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Abstract

Proteins are the essential biological working molecules in all living beings.

Their function depends on their ability to adopt a specific three-dimensional

structure in aqueous solution. The mechanism of this folding process, and

conversely the loss of protein structure, unfolding, is still not well understood,

especially on the atomic scale where these interactions occur in vivo. In this

thesis, the structures of small model peptides have been investigated in aque-

ous solutions in order to understand how water, urea and other co-solutes

influence protein folding and unfolding. Using a combination of neutron

diffraction enhanced by isotopic substitution and computer simulations, it

was found that urea, generally at any probed concentration, decreases ionic

interactions with the peptides in solution. When the peptide backbone is

solvent accessible, urea interacts directly with the polar peptide backbone

and replaces water molecules at higher urea concentrations. Further, the

results indicate an ambiguous influence of water on peptide folding vs. con-

formational stability. The formation of β-turn like structures, and possi-

bly intra-peptide hydrogen bonds in general, appears to be dependent on

a specific backbone hydration pattern, facilitated by the local amino acid

sequence. Conversely, hydrophobic residues in folded protein structures are

particularly sensitive, in terms of conformation and hydration, towards an

increased peptide backbone hydration.
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Chapter 1

Introduction

1.1 Protein Folding and Unfolding

1.1.1 Motivation for Understanding Protein Folding and Unfolding

Proteins are the essential working molecules present in all living organisms and viruses.

From catalytic proteins (enzymes), transport proteins, structural and motor proteins

to signalling and regulatory proteins, there are several specific roles that proteins and

shorter peptides can adopt. While the genetic code of DNA molecules encodes infor-

mation on the sequence of amino acids that make up the protein polymer chain (the

primary structure), the biological function of the protein depends on its specific spatial

arrangement. The transition from an unstructured amino acid polymer to the functional

native protein structure is termed protein folding [1, 2].

Proteins usually adopt their precise native structures rapidly, reversibly and sponta-

neously in aqueous solution [3]. This folding process depends on the biological, chemical

and physical environment as well as on the amino acid sequence itself. On the one

hand, small differences in the amino acid sequence can lead to large differences in the

three-dimensional structure [4]. On the other hand, can very similar protein structures

arise from distinctly different amino acid sequences [5, 6].

Most protein structures have been found through protein crystallography and X-ray

diffraction. Other relevant methods to determine protein structures are NMR [7, 8]

1
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and cryo-EM [9, 10]. Today (October 2017), more than 49,000 unique protein structure

clusters with greater than 90 % internal sequence identity are deposited in the Protein

Data Bank (PDB [11]) [12]. However, in comparison with the number of known protein

sequence clusters with greater than 90 % sequence identity (> 61,000,000, [13]) in the

Universal Protein Database (UniProt [14]), this number is very small.

Protein crystallography and X-ray diffraction have limitations as the crystalline pro-

tein might not represent the structure in vivo and cannot give insight into the dynamics

of folding. In addition, some proteins may never crystallise, where prominent exam-

ples are IDPs (intrinsically disordered proteins) [15]. Further, X-ray diffraction requires

very low unphysiological temperatures during data collection to avoid damaging the

crystal. These radiation damages might, again, lead to faulty structures, for example

breakage of disulfide bonds or decarboxylation of glutamate and aspartate residues [16].

Although the water oxygens can be resolved with high resolution X-ray scattering of pro-

tein crystals, the complete hydrating water structure outside the crystal cannot easily

be assessed.

Due to the many degrees of freedom of a polypeptide, the relationship between

amino acid sequence, protein structure and function is complex and difficult to predict

ab initio. It is yet unknown how the folding from an unstructured amino acid chain to

a functional three-dimensional structure occurs on the atomic scale (≈ 10−10 m = 1 Å).

Folding can be influenced by temperature, pH, solvents and co-solute concentration,

other biological macromolecules and compartments such as membranes, liposomes or

molecular chaperones. Under non-native conditions, such as unphysiological tempera-

tures or changes in pH, proteins usually lose their folded structure (denaturation) and

subsequently their function. The unfolded or denatured structures are more complex,

flexible and heterogeneous and as such their detailed structural properties are difficult

to assess.

Unfolding is often reversible [1] but further aggregation under more extreme con-

ditions is usually irreversible [17, 18]. It is also possible, although less likely, that the

protein can adopt an alternative structure under non-native conditions with different

biological functions. Notable examples of alternative protein folding that lead to sys-
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tematic biological malfunctions and diseases are pathological prions that can lead to

Transmissible spongiform encephlopathies (TSEs) or amyloid proteins that are linked

to Alzheimers’s and Huntington’s disease [19, 20, 21]. Another potential application of

protein folding prediction could be the treatment of a wide range of diseases. Knowledge

about the folding of the involved disease-causing or -preventing proteins will facilitate

the development of drugs that target these structures specifically. Understanding pro-

tein folding could also be useful for the engineering and de novo protein synthesis of

enzymes for industrial biotechnology or laboratory applications [22].

Protein folding occurs in solution and the local structure in a liquid is difficult to

determine by many experimental methods. Although modelling techniques have been

used to obtain folded protein structures from unfolded polypeptide chains since 1975 [23]

and in recent studies larger protein structures could be predicted using homology [24]

or de novo modelling [25], immense computational power is needed to simulate protein

folding in atomistic detail [26]. The specific role water has in protein folding is difficult

to assess with most experimental techniques and current theories on protein folding

often lack verification of this phenomenon on the atomic scale. Due to the lack of a

formal and universal mechanism, despite empirical models, the protein folding problem

remains one of the main challenges in molecular biology [27].

1.1.2 Protein Structure

20 standard proteinogenic amino acids (Figure 1.2) are the building units that constitute

the primary structure (Figure 1.3) of proteins and the order of these amino acids is

directly encoded by the universal genetic code in DNA. In general, the central dogma

of molecular biology applies and DNA is transcribed into mRNA which is translated,

using 3-nucleotide-letter codons, into an amino acid sequence. Unusal proteinogenic

amino acids like selenocysteine require special biological pathways to be incorporated

into the protein and non-proteinogenic amino acids like hydroxyproline are formed by

post-translational modifications [28, 29].

Amino acids are made of a central α-carbon (Cα) which is covalently bonded to a

hydrogen (-H), a primary amine group (-NH2), a carboxylic acid group (-COOH) and an
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Figure 1.1: Basic structure of an L-amino acid in its neutral form (left) and as a zwit-
terion (right).

amino acid specific side chain (-R) (Figure 1.1, left). As the central carbon atom of an

amino acid has four distinct groups attached, the molecules are chiral and can potentially

exist in two stereoisomer forms. In naturally occurring proteins, amino acids are almost

always L-stereoisomers. In aqueous solution and under physiological conditions the

dominant species of amino acids is the zwitterion where the carboxylic acid and the

amine group are both ionised, forming an ammonium (-NH+
3 ) and a carboxylate group

(-COO−) (Figure 1.1, right): the pH at which the charge balances is called the isoelectric

point. The amino acids can be classified into four groups with respect to their side chain:

charged (forming weak acids or bases), polar and hydrophilic or apolar and hydrophobic

(Figure 1.2).

Polymerisation of amino acids occurs in vitro and in vivo by a condensation reaction

between a carboxylic acid group and an amine group of two different amino acids (Fig-

ure 1.3, top). Repetition of his process leads to the formation of shorter peptides, with

up to 50 amino acid residues, and longer polypeptide chains that can fold into proteins.

The protein backbone are the amino acid atoms in the peptide bond chain of the

protein(...Cα-C(=O)-N(H)-Cα...). Three torsion angles per residue can be identified: φ

between C-N-Cα-C, ψ between N-Cα-C-N and ω between Cα-C-N-Cα (Figure 1.4). As

the peptide bond between C(=O)-NH has a partial double bond character because of

electron resonance with the carbonyl group, the dihedral angle of this bond (ω) is usually

180◦ [32]. However, recent analysis of high resolution protein crystal structures have

shown that the root-mean-square deviation from peptide bond planarity is about ± 6°

and can even exceed 20° [33]. A special case of peptide bond is between any amino acid

(X) and proline (P) which can not only have a dihedral angle of ≈ 180◦ (trans) but also

≈ 0◦ (cis). This is because the cyclic structure of the proline side chain and the lack of an

amide hydrogen equalise the steric hinderance of cis and trans isomers. In an unfolded
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Figure 1.2: Overview of the 20 standard proteinogenic amino acids as zwitterions with
their three-letter and one-letter notation.
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Figure 1.3: Peptide bond formation and overview of levels of protein structure. Protein
stuctures were taken from [30, 31].
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Figure 1.4: Peptide and protein backbone angles.

Figure 1.5: Schematic Ramachandran Plot with light-grey areas allowed (ca. 22 %) and
dark grey areas favoured (ca. 7 %) in known structures, adapted from [36].

protein the cis-trans ratio of an X-Pro bond is at a sequence specific equilibrium. In

a folded native protein a specific X-Pro bond is usually exclusively at a cis or trans

conformation [34]. Usually, rotation along the backbone is only possible between the two

other dihedral angles φ and ψ. Steric hindrances from both the backbone and side-chain

atoms limit allowed angles to a very small range. The conformation of the backbone

can be described with the pairs of φ and ψ angles which are characteristic for specific

secondary structure elements (Figure 1.3, middle), smaller local structure patterns, such

as α-helices and β-sheets, and are visualised in a two dimensional Ramachandran plot

[35] (Figure 1.5).

The tertiary structure is the overall atomic three-dimensional arrangement of sec-
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ondary structures and amino acid side chains of the polypeptide. An arrangement of

multiple polypeptide chains to a multimeric protein complex is called quaternary struc-

ture, but this level of structure is not found in all proteins (Figure 1.3, bottom).

1.1.3 Fundamental Thermodynamics and Kinetics of Protein Folding

Gibb’s free energy is the work energy associated with any reaction or interaction, in-

cluding protein folding. The change in Gibb’s free energy (∆G) is given by

∆G = ∆H − T∆S (1.1)

where ∆H is the change in enthalpy, T the temperature and ∆S the change in entropy

of this reaction. The enthalpy is the sum of the internal energy (U) and the product of

pressure (p) and volume (V ):

H = U + pV (1.2)

At a constant pressure, the change in enthalpy is a measure of the change in internal

energy. A heat-releasing, exothermic, reaction has a decreasing enthalpy (∆H < 0);

a heat absorbing, endothermic reaction has an increasing enthalpy (∆H > 0). The

entropy is a measure of disorder in the system and energy dispersal. It is proportional

to the Boltzmann constant (kB) and the number of possible micro-states (W ) within a

macro-state:

S = kB lnW (1.3)

A decrease in entropy (∆S < 0) signifies a reaction that leads to more ordered system

while an increase in entropy means (∆S > 0) that the system becomes more disordered.

The second law of thermodynamics states that the entropy of a completely isolated

system can only increase over time [37]. A spontaneous reaction must have a decreasing
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free energy (∆G < 0). However, it should be noted that this does not take into account

the possible kinetic barriers that might lead to a reaction with a negative change in free

energy that does not occur spontaneously.

Protein folding is a highly cooperative mechanism of non-covalent interactions. Con-

sequently, protein folding from an unfolded, extended state (U) to a folded, native state

(F), can, in this context, be simplified as a first-order and two-state mechanism without

intermediate states [38]

U
kf

ku
F (1.4)

where kf and ku are the kinetic rate constants for folding and unfolding, respectively.

Kinetic studies can usually only observe kobs which is the sum of kf and ku:

kobs = kf + ku (1.5)

The change in Gibb’s free energy during the folding determines the protein stability

in the folded state (Figure 1.6):

∆GU→F = −RT lnK

= −RT ln
kf
ku

(1.6)

As protein folding is usually a spontaneous reaction, a negative associated ∆G can be

assumed. However, the free-energy difference (∆GU−F ) between the biologically active

native and the denatured states of the proteins is, between -10 to -45 kJ/mol, very

small [39]. Because protein folding leads from an extended unfolded structure to a

three-dimensional arrangement with less degrees of freedom, this decrease in entropy

is thought to be unfavourable. However, the whole system, including multiple protein

states, the solvents and other solutes must be taken into account; and also the ener-

getically favourable non-covalent interactions that lead to protein folding and native

structure stability.
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Figure 1.6: Schematic free energy model of a protein in water that exhibits two-state
folding (unfolded and folded) with a transition state (‡).

1.1.4 Non-Covalent Interactions in Biological Molecules

1.1.4.1 Coulomb and Lennard-Jones Potential

Non-covalent interactions determine the intermolecular interactions and the intramolec-

ular structuring of biological macromolecules including protein folding. A summary of

interactions compared to covalent bonds is given in Table 1.1. Apart from the covalent

peptide bonds and the bonds in the amino acid units themselves, disufide bonds between

cystein residues are an important factor in protein folding. In fact, unfolded proteins

with incorrect disufide bonds cannot fold into the correct native structure [40]. While a

covalent bond is formed by sharing of electron pairs between atoms, a non-covalent in-

teraction is determined by more disperse attractive and repulsive factors. Non-covalent

interactions are characterised by electrostatics described in the Coulomb potential and

dispersion and steric repulsion described in the Lennard-Jones potential.

The Coulomb potential describes the electrostatic energy between two point charges

(qi and qj) at a distance rij

UC(rij) =
1

4πεε0

qiqj
rij

(1.7)

where ε0 is a physical constant, the permittivity in vacuum, and ε the medium-dependent
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Table 1.1: Summary of covalent and non-covalent interactions in biological molecules.
Adapted from [37, 41, 42, 43].

Interaction Example
Typical

Distance / Å
Typical Free

Energy / kJ/mol

Covalent Bond -C(=O)· · ·N(H)- 0.6 - 3.0 -(100 - 1000)

Electrostatic
Monopole -COO− · · ·+HN3- 2.8 -30

Dipole H-Cl· · ·H-Cl 3 -10

Dispersion
C-H· · ·H-C 3.5

-0.1

Steric Repulsion very strong +

Hydrogen Bond N-H· · ·O=C 2 -25

permittivity or dielectric constant. For water this dielectric constant is ≈ 80 and within

a protein it is ≈ 4 [37]. This means that in water electrostatic interactions are reduced

and shielded about 20 times more compared to the inside of a protein. The dielectric

‘constant’ inside a folded protein is variable and dependent on the exact position within

the protein. It has been estimated theoretically [44, 45] and using modelling techniques

[46, 47].

The Coulomb potential applies to integral charges (salt-bridges), for example be-

tween negatively charged glutamic acid and positively charged lysine residues. For

non-integral charges (dipoles), for example between water molecules, the electrostatic

interactions over all atom pairs, that are not in a covalent bond, are summed:

UC(rij) =
∑

all pairs

1

4πεε0

qiqj
rij

(1.8)

Any fully or partially charged atom can induce a dipole by distortion of the electron

density in an uncharged atom. This will lead to a weak electrostatic attraction between

charged and uncharged atoms. Even between completely uncharged atoms and molecules

random fluctuations in electron density can lead to complementary temporary induced

transient dipoles. These attractive induced dipole interactions are called dispersion

forces. At a very close distance strong steric repulsion due to overlapping electron

clouds (Pauli exclusion principle) dominates the interaction of atoms. The Lennard-

Jones (LJ) potential (Figure 1.7) describes the energy of these attractive and repulsive
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Figure 1.7: Schematic Lennard-Jones Potential.

forces:

ULJ(rij) =
Aij
rij12

− Bij
rij6

= 4εij [(
σij
rij

)12 − (
σij
rij

)6]

= εij [(
Rmin
rij

)12 − 2(
Rmin
rij

)6]

(1.9)

In these equations the repulsive forces are represented in the r−12-term and the attractive

forces in the r−6-term. Aij , Bij , εij and σij are specific to the atom pair. εij is the energy

value at the potential minimum and σij is the sum of the hard-sphere radii at which

the intermolecular potential equals zero. The equilibrium distance where the potential

is minimal (Rmin) is the sum of van-der-Waals radii.

The LJ potential applies to all non-covalent atom pairs, not only uncharged atoms.

The attractive force between permanent dipoles is called Keesom force [48], the force

between a permanent dipole and an induced dipole Debye force [49] and the afore-

mentioned force between two induced dipoles London dispersion force [50]. However,

between polar and charged groups a combination of LJ and Coulomb potential will be

applied.

Hydrogen bonds are a special case of dipole-dipole interactions. They occur between

a hydrogen atom that is covalently bonded to an electronegative atom (in biological

molecules usually nitrogen or oxygen), called a donor, and another electronegative atom

with free electron pairs, called an acceptor. A hydrogen bond is shorter and stronger
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than electrostatics and van-der-Waals radii would suggest. When only two atoms are

involved, there is also a directionality observed where acceptor or the free electron pair

of the acceptor, hydrogen and donor atom are often found to be on one axis. This is

due to the partial covalent character of a hydrogen bond which has also been confirmed

by J-coupling connectivity in NMR spectroscopy between hydrogen bonded atoms [51].

This special case of dipole interactions can be described by

UHB(rij) =
1

4πεε0

qiqj
rij

+
Cij
rij12

− Dij

rij10
(1.10)

as a combination of electrostatic dipole interaction and a partial covalent character

where Cij and Dij are atom pair specific constants [37]. The most common example of

hydrogen bonds occurs in water, but proteins secondary structure elements like helices

and sheets are also stabilised via hydrogen bonds between protein backbone amide

hydrogens and carbonyl oxygens (Figure 1.3).

1.1.4.2 The Hydophobic Effect

Non-polar molecules or parts of molecules tend to aggregate in water. These non-

polar molecules are therefore also called hydrophobic and the phenomenon of molecular

aggregation of these compounds the hydrophobic effect. The origin of the hydrophobic

effect, on the atomic scale, is not fully understood [52, 53].

This effect cannot be explained by the previously described non-covalent interactions

as the Debye forces between non-polar molecules and permanent dipoles like water are

stronger than the London dispersion forces of non-polar molecules with each other. A

system of aggregated non-polar molecules in water is also more ordered than a mixture

of randomly distributed, unaggregated non-polar molecules in water. Therefore the

aggregation of non-polar molecules in water is unfavourable both in terms of enthalpy

and, in principle, entropy for the non-polar molecules and it is argued that the reason

for the hydrophobic effect must arise from water-water interactions.

In solution, water molecules are strongly hydrogen bonded to one another and any
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interaction with non-polar molecules requires some of these hydrogen bonds to be broken.

Non-polar solute molecules interact only comparably weakly with the water molecules

so that the solvation of these molecules would be, overall, enthalpically unfavourable.

However, the main reason for the hydrophobic effect is thought to be a favourable change

in entropy upon hydrophobic aggregation [54, 55]. In order to maximise the remaining

water-water hydrogen bonds, water molecules on the surface of non-polar molecules are

assumed to adopt highly ordered cage-like structures (clathrates) which is entropically

unfavourable [56]. The aggregation of hydrophobes is thought to lessen this effect by

lowering the solvent accessible hydrophobic surface area and thus increasing the entropy

of the whole system [37, 57].

1.1.5 The Protein Folding Problem

The protein folding problem is essentially the question how the amino acid sequence

and a given environment determine the three-dimensional structure of a protein. There

are three aspects associated with this: Firstly, the thermodynamic question as to what

forces determine and stabilise the folded structure; secondly how proteins fold rapidly

via folding pathways to form their native structure; thirdly how to predict the native

structure from the amino acid sequence [58].

The thermodynamic hypothesis states that the protein adopts the conformation at

which Gibbs free energy (G) is the lowest under the given conditions, the native state.

Therefore, the sum of interatomic interactions of the amino acid sequence, in a physio-

logical environment, determines the native structure [1, 59].

What small local interactions like hydrogen bonds, ion pairs, van-der-Waals forces

and hydrophobic interactions contribute to, and the degree to which they contribute to,

protein stability is still debated [60]. It is important to clearly distinguish this side of the

protein folding problem, the question of thermodynamic native state stability, from the

kinetic folding pathway question. A non-covalent interaction that primarily stabilises

the native structure might not be the initial interaction that leads to protein folding.

It has been suggested that electrostatic ion-pairing, for instance, cannot be the driv-
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ing force in protein folding as ion pairs are not hightly conserved in evolution and

are comparatively rare in fully folded proteins [61]. However, genome-wide and struc-

tural comparisons of thermophilic and mesophilic proteins indicate that salt bridges

may significantly contribute to the enhanced thermal stability of these proteins from

thermophilic organisms [62]. Further, recent mutational studies suggest that hydro-

gen bonds do contribute to protein stability, and that this contribution is as important

as the hydrophobic effect, although hydrogen bonds with the solvent tend to be more

energetically favourable than intramolecular hydrogen bonds [63].

The fact that a folding protein cannot randomly sample all possible configurations

in the time it actually needs to reach the native state (usually within ‘ms’ to ‘s’) is

called the Levinthal paradox [2, 64]. In fact, the speed of the folding processes is one

of the challenges in solving the protein folding problem because folding intermediates,

which have been identified [65, 66], will also only exist in that short period [67]. A

Molten globule often refers to these intermediate species in protein folding. However,

this term is usually not clearly defined as it can refer to an intermediate structure without

secondary structure elements that is mostly stabilised via hydrophobic interactions [68]

or a structure with most secondary structure elements intact and a flexible tertiary

structure [69].

A high cooperativity of non-covalent interactions is assumed as proteins undergo

rapid transitions between unfolded and folded states. The concept of folding funnels

states that not only the lowest energy structure must be taken into account but also the

folding pathway of the protein on the energy landscape. This conformational landscape

is a rugged surface sloped down into a global minimum, representing the native state

(Figure 1.8) [70]. Protein folding must be speeded and guided by local interactions.

Analogous to the concept of codons, a theory is that small cooperative folding and

unfolding units, so called foldons, define the steps along the folding pathway [71, 72].

However, the classical view of one single folding pathway has been disproven as multiple

different folding intermediates of the same protein have been found [73]. The current

assumption is a multipath funnelled energy landscape with the native structure as the

energy minimum [74]. Importantly, what the dominant driving forces of protein folding

are and what the sequence of events is that leads to protein folding and unfolding is still
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Figure 1.8: Schematic folding funnel. The height of the folding funnel represents the
free energy, the width represents the entropy (adapted from [75]).

not understood.

Three main theories that seek to explain the significance of the driving forces [76]

behind protein folding can be distinguished:

The hydrophobic collapse model emphasises the role of hydrophobic interactions that

are said to initiate the tertiary structure by the rapid collapse of hydrophobic clusters

to form a compact molten globule structure before the secondary structures develop

through hydrogen bonds [77, 78, 79, 80, 81]. However, these hydrophobic interactions

are also a subject of debate as it is unknown how unpolar residues would form a specific

tertiary structure within the average protein folding time with short ranging hydrophobic

interactions [82].

The idea that hydrophobic interactions are the dominant and initial step to protein

folding is challenged by the idea that short range interactions such as hydrogen bonds

work as initiation sites to enable long-range interactions [83]. This framework model

supposes that local interactions of intramolecular hydrogen bonds form the secondary
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structure of the protein before the long range tertiary structure is formed [84].

The nucleation condensation model combines both theories. It proposes a hydropho-

bic collapse and the forming of intramolecular hydrogen bonds simultaneously without

an intermediate structure and that secondary and tertiary structures are mutually de-

pendent [85].

Another related aspect is the question as to what general dynamics determine the

folding process. The Nucleation/growth model assumes that the rate-limiting step to

initiate protein folding is the formation of small folding nuclei [86, 66], whereas the

Diffusion-collision-adhesion model argues that the diffusion and collision of folded mi-

crodomains, is the factor that determines the rate of protein folding [87]. Complexity

is further increased by the theory that proteins might have multiple different and inter-

secting folding pathways depending on intermediates (Jigsaw puzzle model) [76].

1.1.6 Protein Stability and Protein Solute-Induced Unfolding

Several factors that influence protein stability can be altered to unfold proteins [88, 89];

such as temperature, pH, ionic strength, the concentrations of co-solutes or the solvent

itself. The effect of different salts on the solubility and structural stabilty of proteins is

empirically described by the ‘Hofmeister series’ [90, 91]. Protein stability and unfolding

has frequently been examined by protein denaturation studies using urea [1, 92, 93].

Another well-known denaturant is the salt guanidinium chloride [94]. Conversely, other

molecules, such as trimethylamine N-oxide (TMAO), have a large stabilising effect on

proteins [95, 96]. Similar to protein folding, the processes that lead to protein un-

folding and denaturation, or conversely increased protein stability, caused by chemical

compounds in solution, is unclear.

The equilibrium between folded (F) and unfolded (U) protein states (U F) can

be shifted both by the presence of stabilising or denaturing osmolytes (os). Analogous to

protein folding, this two-state transition can be oversimplified. A multi state equilibrium

with intermediates states (U I1 I2 · · · F) is possible and there are cases of

transitions, where stable intermediates exist at a low denaturant concentrations [97, 98].
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The addition of urea to a solution stabilises the unfolded protein and decreases the

free energy of the unfolded protein state (∆GU ). Thereby the unfolding free energy

difference ∆GosF→U is decreased in urea solutions compared to the unfolding free energy

difference in osmolyte (os)-free systems (∆GaqF→U ). In contrast to urea, the presence of

a protecting osmolytes, such as TMAO, destabilises the unfolded state (increases its free

energy ∆GU ) and ∆GF→U is increased [99]. These changes in thermodynamic stability

are thought to be a result of energetically favourable interactions between urea and the

protein surface or, conversely, energetically unfavourable surface exclusion of stabilising

osmolyte molecules. As the unfolded state has a larger solvent exposed area, its stability

is more affected than the folded state [100, 101].

The energetic changes of the protein upon transfer between in pure water and an

osmolyte-solution, leading to osmolyte-induced protein folding and unfolding, is de-

scribed by the thermodynamic cycle of the Tanford transfer model [99, 102]

F(aq)

∆GaqF→U U(aq)

∆Gtr,U

U(os)

∆GosF→UF(os)

∆Gtr,F

(1.11)

where F is the folded protein, U is the unfolded protein in water (aq) or osmolyte

solution (os), ∆Gtr,U and ∆Gtr,F are the free energies of the transfer between water and

osmolyte solution for the unfolded or folded protein, respectively. The impact that the

osmolyte has on the free energy difference between folded and unfolded state is typically

a linear relationship [103]

∆GosF→U = ∆GaqF→U +m[os] (1.12)

where m is a factor that indicates the sensitivity of the folding/unfolding transition to

the osmolyte concentration. For a denaturant like urea as the osmolyte the m value

is negative, whereas for a protecting osmolyte m will be positive. The transfer model

postulates that the energetic effects of osmolyte concentration on protein stability is the
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Figure 1.9: Schematic chevron plot (adapted from [108]).

sum of the free energy contributions of different solvent exposed protein groups such as

backbone and side chains.

With the aid of the Tanford transfer model previous studies have shown that the

impact urea has on protein stability is most notably with the protein backbone [104], al-

though more recent computational studies have shown an equal contribution to ∆GF→U

of protein backbone and side chains [105].

As protein stability is related to the folding and unfolding rates (1.1.3) the kinetics

of the U
kf

ku
F reaction are also influenced by the concentration of denaturants and

stabilising osmolytes. A logarithmic plot of kobs vs. the denaturant concentration ([D]) is

called a Chevron-plot which has a characteristic V-shape (Fig 1.9). Higher concentrated

denaturants increase the logarithm of the unfolding rate ku

ln kosu = ln kaqu +mu[D] (1.13)

while lower concentrated denaturants decrease the logarithm of folding rate kf linearly

[106, 107]. The concentration where 50 % of the protein is folded and 50 % unfolded is

called the denaturation midpoint Cm.

ln kosf = ln kaqf −mf [D] (1.14)
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1.2 Aims and Objectives

The aim of this thesis is to obtain structural insight into protein folding and unfolding

and specifically to elucidate the role of water and co-solutes in these processes. For this,

neutron and X-ray diffraction and spectroscopic methods are combined with simulations

techniques, such as Empirical Potential Structure Refinement (EPSR) and Molecular

Dynamics (MD) simulations, in order to analyse model peptide systems. In an inductive

approach, the presented results will be used to increase understanding of protein folding

on the atomic scale. This thesis will present different aspects of protein folding and

unfolding in the results chapters. However, some overarching aims will be relevant

throughout:

First and foremost is the aspect of protein hydration. One of the main advantages

in the use of neutron scattering is the large contribution water has to the scattering sig-

nal. By using isotopic substitution a reliable model of the hydrating water around the

peptides can be obtained. This information will then be used to elucidate how hydrat-

ing water contributes to protein stability and how sequence specific hydration

patterns might influence initial folding and unfolding dynamics.

Another important aspect, in this context of protein solvation, is the question as

to how other solutes interact with the model peptides. How co-solutes like salts and

the common chaotropic denaturant urea influence peptide hydration and how in an

amphiphilic environment hydrophobic and hydrophilic solvents interact with the

peptide.

These findings in peptide solvation will be conjoined with the ensembles of three-

dimensional peptide structures, obtained by the computer simulations and experimental

techniques, to inductively describe protein folding and unfolding mechanisms in

the liquid phase on the atomic scale.

Apart from that, the development of new computational methods to analyse and

characterise molecules on the atomic scale is an important ancillary aim. The employed

computer programmes are relatively new and provide an innovative insight into detailed

atomistic models based on experimental scattering data.
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1.3 Structure and Scope of the Thesis

Chapter 2 will give an overview of the employed experimental methods and their under-

lying principles and theories. The fundamentals of neutron and X-ray scattering will

be described as well as the experimental setup of the scattering data collection on the

diffractometers and the subsequent data correction. The employed computer simulation

techniques, namely Empirical Potential Structure Refinement (EPSR) will be described

along with a brief description of Molecular Dynamics (MD). The principles behind the

two employed spectroscopic techniques nuclear magnetic resonance (NMR) and circu-

lar dichroism (CD) will briefly be explained. Finally, the principles of the program

ANGULA, used for the atomistic analysis of the simulated data, will also be outlined.

However, the main focus of this chapter is the description of the principles, techniques

and computational analysis involved in the key experimental technique of this thesis,

neutron scattering.

Chapters 3 and 4 will focus on the question of how urea is able to unfold proteins. The

small model peptides GPG and KGPGK in an aqueous urea solution will be examined

and their hydration and solute-interactions compared with and without urea. Chapter 3

will mostly focus on the influence urea has on the GPG peptide hydration and Chapter 4

will look into the interplay of co-solutes influenced by urea.

Further, Chapters 4 analyses the sequence specific hydration of 4 different KGX GK

peptides and the probabilities of bridging water molecules between residues. It will

discuss if these hydration pattern might indicate a nucleation site to protein folding.

Chapter 5 investigates a group of amphiphilic helix-forming peptides (KLL15 and

KLL22) in water, water/methanol mixture and aqueous urea-solution. It should be

noted that these peptides are the only ones in this thesis that are long enough to form

secondary structures. However, this chapter also presents the most challenging and

complicated subject to analyse using the given methods.

The final chapter of this thesis (Chapter 6) summarises the presented findings and

describes overarching conclusions and implications of these results regarding protein sta-

bility and protein folding and unfolding mechanisms. Open questions will be discussed,
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how these findings relate to current theories, as well as suggestions for further work on

the subject.



Chapter 2

Methodical Background

Throughout the text, bold letters are used to indicate vectors and non-bold versions of

these letters to indicate their magnitude.

2.1 The Structure of Biomolecules in the Liquid Phase

Experimental techniques to study the structure of biomolecules on the atomic to inter-

mediate scale (Å to nm) include most notably cryo-electron microscopy (cryo-EM) [10],

X-ray [109] and neutron diffraction [110, 111], UV-VIS [112, 113], fluorescence [114],

infra red (IR) [112], circular dichroism (CD) [115, 116] and nuclear magnetic resonance

(NMR) [117, 118] spectroscopy. Aside from diffraction, these are primarily spectroscopic

methods which provide an indirect measurement of certain properties of molecule en-

sembles and large-scale (nm to µm) structures. The impact water has on biomolecular

structure in solution is often not assessed in detail; as biomolecules in vivo rely on an

aqueous environment to function, studies of liquid phase systems can provide a more

realistic view on their structure and structure dynamics.

2.1.1 Local Order in the Liquid Phase

Currently, most atomic-scale (≈ 10−10 m = 1 Å) resolution biological structures have

been obtained through protein crystallography and diffraction using X-rays as a probe.

23
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Figure 2.1: Intermolecular water oxygen (OwOw) radial distribuition function (RDF)
for pure water (data from [121]).

The ordered three-dimensional lattice of a crystal contains repeating unit cells which

magnify the diffraction signal and, with additional computational techniques, a structure

with atomic-scale resolution can be obtained.

In liquid non-crystalline systems, only local structures, usually up to ≈ 10 Å, are

present [119]. This local structural information is often displayed as radial distribution

functions (RDFs or g(r)s) [120]. These are functions which give the neighbouring atom

(K) at a distance (r) from the central atom (J), normalised to the neighbouring atom

concentration (cK) and the overall atomic density (ρ). RDFs can be obtained from

X-ray or neutron diffraction data via Fourier transformation of the structure factors

(Section 2.2). The average number of neighbouring K atoms around J atoms nK
J (r) at

a distance range (coordination number, CN) between rmax and rmin is conversely found

by integration of the gJK(r):

gJK(r) =
nK

J (r)

4πρcKr2dr
⇔ nK

J (r) = 4πρcK

∫ rmax

rmin

r2gJK(r)dr (2.1)

Figure 2.1 shows the intermolecular radial distribution function of water oxygens

(gOwOw(r)) in pure water [121]. Each peak corresponds to a coordination shell and the
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area underneath the curve to the number of neighbouring water oxygens found at this

distance range. For example, the first peak at 2.8 Å indicates the most probable first

neighbour distance and the blue area underneath the peak relates to a coordination

number of 5.2 Ow neighbours between 0 and 3.5 Å.

2.1.2 Techniques to Determine the Structure of Biomolecules in the

Liquid Phase

There are a number of experimental and computational techniques which can be used to

study the thermodynamic and kinetic properties of biomolecules in solution. However,

experimental methods that specifically seek to determine the atomic-scale structure of

liquids are, in general, confined to spectroscopic and scattering techniques [122]. Spec-

troscopic techniques such as NMR, UV-VIS, IR, Raman and CD rely on the absorption

and emission of radiation by atoms and subatomic particles which can indirectly be

related to structural properties [122, 123]. Scattering techniques directly determine the

structure of molecules by measuring the change in direction of incident particles on

the sample [119]. Another emerging technique in structural biology is cryo-EM, which

determines the three-dimensional structure of macromolecules by combining electron

microscopy images of individual molecules [9].

Computer simulations can provide a tool to understand the disordered system of liq-

uids in silico [124]. Most notably there are two types of simulation techniques, Molecular

Dynamics (MD) [125, 126] and Monte Carlo (MC) [127, 128, 129].

