schrödinger for the biomolecule–ion
collisional system taking into account all degrees of freedom of the molecule is too expen-
sive and very difficult for biomolecular complexes like amino acids and peptides. For sim-
plified systems exact calculations have been performed e.g.by M.C. Bacchus–Montabonel
et al. [15] for charge–transfer processes in Cq+–uracil collisions. But also their ab initio
quantum–chemistry methods need some simplifications. E.g.they treat the molecule–ion
collision as a pseudodiatomic system and collisional trajectories are calculated only planar
and perpendicular to the molecule.

To understand and interpret our biomolecular spectra obtained by keV ion impact, we per-
formed some basic static DFT calculations (B3LYP) with the Gaussion03 package [16] for a
fixed geometry. Basic ion–target interactions models like electronic stopping and the classi-
cal over–the–barrier model were taken into account to incorporate dynamics in a simplified
manner.

2.3.1 Classical over–the–barrier model

Until now, only the properties of biomolecules under study have been discussed. What is
left is the interaction of a keV ion with such biomolecules. One aspect of ion–molecule
interactions is the capture of target electrons.

The classical over–the–barrier model [17, 18], describes the following electron capture
process in the low collision energy regime:

Aq++B→ A∗(q−n)++Bn+ (2.15)

where A is the projectile ion with charge q which captures n electrons from the target B.
According to this model electron capture can take place whenthe projectile comes close to
the target and the Coulomb barrier decreases below the binding energy of the electron. The
electron binding energyIB at the internuclear distance R is:

IB(R) = IB(∞)− q
R

(2.16)

where the binding energy is Stark–shifted by the Coulomb field of the approaching ion. The
potential experienced by the electron is the potential of the ion plus the potential of the target:

V(r) =− q
|r| −

1
|R− r| (2.17)
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where r is the distance of the electron to the core of the ion. We take the derivative of this
equation to calculate the height of the barrier:

Vmax=−
(√

q+1
)2

R
(2.18)

Now when we set
Vmax= IB (2.19)

we get

Rmax=
1+2

√
q

IB
(2.20)

With formula 2.20 we can thus estimate the one–electron capture distances for the least–
bound electron like it is done in chapter 6. Note the fact thatthe classical over–the–barrier
model deals with a point charge projectile and an atomic target, neutral or point charged. For
the protonated peptide we assume interaction of a projectile with nearby neutral molecular
constituents because the charge in the molecule is very localized and probably tends to be as
far as possible from the incoming positively charged ion. Charge localization is quite com-
mon in biomolecules. For example, most amino acids and also leucine enkephalin can exist in
a zwitterionic form, which means that the molecules have groups with opposite charges, but
remain in total neutral. Also the spin density of leucine enkephalin (see fig. 6.8) positioned
on the side chains reveals the tendency of charge localization. One possible way to make an
improvement of the over–the–barrier–model could be to alsoconsider the polarizability of
the biomolecule like it is done for C60 [19].

2.3.2 Electronic stopping

The second aspect of ion–biomolecule interactions can be described with the stopping power
composed of a nuclear and electronic stopping term. Nuclearstopping becomes important
at very low velocities and high ion masses. In this thesis light projectile ions (H, He) in the
velocity range of∼ 0.2–0.6 a.u. were used. For these ions electronic stopping is the dominant
process above∼ 0.05 a.u. [20].

Electronic stopping describes in general the energy loss due to inelastic collisions between
the target electrons and the projectile ion. The concept of electronic stopping originally comes
from the field of solid state physics. The target medium can for instance be considered as a
free electron gas and the projectile ion can be approximatedas a spherical potential. For
low ion velocities (v<vF wherevF is the Fermi velocity, i.e. the velocity of the electrons
in the highest occupied quantum state) the energy loss is caused by the scattering of the
target electrons at the screened potential of the ion. In quantum scattering with partial wave
representation the partial scattering amplitude is expressed with the phase shift [21]. The
electronic stopping power within the nonlinear–response theory [22] can then be expressed
as:

S=
dE
dR

= v
3

kF r3
s

∞

∑
l=0

(l +1)sin2 [δl (EF)− δl+1(EF)] = vγ(rs) (2.21)
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wherekF represents the Fermi wave vector,δ (EF) are the phase shifts at the Fermi energy
for scattering of an electron andrs is the one–electron radius depending on the target elec-
tron densityn0 (same asρ0, but n0 is taken here for easier comparison with chapter 6 and
references):

rs =

(

4
3

πn0(~r)

)− 1
3

(2.22)

The electronic stopping power is similar to a friction forcewith the friction coefficientγ and
thus linear with the ion velocity. Scattering phase shifts have been extensively calculated with
DFT with the resulting self–consistent potential of the ionembedded in the electron as the
functional input [22, 23].

The electronic stopping model treats the energy loss of the projectile ion through an elec-
tron gas as a coupling to electron–hole pairs. For the complex molecule–keV ion interaction
we can translate this model to the excitation and ionizationof the target molecule. These
excitations are single electron processes and no collective electron excitations occur.
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