The following sections will introduce the concepts of the complementary experimen-

tal and computational methods that have been used in this thesis to study peptides

in solution, namely nuclear magnetic resonance (NMR), Circular Dichroism (CD) and

Molecular Dynamics (MD). Detailed explanations on neutron (and X-ray) scattering

combined with computational techniques is found in 2.2 - 2.4. Additional details on

method applications will be described in Chapters 3 - 5.
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2.1.2.1 Nuclear Magnetic Resonance

The following sources were used in this section: [130, 131, 132, 133, 8, 7].

Nuclear Magnetic Resonance (NMR) spectroscopy is a standard technique in bio-

chemistry and organic chemistry to determine structures indirectly by monitoring the

influence of a magnetic field on nuclei. These nuclei with a non-zero spin (I 6= 0) (e.g.

1H, 13C and 15N) have 2I + 1 possible orientations that are usually of equal energy.

In an external magnetic field (B0), each orientation has a distinct energy level with

an associated magnetic quantum number m, between −I ≤ m ≤ I. For example,

hydrogen has a spin of I = 1/2 and consequently there are 2 possible orientations (with

m = 1/2 and m = -1/2) in an applied magnetic field, parallel (energetically preferred)

or antiparallel. Within the applied field, the nuclear spin generates a small magnetic

field with a magnetic moment (µ). The external magnetic field (B0) is usually applied

along the z-axis. As the electrons surrounding the nuclei are also charged and possess

a spin, they produce a magnetic field that generally reduces the external magnetic field

(B0), resulting in a magnetic field (B) at the nucleus which can be related to a chemical

environment. The energy of the magnetic moment at the nucleus is therefore given by

E = −µzB = −γm~B (2.2)

where µz is the z-component of the magnetic moment vector µ, B is the magnetic field

strength at the nucleus, γ is the gyromagnetic ratio, an atom specific constant and ~

is Planck’s reduced constant (~ = h
2π ). This energy contains the Larmor precession

frequency (ω = −γB) at which the axis of nucleus rotation precesses around in the

magnetic field. In a magnetic field, the initial population of the energy levels follows a

Boltzmann distribution (∝ e
E

kBT ).

Electromagnetic radiation pulses are used to excite the nuclei and this resonant en-

ergy absorption of the nuclei occurs when the applied radiation frequency (ν) equals

the Larmor precession frequency difference between the energy states (ν = γB
2π ). Con-

sequently, the nuclei have different resonance frequencies depending on their chemical
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environment. After the excitation by the electromagnetic pulse, the nuclei relax back

into their original Boltzmann distribution of energy levels within the applied magnetic

field. This relaxation can be detected as an electric signal called free induction decay

(FID) and converted into a spectrum by Fourier transformation.

Peak position (chemical shift), multiplicity (splitting), intensity and shape are sensi-

tive to the chemical environment of atoms and allow structural properties of the sample

to be determined. Multidimensional spectra can also be obtained by using different

pulse sequences to obtain more information on molecular conformations, through space

correlations and associations. Quantitative information about the structure of analysed

molecules can be obtained, for example, by peak integration. Coordination numbers

are usually not obtained, although there are recent studies on the hydration shells of

biomolecules using NMR specroscopy [134].

2.1.2.2 Circular Dichroism

The following sources were used in this section: [135, 136, 137, 138, 139, 38, 140].

Circular dichroism (CD) spectroscopy is a technique based on the difference in ab-

sorption of left- and right-handed circularly polarised light. Natural light is generally

unpolarised, which means that all orientations of the oscillating electric and magnetic

fields of the wave are equally probable. Planarly polarised light consists only of waves

that have their electric and corresponding magnetic fields oscillating in the same direc-

tion. As the magnetic and electric fields are always perpendicular to each other, only

the electric fields and the corresponding amplitude vector E will be considered from

here on. Other polarised light states, such as circular polarised light, can be described

as a sum of two linearly polarised states of equal intensity with their Es horizontal and

vertical at a right angles to each other (Eh and Ev). Depending on the phase difference

of the vertical and the horizontal wave, different polarisation states can be generated.

If the phase difference is a quarter wave (π2 ) the resultant sum of Eh and Ev is rotating

and a beam of left-(L) or right-handed (R) polarised light is created. Conversely, linear

polarised light can be viewed as a combination of right- and left-handed circular light

of equal intensity.
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The absorbance of left- and right-handed circularly polarised light (AL and AR) is

different for chiral molecules (∆A = AL −AR 6= 0). This phenomenon is called circular

dichroism. It is described by Lambert-Beer’s law

∆A(λ) =
[εL(λ)− εR(λ)]LC

M
=

∆ε(λ)LC

M
(2.3)

where ε is the molar extinction coefficient, L is the path length of the sample, C is the

mass concentration and M is the molecular weight.

After monochromatic linear polarised light has passed through a chiral and absorb-

ing sample, the transmitted light will be elliptically polarised, because this light is a

combination of left- and right-handed light of different intensities. However, the actual

CD measurement in a spectropolarimeter is commonly performed by switching the in-

cident light between left- and right-handed circular light. CD is measured in ellipticity

(θ°)

θ = arctan

(
b

a

)
= 32.98∆A(λ)

(2.4)

where b and a are the axes of the resulting ellipse. The molar ellipticity [θ] is commonly

given by:

[θ] = 3298
∆A(λ)M

LC

= 100
θM

LC

(2.5)

Specific structures in proteins and peptides give rise to different CD spectra. Apart

from the aromatic residues which give a tertiary structure fingerprint in near-UV (260

- 320 nm) and organic co-factors which can also create a CD signal, specifically, the

secondary structure of a peptide or protein is visible by peptide bond absorption in

far-UV, below 240 nm. The associated transitions of electrons in the peptide bond are

n → π∗ at 215-222 nm and π → π∗ at 190 nm. The intensity and energy of these
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Figure 2.2: Schematic protein secondary structure CD spectra (adapted from [141]).

transitions depends on the backbone dihedral angles φ and ψ, the secondary structure

elements. Common secondary structure features in protein CD spectra are illustrated

in Figure 2.2. Lower wavelength CD data (< 190 nm) is generally only accessible using

the intense light of a synchrotron beam as a light source. This synchrotron radiation

circular dichroism (SRCD) also significantly improves the signal-to-noise-ratio.

As the CD signal is dependent on the number of peptide bonds, and therefore on

number of residues N , an ellipticity per mean residue weight (mrw = M
N−1) [θ]mrw is

commonly used:

[θ]mrw =
θmrw

10LC
(2.6)

2.1.2.3 Molecular Dynamics

The following sources were used in this section: [126, 124, 125, 142, 143, 144, 145].

Molecular Dynamics (MD) is a computer simulation technique that describes the

movement of molecules on the atomic scale. MD is widely used to study different

multi-atomic systems in physics, chemistry, material science and biology. In order to

determine the time-dependent behaviour of molecules in the system MD numerically

solves Newton’s equations for the motion of particles. This classical approach relies on
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approximations which lower the computational costs and allows for the study of larger

systems on a longer time scale. Specifically, the electron and nuclear degrees of free-

dom are separated (Born-Oppenheimer approximation), the potentials are described by

a force field and the dynamics are described by solving Newton’s equations of motion.

However, these approximations commonly limit MD to studies without chemical reac-

tions and the accuracy of simulations depends on how well quantum mechanics of the

system can be simplified by these approximations.

The interatomic and intermolecular interactions between the particles are described

by forcefields (e.g. CHARMM [146, 147, 148], AMBER [149], OPLS [150]). These

forcefields are an empirical approximation to calculate the potential energy of the system

as a sum of pair-potentials by describing the energetics between covalently bonded atoms

(harmonic bond-stretching Ubond, bond-angle vibrations Uangle and proper and improper

dihedral rotations Udihedrals +Uimpropers) and interactions between all pairs of atoms by

the Coulomb potential UCoulomb and Lennard-Jones potential ULJ (Section 1.1.4.1):

U = Ubonded + Unon−bonded

= Ubond + Uangle + Udihedrals + Uimpropers + ULJ + UCoulomb

(2.7)

For a system consisting of N particles (i = 1, 2, 3...N) the equations of motion are

mi
d2ri(t)

dt2
= Fi = −∇iU(ri) (2.8)

where mi is the particle mass, t is the time, ri is the position, Fi is the force and Ui is

the potential.

As a basic algorithm, MD generates new structures from a starting ensemble of

atoms and molecules by calculating the potential and force functions, moving the atoms

accordingly over a short time step (∆t, usually few fs) and recalculating potentials and

forces.

How to simulate water molecules is an important factor in biological MD simula-

tions. As a solvent it can be represented as a continuous medium (implicit solvation)
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or as explicit solvent molecules which is used throughout for this work. Standard water

models exist, including SPC, SPC/E (Extended Simple Point Charge [151]) and TIP

(Transferable Intermolecular Potential [152]) models.

2.2 Diffraction

The following sources were used in this section: [119, 153, 154, 155].a

2.2.1 Fundamentals

The wave-particle duality is the fundamental quantum physics concept that objects

can have both wave-like and particle-like properties. The de Broglie equation relates

wavelength λ to the particle momentum p

λ =
h

p
(2.9)

where h is Planck’s constant and the momentum (p) is defined as the product of mass

and velocity of the particle (p = mv).

Scattering occurs when particles experience a change in momentum due to obstruc-

tions, like other particles, in their pathway. If the kinetic energy of the incident particle is

unchanged and only the direction is altered, the scattering is considered elastic whereas

if the incident particle also loses or gains energy to or from the sample, this is called

inelastic scattering (e.g. Raman scattering). Coherently scattered wavelengths have a

phase relationship with one another while incoherently scattered particles have no phase

relationship. Diffraction is elastic, coherent scattering that can be used to probe the

structure of a sample system.

Diffracted waves can produce interference scattering when two diffracted waves su-

perpose within the same spatial region resulting in a new wave. This interference is

aThe mathematical formalism used to describe diffraction is based on Elementary Scattering
Theory by D.S. Sivia [119].
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Figure 2.3: Bragg diffraction: Two waves with identical wavelengths scattered by a
crystal with an interplanar distance d and a scattering angle θ.

constructive when the two waves are in phase, enhance each other and the resultant

wave has a higher amplitude; or destructive when the waves are out of phase and cancel

each other to produce a wave with a smaller amplitude or no wave at all.

Constructive interference can be used to obtain spatial information of a target struc-

ture. This basic principle for lattices is described by Bragg’s law

nλ = 2d sin θ (2.10)

where d is the distance between lattice planes, λ is the wavelength, θ is the scattering

angleb between lattice plane and the scattered wave and n is a positive integer (Figure

2.3). The scattering angle 2θ is between incident and scattered wave. θ can be at a

maximum of 90° when the particle is scattered in the opposite direction as the incident

wave. Therefore it is clear from Equation 2.10 that larger structural distances d can be

measured at smaller (half-)scattering angles θ (small-angle scattering) and, conversely,

smaller distances are measured at larger scattering angles (wide-angle scattering). It

should be noted that this interference is only observed if the wavelength λ and the

structural distance d are comparable in size.

In principle, a diffraction experiment aims to measure constructive inference of par-

ticles with known incident wavelengths to obtain information on the structure of the

sample.

bThese descriptions will, to begin with, be focused on two-dimensional examples. Three-
dimensional aspects will be considered from Section 2.2.4 onwards.
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2.2.2 Scattering Probes

Commonly used diffraction probes are neutrons, electrons and X-ray. While electron

scattering is often employed to examine surface layers of materials [156] and sub-atomic

properties [157], neutron and X-ray scattering are used to determine micro to atomic

scale (≈ 10−7 − 10−11m) structures. While all of the scattering techniques are based

on the same fundamentals, the neutrons are scattered by the target nuclei or through

electromagnetic interaction of the magnetic moments of the neutron and the target

magnetic fieldsc whereas X-ray photons are scattered through an interaction with the

electron clouds surrounding the nuclei.

Neutrons are subatomic electrically uncharged particles with a spin (I) of 1
2 . Pro-

tons (p) and neutrons (n) constitute the nucleus of every isotope, with the exception

of hydrogen nuclei that are only one proton. Between these nucleons acts a strong nu-

clear force that holds them together. After the existence of an uncharged nucleon was

predicted by Rutherford in 1920 [158] neutrons were discovered by Chadwick in 1932

[159, 160]. By reacting α-rays with beryllium neutrons were produced. Due to their lack

of charge, neutrons are highly penetrating, yet their interaction is comparably weak and

non-damaging.

Although probably not the first to produce X-rays with a Crookes discharge tube,

Röntgen was the first who described them in 1895 [161]. X-ray photons are electromag-

netic radiation (λ = 10−11 − 10−8 m, I = 1) that interact with the orbital electrons of

the sample. This makes them an effective probe for heavy atoms, yet lighter elements,

that are more common in biological samples, are often not well resolved in an X-ray

diffraction experiment. Although X-ray is an ionising radiation that can disrupt molec-

ular bonds, X-ray is the most commonly used probe for biological (often crystalline)

samples.

2.2.3 Scattering by a Single Fixed Atom

Neutrons and X-ray can be described by a wave function ψ:

cThis magnetic scattering will not be discussed in this work as the presented neutron scatter-
ing experiments were performed with non-magnetic samples and an unpolarised neutron beam.
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ψ = ψ0e
i(kr−ωt) (2.11)

where the wave vector k points along the wave trajectory, r is the position vector, ω is

the angular frequency, t is time and i =
√
−1. ψ0 is a complex constant related to the

flux of particles, Φ = |ψ0|2. The wave vector modulus is related to the wavelength λ

and therefore to the kinetic energy and the momentum of the wave:

k =
2π

λ
(2.12)

Scattering results in a change in momentum (P) and, in case of inelastic scattering,

energy (E). The momentum transfer (P), is determined by the difference between the

wave vectors of incident ki and outgoing kf wave and the scattering vector Q:

P = ~ki − ~kf = ~Q

⇔ Q = ki − kf

(2.13)

The energy transfer, E, is determined by the difference in radial frequencies ω:

E = ~ω

⇔ ω = ωi − ωf
(2.14)

For elastic scattering the initial (ωi) and scattered (ωf ) radial frequency are equal and

their difference and the energy transfer equals zero. Additionally, the wave vectors (ki

and kf ) are equal in magnitude and from this triangle (Figure 2.4) and Bragg’s law the

following relationships can be derived:

Figure 2.4: Geometric relationship between incident (ki) and outgoing wave vector (kf )
and scattering vector (Q) when a particle is scattered by a sample.
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ki = kf =
Q

2 sin θ
=

2π

λ

⇔ Q =
4π sin θ

λ

⇔ Q =
2π

d

(2.15)

The way a target atom scatters an incident wave is described by the scattering factor

f(λ, θ) which is a probability weighting of a particle with a specific wavelength λ to be

reflected at an angle θ. For elastic scattering (k = ki = kf ) the incident linear wave (in

z-direction, ψi) and the isotropic scattered wave (in r-direction, ψf ) are related (Figure

2.5):

ψi =ψ0e
ikz

ψf =ψ0f(λ, θ)
eikr

r

(2.16)

Figure 2.5: Incident (eikz) plane wave travelling in z direction and outgoing isotropic

scattered wave (f(λ, θ) e
ikr

r ).

ψ0, in this case, subsumes the temporal variation and phase offset (ψ0 = |ψ0|ei(−ωt))

and r is parallel to kf when the target atom is at the origin. For neutron scattering by

individual nuclei (and not magnetic interaction), the form factor is an isotope-specific

constantd, −b, the scattering length, which is invariant with respect to wavelength (λ)

and scattering angle (θ):

dThe imaginary part of the complex scattering length is negligibly small.
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Table 2.1: Bound coherent and incoherent neutron scattering lengths for some common
elements and nuclides [164]. Z denotes the atomic number, I the spin.

Isotope Z I bcoh bincoh
1H 1 1/2 -3.7406 25.2479
2H 1 1 6.6710 4.0430
12C 6 0 6.6511 0.0000
13C 6 1/2 6.1990 -0.5290
14N 7 1 9.3720 2.0200
16O 8 0 5.8030 0.0000

fneutron(λ, θ) = −b (2.17)

The interaction of neutron and nuclei depends on the spin combination of the target

nucleus and the neutron. The coherent scattering length corresponds to the weighted av-

erage of scattering lengths of different nuclear spin states (〈b〉 = bcoh). The correspond-

ing root-mean-square deviation (standard deviation) of scattering lengths of different

nuclear spin states is the incoherent scattering length (∆b = bincoh). Consequently, iso-

topes with a spin of I = 0 have an incoherent scattering length of 0. The magnitude of

b indicates the strength of neutron scattering by the nucleus whereas the sign indicates,

for thermal neutrons (Section 2.2.7.1), if the scattered wave is in phase (b < 0) or out

of phase (b > 0) of the incident wave. Table 2.1 shows the isotope specificity of the

scattering lengths for some common elements in biological compounds. Most notably

is the coherent scattering length of hydrogen negative and for deuterium positive. This

difference in sign can be exploited by isotopic substitution in order to single out or mask

specific interatomic interactions [162, 163].

For X-rays the form factor is dependent on the atomic number Z, but not on the

isotope, and decreasing with increasing Q and therefore a function of θ and λ. These

X-ray form factors have the same sign for all elements:

fX−ray(λ, θ) = Zg(Q)re (2.18)

where g(Q) is a decay function and re is the classical radius of the electron, the Thomson
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scattering length (re = 2.818 · 10−15 m).

2.2.4 Scattering Cross Section

In diffraction experiments the measured quantity is, principally, the number of scattered

particles per time (R) and solid angle (∆Ω) relative to the incident flux of particles (Φ)

and the number of scattering centres in the sample (N). This differential cross section

is defined by

dσ

dΩ
=
R(2θ, φ)

NΦ∆Ω
(2.19)

The solid angle (Ω) gives the area (A) of a spherical shell defined by the two spherical

coordinate angles (the scattering angle θ and φ the rotation about ki) per squared sphere

radius (Ω = A/r2). If the scattering experiment is made as a function of the energies of

the scattered particles, Ef , then this quantity is defined by the partial differential cross

section, d2σ
dΩdEf

, which can be related to the differential cross section by

dσ

dΩ
=

∫ ∞
0

(
d2σ

dΩdEf

)
dEf . (2.20)

However, as inelastic scattering can be minimised by the experimental setup and

subsequent data correction (Section 2.2.7.3) the total scattering can usually be approx-

imated as elastic (R ≈ Rel), ignoring inelastic scattering.

dσ

dΩ
≈
(

dσ

dΩ

)
el

=
Rel

N∆ΩΦ
. (2.21)

The cross section (σ, in units of barns = 10−28 m2) is the hypothetical scattering

rate per incident flux (σ = R
Φ ), the effective nucleus scattering target area and the

probability of a specific nucleus to interact with a neutron.

This interaction can, in general, be scattering or the capturing and absorption of the

neutron into the nucleus. The total cross section is therefore the sum of the scattering
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cross section and absorption cross section (σtotal = σscatt+σabs) and the scattering cross

section the sum of incoherent and coherent cross section (σscatt = σincoh + σcoh). The

cross section can be related to the scattering length b (coherent or incoherent) by

σ = 4πb2 (2.22)

Figure 2.6 illustrates the scattering cross sections for hydrogen, deuterium, carbon,

nitrogen and oxygen. The total neutron scattering cross section does not increase with

the atomic number, whereas the X-ray scattering cross section does.

Figure 2.6: X-ray (at 100 keV) [165] and neutron scattering [164] cross sections for
hydrogen, deuterium, carbon, nitrogen, oxygen, adapted from [166].

2.2.5 Extracting Structural Information from Scattering Data

For a multiple atom sample the scattered wave function ψf will be influenced by other

atoms, labelled by the index j. The new wave function ψf with the summed contribution

from all N atoms is given by this mathematical representation of the superposition

principle (Figure 2.7):

ψf = ψ0e
ikfr

N∑
j=1

fj(λ, θ)
eiQrj

|r− rj|
(2.23)
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Figure 2.7: Geometric relationship between atom J in the sample, located at rj relative
to the origin at the centre of the sample and r as the distance to the detector.

where fj(λ, θ) is the interaction characteristics of the jth atom, located at rj. In contrast,

the influence of the scattered waves on the incident neutron beam and multiple scattering

effects are ignored because the scattering is comparably weak. This simplification is

known as the Born approximation. Given that the distance to the detector is much larger

than the distances within the sample (|r− rj| ≈ r) and combining these approximations

with Eq. 2.19 and the definition of the incident flux (Φ = |ψ0|2) and scattering rate

(R = σΦ) this leads to the following relationship of the differential cross section for

elastic scattering of an assembly of N atoms:

(
dσ

dΩ

)
el

∝

∣∣∣∣∣∣
N∑

j=1

fj(λ, θ)e
iQrj

∣∣∣∣∣∣
2

(2.24)

The proportionality results from the right-hand side not being normalised by N .

This elastic scattering can itself be divided, for a multi-atom system, into two com-

ponents of self and distinct scattering contributions:

(
dσ

dΩ

)
el

∝
(

dσ

dΩ

)
self

+

(
dσ

dΩ

)
dist(

dσ

dΩ

)
self

=
N∑

j=1

|fj(Q)|2(
dσ

dΩ

)
dist

= F (Q) = 2
∑
j>k

Re{fj(Q)fk(Q)∗eiQ(rj−rk)}

(2.25)

where Re signifies the real term of the complex number and fj(Q) the form factor of
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atom j (i.e. the scattering length b for neutron scattering), located at rj , as a function

of Q. The self scattering accounts for scattering of individual nuclei which does not

contain any structural information. The distinct scattering represents the structural

factors F (Q), the correlation between the jth and kth atoms and contains structural

information on their atomic positions.

Converting and normalising the distinct scattering term for neutrons to the atom

concentrations results in

F (Q) =
∑
J≤K

(2− δJK)cJcKbJbK(SJK(Q)− 1) (2.26)

where F (Q) summates all partial structure factors S(Q). For X-rays, the neutron scat-

tering lengths can be replaced for X-ray form factors. The Kronecker delta function,

δJK, equals 1 if J=K and 0 otherwise, cJ and cK are the concentrations of atomic species

J and K, and bJ and bJ the coherent scattering lengths respectively. A partial structure

factor for the atomic components K and J is described by

SJK(Q) = 1 +
4πρ

Q

∫ ∞
0

r[gJK(r)− 1] sin(Qr)dr (2.27)

where ρ is the atomic density and r the radial distance between K and J. A Fourier

transformation of this equation will extract the radial distribution function gJK(r) and

subsequently the coordination number nK
J (Equation 2.1).

It is possible to obtain individual atomic S(Q) and thereby g(r)s directly from the

(corrected) scattering data of systems with a small number of distinct atom types, often

in combination with isotopic substitution. This isotopic substitution is the measuring

of chemically identical, yet isotopically unique samples, taking advantage of the isotope

specificity of neutron scattering lengths. However, this approach is usually not appli-

cable for large biological samples because it is not possible to isotopically substitute all

molecule sites and the data collection would take a very long time.

The predominant species in aqueous biomolecular solutions, like the peptide samples
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in this thesis, is water. It is therefore not only necessary to correct the scattering signal

for inelasticity, attenuation and self- and multiple scattering (Section 2.2.7.3), all of the

structural features can only be extracted from a computational model of the system

(Section 2.3).

For a system with M as the number of atom types the number of S(Q) and g(r)

correlations N will be:

N =
M(M + 1)

2
(2.28)

This large number of correlations cannot be extracted from the scattering data alone,

even combined with isotopic substitution.

2.2.6 Small-Angle Scattering

The larger KLL peptides (Chapter 5) were also examined by small-angle scattering to

complement the atomic-scale structural information with information on the bulk struc-

ture as these techniques can determine the shape and size of larger molecules. In general,

small-angle scattering uses a Q-range below 0.5 Å−1 and probes structures between ap-

proximately 10 - 1000 Å. The underlying principles are according to Sections 2.2.1-2.2.5

and it should be noted that the scattering intensity, again, depends on the probe used

because of the different scattering lengths of X-ray and neutrons. The information ex-

tracted from small angle scattering data from a solution (I(Q)) is a combination of

structure factor S(Q) and a form factor f(Q) [167].

I(Q) = NpV
2
p (ρp − ρs)2S(Q)f(Q) (2.29)

where Np is the number of particles, Vp the particle volume and ρ are the scattering

length of particle and solvent. By a Fourier transformations this scattering data gives a

distance distribution function p(r):
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p(r) =
r2

2π2

∫ ∞
0

Q2I(Q)
sin(Qr)

Qr
dQ (2.30)

2.2.7 Neutron Scattering Experiments

2.2.7.1 The SANDALS and NIMROD Instruments

All neutron diffraction data in this thesis was collected at the ISIS facility (STFC, UK).

The neutron diffraction data of liquids containing the shorter GPG and KGPGK pep-

tides (presented in Chapters 3-5) was obtained with the Small-Angle Neutron Diffrac-

tometer for Amorphous and Liquid Samples (SANDALS, built 1989, [168], Figure 2.9).

The longer amphiphilic KLL-15 and KLL-22 peptides (presented in Chapter 5) were

measured using the Near and InterMediate Range Order Diffractometer (NIMROD,

built 2009 [169]). Both instruments are specifically built for the study of disordered sys-

tems, such as liquids and amorphous materials. SANDALS can measure static structure

factors (S(Q)) between 0.2 and 50 Å−1. The NIMROD instrument measures over larger

Q-range between 0.02–100 Å−1.

Neutron production at ISIS [170] begins with an ion source, that produces negatively

charged hydrogen ions (H−) from hydrogen (H2) gas via an electric discharge. The H−

are accelerated and focused into bunches, which are 4.94 ns apart, by a radio frequency

quadrupole accelerator. In a linear accelerator the H− bunches are accelerated to 37 %

of the speed of light. The ions pass a 0.3 µm thin aluminium oxide foil which removes the

electrons, turning the H− ions into H+, i.e. protons. The protons enter the synchrotron,

a 163 m circumference ring of magnets, and are further accelerated into two bunches

travelling at 84 % of the speed of light. After the bunches of protons are extracted from

the synchrotron with magnets, they collide with a tungsten target and ‘spallate’ (around

11 neutrons per proton) from the target nuclei. The high energy protons drive neutrons

from the tungsten nuclei, producing a high energy neutron pulse. The spallation source

for the SANDALS instrument at target station 1 produces neutron pulses at a 40 Hz fre-

quency. Target station 2, which NIMROD uses, produces neutron pulses at a frequency

of 10 Hz.
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Figure 2.8: The spectrum of the moderated neutrons used by SANDALS and NIMROD.

This method of neutron production via heavy nuclei emitting particles after being hit

by high energy particle pulses is called (pulsed) spallation (an example of a continuous

spallation source is SINQ in Villingen, Switzerland). Another method to produce a

continuous flux of neutrons is used in nuclear reactors, such as located at the Institut

Laue-Langevin (ILL) in Grenoble, France; where neutrons are produced by nuclear

induced fission.

A moderator containing hydrogenated liquids is used to reduce the neutron energy

via inelastic scattering to be suitable for condensed matter experiments [154] before they

are directed to the different instruments. Hydrogenated moderators are used because of

the large absorption cross sections of hydrogen nuclei. Moderation reduces the neutron

energy to approximately 0.025 eV. These neutrons used by the SANDALS and NIM-

ROD diffractometers are called thermal neutrons and have a Maxwellian wavelength

distribution (Figure 2.8). Higher energy neutrons are called epithermal neutrons. The

flux of thermal neutrons (φ) is therefore related to the moderator temperature (T ) and

the energy of the incident neutrons (E) and the Boltzmann constant (kB):

φ ∝ e
−E
kBT (2.31)

The SANDALS moderator contains liquid methane at 110 K. The NIMROD moder-

ator contains liquid H2 at 17 K. The moderated neutron pulses with wavelength between
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0.05 and 4.95 Å for SANDALS or 0.04–10 Å for NIMROD are focused in a collimator.

Neutrons with shorter wavelengths will be faster and arrive at the instrument detector

first. Therefore a time-dependent (time of flight, TOF) experiment can resolve the neu-

trons by their wavelength for a pulsed neutron beam and monochromation of the beam

is unnecessary. Figure 2.8 shows the spectra of moderated neutrons for NIMROD and

SANDALS.

SANDALS has 18 groups of detectors over a range of 3.8–41◦ at a distance of 0.75–

4.0 m to the sample. NIMROD also has 18 detector groups covering a range 0.5–40◦.

For SANDALS this makes a Q-range of 0.1–50 Å−1 accessible which corresponds to

structure distances between 0.1–62.8 Å. NIMROD measures a Q-range of 0.02–100 Å−1

corresponding to 0.06–314 Å in real space. The SANDALS and NIMROD instrument

uses ZnS scintillation detectors, which are doped with silver and lithium ions. This

neutron detection begins with the following reaction

6Li + n −−→ 4He + 3H + 4.8MeV (2.32)

where the Lithium nucleus absorbs a neutron and emits helium (4He, an α-particle), tri-

tium (3H) and 4.8 MeV of energy. This energy excites an electron within the ZnS lattice

which combines with an electron hole to an exciton, a quasi-particle. Upon this exciton

reaching a silver atom a photon is emitted which passes through a photomultiplier tube

(PMT) to be detected [171].

The scattering data is collected at a vacuum in the sample tank (1–10−2 mbar) to

minimise signals due to scattering by air molecules and attenuation (the actual sample

pressure is 1 atm, due to the vacuum tight sample containers). A set of B4C jaws can

adjust the size of the neutron beam to fit to the sample size.

2.2.7.2 Measurements

The aim of any diffraction experiments is to measure the differential cross section
(

dσ
dΩ

)
coh

of the sample on an absolute scale. Four types of measurements are necessary to obtain
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Figure 2.9: Schematic diagram showing SANDALS at the ISIS neutron source (modified
from [168]). The principle setup is very similar to NIMROD [169].

Figure 2.10: Quartz cell used in the neutron diffraction experiments next to a GBP
penny for size comparison. Photograph courtesy of Richard Gillams.
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this data of a sample in a container: a standard for calibration, the sample background,

the empty sample container and the sample in its container. The merging, processing

and correcting of the data was carried using the Gudrun program [172], based upon the

ATLAS package [173]. The type of container used in this thesis are quartz (SiO2) cells

(Figure 2.10) with vacuum tight Young’s taps. The normalisation standard measured

is a 3.5 mm vanadium plate, without any container, which is measured at the same

conditions as the sample. Vanadium is an almost completely incoherent (Q-independent)

scatterer with only small Bragg peaks. This allows the diffraction data to be put on an

absolute scale, eliminating calibration constants [174]. The differential cross section of

the sample is therefore obtained by:

(
dσ

dΩ

)
Sample

=

(
dσ
dΩ

)
Sample in Container

−
(

dσ
dΩ

)
Empty Container(

dσ
dΩ

)
Vanadium Standard

−
(

dσ
dΩ

)
Background

(2.33)

As the incoherent scattering length of hydrogen is larger than the incoherent scat-

tering length of deuterium, the measured total differential cross section is higher for

hydrogen containing samples compared to deuterated samples (Figure 2.11).

2.2.7.3 Data Processing

The scattering datasets are corrected using Gudrun [172]. The aim of this correction

is to extract the distinct scattering data in order to obtain a F (Q) function for each

sample. As a first stage the data of faulty detectors is removed. This ‘purge’ routine

groups the detectors, compares their standard deviations and removes detectors with an

unusually high or low standard deviation.

Following this, the data is corrected for several effects: Fluctuations of the incident

beam are corrected for by comparing the data to the incident beam counts of the monitor

detector. The detector dead time is accounted for and the fraction of neutrons transmit-

ted by the sample is calculated by dividing the count rate of the transmission monitor,

placed after the sample, by the count rate measured by the monitor detector. The trans-

mission rate is also used to identity the sample by calculating the number of neutrons

scattered relative to the expected number given by the sample composition (DCS Level).
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Multiple scattering is accounted for by an iterative process [175]. Neutron absorption

is accounted for by calculating the total cross section (σtotal = σscatt + σabs) from the

transmission cross section (σtrans = e−ρσtotal(λ)L), where L is the sample thickness and

ρ the density). The baseline of scattering corresponds to the self scattering which needs

to be subtracted to obtain the distinct scattering cross section for the sample.

This inelastic scattering effects are most difficult to correct for at low Q, contributing

mostly to self scattering and affects mostly light atoms, such as hydrogen. This inelas-

ticity is usually corrected for using the Placzek correction [176, 177] which uses a Taylor

expansion of the total structure factor Ftot(Q) to determine the elastic component. But

this correction relies on the sample atoms being heavier than the incident neutrons

and is therefore not sufficient in the case of biomolecular samples and was only used

for the vanadium standards. For the aqueous biomolecular samples, the Q-dependent

‘pseudo-background’, including inelastic (self) scattering, was subtracted. This pseudo-

background (I ′(Qe)) is calculated via a convolution of the data (I(Qe)) with a top hat

function (T (Q)) so that this correction only applies to low Q values.

I ′(Qe) =

∫
QT

I(Qe −Q′e)T (Q′e)dQ
′
e (2.34)

where Qe is the elastic scattering vector and QT is the top hat function width. In

addition, a series of exponentials (B(Q)) is subtracted from the data in an an ad hoc

method

B(Q) =
∑
i

Aie
−Q
γi (2.35)

where Ai and γi are the exponential parameters that need to be adjusted in Gudrun

for each sample. There is also an automated iterative correction available in Gudrun.

However, this function was found to be less accurate and was not used for the results

presented in this thesis.

Figure 2.11 (left) shows the unprocessed differential cross secion data of five iso-

topically distinct samples. Due to the larger incoherent cross section of hydrogen
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Figure 2.11: The GPG peptide in aqueous urea solution (Chapter 3) data before data
processing (left) as differential cross sections ( dσ

dΩ) and processed data as F (Q) (right)

as solid lines. For Sample IV the exponential decay function (B(Q) = 0.5e−Q/2) that is
used to correct the data at low Q is also displayed as a blue line.

(≈ 80 barns) compared to deuterium (≈ 2 barns [164]), the differential cross sections are

larger for samples that contain more hydrogen atoms. The inelastic scattering effects

of hydrogen at low Q are also more pronounced for samples with a larger hydrogen

content, where after normalisation and data correction these effects are minimised in

the resultant F (Q) data (Figure 2.11 (right)).

2.3 Empirical Potential Structure Refinement

After the neutron (and X-ray) scattering data has been collected and processed, the par-

tial structure factors (S(Q)) and consequently the atomic-scale information of a system

containing a large number of different atoms can only be obtained by a computational

model that fits to the neutron or X-ray diffraction data (Section 2.2.5). EPSR (Em-

pirical Potential Structure Refinement) is a software package specifically developed to

create this computer model for disordered systems [178, 179]. A summary of the EPSR

process is shown in Figure 2.12.
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Figure 2.12: General EPSR flowchart: Parallel to completing the diffraction experi-
ments and correcting the data (1) a computational reference model of the system is set
up (2). The simulation is compared and adjusted to the experimental data, introduc-
ing the empirical potential (3). Finally, atomic-level information is extracted from the
simulation (4).

The following description is based on the EPSR manual [180]:

2.3.1 The Reference Potential

As a first step EPSR requires the creation of a molecular model of the system with the

correct molar ratios, density and atomic potentials. This model needs to be energetically

equilibrated and gives the energy term of the simulation box, the reference potential

Uref . This potential consists of an intra- and inter-molecular part.

URef = UInter + UIntra (2.36)

The intramolecular potential between atoms α and β is defined by:
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UIntra(rαiβi
) = C

∑
i

∑
αβ 6=α

(rαiβi
− dαβ)2

2w2
αβ

(2.37)

where r is the distance between the atoms compared to the average distance d, C is

a constant, w is a broadening function to account for thermal fluctuations in atom

positions (w =
dαβ√
µαβ

) and µαβ is the reduced mass of the atom pair (µαβ =
MαMβ

(Mα+Mβ))

The intermolecular potential is a combination of Lennard-Jones and Coulomb po-

tential (Section 1.1.4.1):

UInter(rαβ) = 4εαβ

[(
σαβ
rαβ

)12

−
(
σαβ
rαβ

)6
]

+
qαqβ

4πε0rαβ
(2.38)

The Lennard-Jones potential parameters for each atom pair σαβ and εαβ are com-

bined from the atomic parameters by the Lorentz-Berthelot mixing rules:

σαβ =
1

2
(σα + σβ) εαβ =

√
εαεβ (2.39)

The reference potential parameters are often obtained from MD forcefields. Specif-

ically, in this work, CHARMM36 [146, 147, 148] and the water potentials from the

(extended) Simple Point Charge (SPC/E) [151] or the TIP3P model [152] were used as

starting potentials for the EPSR simulations.

Long-range effects are eliminated by truncating the reference potentials. This is

neccessary to save computational time and does not have a significant impact on shorter-

range interactions. The Lennard-Jones term of the reference potential is truncated using

a smooth decaying function, T (r):

TLJ(r) =


1, if r < rminpt

0.5
(

1 + cosπ
(

r−rminpt

rmaxpt−rminpt

))
, if rminpt < r < rmaxpt

0, if r > rmaxpt

(2.40)
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The distances at which truncating starts rminpt and ends rmaxpt can be modified

according to size of the molecules in the system. The truncation factor for the Coulomb

potential TC(r) is

TC(r) =

(
1− r

rmaxpt

)4
(

1 +
8r

5rmaxpt
+

2r2

5r2
maxpt

)
Θ (rmaxpt − r) (2.41)

where Θ(rmaxpt− r) is the Heaviside function; which equals 0 when rmaxpt < r and 1

when rmaxpt > r. For the peptide systems studied in this thesis rminpt and rmaxpt have

been set to 9 and 12 Å respectively.

Due to computational limits the size of the simulation box can only be smaller

than the actual scattering sample. However, the movement of the molecules within the

box is not constrained by the box-size, as when a particle passes through one side of

the (usually cubic) simulation box it re-enters on the opposite side. This is called the

periodic boundary condition.

2.3.2 The Monte Carlo Simulation

The Monte Carlo method employed by EPSR moves atoms, molecules and rotational

groups randomly and accepts or rejects these movements based on the Metropolis con-

dition in order to obtain a lower energy configuration [181]. Specifically there are four

types of movements that EPSR performs: atomic and molecular translations and molec-

ular and group rotation. The Metropolis condition states that a move is accepted if the

it results in a decrease in total energy (∆U < 0) of the simulation box; if the move

increases the total energy (∆U > 0), the move can be accepted with the probability P .

This probability depends on the movement type. For an atomic translation only the

intramolecular potential determines the acceptance of movements:

Patm = e−∆UIntra (2.42)

Other molecular movements are influenced by other inter or intramolecular groups
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and the probability of a movement acceptance is

Pmol = e
−
(

∆UIntra+
∆URef+∆UEP

kT

)
(2.43)

It should be noted that the empirical potential UEP, which is related to the exper-

imental diffraction data and will be defined in the next section, is optional in this step

of energy minimisation. Usually, the simulation is equilibrated only using the reference

potential before the empirical potential is introduced.

2.3.3 The Empirical Potential

The empirical potential accounts for differences between the experimental structure

factors F (Q) and the simulated structure factors. It has been found that the most

successful way to represent UEP(r) is as a series of Poisson functions:

UEP(r) = kBT
∑

k

Ckpnk
(r, σr) (2.44)

where

pn(r, σr) =
1

4πρσ3
r (n + 2)!

(
r

σr

)n

e
−r
σr . (2.45)

Ck is a real positive or negative number, kB is the Boltzmann constant, T is tem-

perature, ρ is the atomic density of the system, n is a natural number and σ is a width

function. A Fourier Transform converts pn(r, σr) into reciprocal Q-space via

pn(Q, σ) = 4πρ

∫
pn(r, σ)eiQrdr

=
1

(n + 2)(
√

1 +Q2σ2)(n+4)

[
2 cos(nα) +

(1−Q2σ2)

Qσ
sin(nα)

] (2.46)

where α = arctan(Qα). This allows the coefficient, Ck to be estimated directly from the
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diffraction data and the reciprocal space equivalent of UEP(r) is given by

UEP(Q) =
∑

k

Ckpnk
(r, σQ) (2.47)

The coefficient Ck and therefore the empirical potential UEP(Q) is recalculated for

each EPSR iteration and the total potential is used in the refinement to fit the simulation

to the data by minimising the total energy Tot:

UTot = URef + UEP (2.48)

2.3.4 Refining the Empirical Potential

To indicate the link between experimental structure factor F (Q) (corrected for self- and

inelastic scattering) and the empirical potential UEP(Q) the structure factor of the ith

experimental data set can set be written as

Fi(Q) =
N∑

j=1

γijSj(Q) (2.49)

where j refers to an atomic pair αβ and γij is a weights factor related to the atomic

concentrations c and the scattering lengths b (with δαβ as the Kronecker delta function):

γij = (2− δαβ)cαcβbαbβ (2.50)

All weights factors γij can be put into a M×N matrix with M as the number of data

sets and N as the number of pair correlations. To obtain the partial structure factors,

S(Q), this weights matrix has to be inverted. Usually there are not enough isotopically

labelled samples to directly invert the M × N matrix and a confidence factor, f , is

assigned to each experimental dataset and a modified matrix with γ′ij, is then formed,

where input from the experimental data is accepted with the confidence f and input

from the model is accepted with a confidence (1-f):
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γ′ij =

fγij, if 1 ≤ i ≤M

(1− f)δ(i−M)j, if M ≤ i ≤ (M +N)
(2.51)

This leads to an overdetermined (M +N)×N matrix. By pseudo-inversion of this

matrix it is then possible to obtain the partial structure factors S(Q) and the coefficients

C
(j)
k

C
(j)
k,m+1 = C

(j)
k,m +

M∑
i=1

γ−1
ji C

(i)
k . (2.52)

which can be used to determine the empirical potential UEP(Q) as shown in Equation

2.44. This process is repeated until the difference coefficients and therefore UEP reach

a lower limit. The cycle of Monte Carlo simulation, structure factor and empirical

potential calculation (Figure 2.12) is then continued in order to accumulate ensemble

information of the simulation box.

It should be noted that the structure obtained by an EPSR simulation is not unique

and represents one physically plausible result that is consistent with the experimental

data.

2.4 ANGULA

ANGULA is a program which can be used to analyse the three-dimensional atomic-scale

information from computational models of liquids and amorphous systems provided by

EPSR or MD [182, 183].e It allows for the relative positions and orientations of molecules

and atoms to each other to be obtained. ANGULA can also be used to analyse and

plot frequency distributions of molecular properties and their possible correlation (e.g.

inter- or intramolecular distances, angles, dihedrals) and to select molecules with any of

these criteria. Further, these analysis options can be combined with each other or other

scripts to provide a comprehensive range of analytical techniques.

eANGULA was written by Luis Carlos Pardo of the Universitat Politècnica de Catalunya
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2.4.1 Assigning Coordinate Systems

As the first step in using ANGULA, a large number of coordinate files (> 1000) from

EPSR (ATO files accumulated) or MD (PDB or XYZ files from MD trajectories) are used

where orthonormal Cartesian coordinate systems are assigned to molecules or certain

fragments of larger molecules chosen for analysis. As an example, the assignment of

coordinate systems for urea and water (Figure 2.13) has been performed as follows:

Each coordinate system is defined via the addition of four pseudo-atoms: the first in

the position of the origin o○ and the others ( x○, y○ and z○) located on the intended x-,

y- and z-axes. The origin of the coordinate system will usually be placed in the centre of

a small molecule or at a specific site, such as a carbonyl group, of a larger molecule. In

the case of urea, the origin is placed at the central carbon atom and the pseudo-atom o○

is superimposed onto the same position as the urea carbon and the z-axis pseudo-atom

z○ is superimposed on one of the nitrogen atoms. The definition of the x- and y-axes is

not easily accessible by using existing atoms. The positions of the related pseudo-atoms

( x○ and y○) need to be defined via the vector product. For the y-axis, the z-axis from

origin to nitrogen and the vector from origin to the oxygen map out a plane to which

the cross product resulting vector is perpendicular, according to the right-hand-rule. It

should be noted that the vector product is not commutative, meaning that the order

of vectors determines the direction of the resulting vector. As the vector product only

defines a direction and not a position, the distance to the origin (usually 1 Å) needs

to be defined as well for the positioning of y○. Subsequently, the x-axis is defined by

placing x○ at a distance of 1 Å to the origin on the vector product of the y- and z-axis.

Similarly, an example coordinate system can be assigned to water with the origin at the

water oxygen, the z-axis along one of the OH-bonds and the x- and y-axes defined via

cross products.
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Figure 2.13: Example coordinate systems assigned to urea and water.

It should be noted that multiple coordinate systems can be added to the same

molecular species. This can be useful if different parts of a larger molecule or multiple

geometric properties are analysed.

2.4.2 Site Specific Analysis

The relative position of molecules to each other can be obtained by calculating a spa-

tial distribution [183]. A central and a surrounding molecular species with coordinate

systems can be chosen, e.g. water around urea. Typically, the distribution of origin-

to-origin positions will be calculated. However, any atom or pseudo-atom close to the

origin could be chosen. In the example, not only could the distribution of water oxygens

around the urea carbon be calculated, but also the distribution of water oxygens around

the urea nitrogen (i.e. the z-axis pseudo-atom). Figure 2.14 shows this urea nitrogen to

water oxygen distribution as RDFs and as SDMs (spatial density maps [184]). This cal-

culation can be used for nearest (or second/third...nearest) neighbour analysis (Figure

2.14 bottom), where for each frame the nearest (or second/third...nearest) surrounding

molecule atoms to the central molecule atom will be used; or for a distance range analy-

sis where all surrounding molecule atoms within a distance to the central molecule atom

will be selected (Figure 2.14, top).

Site-specific distributions are displayed as spatial density maps (SDMs) in this work

[183].f Each surrounding atom within the defined distance range or as the nearest

fThe script to make SDMs has been developed by Sebastian Busch. Small modifications, like
different colour-schemes for multiple molecule neighbours, have been implemented by myself.



2.4. ANGULA 57

Figure 2.14: Site specific analysis of water oxygens (Ow) around one of the urea nitro-
gens (Nu) at a distance range from 0–4.2 Å (top) or nearest neighbour Ow (bottom).
Corresponding radial distribution functions (left) with the blue areas indicating the
atoms included in the spatial density map (right, each showing the top 10 % atoms as
a blue cloud). The data has been taken from the EPSR simulation of the GPG peptide
in aqueous urea solution (Chapter 3).
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neighbour is represented by a density point in the SDM. A nearest neighbour analysis

will therefore always contain as many data points as the number of frames times the

number of central molecules per frame. For the distance range calculation all points

within the defined distance will be included and any SDM is normalised to the number

of frames and the number of central molecules within the simulation box. Therefore,

a comparison between different simulation boxes may be valid if the relative molecular

ratios are the same.

The density of points is indicated by a scale bar, which relates the colour-scheme to

the absolute density of atoms per Å3. In most cases it is not practical to display 100 %

of the data points as it will represent all conformations, not only the most likely, and

only the top 50 %, or less, within the density distribution will be shown. Consequently,

the displayed data point clouds make up a surface of equal density (i.e. isopycnic). The

SDMs also include displaced projections of centre cut-throughs in all three planes which

are independent from the isopycnic level of displayed points.

ANGULA calculates the position of surrounding atoms as spherical polar coordinates

(r, θCM , φCM ) from the central molecule origin. The calculation of SDMs relies on

the conversion of spherical polar-coordinates calculated by ANGULA to Cartesian xyz-

coordinates:

x = r sin(θCM ) cos(φCM ) (2.53)

y = r sin(θCM ) sin(φCM ) (2.54)

z = r cos(θCM ) (2.55)

where r is the distance between central and surrounding molecule origin and CM distin-

guishes these angles from the relative orientation Euler angles OR (Section 2.4.4).
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2.4.3 Whole Molecule Analysis

It is also possible to calculate the density of surrounding molecules not only for one

specific central atom but for a whole molecule [185]. This Whole Molecule Analysis

(WMA) displays the distribution of neighbouring molecule atoms (usually the origin

pseudo atoms) within a specific distance range from any of the central molecule atoms.

Similar to the site specific analysis, this calculation relies on the spherical polar co-

ordinates of the neighbouring atoms to the central molecule coordinate system. For

small central molecules this method can easily be applied without further steps. Larger

and more flexible molecules, like peptides, need to be analysed for their conformational

properties as well. As the position of the neighbour atom is only determined by one

coordinate system, the further this neighbour atom is away from the central origin, the

more the position will be influenced by the central molecule conformation. There are

multiple criteria to determine and select for a specific conformation, such as intramolec-

ular distances, bond angles or dihedrals (2.4.5). As a WMA can only be performed

for a specific central molecule conformation, a WMA for larger and more flexible cen-

tral molecules, like proteins or lipids would be very challenging. Instead, a site specific

analysis of certain parts of the central molecule would be more informative.

Figure 2.15 (right) shows a simple example of the WMA of water oxygens around

the whole urea molecule. The corresponding RDF (Figure 2.15 left) shows two peaks.

The first at 2.0 Å and the second at 2.8 Å. These peaks have been separated in the WMA

where the density clouds represent the molecules between 0 and 2.3 Å (blue) and from

2.3 to 4.0 Å (teal).

2.4.4 Relative Molecule Orientations

The orientation of molecules relative to each other can be determined from an ANGULA

calculation over a distance range or for a nearest neighbour analysis. This technique

needs a coordinate system assigned to the central and the surrounding molecule and uses

Euler angles (θOR, φOR and ψOR) to quantify their relative orientation. This relative

orientation depends on the position of the molecules to each other and can therefore

only be calculated for a specific neighbour molecule position.
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Figure 2.15: Whole molecule analysis of water oxygens (Ow) around urea. The radial
distribution function (left) shows two hydration peaks. The area under the first and
second peak correspond, according to their colour, to the density clouds of the WMA
(right). These blue and teal clouds represent the top 50 % and top 30 % of Ow density
respectively.

Figure 2.16: Definition of Euler angles (θOR, ψOR and φOR) for ANGULA

Figure 2.16 shows exemplary how Euler angles are defined and used in ANGULA to

describe the relative orientation of two coordinate systems (xyz, and XYZ): A rotation

around the z-axis gives φOR, a rotation around the new x’-axis θOR and a rotation

around the new (and final) Z-axis defines ψOR. For clarity, both coordinate systems

have the same point of origin. A neighbouring molecule origin would, naturally, be at a

distance from the central molecule origin.

Figure 2.17 shows how the information on position and orientation can be combined

for the nearest neighbour water molecule to a urea nitrogen. The water position is

determined by the distance r which can be extracted from the RDF (r ≈ 3.0 Å) and the

spherical polar angles θCM and φCM which can be depicted as 2D density plot. There
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Figure 2.17: Combining the information on water position and orientation towards a
urea nitrogen (Nu): The top panel shows the distance of nearest neighbour Ow to Nu in
an RDF and the spherical polar angles θCM and φCM in a 2D density plot determining
the position in space. The middle panel shows the relative orientation of water and urea
molecule at the most probable position in 2D plots of the Euler angles θOR, φOR and
ψOR. The bottom panel shows urea next to water molecules at the right orientation
within the transparent water density cloud.
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is a clear maximum for cos(θCM ) to be at ≈ 0.75 and φCM to be at ≈ 180 °. The water

orientation at this position is determined by the Euler angles θOR, φOR and ψOR which

are also depicted as two 2D density plots. These plots show a preference for φOR and

ψOR to be ≈ 180 °, whereas a clear preference for θOR cannot be extracted. This is

also reflected in the representative figure at the bottom that shows urea next to water

molecules at the preferred orientations within the transparent water density cloud which

represents the preferred water position.

2.4.5 Further Applications

Combining the different ANGULA applications with each other is often necessary. Cer-

tain variables like dihedral angles or atomic distances can be found to be correlated with

one another. The information about molecule position and orientation can be combined

to determine the most probable position and orientation of molecules to each other. For

WMA of large molecules, their conformational properties and the most probable confor-

mation must be determined. For the peptides in this work the backbone dihedral angle

distributions were usually determined. Overlaying 2D bivariate plots of the dihedrals φ

and ψ for each residue can produce a Ramachandran plot (Section 1.1.2 and Chapter

5).

To determine interactions between all atoms of the same or different molecular species

over a certain distance range, a contact map (CM) can be calculated, which is a matrix

with the atom numbers of each molecule corresponding to the row or column number.

This matrix can also be displayed as a heat map showing the relative density of the

neighbouring molecule atoms to each other as a colour scheme.
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Influence of Urea on the GPG-NH2

Peptide

3.1 Introduction

Similar to protein folding, the process that leads to protein unfolding and denaturation

caused by chemical compounds, such as urea, in solution, is unclear. There are multiple

theories as to how the presence of urea denatures proteins, yet there is no consensus on

the mechanism by which this occurs on the atomic level. There are two broad categories

of current theories concerning this process: The ‘indirect’ model suggests that urea

disrupts or interferes with the water structure surrounding the protein which indirectly

leads to a loss of its native state stability. One proposed mechanism for this is that

urea indirectly ‘dries’ the protein, thus lowering the protein hydration and weakening

the hydrophobic effect [186, 187, 188].

There is a much larger number of ‘direct’ theories, that propose a direct urea-protein

interaction as the main cause of protein unfolding. However, the way in which urea

specifically interacts with the protein in these ‘direct theories’ is still debated. Reversible

folding and unfolding replica exchange simulations have shown preferential urea contacts

with the side chains [189]. Other MD simulations have found that urea does not cause,

but stabilises initial unfolding conformations by favourable interactions with less polar

63
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residues [190]. It has also been suggested, from MD simulations, that urea unfolds

proteins by altering electrostatic interactions either by solvating the charged residues

or by engaging in hydrogen bonds with the protein backbone [191]. Urea has also

been shown to destabilise the folded structure by breaking hydrogen bonds within the

protein [192, 193]. Another recent study has shown that urea replaces hydrating water

in lysozyme crystals when these are soaked in urea solution [194]. Stepwise denaturation

processes of proteins by urea have also been proposed, where an all-atom MD simulation

of lysozyme suggested that once urea has expelled the first hydration layer around the

protein, the hydrophobic core is penetrated by urea as opposed to water [195, 196]. This

is in opposition to other investigations which found that urea, on the one hand, altered

the local water structure and thus encouranged the water solvation of the hydrophobic

core and, on the other hand, also interacted directly with polar residues [197].

In this chapter, the structure of the short glycine-proline-glycine peptide (GPG-NH2;

Figure 3.1) in the presence of urea in water has been determined using neutron scatter-

ing combined with EPSR and MD. GPG-NH2 contains a motif sequence (PG) which is

commonly found in turns in many proteins [198, 199, 200, 201, 202, 203] and allows for

the observation of a peptide in a variety of conformations, so that the role of water and

urea can be probed directly. This peptide is also small and soluble enough to be investi-

gated experimentally using neutron diffraction techniques in solution. The atomic-scale

hydration and conformation of this short chain peptide have been previously measured

and was found not to aggregate at the same peptide concentration [198, 183],a thus

allowing for a direct understanding of how urea and water interact with this molecule

in solution and comparing the systems with and without the presence of urea.

aThese data has been used for this chapter as a comparison regarding the RDFs. These
RDFs are throughout printed in blue to distinguish them from the GPG-NH2:urea:water data
(red RDFs) which are the main focus of this chapter.
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3.2 Methods

3.2.1 NMR Spectrocopy Sample Preparation and Measurement

Glycyl-l-prolyl-glycinamide·HCl (GPG-NH2 ·HCl, C9H17N4O3Cl; CAS No 141497-12-

3) was purchased from Bachem (Bubendorf, Switzerland), urea (CH4N2O; CAS No

57-13-6) from Sigma Aldrich and both were used without further purification. For the

samples which required deuterium labelling, GPG-NH2 ·HCl was dissolved in 99.8% D2O

(CAS No 7789-20-0 from Sigma Aldrich) and subsequently freeze-dried to remove the

heavy water solvent. This process was repeated three times to ensure an adequate level

of deuteration of the exchangeable hydrogens on GPG-NH2. The same procedure was

followed to deuterate urea. The level of deuteration was confirmed by NMR spectroscopy

(Section 3.3.1).

NMR samples were prepared with O2 degassed water and under N2 flow using a

Schlenk line [204] and NMR tubes fitted with Young’s taps to prevent exposure to the

atmosphere and contamination. NMR samples were prepared by mass, using a Satorius

scale accurate to 4 d.p. NMR spectra were collected on a 500 MHz and a 600 MHz

spectrometer. The 1D 1H spectra were measured at 8k points for 128 scans with a

recycle delay of 1 s.

Apart from peak assignment and to ensure peptide sample purity, NMR spectra were

taken to ensure that the high peptide concentration in the neutron sample or the urea

concentration had no influence on the cis/trans ratio of the peptide or other structural

features visible in NMR spectroscopy.
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Figure 3.1: Molecular structure and labelling scheme of the GPG-NH2 peptide in its
trans conformation and the water and urea labelling scheme.

3.2.2 Neutron Diffraction and Sample Preparation

Isotopomeric NDIS (neutron diffraction enhanced by isotopic substitution) samples

were prepared by weight under a N2 atmosphere with O2-degassed H2O and/or D2O

(99.994%, from Sigma Aldrich) to prevent the exchange of D2O with H2O in atmosphere

and to ensure sample purity. The final molecular ratio of GPG-NH2:urea:water was 1:4:58

for each sample (Table 3.1) which corresponds to concentrations of ≈ 0.8 M GPG-NH2

and ≈ 3.3 M urea. The pH of the neutron diffraction samples was 6.0. In comparison,

the neutron samples of aqueous GPG-NH2 solution without urea had a pH of 4.9 [183].

This change in pH is expected due to urea being a weak base (pKB = 13.80 [205])

Neutron diffraction measurements were performed at 298 K on the SANDALS instru-

ment (Section 2.2.7.1) using five isotopically substituted samples (Table 3.1). The level

of deuteration is with respect to the exchangeable hydrogens in the sample (Figure 3.1;



3.2. Methods 67

Hn1, Hn3, HT1, HT2, Hu and Hw). The samples were contained in SiO2 cells (Section

2.2.7.2). Diffraction data were collected for between 8 and 9.5 hours per sample (Table

3.1). Data were also collected for the empty cells, the empty instrument and a vanadium

standard for background subtraction and normalisation. The data were corrected and

converted to F (Q) using the GUDRUN programme (Section 2.2.7.3). The measured

scattering levels were within 10% of the expected theoretical values (differential cross

section, DCS levels in Table 3.1).

Table 3.1: List of samples used for the collection of neutron diffraction data. The
molecular ratio of GPG-NH2 ·HCl:urea:water was 1:4:58 The level of deuteration refers
to the exchangeable hydrogens on GPG-NH2, urea and water (Hn1, Hn3, HT1, HT2, Hu
and Hw).

Sample Label GPG-NH2 + urea + water µA DCS level

I 100% H 1432 95.0%
II 64% H, 36% D 1507 98.9%
III 50% H, 50% D 1437 95.6%
IV 36% H, 64% D 1169 95.7%
V 100% D 1174 101.9%

3.2.3 Empirical Potential Structure Refinement

For the EPSR simulation, the modeling box contained 20 GPG-NH2 molecules of the same

starting conformation (Figure 3.1), 20 Cl– ions, 80 urea molecules (the urea starting

conformation was planar) and 1160 water molecules at the measured (non-deuterated)

density (ρ= 1.091 g/ml = 0.102 atoms·Å−3) at 298 K. The density was measured using

a 100 µl Gilson pipette and a Satorius scale (see above). Starting parameters for the

water molecules were taken from the TIP3P water model [152] and starting parameters

for the GPG-NH2 molecules, urea molecules and Cl– ion were from the CHARMM36

forcefield [148, 206, 207, 208, 209] and modified in order to adjust for different atomic

labelling in EPSR compared with MD while ensuring electroneutrality of the simulation

box. The full list of the parameters used as starting potentials and parameters can be

found in Table 3.2. Other parameters like starting conformation, dihedral angles and

rotational groups are in Appendix A.

Similar to previous studies on GPG-NH2 in water without urea [183, 198], the EPSR

simulation contained a mixture of cis and trans GPG-NH2 molecules (with respect to



Chapter 3. Influence of Urea on the GPG-NH2 Peptide 68

Table 3.2: The parameters for GPG-NH2, Cl– and urea used in the EPSR simulations
from CHARMM36 and TIP3P water. The corresponding labelling scheme is shown in
Figure 3.1

Atom Label ε / kJ mol−1 σ / Å q / e

N1 0.83680 3.2963 -0.300
Hn1 0.19246 0.4000 0.330
Cp 0.23012 3.8754 0.130
Hc 0.92050 2.3520 0.090
Co 0.37656 3.5636 0.530
O1 0.50208 3.0291 -0.530
N2 0.83680 3.2963 -0.270
Cn 0.15481 3.9645 0.000
Cm 0.23012 3.8754 -0.180
O2 0.50208 3.0291 -0.530
N3 0.83680 3.2963 -0.490
Hn3 0.19246 0.4000 0.310
O3 0.50208 3.0291 -0.530
NT 0.83680 3.2963 -0.620
HT1 0.19246 0.4000 0.320
HT2 0.19246 0.4000 0.300

Cl– 0.62760 4.0447 -1.000

Cu 0.29288 3.5636 0.600
Nu 0.83680 3.2963 -0.690
Hu 0.19246 0.4000 0.340
Ou 0.50208 3.0291 -0.580

Ow 0.63639 3.1507 -0.834
Hw 0.19246 0.4000 0.417

the Gly1-Pro2 peptide bond) in ratios which correspond with that measured by 1H

1D NMR spectroscopy (10% cis; 90% trans). This cis/trans-ratio was unchanged by

the addition of urea up to 6 M (Section 3.3.1). Although peptide bonds can cis-trans

isomerise [210], this was not incorporated into the non-dynamic EPSR simulation and

2 cis and 18 trans GPG-NH2 molecules with non-rotating peptide bonds were used as

starting conformations.

3.2.4 Molecular Dynamics Simulations

Two MD simulations at the same molecular ratios as the neutron samples, were also

performed;b one with all of the GPG-NH2 molecules in the trans conformation (regarding

the Gly1-Pro2 peptide bond) and one with all of the peptide molecules in cis conforma-

bThese simulations were performed by Chris Lorenz. They were analysed and converted to
theoretical F (Q)s/G(r)s by myself using EPSR.
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tion. For the peptide hydration and urea interaction analysis, only the trans simulation

results are discussed in the results as this is the dominant species in solution and there

are no appreciable differences between cis and trans simulations regarding these aspects;

Figure 3.14 and 3.16 (below) include the cis simulations to exemplify this. Nevertheless,

there is a clear difference in cis and trans peptides regarding the conformation which

will be discussed in Section 3.3.5.

Each MD simulation contained 64 GPG-NH2 molecules, 64 Cl– ions, 256 urea molecules

and 3712 water molecules to give the same molar ratio as the experimental neutron

data. Similar to EPSR, the GPG-NH2 molecules and the Cl– ions were modelled using

the CHARMM36 force field [207, 148], and the water molecules were modeled using

TIP3P [152] modified for the CHARMM force field [211]. All of the bonds and angles

for the water molecules were constrained using the SHAKE algorithm [212] and both

simulations were conducted using GROMACS 4 [213]. The initial configuration for the

simulation was constructed using the Packmol software [214]. For both simulations,

an energy minimisation simulation was used initially to eliminate any atomic overlaps

that resulted from the construction of the initial configurations, then a 2 ns simulation

using the NVT ensemble with a target temperature of 300 K was performed in order

to equilibrate the temperature of the system. After these two initial steps, a 2 ns NPT

simulation was performed with a target temperature of 300 K and a target pressure of

1 atm, in order to equilibrate the pressure and volume of the simulated systems. Fi-

nally, a NPT production simulation was performed at 300 K and 1 atm for 50 ns with a

timestep of 2 fs. The Nose-Hoover thermostat [215, 216] was used in all simulations to

control the temperature, while the Martyna-Tuckerman-Tobias-Klein (MTTK) barostat

[217] was used in the NPT simulations to control the pressure. A cut-off of 14 Å was

used for the van der Waals interactions, and the long range Coulomb interactions were

calculated using the particle mesh Ewald (PME) algorithm [218, 219].

3.2.5 ANGULA

Orthonormal coordinate systems were assigned to different fragments of the GPG-NH2

molecule, to the water and urea molecules as shown in Figure 3.2. Using these coordinate
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systems, the distribution of the neighbouring water or urea molecules can be plotted

relative to specific sites (SDMs) or the whole molecule (WMAs) [220, 184] as described

in Section 2.4. For EPSR 4000 snapshots and for MD 1250 snapshots of the simulation

boxes were used resulting in the same number of GPG-NH2 molecules (80000) analysed.

Figure 3.2: The coordinate systems assigned to GPG-NH2, urea and water.

3.2.6 Preference ratios

In order to quantify the preference of water or urea around specific sites on GPG-NH2, a

contact preference ratio (PR) analysis was performed. Previously, a similar analysis was

used for MD simulations for small peptides in aqueous urea solutions [221], where an

interaction was defined as any atom on a water or urea molecule being within 3.5 Å of a

particular atom on the amino acid. Given the variety of first peak positions in the RDFs

in Figs. 3.14, 3.16 and 3.20, this approach was modified so that the relative preference

of urea or water around a specific site was determined using the distance of the first

minimum in the RDF as a criteria. This relative preference (P rUWX
) or preference ratio

(PR) is defined by:

P rUWX
=
nX(gpg)U

nX(gpg)W
· NW

NU
(3.1)
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where nX(gpg)U is the coordination number of urea around a specific GPG-NH2 site

(X) and nX(gpg)W is the corresponding coordination number of water around the same

site at the same distance r. The ratio of the coordination numbers of urea and water

atoms around a GPG-NH2 atom X were weighted by the ratio of water and urea atoms in

the system NW
NU

. This corrects for the fact that there are more water than urea molecules

in the solutions. The PRs have been determined for all of the GPG-NH2 atoms and are

tabulated in Tables 3.9, 3.10, 3.11 and 3.13. Similar to previous investigations [221],

a contact coefficient greater than 1 indicates that urea is preferred over water and less

than 1 indicates that water is preferred over urea.

3.3 Results

3.3.1 NMR Spectroscopy

Figure 3.3 shows the assignment of a 1D 1H NMR spectrum of 20 mM GPG-NH2 in

water. The cis/trans ratio, of 10% cis; 90% trans (regarding the Gly1-Pro2 peptide

bond), was determined by integration of the HT1/HT2 and proline Hβ cis and trans

peaks. This ratio was unchanged by the addition of urea (up to 6 M). This is shown in

Figure 3.4 where urea (1-6 M) was titrated into a 20 mM solution of GPG-NH2. The level

of deuteration of the lypholysed samples (20 mM) was checked by NMR spectroscopy

and is shown in Figure 3.5. It is clearly visible that, within the sensitivity of NMR,

the exchangeable hydrogens Hn3 and HT1/HT2 (including cis peaks) are absent in this

spectrum. The 100% H neutron sample with a higher peptide concentration is also

shown in Figure 3.5 to ensure that an increased peptide concentration does not change

structural features visible in NMR spectroscopy.
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Figure 3.3: 1H 1D NMR spectrum of 20 mM GPG-NH2 in H2O with peak assignment.

Figure 3.4: 1H 1D NMR spectra of 20 mM GPG-NH2 in H2O with varied urea concen-
trations (1-6 M).
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Figure 3.5: 1H 1D NMR spectrum of 20 mM D-GPG-NH2 in D2O and the I (100% H)
neutron sample in comparison with 20 mM GPG-NH2 in H2O

3.3.2 Diffraction Data and EPSR Fits

Figure 3.6 (left) shows the measured F (Q) data along with the EPSR fits to these data

and the difference between the two. Additionally, Figure 3.7 (left) shows comparisons

between the measured data and F (Q) functions which have been derived from the MD

trajectories (cis and trans). The sample labels I-V correspond to the level of deutera-

tion in listed in Table 3.1. From these figures, the EPSR fits are good, with only small

differences occurring at low Q values where in the measured data the inelasticity effects

are the most difficult to correct for. The MD derived data does not provide as good of

comparison to the measured data compared with the EPSR fits. The scattering data at

low Q, especially at higher levels of deuteration, is usually not in good agreement with

the MD simulation (Figure 3.7), but the general shape of the MD simulated scattering

data is similar to the experimental data. The differences between cis and trans MD

simulation are not visible in the F (Q) and G(r) data. The corresponding Fourier trans-

formations which show the data in real space G(r) are also shown in Figures 3.6 and

3.7 (right) along with the EPSR fits and MD fits in comparison. Again, EPSR shows a

good agreement with the neutron scattering data whereas the MD simulations tend to

have a over-pronounced peak at 1 Å resulting from the more rigid intramolecular O-H



Chapter 3. Influence of Urea on the GPG-NH2 Peptide 74

distance in MD water molecules. Improving this MD model using data extracted from

EPSR is principally possible. However, it is not possible to extract the refined ε and σ

parameters from EPSR. Only the observable properties like atom distances and bond

angles could be used as new starting configuration for the MD simulation.

Figure 3.6: Measured diffration data (grey dots) for GPG-NH2 and urea in aqueous
solution compared with the EPSR fits (dark blue lines) in reciprocal space (F (Q), left)
and in real space (G(r), right). The difference between simulation and data are shown
as a light blue lines (left). The data and corresponding fits have been shifted for clarity.
The sample labels I-V correspond to the level of deuteration in listed in Table

3.1.
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Figure 3.7: Measured diffration data (grey dots) for GPG-NH2 and urea in aqueous
solution compared with the MD (trans-GPG-NH2: top, cis-GPG-NH2: bottom)
fits dark red lines in reciprocal space (F (Q), left) and in real space (G(r), right). The
difference between simulation and data are shown as a light red lines (left). The data
and corresponding fits have been shifted for clarity. The sample labels I-V correspond
to the level of deuteration in listed in Table

3.1.
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3.3.3 Solvent Structure

Figure 3.8 shows the intermolecular water RDFs (gOwOw(r), gHwOw(r) and gHwHw(r))

for the GPG-NH2:urea:water system compared with the same functions for pure water

[121], GPG-NH2:water in the absence of urea [198], and for urea:water solutions at a ratio

of 1:16 [222], approximately the same concentration in the present GPG-NH2:urea:water

solution of urea:water 1:14.5. Table 3.3 shows the corresponding coordination numbers

of the water-water RDFs shown in Figure 3.8. The addition of GPG-NH2 lowers all CNs

of the first neighbouring water and the addition of urea lowers this coordination even

further.

The gOwOw(r) function, is often considered a ‘signature’ for the tetrahedral coordi-

nation of pure water [223, 224], as it is sensitive to changes in this bulk water structure.

For these RDFs, the first neighbour water distances in gOwOw(r) are similar with all

of solutions showing first peaks at around 2.8 Å, while the second nearest neighbour

water shells are different in each function. The MD simulations have, overall, higher

nOwOw coordination numbers than EPSR. For GPG-NH2 containing solutions in EPSR, the

water-water shells show two second neighbour distances, between 3 and 5.5 Å, compared

to pure water where only one second neighbour peak at 4.3 Å is visible. For GPG-NH2 in

pure water, the closer of these two second shells most likely occurs from both the Cl– ion-

water interactions and GPG-NH2-water interactions (GPG-NH2 is cationic), as ions have

been observed to have a constricting effect on the second nearest neighbour distance

in the gOwOw(r) in solutions [223]. Interestingly, in the present GPG-NH2:urea:water

solutions, the second neighbour at 4.5 Å peak has shifted to slightly higher r values

relative to GPG-NH2 in the absence of urea. This shift to higher values has also been

observed for higher concentrations of urea in solution [225], while in contrast mixtures

of trimethylamine N-oxide (TMAO) and urea in solution showed a more limited pertur-

bation to this second hydration shell in solution [226]. It should be noted that for both

MD simulations the second peak in gOwOw(r) is not visible due to the TIP3P water

modelling which usually does not accurately predict the second neighbour Ow-Ow shell,

as previously shown [227].

The shape of the first neighbour peak at 1.9 Å for the gOwHw(r) is unchanged by the
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addition of urea or GPG-NH2. The second neighbour peak on the other hand becomes

less clearly defined towards a larger distance when urea is added and it also shifts slightly

from 3.5 Å in pure water to 3.7 Å in GPG-NH2 and urea. GPG-NH2 on its own in water

does not significantly change the gOwHw(r).

The gHwHw(r) shows that the more solutes are added to pure water, the more narrow

does the first neighbour peak at 2.4 Å become. A small peak shoulder at 2.0 Å in the

EPSR simulation of GPG-NH2 is lost when urea is added. The second neighbouring peak

at 3.8 Å becomes more shallow, less defined and broader when urea is added to water.

This effect is not visible, to this degree, in GPG-NH2 containing simulations.

These findings of a slightly altered water-water interaction is not enough to support

the theory of indirect urea denaturation via disruption of the local water structure.

The bulk water structure is not substantially perturbed by the addition of urea and a

similar effect can be observed for other solutes that form hydrogen bonds with water

[228]. A unique effect that explains the urea-caused denaturation via the bulk water

structure is not observed. However, any effect at this relatively low urea concentration

(3.3 M), where GPG-NH2 is not yet denaturing, might be stronger at commonly used

denaturating conditions (≥ 8 M) where 0.8 M GPG-NH2 was found to be insoluble.
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Figure 3.8: RDFs for intermolecular water-water interactions from the GPG-

NH2:urea:water EPSR fits to the neutron data and MD (only trans GPG-NH2) compared
with the same functions in pure water [121], GPG-NH2:water [183], and urea:water [222]
solutions. The different RDFs have been shifted for clarity.

Table 3.3: Coordination numbers (nβα) for the water-water RDFs in Figure 3.8, including
pure water [121], GPG-NH2:water [183], and urea:water [222].

pure water urea GPG-NH2 GPG-NH2 +urea
rmax / Å EPSR EPSR EPSR MD EPSR MD

Ow-Ow 3.5 5.2 4.4 4.8 5.0 4.2 4.6
Ow-Hw 2.4 1.9 1.7 1.8 1.7 1.6 1.6
Hw-Hw 3.0 5.4 4.7 5.2 5.1 4.3 4.7



3.3. Results 79

3.3.4 Co-Solute Structure

3.3.4.1 Urea-Water Interactions

Figure 3.9 shows the urea-water RDFs, comparing the urea:water and the GPG-NH2:urea:water

systems. The hydrogen bonding between water and urea seems mostly unchanged by

the addition of GPG-NH2. Although the first neighbour peaks of Ou-Ow and Ou-Hw

appear higher and more narrow with GPG-NH2 compared to the pure urea mixture, the

corresponding coordination numbers in Table 3.4 show only a slight decrease in urea

hydration with the addition of GPG-NH2 to the solution.

A small decrease in hydration of the urea-NH2 groups when GPG-NH2 is added is

visible in the gHuOw(r), as the first hydration peaks shift away from urea (from 1.8 Å to

2.0 Å) and become more shallow and less clearly defined. This could also be an effect of

increased urea-chloride coordination reducing the urea-water contacts.

The decreases in urea hydration are slight and it should be noted that the urea:water

ratio in the peptide containing simulation (1:14.5 urea:water) is not exactly the same as

in the pure urea:water mixture (1:16 urea:water). Nevertheless, this decrease in urea-

hydration upon the addition of a peptide suggests the presence of direct urea-peptide

interactions.

Table 3.4: Coordination numbers (nβα) for the urea-water RDFs in Figure 3.9, including
for urea:water [222].

urea GPG-NH2 +urea
rmax / Å EPSR EPSR MD

Cu-Ow 5.3 17.0 15.1 14.4
Ou-Ow 3.3 2.7 2.4 2.4
Nu-Ow 4.3 8.2 7.1 6.8
Hu-Ow 2.4 0.8 0.6 0.6

Cu-Hw 3.1 2.9 2.5 2.3
Ou-Hw 2.5 2.2 2.1 2.1
Nu-Hw 4.5 19.7 17.6 16.7
Hu-Hw 3.0 3.9 3.2 2.9
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Figure 3.9: RDFs for urea-water interactions from the GPG-NH2:urea:water EPSR fits
to the neutron data and MD compared with the same functions in urea:water [222]
solutions. The different RDFs have been shifted for clarity.

3.3.4.2 Chloride-Water Interactions

Figure 3.10 shows the chloride-water and chloride-chloride RDFs, comparing the GPG-

NH2:water ([183]) and the GPG-NH2:urea:water systems. The chloride-chloride inter-

action shows the most striking difference between EPSR and MD simulations. The

addition of urea to the GPG-NH2:water mixture increases the first neighbour chloride-

chloride interaction from a coordination number (Table 3.5) of 0.2 to 0.5 for the EPSR

simulations. MD does not show this clear difference between urea containing mixtures

and the peptide:water mixture. On the contrary, MD even shows a slight decrease in the
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nearest chloride-chloride interactions upon urea addition. However, it should be noted

that because of the relatively small chloride concentration in the system, the contribu-

tion of Cl-Cl interactions to the neutron scattering signal is small (less than 0.8% for the

100D sample) and as such will not be highly weighted in the subsequent EPSR model. A

follow-up experiment with X-ray scattering, where the heavier chlorine has more impact

on the scattering data, might help to disprove or confirm this result (Chapter 4).

The hydration of chloride is decreased by the addition of urea to the system across

both simulation techniques indicating that urea draws hydrating water away from ions.

This decrease is more pronounced in EPSR than MD. For example decreases the gClOw(r)

hydration peak at 3.1 Å from a coordination number of 6.9 to 5.2 for EPSR and 7.1 to

6.6 for MD.

Figure 3.10: RDFs for chloride-water and chloride-chloride interactions from the GPG-

NH2:urea:water EPSR fits to the neutron data and MD compared with the same func-
tions in GPG-NH2:water [183] solutions. The different RDFs have been shifted for clarity.

Table 3.5: Coordination numbers (nβα) for the chloride-water RDFs in Figure 3.10,
including for GPG-NH2:water [183].

GPG-NH2 GPG-NH2 +urea
rmax / Å EPSR MD EPSR MD

Cl-Cl 5.8 0.2 0.3 0.5 0.2
Cl-Ow 3.8 6.9 7.1 5.2 6.6
Cl-Hw 2.8 6.0 6.5 4.6 6.0
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3.3.4.3 Urea-Chloride Interactions

Figure 3.11 shows the urea-chloride RDFs. This interaction is largely through the urea

hydrogens with the first neighbour peak being located at 2.2 Å. Although the corre-

sponding CNs in Table 3.6 are small, because of the low chloride concentration, these

interactions are very similar between EPSR and MD, also with respect to the shape of

the RDF-curves.

Figure 3.11: RDFs for Urea and Chloride interactions from the GPG-NH2:urea:water
EPSR fits to the neutron data and MD.

Table 3.6: Coordination numbers (nβα) for the urea-chloride RDFs in Figure 3.9.

GPG-NH2 +urea
rmax / Å EPSR MD

Cu-Cl 5.5 0.3 0.2
Ou-Cl 4.6 0.1 0.1
Nu-Cl 4.9 0.2 0.2
Hu-Cl 3.2 0.1 0.1

3.3.4.4 Urea-Urea Interactions

Figure 3.12 shows the intermolecular urea-urea RDFs for urea in water and the GPG-

NH2:urea:water mixture. The addition of GPG-NH2 increases all the intermolecular urea-

urea interactions and especially the hydrogen bonding between Hu and Ou at 2.0 Å.
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Although the corresponding coordination number (Table 3.7) at 2.6 Å only increases

from 0.2 without GPG-NH2 to 0.3 with the addition of GPG-NH2, the increased urea-

urea association upon GPG-NH2 addition is clearly visible in all RDFs in Figure 3.12 for

both MD and EPSR. Almost all urea-urea RDFs have higher and clearer defined peaks

with GPG-NH2 in the mixture with both simulation techniques. It is not clear if this

effect is due to the peptide concentration or a general increased ionic strength in the

GPG-NH2 containing mixture.

Figure 3.12: RDFs for intermolecular urea-urea interactions from the GPG-

NH2:urea:water EPSR fits to the neutron data and MD compared with the same func-
tions in urea water:urea mixtures [222] solutions. The different RDFs have been shifted
for clarity.

3.3.5 Peptide Structure and intramolecular distance

The intramolecular distance between the first carbonyl oxygen of GPG-NH2 (O1) and

the C-terminal amide cap hydrogen (HT1) (Figure 3.13) has previously been used as a

measure for peptide folding [183]. Here a clear difference between cis and trans peptides

with or without urea in MD can be observed. The trans peptides in MD adopt a larger
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Table 3.7: Coordination numbers (nβα) for the urea-urea RDFs in Figure 3.12, including
for urea:water [222].

urea GPG-NH2 +urea
rmax / Å EPSR EPSR MD

Cu-Cu 6.0 1.6 1.4 1.6
Cu-Ou 4.9 0.7 0.7 0.8
Cu-Nu 5.0 1.5 1.5 1.8
Cu-Hu 3.2 0.3 0.4 0.4
Ou-Ou 4.3 0.4 0.3 0.4
Ou-Nu 4.1 0.6 0.6 0.7
Ou-Hu 2.6 0.2 0.3 0.3
Nu-Nu 4.3 0.7 0.8 0.9
Nu-Hu 4.5 1.9 1.9 2.3

range of different conformations and, on average, shorter intramolecular distances than

the cis peptides which have a clear preference to be relatively open. For the EPSR

simulation, which contains a mixture of cis and trans peptides, two peaks at 3.5 and

6 Å and a clear minimum at 4 Å is visible. The conformational analysis in Section

3.3.7 will show that for EPSR the peptides adopt a range of different conformations.

The peaks in the intramolecular distribution do not represent unique structures but

a range of different conformations as this intramolecular distance is only one possible

characteristic.

The addition of urea has a different effect on this intramolecular distance depending

on the simulation technique. On the one hand, the trans peptides in MD adopt closer

intramolecular distances upon the addition of urea. This is visible also in the CNs

in Table 3.8 where the the proportion of peptides with a close intramolecular distance

between 0-4 Å doubles for MD(trans) from 12% to 24%. On the other hand, the peptides

in EPSR adopt, on average, conformations with a larger intramolecular distance and the

proportion of more compact peptides between 0-4 Å lowers, after the addition of urea

from 11% to 4%. This slight change in peptide conformation was not visible in NMR.
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Figure 3.13: Intramolecular RDFs of GPG-NH2 between HT1 and O1 with (right) and
without urea (left) [183].

Table 3.8: Coordination numbers (nβα) for the intramolecular distances in Figure 3.13,
including GPG-NH2:water [183].

GPG-NH2 GPG-NH2 +urea
EPSR MD EPSR MD

r/Å trans cis trans cis

0-4.0 0.11 0.12 0 0.04 0.24 0
4.0-5.5 0.12 0.24 0.03 0.11 0.24 0.07
5.5-7.0 0.41 0.50 0.20 0.52 0.46 0.37
7.0-10.0 0.36 0.14 0.77 0.32 0.05 0.56

3.3.6 Peptide Solvation

3.3.6.1 Peptide Backbone Oxygen Solvation

Figure 3.14 shows the RDFs for water and urea around the peptide bond carbonyl

oxygens in GPG-NH2 (Figure 3.1) from both EPSR fits to the neutron data and the MD

simulations. It is immediately evident that all of the hydrogen bonds from either water

or urea hydrogens (Hw and Hu) to the GPG-NH2 oxygens occur at the same distances

(≈ 1.9 Å). The coordination numbers for the RDFs in Figure 3.14 are listed in Table 3.9.

What is also clear from Figure 3.14 and Table 3.9 is that the GPG-NH2 oxygens

interact with water to varying degrees, specifically the hydration increases from O1 to

O3 in both simulations. This same trend is also observed for urea-GPG-NH2 interac-

tions, with O3 showing the highest number of urea-hydrogen bonds and the O1 oxygen

the least. In general, the hydration numbers from the EPSR fits to the neutron data
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are larger than from the MD trajectories, and MD shows comparatively more peptide

carbonyl oxygen-urea contacts. For instance has O1 on average 0.1 neighbouring urea

hydrogens (Hu) for EPSR and 0.2 for MD.

Comparing the GPG-NH2 backbone oxygen hydration with and without urea shows

that the addition of urea leads to a loss of hydrating water for all oxygens. The loss of

hydrating water upon urea addition follows for EPSR a similar trend to the direct urea

interaction. Where O3 has relatively the most hydrogen bonding urea with a CN of 0.3,

it also loses the most hydrating water (-17%) compared to the simulation without urea.

This might suggest that urea molecules replace hydrating water. However, this trend

is not observed in MD where O3 exhibits the lowest loss of water contacts and yet has

the most urea contacts. Interestingly, although the hydration and urea contacts around

the oxygen atoms showed the same trend in coordination from both MD and EPSR, the

preference ratios reveal that in MD all of the oxygens preferentially interact with urea

over water (PR > 1, Table 3.9), while in EPSR only the Gly-amide-Cap (O3) shows this

preference. These two methods also show a large difference in the relative preference

ratio for O1 with MD showing a large preference for urea (PR ≈ 1.8) while in EPSR

this atom shows a marked preference to be hydrated (PR ≈ 0.7).
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Figure 3.14: RDFs for GPG-NH2 peptide bond carbonyl oxygens and Hw/Hu atoms
from water and urea, including for GPG-NH2:water [183].

Table 3.9: Coordination numbers (nβα) for the water hydrogens (Hw) and urea hydro-
gens (Hu) around GPG-NH2 oxygens from EPSR and MD simulations in Figure 3.14,
including for GPG-NH2:water [183]. Also shown are the hydration difference (HD) and
the urea/water preference ratio (PR).

GPG-NH2 GPG-NH2 +urea HD /% PR
rmax / Å EPSR MD EPSR MD EPSR MD EPSR MD

O1-Hw 2.5 1.3 1.1 1.3 0.9 -2 -16 - -
O2-Hw 2.5 1.8 1.6 1.6 1.4 -13 -15 - -
O3-Hw 2.5 2.1 1.8 1.8 1.8 -17 -4 - -

O1-Hu 2.5 - - 0.1 0.2 - - 0.7 1.8
O2-Hu 2.5 - - 0.2 0.3 - - 0.9 1.4
O3-Hu 2.5 - - 0.3 0.3 - - 1.1 1.2

This may be a result of how compact (‘folded’) or less compact (‘open’) the peptides

are in solution (Section 3.3.5). The MD simulation has more compact ‘folded’ peptides,

as a comparison between the O1-HT1 intra-peptide contacts, which is indicative of β-
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turn formation [198]. Figure 3.13 shows a larger number of ‘folded’ GPG-NH2 molecules

in the MD simulation (≈ 24%) compared with EPSR (≈ 4%) and oddly here there are

slightly more ‘folded’ GPG-NH2 peptides in the presence of urea than without in the MD

simulations [183]. More unfolded peptides would be more solvent accessible and therefore

somewhat higher hydration might be expected around the (Gly-Pro) O1 atom. To test

this, the O1-Hw coordination numbers were taken for ‘folded’ peptides and compared to

unfolded peptides in the MD simulation, where GPG-NH2 was considered to be ‘folded’

when the HT1–O1 distance was less than 4.5 Å. The coordination numbers do show that

the O1 atom is slightly less hydrated when ‘folded’ (nHwO1 (r) = 0.8; r = 2.5 Å) compared

with unfolded (HT1-O1 > 4.5 Å; nHwO1 (r) = 0.9; r = 2.5 Å), however O1 also showed

more urea interactions when GPG-NH2 was unfolded (nHuO1 (r) = 0.2; r = 2.5 Å) and as

such the O1 atom still shows a preference for urea when the GPG-NH2 molecules are

unfolded (PR = 1.6 for unfolded molecules in MD).

Figure 3.15 shows SDMs which depict the most probable location of water and

urea molecules in 3-dimensions around each of the GPG-NH2 oxygens within a specific

distance range. In both simulations, the SDMs are similar, where for each oxygen

there is a broader distribution of urea molecules compared with water molecules in

the surrounding shells. This can, in part, be explained by the SDM setup; both urea

and water spatial distributions are indicating the positions of the central atoms, water

oxygen (Ow) or urea carbon (Cu). As hydrogen bonds towards the peptide carbonyl

oxygens will be via the water or urea hydrogens (Hw and Hu) and the latter are two

bonds distant from the central atom (Cu) positions depicted a broader distribution of

urea in the SDMs is the result. However, the broader urea distribution can be observed

for the Gly1-Pro2 peptide bond oxygen (O1; Figure 3.1) where the urea molecules have

a high probability of not only being located behind the oxygen atom (in the -x direction

towards the proline ring) but also on either side of the O1 atom. Water molecules, on

the other hand, show a more narrow distribution of locations with a high probability

of being located behind the O1 atom. To varying degrees this is true for all oxygen

sites;urea also preferentially occupying spaces where the water molecules have lower

probability of being located. Despite the differences in coordination numbers between

the two simulation techniques, the SDMs for both MD and EPSR are similar, with both
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showing urea in different locations to the surrounding water shell.

3.3.6.2 Peptide Backbone Nitrogen Solvation

Similar to Figure 3.14, Figure 3.16 shows RDFs between urea and water oxygens (Ou

and Ow, respectively) and the GPG-NH2 nitrogens (Figure 3.1) and the coordination

numbers for these functions are listed in Table 3.10. In both simulations, EPSR fits to

the neutron data and MD, the water and urea interactions with the GPG-NH2 nitrogens

are broadly similar although MD shows significantly more urea interactions compared

with EPSR (Table 3.10) for N2 at a larger distance where the coordination numbers are

1.8 for EPSR and 2.3 for MD.

The -NH+
3 (N1) nitrogen clearly shows the most prominent peaks for the water-

nitrogen and urea-nitrogen interactions, which are a result of hydrogen bonding from the

N-terminal hydrogens to the Ow and Ou oxygens. The Pro2-Gly3 peptide bond nitrogen

(N3) also shows sharp peaks (at 2.8 Å) for both water and urea molecules at relatively

low r values, which again are a result of hydrogen bonding between the Hn3 hydrogen

(Figure 3.1) and the Ow and Ou atoms. Interestingly, while the N1 and N3 first peaks

are sharp and well defined (at 2.8 Å), both the proline ring nitrogen (N2) and Gly3-Ncap

(NT) nitrogen-water RDFs show broader and less well defined first peaks (at 3.0 Å),

indicating a more disordered distribution of water molecules around the Pro2 ring and

Ncap portions of GPG-NH2. For N2, this is unsurprising given the lack of a hydrogen on

the proline ring to which water or urea molecules could potentially form hydrogen bonds.

For the NT, the relatively broad peak in the gNTOw(r) function is rather unexpected

given that direct hydrogen bonds are formed between the both HT1 and HT2 atoms

and water oxygens. However, this hydration pattern is characteristic for amide-caps in

general, as will be shown in the following chapters. A likely explanation might be that

at the C-terminus of the peptide, water molecules are more delocalised because they are

not spatially constrained by a continuous peptide chain and can hydrogen bond to two

possible hydrogens (HT1 and HT2).

Similar to the peptide backbone oxygens, the backbone nitrogens also lose water

contacts upon urea addition. This can be observed for all N-Ow interactions in both
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EPSR MD
water urea water urea
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Figure 3.15: Spatial Density Maps (SDMs) of Ow (blue clouds) and Cu (green clouds)
around O1, O2 and O3 from EPSR (left columns) and MD (right columns). The 3D
shells show the top 40% of all molecules in a distance range from 0–3.3 Å for water and
0–5 Å (20%) for urea around GPG-NH2 oxygens on the central axis. The scale bar show
the local density of neighbours around the central nitrogen in units of atms/Å3.
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EPSR and MD. For example, the addition of urea decreases the water coordination

of NT from 7.0 to 6.2 (≈ -11%) for EPSR and 6.9 to 5.8 (≈ -16%) for MD. In MD

especially the proline nitrogen N2 and the amide cap nitrogen NT lose relatively more

water contacts (≈ -15%) than the more polar groups N1 or N3. In EPSR, N3 loses the

most water contacts when urea is added (≈ -15%).

In this peptide:urea:water system all GPG-NH2 nitrogens preferentially interact with

urea (via the carbonyl oxygen Ou) over water (via oxygen Ow; Table 3.10), this is

especially clear for the polar N1 and N3 where urea shows especially in MD a relatively

large preference for these groups. The Gly1-Pro2 (N2) and Ncap (NT) nitrogen atoms

on the other hand, show a less marked preference for urea. For the EPSR fits to the

neutron data these backbone nitrogens (N2 and NT) show neither a preference for urea

nor water.

Figure 3.17 shows the SDMs for water and urea around the nitrogen atoms in GPG-

NH2. As opposed to the SDMs in Figure 3.15 where water and urea are in different

locations around the oxygen atoms, both water and urea occupy similar locations around

each nitrogen for both EPSR fits to the neutron data and the MD simulations. This

indicates that urea is likely to directly replace the waters around the peptide-bond

nitrogen groups, rather than coordinating to the peptide in a different location. The

only slight exception to this is the EPSR for the proline (N2) nitrogen which shows a

more diffuse shell of urea molecules around the proline nitrogen compared with the MD.

This is, in part, likely a result of these closest urea molecules being spread over a much

larger distance range as evidenced by the gN2Ou(r) function.
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Figure 3.16: RDFs for GPG-NH2 peptide bond nitrogens and N terminal nitrogen and
Ow/Ou atoms from water and urea, respectively, from MD and EPSR, including for
GPG-NH2:water [183].

Table 3.10: Coordination numbers (nβα) for the water oxygens (Ow) and urea oxygens
(Ou) around GPG-NH2 nitrogens from EPSR and MD simulations in Figure 3.16, in-

cluding for GPG-NH2:water [183]. The minima where the nβαs were taken are also listed.
Also shown are the hydration difference (HD) and the urea/water preference ratio (PR).

GPG-NH2 GPG-NH2 +urea HD /% PR
rmax / Å EPSR MD EPSR MD EPSR MD EPSR MD

N1-Ow 3.6 3.9 4.3 3.4 4.0 -12 -7 - -
N2-Ow 6.8 31.0 30.7 27.1 26.4 -12 -14 - -
N3-Ow 3.4 1.1 1.1 1.0 1.1 -15 -6 - -
NT-Ow 4.3 7.0 6.9 6.2 5.8 -11 -16 - -

N1-Ou 3.6 - - 0.3 0.4 - - 1.3 1.3
N2-Ou 6.8 - - 1.8 2.3 - - 1.0 1.3
N3-Ou 3.4 - - 0.1 0.1 - - 1.7 1.8
NT-Ou 4.3 - - 0.4 0.4 - - 1.0 1.0
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water urea water urea
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Figure 3.17: Spatial density maps (SDMs) of Ow (blue) and Ou (green) around N1, N2,
N3, NT from EPSR (left column) and MD (right column). In each case, the 3D shells
show the top 40% of neighbour water molecules and 20% of urea molecules in a distance
range from 0 Å to the rmax distance shown in Table 3.10 for each atom. The scale bar
show the local density of neighbours around the central nitrogen in units of atms/Å3.
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Figure 3.18 shows the RDFs of the backbone hydrogens bound to the GPG-NH2

nitrogens with urea and water oxygens. Similar to the backbone nitrogen hydration

and urea interaction, it is clear that there is a direct hydrogen bonding between these

peptide sites and the urea molecules, as indicated by hydrogen bond peaks in the RDFs.

Comparing the CNs in Table 3.11 there is, again, a slight loss in hydrating water upon

the addition of urea to the GPG-NH2:water mixture visible in both simulation techniques.

For example, the CN of the gHn1Ow(r) decreases from 0.9 to 0.8 in both simulations.

While in EPSR all of the hydrogens lose hydrating water upon urea addition, where

this is most pronounced for the hydrogen Hn1 (-13%), in MD only the N- and cis (to

O3) C-terminal hydrogens lose water contacts. MD shows a clear site preference for

HT2 (cis to O3) to be less hydrated upon urea addition and for HT1 (trans to O3)

to have more water contacts in the presence of urea. In EPSR, all of these backbone

hydrogens have a clear preference to form hydrogen bonds with urea rather than water.

The same is true for the MD simulation, however in MD the polar Hn3 has very strong

preference for urea while HT1 only has a very small preference for urea.

The backbone nitrogen-chloride interaction RDFs are shown in Figure 3.19. For

EPSR the addition of urea leads to a clear increased interaction between the chloride

anions and the polar amide nitrogens and even more with the positively charged amine

N-terminus (N1) where the CN almost doubles from 0.3 to 0.6 for EPSR. This effect

does not occur in MD where the coordination of the backbone nitrogens and chloride is

almost unchanged by urea.
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Figure 3.18: RDFs for GPG-NH2 peptide bond hydrogens and Ow/Ou atoms from water
and urea, respectively, from MD and EPSR, including for GPG-NH2:water [183].

Table 3.11: Coordination numbers (nβα) for the peptide backbone hydrogens and water
oxygens (Ow) and urea oxygens (Ou) around GPG-NH2 NH hydrogens from EPSR and

MD in Figure 3.18, including for GPG-NH2:water [183]. The minima where the nβαs were
taken are also listed. Also shown are the hydration difference (HD) and the urea/water
preference ratio (PR).

GPG-NH2 GPG-NH2 +urea HD /% PR
rmax / Å EPSR MD EPSR MD EPSR MD EPSR MD

Hn1-Ow 2.3 0.9 0.9 0.8 0.8 -13 -7 - -
Hn3-Ow 2.5 0.8 0.8 0.8 0.8 -4 +1 - -
HT1-Ow 2.5 0.8 0.7 0.7 0.7 -10 +10 - -
HT2-Ow 2.5 0.7 0.7 0.7 0.6 -8 -13 - -

Hn1-Ou 2.3 - - 0.1 0.1 - - 1.5 1.6
Hn3-Ou 2.5 - - 0.1 0.2 - - 1.1 2.8
HT1-Ou 2.5 - - 0.1 0.1 - - 1.8 1.0
HT2-Ou 2.5 - - 0.1 0.1 - - 1.8 1.7
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Figure 3.19: RDFs for GPG-NH2 peptide bond nitrogens and N terminal nitrogen and
Cl atoms from MD and EPSR, including for GPG-NH2:water [183].

Table 3.12: Coordination numbers (nβα) for chloride and GPG-NH2 nitrogens from EPSR
and MD simulations in Figure 3.19, including for GPG-NH2:water [183]. The minima

where the nβαs were taken are also listed.

GPG-NH2 GPG-NH2 +urea
rmax / Å EPSR MD EPSR MD

N1-Cl 3.9 0.3 0.3 0.6 0.3
N2-Cl 5.7 0.3 0.3 0.5 0.2
N3-Cl 4.2 0.1 <0.1 0.1 0.1
NT-Cl 4.1 0.1 0.1 0.2 0.1
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3.3.6.3 Apolar Solvation

The hydration and urea coordination of remaining peptide atom types (Cαs and Hαs,

carbonyl Cs and proline side chain carbons and hydrogens) is shown in Figure 3.20.

The hydration of the mostly apolar groups decreases slightly when urea is added, for

example decreases the CN (Table 3.13) of the Co atoms from 4.9 to 4.4 in EPSR and

from 5.0 to 4.2 in MD. The loss of water coordination is on average higher (≈ -13%) in

the MD simulations than in the EPSR fit to the neutron data (≈ -9%). This might be

due to a slight preference for urea in MD; whereas in EPSR the hydrophobic sites have

a preference for water interaction. Water is relatively disordered around these groups

and the addition of urea leads to a loss of water at a larger distance (< 5 Å) but no

clear dehydration. In fact the magnitude of loss of water contacts is comparable with

the polar backbone sites in Section 3.3.6.1-3.3.6.2.

Table 3.13: Coordination numbers (nβα) at 2.52 Å for the GPG-NH2 apolar atoms and
water and urea oxygens (Ow) and (Ou) from EPSR and MD simulations in Figure 3.20,

including for GPG-NH2:water [183]. The minima where the nβαs were taken are also
listed. Also shown are the hydration difference (HD) and the urea/water preference
ratio (PR).

GPG-NH2 GPG-NH2 +urea HD /% PR
rmax / Å EPSR MD EPSR MD EPSR MD EPSR MD

Cp-Ow 4.7 9.0 9.6 8.3 8.5 -8 -12 - -
Co-Ow 4.2 4.9 5.0 4.4 4.2 -10 -16 - -
Cm-Ow 4.2 4.5 4.5 4.2 3.9 -8 -15 - -
Cn-Ow 4.5 6.0 6.1 5.5 5.2 -8 -14 - -
Hc-Ow 3.5 2.6 2.4 2.3 2.1 -9 -11 - -

Cp-Ou 4.7 - - 0.6 0.7 - - 1.0 1.2
Co-Ou 4.2 - - 0.2 0.3 - - 0.7 1.0
Cm-Ou 4.2 - - 0.2 0.3 - - 0.7 1.1
Cn-Ou 4.5 - - 0.3 0.4 - - 0.8 1.2
Hc-Ou 3.5 - - 0.1 0.2 - - 0.8 1.2
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Figure 3.20: RDFs for GPG-NH2 apolar atoms and Ow/Ou atoms from water and urea,
respectively, from MD and EPSR, including for GPG-NH2:water [183].
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3.3.7 Whole molecule analysis

Whole molecule analysis (WMA) has also been performed using ANGULA [229]. In

the WMA in Figure 3.24, the GPG-NH2 molecules at the center of these plots are a

representative of the distribution of the GPG-NH2 conformations in each of the simula-

tions. While it cannot be prevented that the selected peptide conformations influence

the observed solvent distribution around them, these conformations were determined

by selecting for the most likely conformation by selecting the backbone dihedral an-

gles in Table 3.14. Figure 3.21 shows the dihedral labelling of GPG-NH2 and Figure

3.22 the dihedral angle distributions. Correlations between these dihedral distributions

were ruled out by the bivariate analysis. In general, the GPG-NH2 peptides show more

confined conformations in MD and more flexibility in EPSR. Unlike the intramolecular

distance in Figure 3.13 the dihedral angles show that there are more than two unique

peptide conformations in EPSR. Apart from the Gly1-Pro2 peptide bond (ωGly1−Pro2:

CαG1-C(=O)-N2-CαP2) both cis and trans MD simulations have almost identical di-

hedral angle preferences. In EPSR the peptide bond angles ωGly1−Pro2 and ωPro2−Gly3

(CαP2-C(=O)-N3-CαG3) do not have clear maxima at 180° (or 0° for cis) but are slightly

shifted by ≈ 30° and ψPro2 (N2-CαP2-C(=O)-N3) exhibits no clear dihedral preference.

As a further work, it might be interesting to compare these dihedral angle preferences

to GPG-NH2 without urea.
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Figure 3.21: Dihedral angles along the GPG-NH2 backbone. The labelled bond refers
to the respective rotational axes.
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Figure 3.22: Dihedral angle distributions along the GPG-NH2 backbone (labels in Figure
3.21) in the urea containing simulations.

Figure 3.23 shows the related whole molecule RDFs of urea carbon and water oxygen

around GPG-NH2. The nearest neighbour peak at 1.8 Å of the water RDF represents

the close water interactions via the positively charged N-terminus and the polar amine

groups. In EPSR, this peak is slightly closer to the peptide than in both MD simulations.

The second peak at 2.8 Å accounts for other water hydrogen bonds with the peptide and

is higher for EPSR than for MD. To account for all urea-peptide interactions, including

urea as a hydrogen bond donor and acceptor, the central urea carbon was chosen for
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Table 3.14: Dihedral angles selected (± 20 °) for the whole molecule analysis depictions
in Figure 3.24. The related dihedral distributions are shown in Figure 3.22 and the
labels in Figure 3.21.

GPG-NH2 +urea
Dihedral EPSR MD

Label between trans cis

ψGly1 N1-CαG1-C(=O)-N2 100 180 150
ωGly1−Pro2 CαG1-C(=O)-N2-CαP2 150 180 0
φPro2 C(=O)-N2-CαP2-C(=O) -50 -50 -50
ψPro2 N2-CαP2-C(=O)-N3 -20 150 150
ωPro2−Gly3 CαP2-C(=O)-N3-CαG3 140 180 180
φGly3 C(=O)-N3-CαG3-C(=O) 80 80 80
ψGly3 N3-CαG3-C(=O)-NT 75 75 75
ωGly3−Cap CαG3-C(=O)-NT-HT1 0 0 0

the WMA distribution. This results in a whole molecule RDF with a broad peak at

≈ 3.0 Å in Figure 3.23 for all simulations. However, in EPSR this peak is markedly

smaller, indicating less peptide-urea contacts than in MD simulations. This is consistent

with the preceding peptide site analysis in Section 3.3.6 where, overall, more peptide-

urea contacts were visible in MD than in EPSR.

Figure 3.23: RDF of water oxygen (Ow) and urea carbon (Cu) around the whole GPG-

NH2 peptide.

While the first column of Figure 3.24 depicts the chosen peptide conformation, the

probability density of water molecules around GPG-NH2 is shown in the second column

of Figure 3.24 within a distance range of 0-4.0 Å from any atom on the peptide. In

both MD and EPSR there is a marked preference for water to be located around the

polar regions of the peptides with MD showing a higher propensity of waters being

either around the N-terminus or around the Pro2-Gly3 peptide bond in a fairly broad
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distribution, consistent with the RDFs and SDMs in Figures 3.16 and 3.17. EPSR, on

the other hand, shows a similar hydration shell but also shows density on the other

side of the GPG-NH2 peptide and overall a broader distribution of hydration compared

to MD. In each of these hydration WMA plots, there is a relative absence of water

around the proline ring portions of the peptide. This is in accordance with the side

chain hydration RDFs (Figure 3.20) where the first hydration peak was usually small.

The third column of in Figure 3.24 shows the most probable distributions of urea

molecules around GPG-NH2, with EPSR and MD showing fairly different density distri-

butions. For EPSR, urea preferentially occupies spaces where water is absent, while MD

shows a broader distribution of urea and water and urea have a similar propensity in MD

to occupy many the same spaces around the GPG-NH2 peptide. This is most clear for

the band of urea density around the Pro2-Gly3 portion of the molecule in Figure 3.24.

As opposed to the hydration density, the GPG-NH2-urea WMA shows density around

the proline ring, with especially MD showing some density near this ring, which is in

accordance with the findings in Section 3.3.6.3 where apolar groups on GPG-NH2 had a

preference for urea over water contacts in the MD simulation.

3.4 Conclusions

In this investigation, the bulk water structure in the GPG-NH2:water:urea system does

not appear to be significantly perturbed by the presence of urea in solution apart from

the slight perturbation of the second neighbour shell in the gOwOw(r)s in Figure 3.8

[183, 230]. This is consistent with previous investigations on TMAO/urea in aqueous

solution where it was found that large increases in the amount of urea in solution did not

significantly perturb the bulk water structure [226]. This lack of perturbation suggests

that an ‘indirect’ mechanism of protein denaturation by urea altering the bulk water

structure is not dominating, in agreement with previous investigations [225, 231]. But

the slight change in local water structure might, especially at higher urea concentrations,

still be a secondary effect of urea on the solvent.

As opposed to previous simulations which found that water was preferred over urea
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Figure 3.24: Most probable conformations and whole molecule analysis of solvent clouds
around the most probable conformation of GPG-NH2. Water oxygens (Ow, blue, 35%,
up to 4.0 Å) and urea carbons (Cu, green, 50%, up to 5.0 Å)
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for the charged and polar portions of the peptides [221]; here, the charged groups of the

GPG-NH2 peptide in almost all cases showed a preference to form hydrogen bonds with

urea rather than water. The only exception to this preference is the Gly1-Pro2 peptide

bond carbonyl oxygen (O1) from the EPSR fits to the neutron data which showed a

clear preference to be hydrated rather than to form hydrogen bonds with urea, which

may be due to the fact that in MD GPG-NH2 has more of a ‘folded’ conformation.

Interestingly, urea was preferred over water at a larger distance (> 3.4 Å) from apolar

groups of the peptide, in agreement with previous MD studies [221]. However in the

EPSR fit to the neutron data, this preference for urea on apolar sites was not observed.

Instead, EPSR showed that urea is preferred at mostly polar or charged groups that are

in this case found on the peptide backbone.

In general, MD also showed a slightly higher level of urea–GPG-NH2 contacts com-

pared to EPSR where this preference was most notable for the the Gly1-Pro2 (N2)

nitrogen (Figure 3.16). This preference for urea in the MD simulations is accentuated

by the WMA shown in Figure 3.24 where there is a much broader distribution of GPG-

NH2-urea interactions compared with the WMA for the EPSR fits to the neutron data.

Even though the distribution of urea is quite different for each simulation, they both

show a fairly significant probability of urea–proline ring interactions while there is an

absence of water-proline contacts in GPG-NH2 WMAs. This observation indicates that

urea preferentially associates with the hydrophobic sites of proteins rather than water

as previously proposed [195]. The urea density in the WMAs, for both simulation tech-

niques, is located around different portions of the GPG-NH2 backbone and the proline

ring. This observation supports simulation studies on group transfer free energies which

suggest that urea denatures proteins due to largely favourable interactions with the

protein backbone and side chains [104, 105].

That urea is preferred over water around most of the peptide bonds indicates that

urea can easily replace water along the GPG-NH2 backbone, thus lowering the overall

hydration of the peptide. This is what seems to occur for the amide nitrogens in the

backbone, with the SDMs in Figure 3.17 suggesting that water molecules are simply

replaced by urea in the same locations around these nitrogen containing groups, this
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is especially evident for the Pro2-Gly3 peptide bond. For the peptide bond carbonyl

oxygens however, the SDMs in Figure 3.15 indicate that while there is some replacement

of water by urea, that urea also has a high probability to bind to the backbone oxygens

at different locations in space. The fact that the addition of urea lowers the peptide

hydration regardless of a preference for urea or water at that site, suggests that the

effect of urea is more than a simple replacement of water. Taken together, these two

phenomenon suggest that the amide hydrogens in the protein backbone might be the

initial site of water replacement by urea forming strong hydrogen bonds with -NH-

groups in a peptide or, by extension, proteins. Although in the current work only a

small model peptide and a relatively low urea concentration has been used, it may be

that when initiating denaturation of a peptide or protein backbone, urea first attacks the

backbone by displacing the waters around the amide groups and then as a secondary step

bridges from the -NH- group to the peptide bond oxygens - which eventually will ‘unzip’

the backbone, exposing the hydrophobic core to the surrounding solvent molecules.

A potential urea-effect on co-solute ions would need to be confirmed by additional

experiments. This aspect will be discussed in the next chapter.



Chapter 4

Conformation of KGXGK Peptides

and Influence of Urea on the

KGPGK Peptide

4.1 Introduction

Previous studies have shown an ambiguous influence of salts such as LiCl, CaCl2 and KCl

on the ability of urea to denature proteins. Lower salt concentrations have been shown

to stabilise against urea-induced denaturation in CD and other spectroscopic measure-

ments [232, 233]; whereas higher salt concentrations appear to destabilise the protein

in the presence of urea [232]. In addition, osmolytes such as trimethylamine N-oxide

(TMAO) and proline are known to protect against urea-induced denaturation [234], and

certain proteins from halophilic organisms are resistant against urea denaturation in the

presence of high salt (NaCl) concentrations [235]. Recently, the protective properties of

osmolytes was shown by NMR spectroscopy to be caused by a direct hydrogen bonding

interaction between the osmolyte betaine and urea [236]. Under other conditions, a

low [237] or high pH [238], has been shown to facilitate urea-induced denaturation of

proteins in solution.

Interestingly, although it is well-known that proteins only function under very spe-

107
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cific conditions, many in vitro investigations of proteins, such as X-ray crystallography

[239] and other biochemical methods use high-salt buffers, organic polymers and unphys-

iological pH conditions in order to stabilise and solubilise proteins. There is clearly a

conundrum which is not easy to overcome in biophysical investigations of proteins; while

in vivo proteins only function in their native form under heavily prescribed conditions,

unphysiological conditions must often be used in order to perform studies on proteins

in vitro.

The model peptide lysine-glycine-proline-glycine-lysinamide (in the following re-

ferred to as KGPGK; Figure 4.2), both with and without urea in solution, has been

investigated and the atomic scale details analysed. The lysine residues were chosen to

be added to the GPG-NH2 sequence in order to increase both the solubility and flexibility

of the peptide within the solution. However, the addition of lysine residues also lowers

the pH significantly compared to the GPG-NH2 solutions. In both KGPGK solutions,

with and without urea, the anion trifluoroacetic acid (TFA) is present, where TFA− is

a commonly used counter anion in peptide synthesis.

As is apparent throughout this work, proline is a unique amino acid as it is occa-

sionally found in a cis peptide bond (Figure 4.1) conformation within the amino acid

chain of certain proteins [240, 241]. But unlike glycine, the cyclic structure of proline

makes it one of the conformationally more rigid amino acids within a folded protein

structure. However, in an unfolded peptide [242], folding polypeptide chain [34] or a

flexible protein part [243] proline can flip between cis and trans conformations. Its

tertiary amine structure, within a peptide bond, introduces a kink into the polypetide

chain often interrupting repetitive secondary structure elements, such as sheets and he-

lices, which explains its prevalence in turns and unique protein structures such as in

left-handed collagen helices [244, 245].

The pentapeptide KGPGK contains a sequence which commonly forms turns in

many proteins (XPGX) [199, 200, 201, 202, 203], is not folded in solution, but exists in

a variety of conformational states. KGPGK allows for the observation of a peptide in

the process of folding, so that the role of water can be probed directly. The XGPGX

sequence is found 1347 times in the UniProt Protein Database [246], mostly in loop-
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Figure 4.1: A proline peptide bond in trans and cis conformation.

sequences; 39% in β-turns and 10% in γ-turns. The positively charged lysine residues

next to the GPG motif were chosen in order to add more flexibility and solubility to the

system in order to observe a transient conformation in the process of folding.

In addition, previous studies have shown a possible water mediating between the β-

turn typical i→ i+3 hydrogen bond in GPG-NH2 which might precede a direct hydrogen

bonding in a protein structure; where water perhaps ‘nucleates’ the beginning of protein

folding [198].

Firstly, this chapter will focus on the balance between a salt and urea, and how they

interact with different parts of a peptide in solution. Secondly, this chapter will probe

the conformational and hydration specificities that proline introduces into the peptide

chain. Specifically, four model peptides KGPGK, KGGGK, KGSGK and KGLGK will

be structurally analysed. These peptides (in the following referred to as KGX GK)

were chosen on the basis of the KGPGK peptide to study proline in comparison with a

nonpolar (L), a polar (S) and a highly flexible (G) residue. The data has been derived

from an EPSR fit to the neutron and X-ray diffraction data and MD in case of KGPGK,

only trans conformations will be considered in this chapter) and only by MD in the case

of KGGGK, KGSGK and KGLGK.
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4.2 Methods

4.2.1 NMR Spectroscopy Sample Preparation and Measurement

Lysine-glycine-proline-glycine-lysinamide with trifluoroacetic acid (KGPGK3+· 3TFA−)

was purchased from Proteogenix (Schiltigheim, France) and used without further pu-

rification. Peptide composition and sample purity were confirmed by elemental analysis

(Medac Ltd., Table 4.3) and NMR spectroscopy (Figure 4.6). The NMR samples and

other deuterated samples were prepared and measured as described in Section 3.2.1.

The cis/trans ratio of the Gly2-Pro3 peptide bond was determined by integration of

proline cis and trans peaks. Apart from spectra that were used to assign the peaks and

ensure sample purity, complete deuteration of the 100% D samples was confirmed by

NMR spectroscopy and the influence of the higher peptide concentration in the neutron

scattering samples and the influence of urea and a neutral pH were also assessed by

NMR spectroscopy.

4.2.2 Neutron and X-ray Diffraction and Sample Preparation

The samples for neutron and X-ray diffraction measurements were prepared by weight as

described in Section 3.2.2 with the appropriately isotopically labelled peptide, urea, H2O

and/or D2O (99.98%) to give a molecular ratio of 1:346 (peptide:water) and 1:2.75:346

(peptide:urea:water) which was found to be the upper limit of peptide and urea solu-

bility. This corresponds to a peptide concentration of ≈ 0.15 M, a TFA concentration of

≈ 0.45 M and a urea concentration of ≈ 0.4 M. The level of deuteration is with respect to

the exchangeable hydrogens in the sample (H3n, H2, H4, H5, H6a, H6b, Hu and Hw).

The measured pH of KGPGK:TFA in water was 2.3 and in the KGPGK:urea:TFA so-

lution the measured pH was 4.4.

Neutron diffraction data for five isotopically substituted samples (Table 4.1) of

KGPGK in solution, both with and without urea, were collected on the SANDALS

diffractometer at the ISIS Facility (STFC, UK) for ≈ 8 hours per sample at 298 K and

1 atm pressure and as described in Section 3.2.2. For each data set, the measured scat-
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Figure 4.2: Molecular structure of the H3N-KGPGK-NH+3
2 (trans) pentapeptide, TFA,

urea and water including the labelling scheme used in this and the following chapter.
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tering levels were within 10% of the expected theoretical values (DCS levels in Table

4.1). The neutron scatering data were corrected using the GudrunN programme (Section

2.2.7.3). X-ray diffraction data were collected for the fully protiated sample contained

in 0.1 mm diameter borosilicate glass capillary using a Panalytical X’pert Pro diffrac-

tometer, also available at the ISIS facility, which has an incident wavelength of 2 Å.

The measured X-ray scattering data were reduced and corrected for effective density,

absorption, bremsstrahlung and Compton scattering and normalised to the total form

factor and converted to a structure factor using GudrunX [172].

Table 4.1: List of samples used for the collection of neutron diffraction data. For each
dataset the 100% H sample was also used for X-ray diffraction. The molecular ratio
of KGPGK·3TFA:water was 1:346 and KGPGK·3TFA:urea:water 1:3:346. The level of
deuteration refers to the exchangeable hydrogens on KGPGK, urea and water (H3n, H2,
H4, H5, H6a, H6b, Hu and Hw).

KGPGK + water KGPGK +urea + water
Sample Label Deuteration µA DCS level µ / A DCS level

I 100% H 1572 90.9% 1664 97.0%
II 64% H 36% D 1452 91.3% 1634 94.7%
III 50% H 50% D 1282 93.6% 1620 93.6%
IV 36% H 64% D 1353 92.6% 1579 93.1%
V 100% D 801 92.6% 1568 96.5%

4.2.3 Empirical Potential Structure Refinement

For the work presented here, the modeling box contained 20 KGPGK molecules (atomic

labeling for the KGPGK molecules is shown in Figure 4.2), 60 TFA− ions and 6920 water

molecules at the measured density (ρ= 1.098 g/ml = 0.1006 atoms·Å−3) and a temper-

ature of 298 K. For the simulations with urea, 55 molecules of urea were added to this

mixture (ρ= 1.044 g/ml = 0.1008 atoms·Å−3). Starting potentials for water molecules

were taken from the TIP3P water model [152] and parameters for the peptide and urea

molecules and TFA ions from the CHARMM36 forcefield [148, 206, 207, 208, 209] and

modified in order to adjust for different atomic labeling in EPSR compared with MD.

These parameter are shown in Table 4.2. Other parameters like starting conformation,

dihedral angles and rotational groups are in Appendix A. The EPSR simulation con-

tained a mixture of cis and trans KGPGK molecules (with respect to the Gly2-Pro3

bond) in ratios which correspond with that measured by 1H NMR spectroscopy (15% cis;
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85% trans). 3 cis and 17 trans KGPGK molecules with non-rotating peptide bonds were

used as starting conformations.

4.2.4 Molecular Dynamics Simulations

MD simulationsa were performed at the same molecular ratios as the diffraction measure-

ments and EPSR simulations. Each system contained 20 KGPGK-NH2 molecules of the

same starting conformation with trans Gly2-Pro3 peptide bonds which were observed to

be the significant majority from the NMR spectroscopy experiments, 60 TFA− counter

ions, 55 urea molecules for the urea containing simulation and 6920 water molecules. The

KGPGK-NH2 molecules were modeled using the CHARMM36 forcefield [148, 206, 207]

and the TFA− ions and urea molecules were modeled using the CHARMM General

force field [208, 209]. The water molecules were modeled with the TIP3P model [152]

which has been modified for the CHARMM force field [211]. The MD simulation was

performed as described in Section 3.2.4 for 80 ns with a timestep of 2 fs.

Further MD simulations were performed on KGGGK, KGSGK and KGLGK (each

with a C-terminal amide cap).b Each simulation contained 20 peptides, 60 TFA molecules

and 6920 water molecules. The MD setup was according to Section 4.2.4 using the TIP3P

water model and the CHARMM36 and CHARMM General force field.

4.2.5 ANGULA

Figure 4.3 shows the orthonormal coordinate systems assigned to the KGPGK peptide

nitrogens and the water, TFA and urea molecules for the ANGULA analysis presented

here. These coordinate systems and 4000 snapshots of both the EPSR and MD sim-

ulation boxes were used resulting in the same number of KGPGK molecules (80000)

analysed. The position of the first neighbour molecules or molecules within a given

distance range of each fragment (SDM) or the whole molecule (WMA) can be depicted

as described in Section 2.4.

aThese simulations were performed by Anna Genina. They were analysed and converted to
F (Q)s/G(r)s by myself.

bThese simulations were performed by Chris Lorenz. They were analysed by myself.
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Table 4.2: The parameters used in the EPSR simulations of the KGPGK/TFA/urea/wa-
ter samples. The first 28 atom types are on the KGPGK peptide. For TFA, urea and
water the second letter of the atom label (t, u, w) indicates the molecule to which the
atom belongs, where t is for TFA, u is for urea and w is for water.

Atom Label ε / kJ mol−1 σ / Å q / e

Cg 0.23430 3.5814 -0.020
Ck 0.21422 3.5778 -0.038
Co 0.42677 3.5636 0.518
Cp 0.19351 3.9200 -0.085
H2 0.19246 0.4001 0.310
H3n 0.19246 0.4001 0.330
H4 0.19246 0.4001 0.310
H5 0.19246 0.4001 0.310
H6a 0.19246 0.4001 0.320
H6b 0.19246 0.4001 0.300
Hg 0.11715 2.3876 0.090
Hk 0.14226 2.3876 0.080
Hka 0.09205 2.3520 0.095
Hp 0.14226 2.3876 0.090
Hpa 0.09205 2.3520 0.090
N1 0.83680 3.2963 -0.300
N2 0.83680 3.2963 -0.470
N3 0.83680 3.2963 -0.290
N4 0.83680 3.2963 -0.470
N5 0.83680 3.2963 -0.470
N6 0.83680 3.2963 -0.620
Nk1 0.83680 3.2963 -0.300
Nk5 0.83680 3.2963 -0.300
O1 0.50208 3.0291 -0.510
O2 0.50208 3.0291 -0.510
O3 0.50208 3.0291 -0.510
O4 0.50208 3.0291 -0.510
O5 0.50208 3.0291 -0.550

Ct2 0.00837 4.1000 0.812
Ct1 0.71128 3.2000 0.661
Ft 0.40585 2.8500 -0.295
Ot 1.00420 3.4700 -0.794

Cu 0.29288 3.5636 0.600
Nu 0.83680 3.2963 -0.690
Hu 0.19246 0.4000 0.340
Ou 0.50208 3.0291 -0.580

Ow 0.63639 3.1507 -0.834
Hw 0.19246 0.4000 0.417
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Figure 4.3: Coordinate systems used in ANGULA for the KGPGK and KGPGK+urea
systems. The centre of the TFA molecules has been assigned the pseudoatom Ctm.



Chapter 4. Conformation of KGX GK Peptides and Influence of Urea on the KGPGK

Peptide 116

Figure 4.4 shows the basic KGX GK peptide labelling of residues and backbone

dihedral angles. Orthonormal coordinate systems were assigned to the peptide backbone

oxygens and nitrogens and the water molecules according to Figure 4.3. 4000 snapshots

of both the EPSR and MD simulation boxes were used resulting in the same number of

KGX GK molecules (80000) analysed.

Figure 4.4: The basic structure and labelling of the KGPGK, KGGGK, KGSGK,
KGLGK peptides. The labelled bond refers to the respective rotational axes of the
dihedral angles. The varied residue of the third amino acid is R = H (for Gly3), R =
C3H6 (for Pro3, -H on N3), R = CH2OH (for Ser3), R = CH2CH(CH3)2 (for Leu3).

4.2.5.1 Bridging Water Analysis

In order to analyse if a water molecule bridges between a transient hydrogen bond

(for example between i and i + 3; O2 and N5) in the KGX GK peptides two nearest

neighbour analyses of water molecules next to two sites of the peptide (e.g. the hydrogen

bonding donor O2 and acceptor site N5) were performed and the resulting data sets of

water molecules compared. If water molecules were the nearest neighbour for both sites

they were included in the set of bridging water molecules or shared nearest neighbour

molecules (Figure 4.5).

This analysis was not only performed for nearest neighbour water molecules, but

also for second neighbour and first or second neighbour water molecules.
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Table 4.3: Elemental analysis of KGPGK: %m (Analysis) is the result of the elemental
analysis performed by MEDAC Ltd., %m (theor.) corresponds to the expected mass
percentages of pure [H3N-KGPGK-NH2]·3TFA.

Element %m (Analysis) %m (theor.)

C 37.09 39.23
H 3.77 5.24
N 12.14 13.55
O 24.88 21.29
Cl < 0.10 -
F 22.87 20.69

Figure 4.5: Schematic bridging/shared neighbour analysis between atoms A and B,
which can be on different molecules or the same.

4.3 Results

4.3.1 NMR Spectroscopy and Elemental Analysis

Table 4.3 shows the result of the elemental analysis compared with the theoretical ele-

mental mass percentages of pure [H3N-KGPGK-NH2]·3TFA. Although the fluorine con-

tent is slightly higher than expected, a peptide:TFA ratio of 1:3 is still the best estimate;

also considering that the neutron diffraction samples were within the expected differen-

tial cross section (Table 4.1).

The 1D 1H NMR spectrum of 15 mM KGPGK in H2O is shown in Figure 4.6. Smaller

peaks coresponding to peptides in the cis conformation of the Gly2-Pro3 peptide bond

are visible in the amide proton peaks for Gly4 (H4) and Lys5 (H5). The cis/trans ratio
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Figure 4.6: 1H 1D NMR spectrum of 15 mM KGPGK in H2O with peak assignment.

of 15% cis; 85% trans was determined by integration of the proline Hβ cis and trans

peaks.

Figure 4.7 shows the 1D 1H NMR spectra of KGPGK under varying conditions.

The cis/trans ratio is unchanged by an increased peptide concentration, as used for the

neutron scattering experiments, the addition of 2 M urea or sodium hydroxide to achieve

a neutral pH. The peptide backbone amide hydrogens and the lysine residue amine

hydrogens are absent in the deuterated water sample so a complete hydrogen/deuterium

exchange of these -NH hydrogens in the deuterated neutron scattering samples can be

verified. The only other visible difference is that these hydrogen peaks are pH sensitive

is that they are significantly decreased, due to a higher exchange rate with the solvent,

at a neutral pH.

4.3.2 Diffraction Data and EPSR Fits

Figure 4.8 shows the collected neutron and X-ray diffraction data for KGPGK·3TFA

solution samples with (Figure 4.8, bottom left) and without urea (Figure 4.8, top left)

compared to the simulated F (Q) fits from EPSR. The Fourier transformations for these

functions into real space are also shown (Figure 4.8, right). Similarly, the comparison

of the diffraction data with the F (Q) and G(r) data of the MD trajectories are shown

in Figure 4.9.
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Figure 4.7: 1H 1D NMR spectra of 15 mM D-KGPGK in D2O, the I (100% H) neutron
sample, 15 mM KGPGK in water with 2 M urea and 15 mM KGPGK in water a neutral
pH in comparison with 15 mM KGPGK in H2O

EPSR fits the neutron and X-ray data well except at low Q values in the neutron

diffraction data, where discrepancies in this region are likely due to under-estimated

inelastic scattering corrections [247]. In MD, F (Q) oscillations ranging from 6-10 Å−1 are

often different from the experimental data which predominantly arise from the TIP3P

water model as it has a fixed intramolecular O-H bond distance of 0.95 Å, which is

shorter than the measured OH position in the diffraction patterns and in the EPSR

simulation. The X-ray scattering data is significantly different from the theoretical

MD trajectories F (Q). This might indicate a difference in possibly fluorine or oxygen

correlations between experimental and MD simulated data, as they will have a slightly

larger contribution to the X-ray scattering signal.

4.3.3 Peptide Backbone Interactions

4.3.3.1 Peptide Backbone Nitrogen Interactions

Figure 4.10 shows the RDFs for the peptide backbone nitrogen interactions with the

water oxygens (Ow), TFA (Ot) and urea (Ou). The corresponding coordination numbers

of the first peaks in the RDFs can be found in Table 4.4. From this figure, the two

simulation techniques (EPSR and MD) show very similar results for the hydration of
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1 KGPGK : 3 TFA : 346 H2O

1 KGPGK : 3 TFA : 2.75 urea : 346 H2O

Figure 4.8: Measured diffration data (grey dots) for KGPGK in aqueous solution with
(bottom) and without urea (top) compared with the EPSR fits (dark cyan and blue
lines) in reciprocal space (F (Q), left) and in real space (G(r), right). The difference
between simulation and data are shown as a light cyan and blue lines. The data and
corresponding fits have been shifted for clarity. The sample labels correspond to the
level of deuteration in listed in Table

4.1.
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1 KGPGK : 3 TFA : 346 H2O

1 KGPGK : 3 TFA : 2.75 urea : 346 H2O

Figure 4.9: Measured diffration data (grey dots) for KGPGK in aqueous solution with
(bottom) and without urea (top) compared with the MD fits (dark purple and red
lines) in reciprocal space (F (Q), left) and in real space (G(r), right). The difference
between simulation and data are shown as a light purple and red lines. The data and
corresponding fits have been shifted for clarity. The sample labels correspond to the
level of deuteration in listed in Table

4.1.
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all peptide nitrogens with the water oxygens (Ow, left column), with and without urea.

The positively charged N1 is, relatively, the most hydrated with a distinct peak at

2.7 Å (CN≈ 4.0). The NH backbone nitrogens N2, N4 and N5 have a smaller first

hydration peaks at 2.8 Å (CN≈ 1.2). In EPSR, this hydration increases or decreases,

depending on the residue, with the addition of urea without a clear pattern. In MD, the

peptide backbone nitrogen hydration is almost unchanged and only slightly lowered for

all residues upon the addition of urea (hydration difference, HD≈ -3%) to the solution.

Unlike the peptide hydration, the peptide nitrogen – TFA oxygen (Ot) interactions

(Figure 4.10, middle column) vary significantly between the simulation techniques, with

and without urea and are residue specific. In the MD simulations, the N-terminus

(N1) is preferentially coordinated by TFA compared with the polar -NH groups on

the peptide backbone which show overall fewer interactions with this anion. There is

no influence of urea on these -NH-TFA interactions visible in MD as the coordination

numbers are unchanged by the presence of urea (Table 4.4). In EPSR, on the other

hand, the TFA-oxygen to peptide nitrogen interactions are significantly lowered (- 30-

80%) upon the addition of urea to the solution. Additionally, the first peak in the

N1-Ot RDF at ≈ 3 Å is further away from the nitrogen compared with the same RDF

in MD (≈ 2.7 Å ). In general, the interactions of TFA with the charged N1 N-terminus

are lower for EPSR compared to MD while TFA interactions with the -NH backbone

nitrogens are significantly higher in the EPSR simulations and, similar to N1, shifted

(≈ 3 Å ) further away from the backbone nitrogens. In EPSR, the addition of urea has

a clear, overall negative effect on the nitrogen-TFA interactions. Especially, the strong

TFA interactions with the charged N-terminus (N1) and the backbone nitrogens N2 and

N5 are significantly lowered in the urea-containing simulation which might explain the

increase in hydration at these residues.

The g(r)s between backbone nitrogen and urea oxygen (Ou) (Figure 4.10, right

column) again differ between EPSR and MD simulations. For EPSR, the first shell

of urea interaction via Ou varies widely between the backbone nitrogen sites with N1

showing the highest preference for interacting with the urea, N2, N3 and N6 showing

an absence of hydrogen bonding to urea and N5 showing strong hydrogen bonding

interactions with Ou, visible in a sharp peak in the N5-Ou RDF at 2.7 Å. However the
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Table 4.4: Coordination numbers (nβα) for the water oxygens (Ow), TFA oxygens (Ot)
and urea oxygens (Ou) around KGPGK nitrogens from EPSR and MD simulations. The
corresponding RDFs are shown in Figure 4.10 Also shown are the hydration difference
(HD) and the urea/water preference ratio (PR).

KGPGK KGPGK+urea HD /% PR
rmax / Å EPSR MD EPSR MD EPSR MD EPSR MD

N1-Ow 3.6 3.9 4.1 4.1 4.0 +6 -2 - -
N2-Ow 3.4 1.1 1.4 1.3 1.3 +16 -3 - -
N3-Ow 6.8 27.2 30.6 28.7 29.5 +6 -4 - -
N4-Ow 3.4 1.1 1.2 1.1 1.2 -2 -4 - -
N5-Ow 3.4 1.2 1.2 1.2 1.2 +1 -2 - -
N6-Ow 4.3 7.6 6.8 7.0 6.6 -8 -2 - -

N1-Ot 3.6 0.5 0.5 0.2 0.5 - - - -
N2-Ot 3.4 0.2 0.1 0.1 0.1 - - - -
N3-Ot 6.8 2.3 0.7 1.1 0.6 - - - -
N4-Ot 3.4 0.1 <0.1 0.1 <0.1 - - - -
N5-Ot 3.4 0.2 <0.1 <0.1 <0.1 - - - -
N6-Ot 4.3 0.3 0.1 0.2 0.1 - - - -

N1-Ou 3.6 - - 0.1 0.1 - - 3.0 1.6
N2-Ou 3.4 - - <0.1 <0.1 - - 1.0 1.9
N3-Ou 6.8 - - 0.4 0.4 - - 1.6 1.7
N4-Ou 3.4 - - <0.1 <0.1 - - 2.3 2.1
N5-Ou 3.4 - - 0.1 <0.1 - - 6.4 2.1
N6-Ou 4.3 - - <0.1 0.1 - - 0.7 1.3

associated coordination number is still very small (CN≈ 0.1) for this RDF. In the MD

simulation, urea interacts much less with the peptide nitrogens in general compared

with EPSR, showing a preference to bind to the charged N-terminus over any of the

backbone -NH groups. Although the preference ratios (see Section 3.2.6) for all of

the peptide nitrogens show that urea interactions are preferred over water, the urea-

backbone nitrogen coordination numbers are small (Table 4.4), due to the low urea

concentration compared to TFA or water coordination to the peptide.

The SDMs of solvent and solute molecules in Figure 4.11 (for EPSR) and Figure

4.12 (for MD) depict the three-dimensional arrangement of nearest neighbour water

(light blue), TFA (magenta) and urea (green) molecules around the peptide backbone

nitrogens. These are different to the SDMs in Chapter 3, which were plotted over a

distance range. The advatage of the nearest neighbour SDMs is that they represent the

same number of neighbour molecules regardless of neighbour molecule concentration and

localisation.
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Figure 4.10: Radial distribution functions between the KGPGK backbone nitrogens and
the solvent and solute molecules (column 1: water oxygen Ow, column 2: TFA oxygen
Ot, column 3: urea oxygen Ou). Urea-containing simulations are shown in green, non-
urea containing simulations are shown in magenta. The EPSR g(r)s are shown as solid
lines, the MD g(r)s as dashed lines. The corresponding coordination numbers for these
functions are in Table 4.4.
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In general, the position of the nearest neighbour water molecules is similar in both

simulation techniques. Only the water density around N2 and N5 is visibly lower in the

urea-free EPSR simulation compared to the EPSR simulation containing urea and both

MD simulations with and without urea.

This can possibly be explained by the close TFA association with N2 and N5 in EPSR

which is visible as highly dense and localised TFA clouds around these residues, where

this strong interaction might prevent an increased hydration. Thus, as these highly

localised and directed TFA-nitrogen interactions are disrupted when urea is added to

the EPSR simulation, denser hydration clouds are observed at these residues and the

TFA cloud becomes scattered around the nitrogens similar to the accordant SDM in

MD (Figure 4.12). This is consistent with the comparably large interaction with urea

molecules at N5 as shown in the RDFs in Figure 4.10. However, as there is no such direct

interaction of urea visible for N2, urea likely only partially replaces TFA but also acts to

increase the hydration around the N2 and N5 site. The SDMs for the other nitrogens in

EPSR, show that both N1 and N2 have a decrease in interactions with TFA upon urea

addition. In MD, the TFA density clouds are more disperse compared to EPSR with

the exception of a localised interaction with charged N-terminus and a, possibly related,

interaction with the adjacent Gly2 nitrogen (N2). Similar to the RDFs in Figure 4.10,

the lower TFA density in MD is unchanged by the addition of urea. The urea density

clouds are localised only in the EPSR simulation, where this is especially clear around

N1, N2 and N5. In MD, the urea density is very low and unlocalised around the nitrogen

sites.

Overall, these results show a comparable hydration of the peptide backbone nitrogens

in MD and EPSR both in the presence and absence of urea. On the other hand, the

MD simulations only show limited interactions between the solutes TFA and urea with

the peptide backbone, whereas by contrast in the EPSR, urea disrupts the strong TFA-

peptide interaction at certain residues and increases peptide hydration.
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Figure 4.11: Spatial density maps (SDMs) show the location of the first neighbour water
(light blue), TFA (magenta) and urea (green) molecules around the peptide backbone
nitrogens for the EPSR simulations. The isocontour surfaces enclose the most dense
50% for water and 10% for TFA and urea. The scale bar show the local density of
neighbours around the central nitrogen in units of atoms/Å3.
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KGPGK KGPGK+urea
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Figure 4.12: Spatial density maps (SDMs) show the location of the first neighbour water
(light blue), TFA (magenta) and urea (green) molecules around the peptide backbone
nitrogens for the MD simulations. The isocontour surfaces enclose the most dense 50%
for water and 10% for TFA and urea. The scale bar show the local density of neighbours
around the central nitrogen in units of atoms/Å3.
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4.3.3.2 Peptide Backbone Oxygens Interactions

Figure 4.13 shows the RDFs of the KGPGK backbone oxygens with water hydrogens

(Hw, left column) and urea hydrogens (Hu, right column). The corresponding coordi-

nation numbers are in Table 4.5. For the negatively charged TFA molecules, no clear

interaction with the peptide backbone oxygens is visible.

The hydration of the backbone oxygens is, in general, similar between EPSR and

MD and only slightly effected by the addition urea. All backbone oxygens have a first

hydration peak at ≈ 1.8 Å and a second hydration peak at ≈ 3.2 Å. The level of hydra-

tion increases towards the C-terminus, where the O1-Hw interaction has a coordination

number of ≈ 1.7 and the CN for O5-Hw is ≈ 2.4 for EPSR. The oxygens in MD show a

similar trend, however, the peptide hydration is generally lower in MD than in EPSR.

Although there is no significant increase or decrease in oxygen hydration visible upon

urea addition and the urea coordination numbers are very small, most peptide oxygens

markedly prefer urea over water within the first hydration shell distance up to 2.5 Å.

While there is no clear residue specificity for urea in MD, the oxygens in the middle of

the peptide chain (O2-O4) show a diminished first urea hydrogen bond peak in EPSR.

This might be related to steric hinderance due to differences in peptide confomation

(Section 4.3.4) or localised TFA molecules around the adjacent N4 and N5 nitrogens

(Figure 4.10).

Figure 4.14 and 4.15 depict the SDMs of nearest neighbour water (light blue) and

urea (green) molecules around the peptide backbone oxygens for EPSR and MD respec-

tively. Although most water molecules in both simulations are located similarly in two

spots in front (−x direction) or behind (+x direction, Figure 4.3) the peptide chain

there are a few exceptions. For O5, which is not within but at the end of the peptide

chain, the nearest neighbour water molecules at this site are less localised and arranged

in a halo around the C-terminal carbonyl oxygen in both EPSR and MD. For O1 and O2

in MD, the nearest neighbour water molecules are more localised towards the carbonyl

carbon than the oxygen. This might be due to the close positive charge of N1 or due to

a specific peptide conformation (Section 4.3.4).

The localisation of urea density around the backbone oxygens shows no clear hydro-
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Figure 4.13: Radial distribution functions between the KGPGK backbone oxygens and
the solvent and solute molecules (column 1: water hydrogens Hw, column 2: urea
hydrogens Hu). Urea-containing simulations are shown in green, non-urea containing
simulations are shown in magenta. The EPSR g(r)s are shown as solid lines, the MD
g(r)s as dashed lines. The corresponding coordination numbers for these functions are
in Table 4.5.
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Table 4.5: Coordination numbers (nβα) for the water hydrogens (Hw) and urea hydrogens
(Hu) around KGPGK oxygens from EPSR and MD simulations. The corresponding
RDFs are shown in Figure 4.10 Also shown are the hydration difference (HD) and the
urea/water preference ratio (PR).

KGPGK KGPGK+urea HD /% PR
rmax / Å EPSR MD EPSR MD EPSR MD EPSR MD

O1-Hw 2.5 1.7 1.3 1.7 1.2 +1 -4 - -
O2-Hw 2.5 1.8 1.4 1.9 1.4 +2 -2 - -
O3-Hw 2.5 2.0 1.8 2.0 1.7 -3 -4 - -
O4-Hw 2.5 2.1 1.6 2.0 1.6 -5 -1 - -
O5-Hw 2.5 2.4 1.9 2.3 1.9 -4 -1 - -

O1-Hu 2.5 - - 0.1 0.1 - - 3.8 5.2
O2-Hu 2.5 - - <0.1 0.1 - - 2.7 5.5
O3-Hu 2.5 - - <0.1 0.1 - - 0.7 5.1
O4-Hu 2.5 - - <0.1 0.1 - - 1.3 4.0
O5-Hu 2.5 - - 0.1 <0.1 - - 2.8 2.7

gen bonding positions, similar to the SDMs in Figures 4.11 - 4.12. However, in EPSR

the urea molecules are slightly more localised in areas of higher urea density compared

to MD where the urea molecules are more disperse around all of the backbone carbonyl

oxygens.

4.3.4 Whole Molecule Analysis

To determine the most likely peptide conformations and the solvent and solute densities

around them, the dihedral angles along the peptide backbone (labels in Figure 4.16)

were calculated using ANGULA (angle distributions in Figure 4.17). Similar to GPG-

NH2 (Section 3.3.7), the peptide conformation is more flexible in EPSR than in MD and

has peptide bond dihedral angles (ω) often slightly shifted from 180°. The MD peptide

conformations are also unaffected by the addition of urea.

The conformation independent solvent interaction RDFs for the whole peptide molecule

are shown in Figure 4.18. Again there is no difference in MD for the hydration or TFA

interaction with and without urea. The EPSR simulations, on the other hand, show a

slight decrease in hydration and TFA-peptide interactions in the urea-containing simu-

lation. Overall, the TFA-peptide interactions are slightly closer to the peptide in MD

than in EPSR, whereas the urea-peptide interactions are marginally closer in EPSR
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Figure 4.14: Spatial density maps (SDMs) show the location of the first neighbour
water (light blue) and urea (green) molecules around the peptide backbone oxygens for
the EPSR simulations. The isocontour surfaces enclose the most dense 20% for water
and 10% for urea. The scale bar show the local density of neighbours around the central
nitrogen in units of atoms/Å3.
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Figure 4.15: Spatial density maps (SDMs) show the location of the first neighbour
water (light blue) and urea (green) molecules around the peptide backbone oxygens for
the MD simulations. The isocontour surfaces enclose the most dense 20% for water and
10% for urea. The scale bar show the local density of neighbours around the central
nitrogen in units of atoms/Å3.
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Figure 4.16: Dihedral angles along the KGPGK backbone. The labelled bond refers to
the respective rotational axes.

than in MD.

To compare the solvent interaction across the whole molecule, the most probable

backbone conformations for each simulation was chosen. Correlations between dihedral

angles were analysed using bivariate analysis. The selected peptides exhibit dihedral

angles in Table 4.6. These peptide conformations and the solvent clouds are shown in

Figure 4.19 for EPSR and Figure 4.20 for MD (top row).

The hydration in EPSR is, unaffected by urea, distributed broadly around the back-

bone and charged lysine residues whereas in MD water molecules are located mostly

around the backbone and the proline ring, excluding the charged N-terminus and lysine

residues. The broad water distribution around the proline ring is even more visible in

the urea-containing MD simulation. Overall, that the hydration is unchanged by the

addition of urea is in accordance with the presented results in Section 4.3.3.1-4.3.3.2

In MD, the negatively charged TFA molecules are preferentially located around the

positively charged N-terminus. This interaction is almost unchanged, though slightly

broadened, by the addition of urea. Another likely TFA location in MD, in the middle

between the lysine residues and the backbone chain is shifted towards the C-terminus

upon urea addition and a small cloud of TFA density next to the proline ring disappears,
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Figure 4.17: Dihedral angle distributions along the KGPGK backbone (labels in Figure
4.16).
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Table 4.6: Dihedral angles selected (± 20 °) for the whole molecule analysis depictions
in Figures 4.19 and 4.20. The related dihedral distributions are shown in Figure 4.17
and the labels in Figure 4.16.

Dihedral KGPGK KGPGK+urea
Label between EPSR MD EPSR MD

ψLys1 N1-CαK1-C(=O)-N2 75 150 80 150
ωLys1−Gly2 CαK1-C(=O)-N2-CαG2 180 180 150 180
φGly2 C(=O)-N2-CαG2-C(=O) -75 -75 80 -75
ψGly2 N2-CαG2-C(=O)-N3 90 180 100 180
ωGly2−Pro3 CαG2-C(=O)-N3-CαP3 -125 180 -140 180
φPro3 C(=O)-N3-CαP3-C(=O) -50 -50 -50 -50
ψPro3 N3-CαP3-C(=O)-N4 140 140 140 140
ωPro3−Gly4 CαP3-C(=O)-N4-CαG4 -140 180 180 180
φGly4 C(=O)-N4-CαG4-C(=O) -75 -75 -70 -75
ψGly4 N4-CαG4-C(=O)-N5 -75 180 -140 180
ωGly4−Lys5 CαG4-C(=O)-N5-CαK5 125 180 125 180
φLys5 C(=O)-N5-CαK5-C(=O) -170 -75 -25 -75
ψLys5 N5-CαK5-C(=O)-N6 180 -50 180 -50
ωLys5−Cap CαK5-C(=O)-N6-H6a 0 0 0 0

Figure 4.18: Whole molecule analysis RDF of water (Ow), TFA middle (Ctm) and urea
(Cu) around the whole KGPGK peptide.
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Figure 4.19: Most probable conformations and whole molecule analysis of solvent clouds
around the most probable conformation of KGPGK in EPSR. Water oxygens (Ow, blue,
30%, up to 4.0 Å), TFA central pseudoatom (Ctm, magenta, 50% up to 5.0 Å) and urea
carbons (Cu, green, 50% up to 5.0 Å)
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Figure 4.20: Most probable conformations and whole molecule analysis of solvent clouds
around the most probable conformation of trans-KGPGK in MD. Water oxygens (Ow,
blue, 30%, up to 4.0 Å), TFA central pseudoatom (Ctm, magenta, 50% up to 5.0 Å)
and urea carbons (Cu, green, 50% up to 5.0 Å)
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KGPGK KGPGK+urea
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Figure 4.21: Left: Radial distribution function (g(r)s) between the water oxygens (Ow)
with urea (green) and without urea (magenta) compared with those from pure water
(cyan) [121]. The EPSR g(r)s are shown as solid lines and the MD g(r)s as dashed
lines. The corresponding coordination numbers are in Table 4.7. Right: Spatial density
maps (SDMs) show the location of the water (cyan) molecules up to a 10 Å distance
around a central representative water molecule for the EPSR (top row) and MD (bottom
row) simulations. The isocontour surfaces enclose the most dense 5% for water. The
scale bars show the local density of neighbours around the central oxygen in units of
atoms/Å3.

at the depicted density level. This proline-TFA association is also visible in the urea-free

EPSR simulation. Other TFA localisations in EPSR are closer to the positively charged

lysine residues and the backbone. These associations are shifted away from the charged

sites towards the middle of the backbone when urea is added.

In EPSR urea is mostly located close to the Lys5 residue and the proline ring, ap-

proximately in a similar location as TFA in the urea-free simulation. On the other hand,

urea is located around the middle of the peptide backbone and the proline ring in the

MD simulation, in similar places as water. In general, this effect of urea disrupting TFA

associations in EPSR but not MD is in accordance with the TFA and urea association

for N2 and N5 in Section 4.3.3.1.
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Table 4.7: Coordination numbers for the RDFs in Figure 4.21, 4.22 and 4.23

pure water [121] KGPGK KGPGK+urea
rmax / Å EPSR EPSR MD EPSR MD

Ow-Ow 3.5 5.2 5.3 5.3 4.9 5.2
Ot-Ow 4.0 4.8 5.3 4.8 5.3
Ft-Ft 3.9 0.5 0.1 0.2 0.1

4.3.5 Solvent and Co-Solute Interactions

4.3.5.1 Water-Water Interactions

To determine whether urea changes not only the peptide interactions with both water

and TFA but also changes the bulk water-water structure, as is proposed in the theory

of indirect urea-induced protein denaturation [188], Figure 4.21 (left) shows the water

(Ow-Ow) RDF of both simulation techniques compared to the gOwOw(r) from EPSR

simulations of pure water [121]. From this figure, it is clear that neither the nearest

neighbour water-water nor the second nearest neighbour water-water structure is sig-

nificantly changed from that of pure water, with the exception of the second nearest

neighbour peak in MD, as expected from the TIP3P water model from MD simulations

[227]. This result is different to Chapter 3 where urea had an effect on the second

neighbour Ow-Ow distance. From the coordination numbers in Table 4.7, EPSR shows

an increase in water-water interaction with KGPGK addition and a small decrease with

urea addition, while MD shows a slight increase in water-water interaction upon the

addition of urea. The water-water SDMs in Figure 4.21 (right) show no difference to

the tetrahedral water-water structure upon urea addition to the solution in either sim-

ulation, however, again as expected the MD simulations show a slightly more diffuse

second nearest neighbour water coordination due to the TIP3P water model.

4.3.5.2 TFA-Water Interactions

One of the largest differences between the simulation methods are the resulting TFA-

peptide interactions, which is, perhaps, due to the change in TFA-TFA and TFA-water

association upon the addition of urea between the simulations. Figure 4.22 (left) shows
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Figure 4.22: Left: Radial distribution function (g(r)s) between the TFA oxygen (Ot)
and water oxygens (Ow)with (green) and without urea (magenta) for EPSR (solid lines)
and MD (dashed lines) simulations. The corresponding coordination numbers are in
Table 4.7 Right: Spatial density maps (SDMs) show the location of the water (cyan)
molecules up to a 10 Å distance around the middle of a central representative TFA
molecule for the EPSR (top row) and MD (bottom row) simulations. The isocontour
surfaces enclose the most dense 5% for water. The scale bar show the local density of
neighbours around the central oxygen in units of atoms/Å3.

the g(r) between TFA oxygens (Ot) and water oxygens (Ow) and the corresponding spa-

tial density maps in Figure 4.22 (right) show the location of neighbour water molecules

up to 4 Å around the whole TFA molecule. In the MD simulations, the negatively

charged TFA molecules interact more with water compared with the EPSR fits to the

neutron diffraction data, where the most localised hydration is visible around the neg-

atively charged TFA oxygens. The hydration around TFA is denser and more localised

for MD compared to EPSR, both in terms of the three-dimensional arrangement and

the radial distance from the TFA oxygens (Figure 4.22, left). It should be noted that

the first MD g(r) peak is at ≈ 2.7 Å, closer to the TFA oxygen than in EPSR (≈ 3.0

Å ). Similar to peptide N-terminus N1 hydration, both simulations show no significant

difference in TFA hydration for the KGPGK mixture with urea (see Table 4.7). How-

ever, there is also a lack of increase in hydration upon the addition of urea which might

be expected if urea were to replace interactions of TFA either with itself (see below)

or with the peptide backbone. This is likely a result of the low urea concentration and

urea forming direct hydrogen bonds to TFA, explaining the lack of additional hydration

around TFA in solution.
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4.3.5.3 TFA-TFA Interactions

A possible explanation for the lack of TFA hydration in EPSR compared with MD

is the higher degree of TFA-TFA association in EPSR. In order to probe this, Figure

4.23 shows the g(r)s for the TFA fluorine atoms with other TFA molecules in solution

with the coordination numbers for these functions shown in Table 4.7. Not only does

EPSR show a greater number of TFA-TFA interactions, these interactions are markedly

lowered upon the addition of urea, unlike in MD where the TFA-TFA g(r) is unchanged

by urea addition. From the SDMs in Figure 4.23, TFA-TFA association in EPSR mostly

occurs via the fluorine and carbon atoms as visible in the high TFA density next to the

TFA carbon atoms. It should be noted that TFA-TFA interactions are heavily weighted

in the X-ray data and EPSR is in better agreement with this data set compared with the

MD F (Q) data. Therefore the TFA-TFA association in EPSR is probably more realistic

than the decreased, and urea-unaffected, TFA-TFA interaction in the MD simulations.

Figure 4.23 also shows the results of a clustering analysis [248] between TFA molecules

in solution for both MD and EPSR simulations. A cluster was defined as two TFA

molecules within a 0-4 Å intermolecular Ft-Ft distance. Most TFA molecules are not

associated with each other but there is a small proportion of larger TFA-TFA clusters

mostly present in the EPSR simulations in the absence of urea. The addition of urea

significantly decreases the relative cluster size and the proportion of TFA molecules in

clusters.

Overall these results show a significant difference between EPSR and MD regarding

the TFA interactions. MD underestimates TFA-TFA association (Figure 4.23) and

TFA-peptide interaction (Figure 4.10) and overestimates TFA-hydration (Figure 4.22).

4.3.6 Conformation Independent Peptide Hydration

Figure 4.24 shows the hydration of the KGX GK peptides backbone oxygens and nitro-

gens over all peptide conformations within each simulation. The respective coordination

numbers are listed in Table 4.8. Overall, the hydration of backbone sites is very sim-

ilar between the peptides in MD simulations. The hydration of KGPGK oxygens in
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A EPSR

B MD

Figure 4.23: Left: A) Intermolecular g(r)s (EPSR solid lines, MD dashed lines) be-
tween the TFA fluorines (Ft). B) Proportion of TFA-TFA association within a 0-4
Å intermolecular Ft-Ft distance. Urea-containing simulations are shown in green, non-
urea-containing simulations are shown in magenta. The corresponding coordination
numbers are in Table 4.7. Right: Spatial density maps (SDMs) show the location of the
TFA (magenta) molecules up to a 10 Å distance around a central representative TFA
molecule for the EPSR (top row) and MD (bottom row) simulations. The isocontour
surfaces enclose the TFA molecules within the top 10% density. The scale bar show the
local density of neighbours around the central TFA molecules in units of atoms/Å3.
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EPSR is generally higher compared with MD, except for the carbonyl oxygen O1 be-

tween Lys1 and Gly2. Unsurprisingly, the largest differences in hydration occur at O2,

O3 (and O4) close to the varied residue (X ); where KGGGK is the most hydrated and

KGPGK and KGLGK are the least hydrated. Therefore smaller amino acid residues

seem to facilitate backbone oxygen hydration, whereas larger hydrophobic amino acid

residues obstruct hydration of the peptide backbone oxygens. The unusual shape of the

hydration RDFs around O1 in MD is, in part, a result of being adjacent to the positively

charged N-terminus. This influence is not visible in EPSR where the O1-Ow RDF shape

is similar to other residues. In general, the oxygens at the peptide termini (especially

the C-termini) are often more hydrated than oxygens in the middle of the peptide. This

might, partially, be explained by the better accessibility for water molecules at the end

of the peptide chain.

Similar to the backbone oxygen hydration, the nitrogens showing the largest differ-

ences in hydration are the ones adjacent to the third varied residue (N3 and N4). The

significantly less hydrated N3 on KGPGK, for both EPSR and MD simulations, can be

explained by the less polar structure of proline. An apolar leucine residue lowers the N3

hydration only slightly (CN≈ 1.2) compared to a proline residue (CN≈ 0.3). The polar

serine residue has a more hydrated backbone nitrogen N3 compared to proline or leucine

(CN≈ 1.4) but is less hydrated than a small glycine residue (CN≈ 1.6). Again, smaller

amino acid residues seem to promote backbone hydration more than polar hydrophilic

residues. The two different KGPGK simulations, MD and EPSR, show similar backbone

nitrogen hydration. In EPSR, the N-terminal N1 and N2 are slightly less hydrated in

EPSR compared with MD and the C-terminal N6 is significantly more hydrated than

in MD. As stated above, all of the peptides show a higher backbone hydration at the

termini than in the middle of the peptide chain. Especially the positively charged N1 is

always the most hydrated nitrogen for all simulations.
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Figure 4.24: Radial distribution functions between backbone oxygens and nitrogens
and water oxygens for the KGX GK peptides. The corresponding coordination numbers
are listed in Table 4.8.
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Table 4.8: Coordination numbers for the water oxygens around the KGX GK peptide
backbone nitrogens and oxygens (Figure 4.24).

KGPGK KGPGK KGLGK KGSGK KGGGK
rmax / Å EPSR MD MD MD MD

O1-Ow 3.5 2.6 2.7 2.6 2.7 2.7
O2-Ow 3.5 2.5 2.0 2.0 2.2 2.2
O3-Ow 3.5 2.5 2.3 2.3 2.4 2.4
O4-Ow 3.5 2.8 2.2 2.2 2.3 2.4
O5-Ow 3.5 3.3 2.7 2.8 2.8 2.8

N1-Ow 3.5 3.7 3.9 3.9 3.8 3.9
N2-Ow 3.5 1.2 1.5 1.5 1.5 1.5
N3-Ow 3.5 0.3 0.2 1.2 1.4 1.6
N4-Ow 3.5 1.3 1.4 1.3 1.4 1.6
N5-Ow 3.5 1.3 1.3 1.2 1.3 1.3
N6-Ow 3.5 3.4 2.7 2.7 2.7 2.8

4.3.7 Peptide Conformation Analysis

4.3.7.1 Time Dependent Conformation Analysis

To determine if the O2· · ·N5 distance changes over the course of the MD simulation form-

ing a β-turn structure this intramolecular distance is plotted for one KGPGK molecule

in Figure 4.25. The analysis of the other 19 KGPGK peptides is in Appendix B. This

intra-peptide distance is mostly at ≈ 6.5 Å and rarely changes to a water-mediated hy-

drogen bonding distance of ≈ 3.5 Å during the course of the simulation. However, this

transition from an open to a closed peptide conformation and vice versa seems to be

correlated with a change in the intramolecular N4· · ·N5 distance (black) which also

shortens from ≈ 3.8 Å to ≈ 2.8 Å, at the same time or just before a transient O2· · ·N5

hydrogen bond is formed.

4.3.7.2 Dihedral Angles

There are several approaches to determine the amino sequence dependent peptide con-

formations. The backbone dihedral (labels in Figure 4.4) angle analysis (Figure 4.26)

using ANGULA (as described in Section 4.3.4) show that for the MD simulated pep-

tides only the φX3 (C(=O)-N3-CαX3-C(=O)) and ψX3 (N3-CαX3-C(=O)-N4) dihedral

angles of the varied middle residue are different between the peptides. Figure 4.26
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Figure 4.25: Analysis of a KGPGK peptide in the MD trajectory. The top graph shows
the intramolecular distances N4· · ·N5 (blue), O2· · ·N5 (black) and O2· · ·N4 (red). The
bottom graph illustrates the water molecule mediating this interaction.

depicts these dihedral angle distributions for X 3 in comparison with the, for MD, un-

changing distributions of Gly2 and Lys5. The other dihedral angle distributions of MD

simulated peptides are almost identical to the ones of KGPGK(trans) in Figure 4.17.

The EPSR simulation of KGPGK, on the other hand, shows more variation in peptide

conformation across all residues (Figure 4.17) even compared to the same peptide in

MD.

While in Figure 4.26 ψX3 is only markedly different for glycine as the third residue,

where an angle of 180° is due to the lack of a large amino acid residue preferred over an

angle of 140° which is preferred in the other peptides, the most variation is seen in φX3.

In general, all peptides, except KGPGK, have two φX3 peaks at ≈ 80° and, usually, a

larger one at ≈ -80°. For KGPGK in MD this peak is slightly shifted to ≈ -50° and no

second peak is visible. In EPSR, on the other hand, two peaks are visible at ≈ -30° and

≈ 80°.

To determine how this is reflected in the peptide conformation the correlation of

φX3 and ψX3 angles is shown in Figure 4.27 in bivariate heat maps next to exam-

ple peptides in the respective conformations (without lysine residues). These two-

dimensional representations are, effectively, Ramachandran plots [35] for the X 3 residue.
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G2

X3

K5

Figure 4.26: Selected dihedral angles along the KGX GK peptide backbones: Only
the X3 residue dihedrals are significantly different between the peptides in MD. Other
dihedral angles for the peptides simulated with MD are identical to those in Figure 4.17
and Table 4.6 for KGPGK (MD). The labels correspond to the dihedral angles in Figure
4.4.

KGPGK, KGLGK and KGSGK in the MD simulations all have one preferred conforma-

tion (φX3≈ -80°, ψX3≈ 140°). KGGGK has two equally preferred conformations that

are both more ‘open’ (φG3≈ -70° / +70°, ψG3≈ 180°) than any conformations preferred

in the other peptides. Comparing the preferred conformations of peptides in MD, it is

clear that KGPGK has a slightly different, less ‘open’, backbone conformation than the

other peptides, due to the shift in φP3. In EPSR another equally preferred KGPGK

conformation (φP3≈ -40°, ψP3≈ -30°) is even more compact with the residues before and

after proline in closer proximity to one another.
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Figure 4.27: Ramachandran plots of the dihedral angle pair φX3 / ψX3 for the KGX GK
peptides. The corresponding conformations (without lysine residues to enhance clarity)
are also displayed. Other dihedral angles for the peptides simulated with MD are iden-
tical to those in Figure 4.17 and Table 4.6 for KGPGK (MD).
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Figure 4.28: Intramolecular distance distributions of selected residues for the KGX GK
peptides.

4.3.7.3 Intramolecular distances

Another way to analyse the residue specific peptide conformations is to assess the intra-

peptide distances. Within the KGX GK peptides, the O2· · ·N5 intra-peptide distance

can give a first insight into the range of folded states in the peptide, as this is the

i→ i+ 3 / O· · ·H-N intra-molecular contact position in β-turns. Figure 4.28 shows the

intramolecular distance distributions for O2· · ·N5 next to the O2· · ·N4 and N4· · ·N5 as

these distances might be correlated (Section 4.3.7.1).

It is clear that the intramolecular peptide distances show a marked difference be-

tween EPSR and MD simulations. All MD simulations show a O2· · ·N5 intramolecular

RDF with a clear maximum at ≈ 6-7 Å and a small proportion of peptides at a closer

(≈ 3.5 Å) intrapeptide distance; where these peptides are stabilised by a direct O2· · ·H-

N5 hydrogen bond. The peptides in EPSR show a broader range of O2· · ·N5 distances

and have a considerable proportion of peptides with a O2· · ·N5 distance at ≈ 4.5 Å where

all MD simulations have a clear minimum at 4.5 Å.

In the O2· · ·N4 distance, the difference between peptide conformation flexibility

is even more pronounced. All of the peptides (except KGSGK with two maxima at

3.8 Å and 5.0 Å) show a clear monomodal distribution (with one maximum at ≈ 4 Å)

of intrapeptide distances in MD whereas EPSR KGPGK shows a broad distribution of

distances.

A relatively close N4· · ·N5 distance has been shown to precede a closer O2· · ·N5

distance in Figure 4.25. A clear bimodal distribution of N4· · ·N5 distances is visible in
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Table 4.9: Percentages of peptide conformations based on the O2· · ·N5 distance in
Figure 4.28 (left).

KGPGK KGPGK KGLGK KGSGK KGGGK
EPSR MD MD MD MD

rO2−N5 / Å % % % % %

open 6.0 – 10 61.2 63.4 83.5 84.4 84.7
medium 4.5 – 6.0 31.2 34.5 13.8 14.4 14.0
closed 0 – 4.5 7.6 2.2 2.7 1.2 1.3

all MD simulations, with a small peak at ≈ 2.8 Å and a larger one at ≈ 3.8, identical

to the distances observed in Section 4.3.7.1. This might indicate that the observed

correlation between a close N4· · ·N5 distance and O2· · ·N5 is not unique to KGPGK.

The EPSR-KGPGK N4· · ·N5 distances are in the same close range (3-4 Å), but do not

show this bimodality.

The O2· · ·N5 RDF from the MD simulations can be used to broadly classify the

peptides into three conformational states during ‘folding’: closed (O2· · ·N5< 4.5 Å),

medium (4.5 Å<O2· · ·N5< 6.0 Å) and open (O2· · ·N5< 6.0 Å). Table 4.9 lists the pro-

portions of peptides in these groups. The conformation distributions of KGPGK in

EPSR are similar to the MD simulated KGPGK, although in EPSR the KGPGK

molecules sample a wider range of O2· · ·N5 intra-peptide distances, particularly in the

closed distance range where EPSR shows fewer peptides with O2· · ·N5 distances less

than 3.0 Å, but shows a much larger number of molecules with an O2· · ·N5 distance

between 3.0 and 4.5 Å.

From the proportions of peptides at different intramolecular O2· · ·N5 distances it

is clear that, with the chosen classification, KGPGK is, in both simulation techniques,

markedly different from the other peptides. All of the peptides are predominantly popu-

late the ‘open’ conformation, but KGPGK only has ≈ 62% in this conformational group,

compared with all other peptides which have > 83% of the peptide conformations in

this group. The proportion of peptides in the ‘medium’ conformation group is double

the amount for KGPGK than for all other peptides. The ‘close’ conformation is much

more populated in EPSR-KGPGK than in all of MD simulated peptides. Interestingly,

the peptides with an apolar X in KGX GK (KGPGK and KGLGK) show a still higher

proportion of close conformation peptides compared with KGSGK and KGGGK.



4.3. Results 151

Table 4.10: Coordination numbers for the water oxygens around the KGX GK peptide
backbone nitrogens N4 and N5 depending on their conformational group defined in Table
4.9.

KGPGK KGPGK KGLGK KGSGK KGGGK
d(O2-N5) EPSR MD MD MD MD

N4-Ow

total 1.3 1.4 1.3 1.4 1.6
open 1.3 1.4 1.3 1.4 1.6

medium 1.5 1.3 1.2 1.3 1.5
closed 1.2 1.4 1.3 1.5 1.5

N5-Ow

total 1.3 1.3 1.2 1.3 1.3
open 1.2 1.4 1.2 1.3 1.3

medium 1.2 1.3 1.2 1.2 1.2
closed 1.5 0.9 0.6 0.6 0.6

4.3.8 Conformation Dependent Peptide Hydration

The shape of the peptide backbone hydration RDFs in Figure 4.24 do not appear to

heavily influenced by the peptide conformation group in all simulations. Only the hy-

dration of the peptide backbone nitrogens N4 and N5 is affected by the conformation of

the peptides, based on the intra peptide O2· · ·N5 distance in Table 4.9. These N4-Ow

and N5-Ow RDFs are shown in Figure 4.29.

In EPSR-KGPGK the first N4 hydration peak is smaller in the ‘closed’ conformations

(CN≈ 1.2 compared to CN≈ 1.3 for ‘open’) whereas it becomes more pronounced in the

apolar MD-KGPGK and MD-KGLGK peptides, but this is not reflected in a change

in N4-Ow coordination numbers (CN≈ 1.3-1.4). There is no obvious conformation in-

fluence on the N4 hydration in KGSGK and KGGGK. Conversely, N5 becomes more

hydrated in EPSR upon peptide closing (CN≈ 1.5 compared to CN≈ 1.2 for ‘open’)

whereas the first N5 hydration peak shrinks in all MD simulated peptides upon peptide

closing (CN≈ 0.6-0.9 compared to CN≈ 1.3 for ‘open’). All other peptide backbone

nitrogens or oxygens are not largely affected by a change in the intrapeptide O2· · ·N5

distance.

Overall these results indicate that, at a closer O2· · ·N5 distance, the MD simulated

peptides are in a direct intra-peptide hydrogen bond without mediating water molecules

whereas ‘close’ KGPGK peptides in EPSR are in a transient O2· · ·N5 hydrogen bond

with bridging water molecules.
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KGPGK
EPSR

KGPGK
MD

KGLGK
MD

KGSGK
MD

KGGGK
MD

Figure 4.29: Radial distribution functions between backbone nitrogens N4 and N5 and
water oxygens for the KGX GK peptides separated into three conformational groups
according to Table 4.9. The corresponding coordination numbers are in Table 4.10.
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4.3.9 Shared nearest neighbour water molecules

Figure 4.30 shows the same intramolecular distance distributions between O2· · ·N5,

O2· · ·N4 and N4· · ·N5 as in Figure 4.28, including the distributions of distances where

the nearest neighbour water molecule is shared between the two peptide sites. The cor-

responding proportions of peptides with shared water molecules within these distances

are in listed in Table 4.11.

Again, there is a clear difference between EPSR and MD simulations of KGPGK.

Between O2· · ·N5 KGPGK-EPSR has, by far, the most shared first nearest neighbour

water molecules. Although there are still very few water molecules, there are more

shared nearest neighbour water molecules in MD for KGPGK and KGLGK (within the

‘close’ distance range) than for KGGGK and KGSGK. Conversely, the MD simulations

of all KGX GK peptides have more bridging water molecules between O2· · ·N4 than in

KGPGK-EPSR. There is a clear trend within the MD simulated peptides regarding the

number of peptides with water bridging between O2· · ·N4, where peptides with larger

and more hydrophobic X -residues have more shared nearest neighbour water molecules

than peptides with small or hydrophilic X -residues. While for KGPGK-MD 5.1% of

the peptides have a bridging water between O2· · ·N4 only 3.1% of KGSGK and 1.3% of

KGGGK have a bridging water in this position. Although there are fewer bridging water

molecules between O2· · ·N5 for the MD simulations, a similar trend can be observed

where KGPGK-MD and KGLGK peptides show only 0.8% of their conformations with

a shared first nearest neighbour water molecule and only 0.4%-0.5% of KGSGK and

KGGGK share a nearest neighbour water between O2· · ·N5.

Many of the conformations at a close (≈ 2.8 Å) N4· · ·N5 distance in MD have one

(nearest neighbour) mediating water between N4· · ·N5 and a shared second nearest

neighbour water is found in conformations with a larger N4· · ·N5 distance (≈ 3.8 Å).

Similar to Section 4.3.8 these results indicate that in MD bridging water is found between

O2· · ·N4 and between O2· · ·N5 in EPSR.
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Table 4.11: Percentages of conformations that share neighbouring water oxygens.

KGPGK KGPGK KGLGK KGSGK KGGGK
shared EPSR MD MD MD MD

O2-N5
1st NN 3.1 0.8 0.8 0.4 0.5
2nd NN 2.7 1.2 0.7 0.5 0.9

1st-2nd NN 4.7 1.7 1.5 0.8 1.2

O2-N4
1st NN 3.1 5.1 4.8 3.1 1.3
2nd NN 3.6 9.1 9.2 6.8 4.2

1st-2nd NN 7.6 17.1 16.0 11.1 6.3

N4-N5
1st NN 5.9 3.4 3.4 4.0 3.6
2nd NN 5.1 3.1 3.7 2.9 2.7

1st-2nd NN 13.9 5.3 5.8 5.8 5.5

KGPGK
EPSR

KGPGK
MD

KGLGK
MD

KGSGK
MD

KGGGK
MD

Figure 4.30: Intramolecular distance distributions of selected residues for the KGX GK
peptides separated into intramolecular distance of molecules that share their first (1NN),
second (2NN) or first/second (1-2NN) nearest neighbour water oxygen and all molecules.
The corresponding percentages are shown in Table 4.11.
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4.4 Conclusions

This chapter showed that the hydration of the KGPGK peptide is either mostly un-

changed (for MD) or slightly increased (for EPSR) upon urea addition to the solution.

This is contrary to what occurs for the small peptide, GPG-NH2, in aqueous solution

with Cl− as the counter ion, where the presence of urea (3.3 M) lowers the peptide

backbone hydration by up to -20% [249]. A similar replacement of water by urea has

also been observed in X-ray crystallography experiments on lysozyme [194]. The rel-

ative absence of water replacement around the KGPGK backbone upon the addition

of urea in the present work, suggests that the presence of TFA in the solution largely

prevents the loss of hydrating water around the peptide, at this low urea concentration,

perhaps, effectively protecting the peptide from denaturation. Although direct urea as-

sociation is preferred over water, no urea impact on the peptide hydration, only on the

TFA-interaction, is visible. This is similar to the reduced Cl−-peptide interaction that

was observed for GPG-NH2 upon urea addition in Chapter 3. Similarly, the addition of

urea to the solution does not largely disrupt either the bulk water structure or the TFA

hydration in the solutions, where only minor changes in the coordination numbers are

observed in either simulation.

In the absence of urea, MD shows very few peptide-TFA interactions along the

peptide backbone. These interactions are more prevalent in the EPSR simulation and

vary, along the backbone. Upon the addition of urea to the solution, these peptide-

TFA interactions decrease in EPSR and remain roughly the same in the MD simulation,

presumably because there were relatively few interactions present in this simulation to

begin with. In EPSR, urea disrupts the TFA molecules interacting with the peptide,

in some cases by replacing these interactions but only to a minor extent, given the

very low coordination numbers for peptide-urea interactions (Tables 4.4 and 4.5). This

difference between EPSR and MD simulations appears to be a result of the TFA being

less hydrated and associating more with itself and the peptide in EPSR compared to

MD.

Interestingly, overall the TFA interactions with either the peptide or between TFA

molecules is decreased upon the addition of urea to the solution in the EPSR simulation,
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while these interactions remain relatively constant in the presence and absence of urea

in MD. The discrepancies between the two simulation methods may be due to the

fact MD does not as accurately predict the positions for TFA as EPSR does in this

particular solution. This is probably due to the problematic TFA starting parameters

from CHARMM36.

The addition of urea leads to a decrease in charge-charge interaction in the solution

- both between the polar peptide bonds in KGPGK and TFA and also between TFA

molecules with themselves. This, perhaps, suggests that the ability of urea to denature

proteins is dependent both upon the pH and ionic strength of the solution. It may be that

urea, at low pH and high ionic strength (as in this chapter), first disrupts the peptide-

salt interactions by directly interacting with the anions in solution and only at higher

urea concentrations directly interacts with the peptide, replacing the hydrating water

molecules, as has been previously observed in the absence of high salt concentration

at a higher pH (Chapter 3) [249, 250, 221, 104, 105]. Similarly, urea-small molecule

interactions have been suggested to contribute to the osmolytic activity of betaine [234],

where it was found that betaine effectively removed urea from the surface of a protein

preventing its subsequent denaturation [236].

Further, the fact that high salt concentrations can protect against denaturation by

urea is in accordance with previous studies showing the protective influence of higher

salt concentrations [233] against urea-induced unfolding on human serum albumin pro-

tein. MD simulations on amino acid side chain analogues and protein backbone mimic

molecules with urea and NaCl have suggested that the high salt protection against un-

folding of human serum albumin is due to an opposing salting effect between urea and

the salt [251]. This hypothesis would also explain protective properties of high-salt

buffers for proteins or the salt resistance of certain organisms [252].

The emerging picture from this chapter is that at high ionic concentrations, the

ion-urea interactions can help to protect peptides and proteins from denaturation by

intercepting the urea molecules by direct ion-urea contacts or indirect replacement at

peptide interaction sites. It may be that at even higher salt concentrations, that salts

can also effectively block access to the peptide-charged sites as there is a small propensity
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for the salt in the present solution, to interact with the polar portions of the peptide

backbone even at the current salt concentrations. Similarly, it may also be that at higher

urea concentrations, salt-urea interactions will not be sufficient to prevent denaturation.

The backbone hydration of KGX GK peptides, regardless of conformation, is only

marginally affected by the variation in the X -residue (Figure 4.24). Large and hy-

drophobic X -residues obstruct the backbone hydration only very slightly, whereas the

tertiary amine nitrogens of proline are significantly less hydrated, compared to other

residues. Additionally, proline has an effect on the preferred peptide conformation,

where, in trans KGPGK isomers, hydration sites next to proline are in closer proximity

to one another than in any other KGX GK peptide. This is also reflected in the signifi-

cantly higher percentage of KGPGK peptide conformations within a ‘medium’ O2· · ·N5

distance, compared to the other KGX GK peptides (Table 4.9). The MD simulated

peptides have, generally, less variation in their conformation compared to the EPSR

simulated KGPGK. This explains why one particular ‘compact’ peptide conformation is

only found in EPSR-KGPGK (Figure 4.27). In fact, this unique conformation might ex-

plain the conformation and conformation-dependent hydration differences between MD

and EPSR simulated KGPGK: While very few KGX GK peptides in MD are either found

in a direct O2· · ·N5 hydrogen bond or with a mediating water between O2· · ·N4, which

might precede a direct O2· · ·N5 hydrogen bond, many more EPSR-KGPGK peptides

are found with a mediating water between O2· · ·N5 (Figure 4.30).

A peptide conformation analysis over a time period is only possible using the MD

trajectories, as EPSR does not sample configurations time-dependently. Extracting

the peptide conformations of one KGPGK peptide during the conformational changes

leading to a direct O2· · ·N5 hydrogen bond from the MD trajectory (Figure 4.31) gives

rise to the following proposed mechanism:

As a first step the hydration density around the N4· · ·N5 site initiates the folding

process. Once the peptide adopts a conformation which places N5 and its hydrating

water close enough to the Gly2-Pro3 peptide bond oxygen, the presence of a hydrophobic

residue (e.g. proline) forces the water into a preferred position around O2 in order to

complete the folding process. This preferred hydration position orients the O2 water
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Figure 4.31: Sequence of events that lead to a direct hydrogen bond between O2 and N5
in KGPGK. Taken from the molecule analysed in Figure 4.25. The molecule is displayed
without lysine residues to enhance clarity.

molecules in such a way that they can bridge to the i + 3 peptide bond nitrogen, thus

this site-specific hydration around N5 seems to precede and initiate the folding and the

altered orientation of water around O2 drives the peptide folding process to completion.

Overall these results indicate an interplay of proline inducing a specific peptide

conformation which facilitates a hydration pattern that leads to a direct peptide-peptide

hydrogen bond. The uniqueness of proline is not only due to its backbone dihedral

influence but also because of its hydrophobicity and that it is a relatively large residue.

A similar behaviour, with slightly more peptides in a direct O2· · ·N5 hydrogen bond

than MD-KGPGK, is observed for KGLGK (Table 4.10), complementing the evidence

for the importance of a larger hydrophobic residue to faciliate a i → i + 3 hydrogen

bond, although leucine has not been shown to be preferred in this (second or i + 1)

position in β-turns [253].

While it is possible that other peptides without proline also exhibit this conforma-

tional transition that could lead to a β-turn formation [254], there is a clear conforma-

tional preference (Table 4.9) for a more compact conformation and more bridging water

molecules within the involved intra-peptides distances (Table 4.11) for KGPGK than

for any of the other peptides analysed. This suggests that a proline residue increases

the probability of this conformational transition. Additionally, the preference of PG-

motif peptides to form a type II β-turn was also found experimentally using directed

evolution [254] and NMR spectroscopy [255]. It is possible that this driving force of a

turn formation could initiate peptide, and by extension, protein folding in solution [256].
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However, as the analysed peptides are very small, do not form a repetitive secondary

structure or a hydrophobic core in solution, a comparison to larger proteins remains

highly speculative.



Chapter 4. Conformation of KGX GK Peptides and Influence of Urea on the KGPGK

Peptide 160



Chapter 5

Solvent and Urea Influence on

the Amphiphilic KLL-Peptides

5.1 Introduction

Although there are several approaches to successfully predict secondary structures from

the amino acid sequence [257, 258, 259], the mechanism of secondary structure folding

[260, 261] and unfolding [262, 263] is debated. As the hydrogen bond dependent folding

of secondary structures is suggested by the ‘framework model’ (Section 1.1.5) to be the

initiating step in protein folding [264], simple secondary structure model peptides have

previously been used to probe protein folding and unfolding [265, 266].

Amphiphilic helices are secondary structure elements with hydrophobic and hy-

drophilic residues on opposing sites of the helix (Figure 5.1). They are found in several

biological contexts for example as cytotoxic and hemolytic peptides [267], signalling

peptides [268, 269], apolipoproteins [270], transmembrane proteins [271] or antimicro-

bial peptides [272, 273] that can disrupt bacterial cell membranes and might provide a

new treatment for drug resistant infections.

While the peptides analysed in Chapters 3-4 only contained small structural motifs

and no secondary or higher protein structure, this chapter will focus on the structure

of two larger amphiphilic helix-forming peptides, KLL15 (Ac-KLLKLLLKLLLKLLK-

161
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Figure 5.1: KLL22 peptide in a random conformation (left) and as a helix (middle and
right). In the helical conformation the hydrophilic lysine residues and the hydrophobic
leucine residues are on opposite sites of the helix.

NH2) and KLL22 (Ac-KLLKLLLKLLKLLLKLLLKLLK-NH2). These peptides (in the

following referred to as KLL) have previously been designed de novo and were found

to form α-helices in solution, where longer KLL peptides were found to be more helical

in aqueous solution than shorter KLL peptides and all were found to have a higher

helix content in more apolar solvents [274]. Figure 5.1 shows KLL22 in an example

random conformation and fully folded as an α-helix. These peptides were also found to

be highly hemolytic, more than natural occurring cytotoxic peptides like melittin in bee

venom. However, a mode of action similar to melittin, where the peptide increases the

ion permeability of the cell membrane by forming a hydrophilic pore [275], is probable.

The aim of these investigations are, on the one hand, to explore the influence of an

amphiphilic solvent environment compared to pure water for KLL15 and, on the other

hand, to probe the urea influence in an aqueous solution on the KLL22 peptide; to uni-

versally investigate the interactions of solution components with the peptide structure.

These peptides were selected to be investigated experimentally by neutron diffraction

because of their high solubility and their redundant sequence of only two different amino

acid residues which makes them, despite their length, relatively simple to model in

EPSR. As the structure of the KLL peptides contains a larger secondary structure small

angle neutron scattering was also performed.

Due to the molecule and simulation box size limitations of EPSR this chapter

presents a more challenging and complicated subject to analyse with the given methods

in comparison with the peptides presented in the previous chapters.
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Figure 5.2: Basic KLL-peptides, water, methanol and urea labelling scheme.

5.2 Methods

5.2.1 NMR Spectroscopy Preparation and Measurement

KLL15·5HCl and KLL22·7HCl were purchased from Bachem (Bubendorf, Switzerland)

and used without further purification. Peptide composition and sample purity were

confirmed by elemental analysis (Medac Ltd.) and NMR spectroscopy.

NMR spectra of the peptides were acquired using the 950 MHz spectrometer and

methanol dried over magnesium (Section 5.2.3), in order to ensure an anhydrous solvent
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as described in Section 3.2.1 at a peptide concentration of 50 µ M.a

5.2.2 CD Spectroscopy Sample Preparation and Measurement

The secondary structure of the KLL peptides was determined by CD spectroscopy. CD

spectra were acquired (threefold measurements) using a Jasco J-815 CD Spectrome-

ter, Hellma High Precision quartz Cells (1 mm pathlenth), water (H2O) and methanol

(CH3OH; Sigma Aldrich).b The peptides concentrations used were 50 µM and 35 µM for

KLL15 and KLL22 respectively. CD samples were prepared by peptide weight using a

Satorius scale accurate to 4 d.p. and by solvent volume using 100-1000 µl Gilson pipettes.

5.2.3 Neutron Diffraction and Sample Preparation

The samples for the neutron diffraction measurements were prepared by weight as de-

scribed in Section 3.2.2 with the appropriately isotopically labelled peptide, H2O, D2O

(99.98%) and isotopomers of methanol to a molecular ratio of 1:1000 (KLL15 : water,

pH 3.4), 1:333:667 (KLL15 : methanol : water, pH 3.2), 1:3000 (KLL22 : water, pH

4.0) and 1:264:3000 (KLL22 : urea : water, pH 5.2). This corresponds to a peptide

concentration of ≈ 38 mM for KLL15 and ≈ 18 mM for KLL22 without urea, ≈ 15 mM

for KLL22 with urea and a urea concentration of ≈ 4 M. Unless otherwise stated, the

level of deuteration is with respect to the exchangeable hydrogens in the sample (Hnk,

Hnx, Ht, Hmo, Hu and Hw) and the non-exchangeable hydrogens on methanol (Hm).

All isotopomers of methanol, CH3OH (Sigma Aldrich), CD3OH (Sigma Aldrich,

99.9%D) and CD3OD (VWR, 99.8%D), were dried over iodine (I2) activated magnesium.

Each degassed methanol isotopomer was refluxed over the activated magnesium at 330 K

for 48 hrs. After reflux, the methanol isotopomers were cryogenically distilled onto

3 Å molecular sieves, which had been pre-dried under vacuum, to obtain anhydrous

methanol. The methanol was subsequently checked by NMR spectroscopy to ensure the

solvent was anhydrous.

aNMR spectra were taken and assigned by Natasha Rhys.
bCD measurements were performed by Samvid Kurlekar under my supervision.
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Table 5.1: List of samples used for the collection of neutron diffraction data on
KLL15. The molecular ratio of KLL15·5Cl−:water was 1:1000 and the molecular ra-
tio of KLL15·5Cl−:methanol:water was 1:333:667. If not otherwise stated, the level of
deuteration refers to the exchangeable hydrogens on KLL15, methanol and water (Hnk,
Hnx, Ht, Hmo and Hw).

KLL15 + water KLL15 + methanol + water
Label Deuteration µA DCS lvl. Sample µA DCS lvl.

I 100%H 120.3 94.0 100%H 212.2 97.7
II 64%H 36%D 120.1 95.9 64%H 36%D 165.5 97.2
III 50%H 50%D 120.0 95.0 100%H, CD3OH 160.1 97.0
IV 25%H 75%D 80.0 97.0 50%H 50%D 161.6 97.7
V 100%D 79.9 97.2 50%H 50%D, CD3OH0.5D0.5 170.0 98.3
VI - - - 100% D 160.4 102.0

Table 5.2: List of samples used for the collection of neutron diffraction data on
KLL22. The molecular ratio of KLL22·7Cl−:water was 1:3000 and the molecular ra-
tio of KLL22·7Cl−:urea:water was 1:264:3000. The level of deuteration refers to the
exchangeable hydrogens on KLL22, urea and water (Hnk, Hnx, Ht, Hu and Hw).

KLL22 + water KLL22 + urea + water
Label Deuteration µA DCS lvl. µA DCS lvl.

I 100% H 200.2 101.6 212.9 101.3
II 64% H 36% D 160.7 101.7 180.0 100.1
III 50% H 50% D 163.4 101.7 171.0 90.2
IV 36% H 64% D 160.2 102.7 180.8 91.7
V 100% D 170.0 106.2 167.8 106.8

Neutron diffraction data for isotopically substituted samples of KLL15 in water or

water/methanol (Table 5.1) and KLL22 in water with, and without, urea (Table 5.2),

were collected on the NIMROD diffractometer at the ISIS Facility (STFC, UK) for

≈ 3 hours per sample at 298 K and 1 atm pressure and as described in Section 3.2.2.

For each data set, the measured scattering levels were within 10% of the expected

theoretical values (DCS levels in Tables 5.1-5.2). The neutron scattering data were

corrected using the GudrunN programme (Section 2.2.7.3). Due to the limitations of

the inelastic scattering correction provided by GudrunN the neutron diffraction data

had to be truncated for analysis using EPSR, discarding all of the diffraction data

below 0.1 Å−1, which has been analysed separately as small angle scattering in Section

5.3.4.
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5.2.4 Empirical Potential Structure Refinement and ANGULA

For the two KLL15 simulations, the EPSR modeling box contained 5 KLL15 peptides,

25 Cl− and 5000 water molecules at the measured density of (ρ= 1.024 g/ml = 0.1049

atoms·Å−3, w = 9.2% peptide) or 5 KLL15 peptides, 25 Cl−, 1665 methanol and 3335 wa-

ter molecules (ρ= 0.973 g/ml = 0.1023 atoms·Å−3, w = 7.4% peptide) at a temperature

of 298 K. The two KLL22 simulations contained 2 KLL22 peptides, 14 Cl− and 6000 water

molecules (ρ= 0.997 g/ml = 0.0997 atoms·Å−3, w = 4.7% peptide). The urea contain-

ing simulation also contained 528 urea molecules (ρ= 1.065 g/ml = 0.1019 atoms·Å−3,

w = 3.6% peptide), in addition to the peptide, chloride and water molecules.

Starting potentials for water molecules were taken from the SPC/E [151] water model

and parameters for the peptide molecules from the CHARMM forcefield [148, 206, 207,

208, 209] and modified in order to adjust for different atomic labeling in EPSR. These

parameter are shown in Table 5.3, the labelling in Figure 5.2. All peptide starting

conformations were helical. For each simulation 5000 snapshots were analysed using

ANGULA, without adding coordinate systems or pseudo-atoms, as this exceeded the

box-size which is currently required for ANGULA, yielding further analysis unpractica-

ble.

5.3 Results

5.3.1 NMR Spectroscopy and Elemental Analysis

Table 5.4 shows the results of the elemental analysis compared with the theoretical

elemental mass percentages of pure KLL15·5HCl and KLL22·7HCl. Although the chloride

and carbon contents are slightly lower than expected, both peptides have approximately

the expected elemental concentrations which is also confirmed by the measured DCS

levels in Tables 5.1-5.2.

The highest resolution for NMR spectra of KLL15 and KLL22 was achieved using

pure methanol as a solvent. These 1D 1H NMR spectra of 50 µM KLL15 and KLL22 in

methanol are shown in Figure 5.3. Due to the redundancy of the amino acid sequence,



5.3. Results 167

Table 5.3: The parameters used in the EPSR simulations of the KLL15 and KLL22

peptides, water, methanol and urea. The first 24 atom types are on the KLL peptides.
For methanol, urea and water the second letter of the atom label (m, u, w) indicates
the molecule to which the atom belongs, where m is for methanol, u is for urea and w
is for water.

Atom Label ε / kJ mol−1 σ / Å q / e

H0 0.10042 2.3876 0.090
C0 0.32635 3.6349 -0.270
Cox 0.46024 3.5636 0.510
Ol 0.50208 3.0291 -0.510
Nl 0.83680 3.2963 -0.470
Ok 0.50208 3.0291 -0.510
Nk 0.83680 3.2963 -0.470
Hnx 0.19246 0.4001 0.310
Cka 0.13389 3.5636 0.070
Hka 0.09205 2.3520 0.090
Ck 0.23430 3.5814 -0.180
Hk 0.14226 2.3876 0.090
Cke 0.23430 3.5814 0.210
Hke 0.14226 2.3876 0.050
Nk 0.83680 3.2963 -0.300
H3n 0.19246 0.4001 0.330
Cla 0.13389 3.5636 0.070
Hla 0.09205 2.3520 0.090
Clb 0.23430 3.5814 -0.180
Hlb 0.14226 2.3876 0.090
Clg 0.13389 3.5636 -0.090
Hlg 0.18828 2.3876 0.090
Cld 0.32635 3.6349 -0.270
Hld 0.10042 2.3876 0.090
Nt 0.83680 3.2963 -0.620
Ht 0.19246 0.4001 0.310

Cu 0.29288 3.5636 0.600
Nu 0.83680 3.2963 -0.690
Hu 0.19246 0.4000 0.340
Ou 0.50208 3.0291 -0.580

Cm 0.32635 3.6527 -0.040
Hm 0.10042 2.3876 0.090
Om 0.80375 3.1360 -0.650
Hmo 0.19246 0.4000 0.420

Ow 0.65000 3.1660 -0.8476
Hw 0.00000 0.0000 0.4238
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Table 5.4: Elemental analysis of KLL15 and KLL22. %m (Analysis) is the result of the
elemental analysis performed by MEDAC Ltd. %m (theor.) corresponds to the expected
mass percentages of KLL15·5Cl− and KLL22·7Cl−.

KLL15 KLL22

Element %m (Analysis) %m (theor.) %m (Analysis) %m (theor.)

C 50.53 54.87 51.28 55.33
H 8.94 9.01 9.12 9.04
N 13.15 14.61 13.40 14.45
O 15.49 12.71 14.77 12.65
Cl 7.93 8.80 7.55 8.53
F 1.00 0.00 0.67 0.00

the individual residues are difficult to separate. Within a 1D 1H spectrum, the downfield

NH peaks (7-9 ppm) are those that show the most residue-specific separation.

Figure 5.4 shows the downfield 1D 1H NMR spectra of KLL15 (from 6.8 to 9.2

ppm) at various methanol:water ratios. The resolution decreases with increasing water

content until individual residue peaks cannot no longer be assigned in the pure water

solvent. All -NH peaks shift, to varying degrees, when the solvent becomes less apolar

with decreasing methanol content. Most notably the L3 -NH peak shifts downfield from

7.45 in pure methanol to 7.75 ppm in 30% methanol, while K8 and K12 shift upfield

from 8.05 to 7.85 ppm and 7.9 to 7.7 ppm, respectively. This implies that the chemical

environment of these residues is altered, either due to a change in the average peptide

conformation or the residue specific solvation or combination of both.

5.3.2 CD Spectroscopy

Figure 5.5 shows example CD spectra of KLL15 and KLL22 in varied methanol:water

mixtures. The recorded spectra were analysed using CONTIN/LL [276] to obtain an

approximated helical content of these samples and this analysis is shown in Figure 5.6.

While the shorter KLL15 is almost completely non-helical in pure water, the longer

KLL22 is more than 50% helical in all water:methanol mixtures; yet both peptides

become more helical with increasing methanol content in the solvent mixture.

Figure 5.7 shows example CD spectra of KLL22 in pure water with varied urea con-

centrations and the respective helical content from CONTIN/LL. Under the experimen-
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Figure 5.3: 1H 1D NMR spectra of 50 µM KLL15 and 50 µM KLL22 in methanol with
peak assignment.

Figure 5.4: Downfield 1H 1D NMR spectra of 50 µM KLL15 in methanol:water mixtures
with peak assignment, χMeOH refers to the molar fraction of methanol in the solvent
mixture.
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Figure 5.5: CD spectra of KLL15 (50 µM) and KLL22 (35 µM) in methanol:water
mixtures (pathlength = 0.1 cm) as ellipticity per mean residue weight ([θ]mrw, cf. Section
2.1.2.2).

Figure 5.6: Helix fraction of KLL15 and KLL22 in methanol:water mixtures determined
by CD spectra (Figure 5.5) using CONTIN/LL.
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Figure 5.7: Left: CD spectra of KLL22 (35 µM) in water:urea mixtures (pathlength =
0.1 cm) as ellipticity per mean residue weight ([θ]mrw). Right: Helix fraction of KLL22

in urea:water mixtures determined by CD spectra (left) using CONTIN/LL.

tal conditions it was not possible to obtain a complete CD spectrum for urea-containing

samples below 210 nm because of the UV-absorbance of urea. Therefore, the estimated

helical content for these samples might be less accurate than for the whole CD spec-

tra in Figure 5.5. However, urea lowers the KLL22 helical content in aqueous solution

significantly from ≈ 75% in pure water to ≈ 42% in aqueous 9 M urea solution.

5.3.3 Diffraction Data and EPSR Fits

Measured neutron diffraction data (F (Q)), EPSR fits to these data and difference curves

between data and simulation are shown in reciprocal space in Figures 5.8-5.9 (left,

grey circles). The EPSR fits to the neutron data are generally good, with some small

differences at lower Q values below 2 Å−1, especially for samples with a higher hydrogen

content, due to the difficulty in correcting for inelastic scattering within this region. At

larger Q values (above 2 Å−1) the light coloured difference curves are almost flat and

the EPSR fits are good. The Fourier transformations of these data and EPSR fits in

real space are also shown in Figures 5.8-5.9 (right), where an overall similar level of

agreement between the experimental and simulated data is observed as in reciprocal

space. Only samples with a medium hydrogen content (36-50%) differ slightly between

the fourier transformed experimental diffraction data and the simulated from EPSR.
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1 KLL15 : 5 Cl− : 1000 water

1 KLL15 : 5 Cl− : 333 methanol : 667 water

Figure 5.8: Measured diffraction data (grey dots) for KLL15 in pure water (top, blue) or
in methanol:water (bottom, orange) compared with the EPSR fits (dark coloured lines)
in reciprocal space (F (Q), left) and in real space (G(r), right). The difference between
simulation and data are shown as a light coloured lines. The data and corresponding fits
have been shifted for clarity. The sample labels correspond to the level of deuteration
in listed in Table 5.1.
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1 KLL22 : 7 Cl− : 3000 water

1 KLL22 : 7 Cl− : 264 urea : 3000 water

Figure 5.9: Measured diffraction data (grey dots) for KLL22 in pure water (top, pur-
ple) or in aqueous urea solution (bottom, green) compared with the EPSR fits (dark
coloured lines) in reciprocal space (F (Q), left) and in real space (G(r), right). The
difference between simulation and data are shown as a light coloured lines. The data
and corresponding fits have been shifted for clarity. The sample labels correspond to
the level of deuteration in listed in Table

5.2.
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Figure 5.10: Differential scattering section of 100 % D samples

5.3.4 Small Angle Scattering

As the neutron scattering data below 0.1 Å−1 was omitted for the EPSR simulation in

order to adequately correct the inelastic scattering background. This small angle scat-

tering data (for Q < 0.5 Å−1) of the deuterated peptide samples is analysed separately

(Figure 5.10 shows this small angle scattering). This data was analysed using PRIMUS

to determine the radius gyration (Rg) via Guinier approximation and GNOM to indirect

Fourier transform the data to retrieve distance distribution functions (Figure 5.11).

The radii of gyration in Table 5.5 indicate that KLL15 is, on average, in a more

compact conformation compared to the peptide in pure water. A purely helical KLL15

would, theoretically, have an Rg value of 9.7 Å; therefore it is possible that the lower Rg

value in methanol/water is indicative of a more helical peptide conformation. However,

a similar effect of a more compact average peptide structure is observed for KLL22 when

urea is added to the aqueous peptide solution. A purely helical KLL22 has a theoretical

radius of gyration of ≈11.5 Å. The addition of urea lowers the KLL22 Rg from 16.8-

11.7 Å. This effect on the average peptide conformations is also observed in the distance

distributions (P (r)) in Figure 5.11. The addition of urea or methanol to the aqueous

peptide solutions of KLL22 and KLL15 respectively moves the p(r) functions towards

smaller distances and a more globular than helical structure.
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Table 5.5: Radii of gyration determined by SANS data and the Guinier approximation
using PRIMUS.

Sample Rg /Å

KLL15 in H2O 14.8 ± 0.1
KLL15 in methanol/H2O 12.6 ± 0.3
KLL22 in H2O 16.8 ± 0.1
KLL22+urea in H2O 11.7 ± 0.1

Figure 5.11: Distance distribution functions from SANS data in Figure 5.10
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5.3.5 Peptide Conformations

The peptide starting conformations were helical throughout all of the performed simu-

lations. These α-helices were generated using PyMOL [277] and had peptide backbone

diheral angles of all φ ≈ −55° and ψ ≈ −45°. Using ANGULA the final distributions

of peptide dihedral angles were sampled over all peptides and residues. The associated

φ/ψ-residue pairs were correlated in bivariate heat-maps and superimposed to gener-

ate Ramachandram plots for each peptide under the given conditions. These plots are

shown in Figure 5.12 for KLL15 in pure water (left, blue) and in methanol:water mix-

ture (right, orange) and in Figure 5.13 for KLL22 in pure water (left, purple) and in

water:urea mixture (right, green). A comparison plot indicating secondary structure

localisations within a Ramachandran plot is in Section 1.1.2.

Figure 5.12 shows that KLL15 retains its helical starting conformation in purely

aqueous solvent or the more apolar (2:1) water:methanol mixture. The corresponding

φ/ψ-correlation is only slightly more localised at ≈ −50°/− 50° (except for the N- and

C-terminal residues), while in pure water the φ/ψ-correlation is more varied between

-100 and 0° for both φ and ψ. This is not in accordance with the CD data where KLL15

was mostly non-helical in pure water.

The Ramachandran plots of KLL22 in Figure 5.12 show a less marked effect upon

the addition of urea to the KLL22 conformation. For both simulations with and without

urea the φ/ψ-correlation has broader peak in an α-helical area, at ≈ −50°/ − 50° ,

although with urea this peak is slightly less localised for both φ and ψ. Similar to

KLL15, the φ/ψ-pairs for the N- and C-terminal residues are not in the α-helical area of

the plot and are unchanged by the addition of urea. Probably because these residues are

less sterically hindered by the small acetyl/amide caps than residues within the peptide

chain.

5.3.5.1 Residues most affected by a change in solvation

As aforementioned, the Ramachandran plots in Figures 5.12-5.13 are superpositions of

residue-specific two-dimensional φ / ψ-correlations. These residue-specific heatmaps
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KLL15 in water KLL15 in methanol/water

Figure 5.12: Ramachandran plots of all dihedral angle pairs φ / ψ for KLL15 in pure
water (left, blue) and methanol/water (right, orange).

KLL22 in water KLL22+urea in methanol/water

Figure 5.13: Ramachandran plots of all dihedral angle pairs φ / ψ for KLL22 in pure
water (left, purple) and aqueous urea solution (right, green).



Chapter 5. Solvent and Urea Influence on the Amphiphilic KLL-Peptides 178

were compared to determine the residues that were most affected by a change in solvent

or urea concentration. For KLL15, L9 was found to be the most variant in terms of

the φ / ψ angle correlation for all peptides in the simulation (Figure 5.14). For KLL22,

K11 in all peptides was most affected by urea addition (Figure 5.15). The solvation and

small molecule interactions of these residues will be analysed separately in the following

Sections 5.3.6-5.3.7.

KLL15 in water KLL15 in methanol/water

Figure 5.14: Ramachandran plots of the dihedral angle pair φL9 / ψL9 for KLL15 in
pure water (left, blue) and methanol/water (right, orange).

KLL22 in water KLL22+urea in methanol/water

Figure 5.15: Ramachandran plots of the dihedral angle pair φK11 / ψK11 for KLL22 in
pure water (left, purple) and aqueous urea solution (right, green)
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Figure 5.16: RDFs of KLL15 peptide bond carbonyl oxygens (Ok and Ol), nitrogens
(Nk and Nl) and residue ends (Nkr and Clr) of leucine and lysines with water oxygens
(Ow).

5.3.6 KLL15: Amphiphilicity

5.3.6.1 Peptide Water Interaction

Figure 5.16 shows the hydration RDFs of KLL15 for all of the backbone nitrogens and

oxygens and lysine and leucine side-chain atoms (Clr on leucine, Nkr on lysine, Figure

5.2). As L9 was the most affected from a change in solvent environment, the residue

specific RDFs for L9 are also shown as a comparison. The corresponding coordination

numbers are listed in Table 5.6. The change from pure water to a (1:2) methanol:water

mixture lowers the water oxygen (Ow) molar fraction in the simulation by ≈ -51%. As

the coordination numbers are normalised by the the molar fraction of the neighbouring

atoms (Ow), these coordination numbers are expected to be on average 51% lower in

the methanol:water KLL15 simulation compared with KLL15 in pure water solvent. For

L9, all sites lose hydrating water, especially the leucine backbone oxygens (Ol; ≈ -62%

water) and nitrogens (Nl; ≈ -85% water) which both lose more than the expected 51%

of the water oxygens around the rest of the molecule. L9 oxygen (Ol) is more hydrated
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Table 5.6: Coordination numbers for the KLL15-Ow/Cl RDFs in Figures 5.16 and 5.17.
Also shown are the hydration differences (HD).

KLL15

rmax / Å in water in water/methanol HD / %

Ok-Ow 3.8 2.5 1.1 -56
Nk-Ow 3.5 1.2 0.7 -42
Nkr-Ow 3.7 5.0 2.6 -49

Nkr-Cl 4.0 0.4 0.5 -

Ol-Ow 3.8 2.0 0.8 -62
Nl-Ow 3.5 0.4 0.1 -85
Clr-Ow 5.9 17.8 9.1 -49

Ol-Ow (L9) 3.8 3.0 2.0 -36
Nl-Ow (L9) 3.5 0.2 0.0 -85
Clr-Ow (L9) 5.9 16.3 8.3 -50

than on the average leucine residue (CN≈ 3.0) but also retains more water molecules in

the methanol:water mixture (CN≈ 2.0, ≈ -36% water). Overall, these results indicate

that the hydrophobic leucine residues are more affected by a solvent-change and that

this effect is residue specific.

5.3.6.2 Peptide Chloride Interaction

The KLL15-chloride interactions are shown in the RDFs in Figure 5.17. As only the

positively charged lysine side-chain nitrogens (Nkr) exhibit an observable chloride inter-

action, the respective coordination numbers for the Nkr-Cl RDFs are further listed

in Table 5.6. Interestingly, this salt-interaction increases slightly in the more apo-

lar methanol:water solvent from a coordination number of ≈ 0.4 in pure water to

0.5 in methanol:water, despite the molar fraction of chloride ions being lower in the

methanol:water simulation.

5.3.6.3 Peptide Methanol Oxygen Interaction

The salient methanol oxygen (Om) interactions with KLL15 are shown in Figure 5.18.

While the backbone nitrogens (Nk and Nl) only show weak interactions with the methanol

oxygen (Nk shows more contacts than Nl), the carbonyl oxygens (Ok and Ol) show

small peaks at 2.8 Å without an observable difference in solvation between Ol and Ok.
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O

N

R

Figure 5.17: RDFs of KLL15 peptide bond carbonyl oxygens (Ok and Ol), nitrogens
(Nk and Nl) and residue ends (Nkr and Clr) of leucine and lysines with chloride (Cl).

All Lysines All Leucines Leucine 9
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Figure 5.18: RDFs of KLL15 peptide bond carbonyl oxygens (Ok and Ol), nitrogens
(Nk and Nl) and residue ends (Nkr and Clr) of leucine and lysines with methanol oxygen
(Om).
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Table 5.7: Coordination numbers for the KLL15-Om RDFs in Figure 5.18.

KLL15

rmax / Å in water/methanol

Ok-Om 3.3 0.2
Nk-Om 3.8 0.5
Nkr-Om 3.8 1.6

Ol-Om 3.3 0.2
Nl-Om 3.8 0.1
Clr-Om 6.7 5.7

Ol-Om (L9) 3.3 0.3
Nl-Om (L9) 3.8 0.2
Clr-Om (L9) 6.7 6.1

Although the corresponding coordination numbers in Table 5.7 are small throughout

(CN≈ 0.2-0.3), it is clear from Figure 5.18 that L9 oxygen (Ol) on the average interacts

slighly more with methanol oxygen compared with the other leucine residues.

5.3.6.4 Peptide Methanol Carbon Interaction

Figure 5.19 shows the RDFs between the backbone and central side-chain atoms of

KLL15 with the methanol carbon (Cm). The corresponding coordination numbers are

listed in Table 5.8. From this Table it is clear that lysine backbone nitrogens interact

significantly more with methanol carbon (CN≈ 1.2), than leucine backbone nitrogens

(CN≈ 0.3), similar to the interaction with methanol Om. Another interesting obser-

vation is that L9 oxygen (Ol), again, interacts more with methanol than all the other

leucines.

In summary for KLL15, the leucine residues are more affected by a change in solvent

polarity compared with the lysines. In a more apolar solvent, leucine residues lose the

most hydrating water and interact more with methanol. Some leucine residues, such as

L9, experience a larger confomational change, compared with the other residues when

the solvent is changed, from a more variant φ/ψ-correlation in pure water to a clearly

helical conformation in methanol:water. The corresponding L9 backbone atoms interact

more with water and methanol compared to other leucines.
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Figure 5.19: RDFs of KLL15 peptide bond carbonyl oxygens (Ok and Ol), nitrogens
(Nk and Nl) and residue ends (Nkr and Clr) of leucine and lysines with methanol carbon
(Cm).

Table 5.8: Coordination numbers for the KLL15-Cm RDFs in Figure 5.19.

KLL15

rmax / Å in water/methanol

Ok-Cm 4.5 1.1
Nk-Cm 4.5 1.2
Nkr-Cm 4.6 2.5

Ol-Cm 4.5 1.0
Nl-Cm 4.5 0.3
Clr-Cm 6.5 5.3

Ol-Cm (L9) 4.5 1.4
Nl-Cm (L9) 4.5 0.4
Clr-Cm (L9) 6.5 5.7
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Figure 5.20: RDFs of KLL22 peptide bond carbonyl oxygens (Ok and Ol), nitrogens
(Nk and Nl) and residue ends (Nkr and Clr) of leucine and lysines with water oxygens
(Ow).

5.3.7 KLL22: Urea Influence

5.3.7.1 Peptide Water Interaction

The RDFs for the site-specific KLL22 hydration are shown in Figure 5.20, including

the residue specific hydration of K11, which was found to be the most conformationally

affected by urea addition (Figure 5.15). The corresponding coordination numbers for

these functions are listed in Table 5.9. Due to the change in molar concentrations

when urea is added, the molar fraction of Ow in the solution is lowered by ≈18.3%.

This hydration difference between the urea-free and urea-containing solution would be

expected for every water interaction if no site specificity of water solvation was observed.

However, this level of hydration loss is not observed for KLL22 sites. The hydration of the

average leucine residues is, despite higher RDFs in Figure 5.20 for the urea containing

simulation, largely unaffected by the addition of urea. The hydration of lysine residue

backbone atoms Nk and Ok, on the other hand, increases by ≈30% while the lysine

side-chain nitrogens (Nkr) loses water contacts upon urea addition. The hydration of
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Table 5.9: Coordination numbers for the KLL22-Ow/Cl RDFs in Figures 5.20 and 5.21.

KLL22

rmax / Å in water +urea in water HD / %

Ol-Ow 3.8 2.0 1.9 -6
Nl-Ow 3.5 0.2 0.2 -1
Clr-Ow 5.9 16.6 15.3 -8

Ok-Ow 3.8 1.5 1.9 +28
Nk-Ow 3.5 1.5 2.0 +31
Nkr-Ow 3.7 4.8 4.5 -7

Nkr-Cl 4.0 0.4 0.2 -

Ok-Ow (K11) 3.8 1.2 1.9 +59
Nk-Ow (K11) 3.5 1.3 1.9 +47
Nkr-Ow (K11) 3.7 4.5 4.6 +2

Nkr-Cl (K11) 4.0 0.7 0.1 -

K11 in the presence of urea is similar to the average lysine. Without urea, K11 is less

hydrated compared to the other lysines.

5.3.7.2 Peptide Chloride Interaction

Similar to the chloride interaction of KLL15, only the lysine side-chain nitrogen (Nkr)

shows a significant nearest neighbour peak in the respective RDFs in Figure 5.21. Longer

range chloride interactions with the peptide, for example of lysine oxygens (Ok), are

probably due to this Nkr-Cl contact. This charged Nkr-Cl interaction (Table 5.9) is

significantly lowered when urea is added (CN≈ 0.4 to CN≈ 0.2) to the solution. This

effect is even more visible for K11 where the coordination is lowered from a CN≈ 0.7 in

pure water to CN≈ 0.1 in 4 M urea. Not only is K11 the only residue that interacts with

chloride more than the average lysine, but this K11-Cl interaction is also more affected

by the addition of urea compared with the other lysines on KLL22.

5.3.7.3 Peptide Urea Interaction

Figure 5.22 shows the urea-peptide interaction for KLL22 with the central urea carbon

atom (Cu). For all of the backbone sites on KLL22 there is almost no interaction with

urea molecules; this is also visible in the coordination numbers listed in Table 5.10. Only

the charged lysine side chains and the apolar leucine side chain interact significantly with
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Figure 5.21: RDFs of KLL22 peptide bond carbonyl oxygens (Ok and Ol), nitrogens
(Nk and Nl) and residue ends (Nkr and Clr) of leucine and lysines with chloride (Cl).

All Leucines All Lysines Lysines 11

O

N

R

Figure 5.22: RDFs of KLL22 peptide bond carbonyl oxygens (Ok and Ol), nitrogens
(Nk and Nl) and residue ends (Nkr and Clr) of leucine and lysines with urea carbon
(Cu).
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Table 5.10: Coordination numbers for the KLL22-Cu RDFs in Figure 5.22.

KLL22 Leucines
rmax / Å +urea in water

Ol-Cu 4.8 0.1
Nl-Cu 4.8 <0.1
Clr-Cu 6.5 0.7

Ok-Cu 4.8 0.1
Nk-Cu 4.8 0.2
Nkr-Cu 4.4 0.5

Ok-Cu (K11) 4.8 0.1
Nk-Cu (K11) 4.8 0.1
Nkr-Cu (K11) 4.4 0.4

the urea molecules in the solution. Interestingly, K11 does not interact more with urea

than other lysine residues so a replacement of chloride ions with urea appears unlikely.

To determine if urea or water hydrogen bonds with KLL22 are preferred, a prefer-

ence ratio (PR, Section 3.2.6) was determined by weighting the respective coordination

number ratios by the molar water/urea ratio. Similar to the urea preference ratio in

Chapters 3 and 4 a ratio above 1.0 indicates a urea preference over water and a ratio

below 1.0 indicates a water preference over urea at the specific peptide site. Figure 5.23

shows the hydrogen bond RDFs from water or urea with any peptide backbone hydrogen

(Hnx) and oxygen (Ox) and the side-chain hydrogens of leucine (Hld) and lysine (Hnk).

The respective coordination numbers and preference ratios are listed in Table 5.11.

The KLL22 peptide backbone oxygens (Ox) form hydrogen bonds with water (via

Hw) and urea (via Hu) visible in a small RDF peak at ≈ 1.8 Å. Similarly, the peptide

backbone hydrogens (Hnx) form hydrogen bonds with water and urea oxygens (Ow and

Ou) at ≈ 2 Å. Although both hydration and urea interaction peaks are small, the prefer-

ence ratio between urea and water to form hydrogen bonds with the peptide backbone

are both at PR≈ 0.2 indicating that water is strongly preferred at these sites. The

apolar leucine side-chain hydrogens (Hld) do not hydrogen bond towards water or urea,

yet there is a small interaction peak with Ow and Ou visible at ≈ 2.5 Å. However, this

apolar interaction is also preferentially with water over urea, as indicated by PR≈ 0.3.

Only the lysine side-chain hydrogens (Hnk) interact with water and urea (at ≈ 1.8 Å)

without a clear preference (PR≈ 1.0). These results are, overall, not in agreement with
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Figure 5.23: Hydrogen bond RDFs of KLL22 peptide bond carbonyl oxygens (Ox),
backbone hydrogens (Hnx) and side-chain lysine (Hnk) and leucine (Hld) hydrogens.

the GPG-NH2-urea interaction presented in Chapter 3, where urea was found to be pre-

ferred over water in peptide backbone nitrogen contacts. However, a similar effect of

lowered ion interactions upon the addition of urea has been observed for GPG-NH2-

chloride contacts (Chapter 3) and KGPGK-TFA contacts (Chapter 4).

5.4 Conclusions

From the results presented in this chapter, conclusions can be drawn regarding the

influence of an amphiphilic solvent and urea on α-helices and amphiphilic helices, in

particular.

CD spectra on KLL15 in methanol:water solutions showed that this peptide is almost

non-helical in pure water and over 60% helical in 30% methanol:70%water and 100%

helical in pure methanol. This solvent dependent folding/unfolding is also reflected in the

NMR spectroscopy data where, due to the lack of order, a clear peak assignment in pure
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Table 5.11: Coordination numbers for the KLL22 hydrogen bond RDFs in Figure 5.23
including a preference ratio of urea vs. water contacts.

KLL22 Leucines
rmax / Å +urea in water PR

Ox-Hw 2.5 0.8 -
Hnx-Ow 2.5 0.4 -
Hld-Ow 3.5 0.7 -
Hnk-Ow 2.5 1.2 -

Ox-Hu 2.5 <0.1 0.2
Hnx-Ou 2.5 <0.1 0.2
Hld-Ou 3.5 <0.1 0.3
Hnk-Ou 2.5 0.2 1.0

water for any peptide was impossible suggesting that the peptide was largely unfolded.

However, the -NH peak assignments for KLL15 in varying methanol concentrations also

indicated that the proton environment between 30%-100% methanol changes depending

on the peptide residue suggesting a residue dependent folding.

For all KLL peptides EPSR simulations, helical peptides were used as the initial

conformations. Although CD and NMR data suggests that KLL15 (at a lower µM

concentration) is mostly unhelical in pure water, the Ramachandran plot of KLL15 in

pure water, derived from the EPSR simulation (at a higher mM KLL15 concentration),

still shows the φ/ψ-pairs mostly in the helical area of the Ramachandran plot (cf. Figure

1.5). This could either be an artefact of the initial KLL15 conformation or a peptide

concentration effect, where the peptide itself, at higher concentrations, contributes to a

more apolar peptide environment. However, the KLL15 conformation in 30% methanol

shows, as expected, a more ordered α-helical structure. For future work, it would be

useful to either run the EPSR simulation for longer time, use unfolded KLL15 peptides as

starting conformations, run additional MD simulations or to determine the concentration

effect of the peptide on its conformation by a method that can access this peptide

concentration between 50 µM and 38 mM. As the KLL peptides were designed to have

similar structural and functional properties as mellitin [267, 275], it is possible, that

they also form multimers in solution. However, the small angle scattering data does not

indicate larger KLL-multimers.

L9 was shown to be one of the most solvent affected residues regarding the back-
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bone dihedral conformation. Conversely, in NMR spectra this residue did not show a

particularly large peak shift upon a change in solvent. However, it is important to note

that, the actual transition between 30-0% methanol that was probed using neutron scat-

tering and EPSR could not be resolved as below 30% methanol NMR spectrum peak

assignment became impossible.

The atomic scale analysis on KLL15 revealed that the leucine backbone hydration is

more affected by a change in solvent compared to the lysine hydration. Some leucine

residues, like L9, are perticularly sensitive to an increased water concentration and,

conversely, interact more with methanol than an average leucine residue on KLL15.

However, the lysine residues showed that an increased methanol content slightly in-

creased the charged interactions between the lysine side-chain and the chloride ions in

solution. While it is difficult to determine if a change in solvation affects the residue

conformation or vice versa, previous studies have shown that apolar transmembrane

α-helices [278] and amphiphilic α-helices [279] can form their secondary structure upon

membrane contact [278]. This might indicate that a lack of hydration is necessary for

the formation of these structures.

The influence of urea was studied on the longer KLL22 peptide. This peptide was

≈ 70% helical in pure water, according to the CD measurements, and only showed a tran-

sition between 80-100% methanol to become completely helical, within the sensitivity of

CD and the CONTIN/LL analysis. The urea concentration used for neutron diffraction

experiments (4M) slightly decreased the helical content of KLL22 in CD from ≈ 75% to

≈ 60%. This is reflected in the Ramachandran plots of KLL22 where the addition of urea

leads to a slightly less helical φ/ψ-correlation. However, even at 9 M urea about 40%

of the KLL22 peptides were still helical according to the CD measurements. It appears

that the effect of urea on secondary structures is ambigous, where some hydrophobic

secondary structures have been found to be preferred in urea-denatures protein states

[280] although the secondary structure forming hydrogen bonds have been found to be

weakened by urea [281].

The addition of urea showed an overall increase in peptide backbone hydration with-

out a direct urea-backbone interaction, unlike the results in Chapter 3 where urea (at
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a similar concentration of 4 M) was decreasing and replacing water-peptide contacts.

Conversely, the hydration of the amino acid residues is slightly decreased when urea is

added and urea is found to interact directly with the residue sites. It is possible, that this

difference between GPG-NH2 and KLL22 regarding the urea-influence is due to the lack

of a secondary structure in GPG-NH2 which makes the peptide backbone more solvent-

accessible. This might even suggest that turns and loop sequences without a repeptitive

secondary structure are the initial site of urea denaturation, because at these sites the

peptide backbone is more accessible for a direct hydrogen bond urea-peptide interaction

[282, 249].

Similar to the results presented in Chapter 4, there is a marked decrease in charged

interactions, here between chloride and lysine residues, which is visible when urea is

added. This is even more pronounced in K11 than in the average lysine-chloride in-

teraction, suggesting that there is a residue specific decrease in salt interactions that

might, as an initial step in urea induced peptide denaturation destabilise the peptide

conformation [233].
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Chapter 6

Conclusions and Further Work

6.1 Conclusions

Protein folding and unfolding were investigated using an inductive approach by deter-

mining the structures and molecular interactions of small model peptides on the atomic

scale in solution using neutron diffraction with isotopic substitution combined with Em-

pirical Potential Structure Refinement (EPSR), a Monte Carlo-based simulation which

uses diffraction data as a direct constraint to an atomic model, along with Molecular

Dynamics (MD) and other biophysical analysis techniques.

Overall, it was found that neither the peptides nor urea or co-solvents and solutes,

such as ions and methanol, perturbed the aqueous solvent structure significantly. Small

differences in the water structure compared to pure water can be explained by differences

in ionic strength [223]. This is in agreement with previous studies on peptides [248] and

urea [225] in aqueous solution and, principally, dissents from the theories of indirect

urea-induced protein denaturation [187]; and with the idea that water forms highly

ordered structures around hydrophobic protein sites [57] to initiate the folding process

[55].

193
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6.1.1 Urea Influence on Peptides

Investigations on the structure of GPG-NH2 in solution and how urea interacts with

this small peptide (Chapter 3), have shown that, within this system, urea preferentially

interacts with the polar peptide backbone atoms while urea is less preferred around

apolar peptide sites. Urea was found to lower the peptide backbone hydration, effectively

replacing water molecules, most notably at the polar -NH sites in the peptide backbone.

However, urea also decreased the peptide hydration without directly hydrogen bonding

to these sites, which might indicate a combination of direct and indirect urea influence

on protein hydration.

While an indirect influence of urea on the solvent structure was not observed, the

influence of urea on the investigated peptides, namely GPG-NH2, KGPGK and KLL22,

has been found to be closely connected to the electrostatic interactions between the

formally charged sites within the solution. All three peptides have been found to have

fewer peptide-ion (Cl− or TFA−) interactions in the urea-containing solutions compared

with the urea-free peptide solutions.

The structure and the solvation interactions for KGPGK with and without urea

(Chapter 4) have shown that, again, urea hydrogen bonds with the peptide backbone are

preferred over water. At this lower urea and higher ionic concentration, compared to the

investigations in Chapter 3, the site specific urea/water preference ratios (PR) indicate

an even higher urea preference over water compared to GPG-NH2 in Chapter 3, although

the urea-interaction RDFs, within the closest distance range, and the corresponding CNs

are small due to the lower urea concentration. There is a clear preference for urea to

interact with the C- and N-terminal sites of the KGPGK peptide backbone, especially

in the EPSR simulations. This might indicate that urea preferentially interacts with

protein sites that are more solvent accessible.

How urea interacts with a larger secondary structure forming peptides was probed

using the α-helical KLL22 in aqueous urea solution in Chapter 5. While the GPG-NH2

and KGPGK backbone atoms were found to prefer urea over water, KLL22 had a strong

preference to coordinate water molecules around the backbone atoms. Taken together,

this suggests that urea, although it might prefer to interact with the peptide backbone,
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the highly ordered secondary structure of the α-helical KLL22 prevents this direct urea-

contact; whereas the shorter and more flexible GPG-NH2 and KGPGK peptides were

directly accessible for urea-backbone contacts. In larger protein structures, this could

lead to a structure specific urea-peptide interaction, where flexible and solvent accessible

peptide backbone sites might nucleate urea induced protein unfolding at relatively low

urea concentrations.

In summary, it was found that urea, generally at any probed concentration, decreases

ionic interactions with the peptides in solution. At a higher urea concentrations and

solvent accessible peptide backbone sites, urea interacts directly with the polar peptide

backbone and replaces water molecules. Therefore, urea induced protein denaturation

appears to be dependent on (ionic) co-solute concentrations and the three-dimensional

protein structure.

6.1.2 Peptide Folding and Stability

Within Chapters 4 and 5, results on the interplay between hydration, conformation and

folding of peptides were presented for the model peptides KGX GK and KLL15. The

results for the β-turn model peptides KGX GK in Chapter 4 showed that proline has

a unique effect on the preferred peptide backbone conformation facilitating a specific

hydration and water bridging pattern between peptide residues that might precede the

formation of a direct intra peptide hydrogen bond.

How water and methanol solvents influences the conformation and hydration of the

amphiphilic KLL15 peptide was shown in Chapter 5, where the helicity of KLL15 in-

creased with methanol content in the solvent and, conversely, the disorder in the helical

peptide conformation increased with an increased water content in the solvent. This

conformational transition was found to be residue specific, mostly occurring at the hy-

drophobic leucine residues, as these residues lost more water contacts compared with

the rest of the peptide, when the methanol content of the solvent was increased.

While it is difficult to infer from these findings a conclusive theory on protein folding

and stability, these results indicate an ambiguous influence of water on peptide folding
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vs. conformational stability. The formation of β-turn like structures, and possibly

intra-peptide hydrogen bonds in general, appears to be dependent on a specific backbone

hydration pattern, facilitated by the local amino acid sequence. Conversely, hydrophobic

residues in folded protein structures are particularly sensitive, in terms of conformation

and hydration, to an increased peptide backbone hydration.

6.2 Further Work

The work described in this thesis addresses the structure and interactions of specific

small model peptides in solution to investigate the folding and unfolding of peptides

and proteins. Determining the solvent impact on these peptides on the atomic-scale can

be used as a starting point for further investigations as more work is needed to develop

a consistent and universal theory on protein folding.

The presented results indicate that protein folding and unfolding processes are in-

fluenced by and specific to many factors such as individual amino acids, their sequence,

the resultant native folded structure and co-solute concentrations, including pH. In fact,

all of these factors might be specific to distinct folding mechanisms. As the peptides

studied in this thesis contained only four distinct amino acids (glycine, leucine, pro-

line and lysine), that were studied using neutron diffraction and EPSR, atomic scale

investigations on the other proteinogenic amino acids is necessary to derive at a more

conclusive answer of the role of solvation in protein folding. Other factors such as pH,

temperature and salt concentrations could be varied in order to probe their influence on

folding and urea induced unfolding.

Other structural protein motifs, such as β-sheets or proteins with a tertiary (or

quaternary) structure and hydrophobic core might show different folding behaviour than

the small peptides investigated. An interplay of hydrophobic collapse [283, 284] and

water mediated folding nucleation [198] depending on the primary structure is possible

and cannot be disproved by only studying small peptides without the presence of a longer

range structure. However, the influence of individual atomic interactions on the neutron

diffraction data decreases with increasing size of the studied molecules. The structural
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investigation of larger proteins folding and unfolding can therefore only be meaningful

with additional methods employed, such as for example Molecular Dynamics, NMR

and other spectroscopic techniques including CD, small angle scattering or analytical

ultracentrifugation.

Another important aspect of protein folding and unfolding, that has to be neglected

using the described neutron diffraction experiments, is kinetics. As the neutron diffrac-

tion data collection takes several hours, the fast transitioning of folding cannot be elu-

cidated by EPSR alone. It is therefore necessary to either study peptides and proteins

that are not completely folded or unfolded (Chapters 3-4) or to employ other meth-

ods such Molecular dynamics simulations (Chapter 4) or time dependent spectroscopic

methods, such as stopped-flow to overcome this obstacle.
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Appendix A

EPSR Input Parameters

A.1 Water EPSR Input Parameters

Table A.1: List of water atom labels and coordinates.

TIP3P SPC/E

Atom No Label x y z x y z

001 Ow -2.6991999 3.1742001 0.0000000 -2.6991999 3.1742001 0.0000000
002 Hw -1.7292000 3.1742001 0.0000000 1.7292000 3.1742001 0.0000000
003 Hw -3.0225999 3.4698000 -0.865400 -3.0225999 3.4698000 -0.865400

Table A.2: List of water bond lengths.

TIP3P SPC/E

Atom No 1 Atom No 2 bond length / Å bond length / Å

001 002 0.97600 0.97600
001 003 0.97600 0.97600

Table A.3: List of water bond angles.

TIP3P SPC/E

Atom No 1 Atom No 2 Atom No 3 angle / ° angle / °
002 001 003 104.52000 104.50000
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A.2 Methanol EPSR Input Parameters

Table A.4: List of methanol atom labels and coordinates.

Atom No Label x y z

001 Cm -1.50000000 1.37899995 0.03200000
002 Hm -1.43400002 2.10400009 0.856999993
003 Hm -1.37000000 0.360000014 0.428999990
004 Hm -0.703999996 1.58800006 -0.698000014
005 Om -2.77200007 1.49100006 -0.616999984
006 Hmo -3.47600007 1.31400001 -0.00300000

Table A.5: List of methanol bond lengths.

Atom No 1 Atom No 2 bond length / Å

001 005 1.43239
001 002 1.10028
001 003 1.10130
001 004 1.10009
005 006 0.95076

Table A.6: List of methanol bond angles.

Atom No 1 Atom No 2 Atom No 3 angle / °
002 001 005 109.96698
003 001 005 109.90753
004 001 005 109.08920
002 001 003 109.40891
002 001 004 109.20641
003 001 004 109.24348
001 005 006 110.51110
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Table A.7: List of methanol rotational groups.

Atom No 1 Atom No 2

1 5

A.3 Urea EPSR Input Parameters

Table A.8: List of urea atom labels and coordinates.

Atom No Label x y z

001 Nu -5.02099991 3.85700011 0.00000000
002 Hu -4.14400005 3.35899997 0.00000000
003 Hu -5.02699995 4.86499977 0.00000000
004 Cu -6.17399979 3.16899991 0.00000000
005 Ou -6.21299982 1.95799994 0.00000000
006 Nu -7.28000021 3.93000007 0.00000000
007 Hu -7.20900011 4.93599987 0.00000000
008 Hu -8.18799973 3.49000001 0.00000000

Table A.9: List of urea bond lengths.

Atom No 1 Atom No 2 bond length / Å

001 002 1.00000
001 003 1.00000
001 004 1.36000
004 005 1.23000
006 004 1.36000
006 007 1.00000
006 008 1.00000
002 007 3.45500
002 008 4.06400
003 007 2.20300
003 008 3.45500
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Table A.10: List of urea bond angles.

Atom No 1 Atom No 2 Atom No 3 angle / °
002 001 003 120.00000
002 001 004 120.00000
003 001 004 120.00000
001 004 005 122.50000
001 004 006 115.00000
006 004 005 122.50000
007 006 004 120.00000
008 006 004 120.00000
007 006 008 120.00000

Table A.11: List of urea dihedral angles.

Atom No 1 Atom No 2 Atom No 3 Atom No 4 dihedral angle / °
2 1 4 5 0.00000
2 1 4 6 180.00000
3 1 4 5 180.00000
3 1 4 6 0.00000
1 4 6 7 0.00000
1 4 6 8 180.00000
5 4 6 7 180.00000
5 4 6 8 0.00000

A.4 TFA EPSR Input Parameters

Table A.12: List of TFA atom labels and coordinates.

Atom No Label x y z

001 Ct1 -3.73900008 2.26399994 0.08299999
002 Ct2 -2.24200010 2.52399993 -0.03200000
003 Ft -4.36800003 3.20000005 0.820999980
004 Ft -4.32399988 2.24300003 -1.12899995
005 Ft -3.98699999 1.07599998 0.666999996
006 Ot -1.94000006 3.78699994 -0.210999995
007 Ot -1.42100000 1.64300001 -0.200000003
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Table A.13: List of TFA bond lengths.

Atom No 1 Atom No 2 bond length / Å

001 002 1.52376
001 003 1.34773
001 004 1.34596
001 005 1.34681
002 006 1.31088
002 007 1.21591

Table A.14: List of TFA bond angles.

Atom No 1 Atom No 2 Atom No 3 angle / °
002 001 003 112.41663
002 001 004 111.20488
002 001 005 111.35474
003 001 004 107.52213
003 001 005 106.81155
004 001 005 107.25735
001 002 006 113.64305
001 002 007 123.37768
006 002 007 121.57900

Table A.15: List of TFA rotational groups.

Atom No 1 Atom No 2

1 2
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A.5 GPG-NH2 EPSR Input Parameters

Table A.16: List of GPG-NH2 atom labels and coordinates.

GPG-NH2 (trans) GPG-NH2 (cis)

Atom No Label x y z x y z

001 N1 10.4442997 23.2173004 42.8475990 35.7630005 14.3577003 46.8908005
002 Hn1 9.6233997 23.7381992 43.2332993 36.3485985 14.3599997 47.7579002
003 Hn1 10.6138000 23.5016003 41.8549004 35.7327995 15.3181000 46.4771996
004 Hn1 10.2335997 22.1935005 42.8717003 34.7900009 14.0712004 47.1441994
005 Cp 11.6352997 23.4792004 43.6582985 36.3041000 13.4052000 45.9188995
006 Hc 11.4438000 23.1436005 44.7010994 36.2924004 12.3907003 46.3700981
007 Hc 12.4863997 22.8938007 43.2473984 35.6492004 13.4000998 45.0206985
008 Co 12.0087996 24.9493008 43.6753006 37.7201996 13.7563000 45.4962997
009 O1 11.3310003 25.7509995 43.0460014 38.2580986 14.7488003 45.9692993
010 N2 13.0909004 25.3887997 44.3877983 38.3995018 12.9892998 44.5878983
011 Cn 13.9329004 24.5223999 45.1846008 39.7288017 13.3255997 44.1255989
012 Hc 14.3140001 23.6394005 44.6281013 40.4524994 13.4934998 44.9528008
013 Hc 13.3580999 24.2029991 46.0814018 39.6556015 14.2306004 43.4832001
014 Cn 13.4807997 26.7847004 44.4594994 37.8586006 11.8037996 43.9469986
015 Hc 12.6188002 27.4510002 44.6855011 36.8287010 11.9607000 43.5591011
016 Cm 14.4359999 26.7891006 45.6617012 38.8083992 11.6282997 42.7528992
017 Hc 15.1162996 27.6639996 45.7336998 38.8064003 10.6236000 42.2793007
018 Hc 13.8202000 26.7546005 46.5900002 38.5270996 12.3759003 41.9757004
019 Cm 15.1080999 25.4316998 45.5447998 40.1377983 12.0865002 43.3294983
020 Hc 15.7931995 25.4845009 44.6679993 40.4687996 11.3009996 44.0463982
021 Hc 15.6917000 25.1002998 46.4294014 40.9527016 12.2600002 42.5954018
022 Co 14.1515999 27.2401009 43.1750984 37.8838005 10.6044998 44.8805008
023 O2 14.2648001 26.4622993 42.2364998 38.2990990 10.7286997 46.0259018
024 N3 14.6163998 28.5174007 43.0736008 37.4432983 9.39360046 44.4393997
025 Hn3 14.5057001 29.1537991 43.8778992 37.0989990 9.33500004 43.4765015
026 Cn 15.2754002 29.0284004 41.8816986 37.4600983 8.22809982 45.3148003
027 Hc 16.2945004 29.3656998 42.1671982 38.5073013 8.05430031 45.6463013
028 Hc 15.3860998 28.2434998 41.1031990 36.8423004 8.45479965 46.2112999
029 Co 14.5347996 30.1923008 41.2578011 36.9478989 6.91389990 44.7358017
030 NT 13.3521996 30.6441994 41.7473984 36.4850006 6.77099991 43.4659996
031 HT1 12.9019003 30.2110004 42.5647011 36.4430008 7.53970003 42.7910004
032 HT2 12.8767996 31.4381008 41.2929993 36.1553001 5.84730005 43.1481018
033 O3 15.0200996 30.7339001 40.2761002 36.9589005 5.93450022 45.4665985
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Table A.17: List of GPG-NH2 bond lengths.

GPG-NH2 (trans) GPG-NH2 (cis)

Atom No 1 Atom No 2 bond length / Å bond length / Å

001 002 1.04593 1.04632
001 003 1.04643 1.04611
001 004 1.04553 1.04548
001 005 1.46434 1.46446
005 006 1.11208 1.11037
005 007 1.11171 1.11161
005 008 1.51690 1.51895
008 009 1.22399 1.22398
008 010 1.36812 1.36928
011 010 1.44724 1.44702
010 014 1.45110 1.45215
011 012 1.11113 1.11184
011 013 1.11205 1.11223
011 019 1.52894 1.52854
015 014 1.11269 1.11165
014 016 1.53549 1.53584
022 014 1.51890 1.51999
016 019 1.51918 1.51978
017 016 1.11060 1.11073
018 016 1.11451 1.11448
020 019 1.11397 1.11379
021 019 1.11038 1.11044
022 023 1.22424 1.22468
022 024 1.36302 1.36194
025 024 1.03158 1.02428
026 024 1.45466 1.45774
026 027 1.11079 1.11209
026 028 1.11103 1.11211
026 029 1.51407 1.52470
029 033 1.22171 1.22205
029 030 1.35737 1.35908
031 030 1.02879 1.02386
032 030 1.03090 1.03101



EPSR Input Parameters 206

Table A.18: List of GPG-NH2 bond angles (Part 1).

GPG-NH2 (trans) GPG-NH2 (cis)

Atom No 1 Atom No 2 Atom No 3 angle / ° angle / °
002 001 003 109.97755 109.98585
002 001 004 108.72363 108.70014
002 001 005 110.18884 110.15853
003 001 004 108.69617 108.69590
003 001 005 110.17358 110.20606
004 001 005 109.04298 109.05595
001 005 006 108.97203 108.70422
001 005 007 108.89674 108.75667
001 005 008 112.32142 112.25763
006 005 007 108.63312 108.53819
006 005 008 108.92647 109.51577
007 005 008 109.02419 108.99635
005 008 009 119.51604 119.31615
005 008 010 120.79169 121.17195
009 008 010 119.69202 119.50935
008 010 014 123.18016 124.42291
011 010 008 123.68172 122.51426
011 010 014 113.10105 113.01122
010 011 019 102.75957 102.93238
012 011 010 113.54961 113.28784
012 011 013 110.66665 110.46751
012 011 019 109.08561 109.61769
013 011 010 108.37415 108.25058
013 011 019 112.21745 112.11078
010 014 016 102.03983 101.89256
015 014 010 112.20491 112.57341
015 014 016 108.73461 108.52848
015 014 022 109.53307 109.93913
022 014 010 111.42594 111.52498
022 014 016 112.73540 112.15303
014 016 019 102.26343 102.21185
017 016 014 115.72624 115.70638
017 016 018 107.98933 107.99719
017 016 019 115.96792 115.85247
018 016 014 107.95818 108.02596
018 016 019 106.31258 106.44656
011 019 016 102.09116 102.00206
011 019 020 108.38958 108.42082
011 019 021 114.46707 114.45726
020 019 016 106.87592 106.94979
020 019 021 108.53962 108.51884
021 019 016 115.96960 115.99054
014 022 024 119.63914 119.81766
023 022 014 119.91163 119.99976
023 022 024 120.44792 120.18256
025 024 022 118.91196 117.64895
026 024 022 123.00355 120.83951
025 024 026 118.08264 121.51116
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Table A.19: List of GPG-NH2 bond angles (Part 2).

GPG-NH2 (trans) GPG-NH2 (cis)

Atom No 1 Atom No 2 Atom No 3 angle / ° angle / °
027 026 024 108.16208 108.34953
028 026 024 111.78356 108.34344
029 026 024 112.71075 117.20836
027 026 028 107.65038 108.34087
027 026 029 108.73874 107.14718
028 026 029 107.64245 107.17010
026 029 033 118.52846 117.43081
033 029 030 119.23082 118.52388
026 029 030 122.23946 124.04527
031 030 029 121.85027 123.43520
031 030 032 118.20278 117.14528
032 030 029 119.94505 119.41951

Table A.20: List of GPG-NH2 dihedral angles.

GPG-NH2 (trans) GPG-NH2 (cis)

Atom No 1 Atom No 2 Atom No 3 Atom No 4 dihedral angle / ° dihedral angle / °
5 8 10 11 0.00000 180.00000
5 8 10 14 180.00000 0.00000
9 8 10 11 180.00000 0.00000
9 8 10 14 0.00000 180.00000
14 22 24 25 0.00000 0.00000
14 22 24 26 180.00000 180.00000
23 22 24 25 180.00000 180.00000
23 22 24 26 0.00000 0.00000
33 29 30 31 180.00000 180.00000
33 29 30 32 0.00000 0.00000
26 29 30 31 0.00000 0.00000
26 29 30 32 180.00000 180.00000

Table A.21: List of GPG-NH2 rotational groups.

Atom No 1 Atom No 2

1 5
5 8
14 22
24 26
26 29
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A.6 KGPGK EPSR Input Parameters

Table A.22: List of KGPGK atom labels and coordinates (Part 1).

Atom No Label x y z

001 N1 -1.216000 7.381000 -3.413000
002 H3n -1.746000 7.217000 -4.284999
003 H3n -1.178000 8.399999 -3.246000
004 H3n -0.251000 7.035999 -3.542999
005 Ck -1.876000 6.688000 -2.255000
006 Hka -1.137000 7.019999 -1.519999
007 Ck -3.278000 7.230999 -1.904999
008 Hk -4.001999 6.886000 -2.650000
009 Hk -3.256000 8.321999 -1.957999
010 Ck -3.733999 6.807000 -0.4920000
011 Hk -3.816999 5.718999 -0.4379999
012 Hk -2.983999 7.118999 0.2399999
013 Ck -5.093999 7.440999 -0.1330000
014 Hk -5.022999 8.529999 -0.2000000
015 Hk -5.853000 7.113999 -0.8479999
016 Ck -5.527999 7.048999 1.289999
017 Hk -5.635000 5.964000 1.371999
018 Hk -4.797999 7.403999 2.023000
019 Nk1 -6.823999 7.652999 1.741000
020 H3n -7.044000 7.359000 2.707000
021 H3n -6.769000 8.684000 1.717000
022 H3n -7.596000 7.353000 1.123000
023 Co -1.845000 5.175000 -2.348999
024 O1 -2.367000 4.565999 -3.260999
025 N2 -1.199000 4.543000 -1.347000
026 H2 -0.7929999 5.080999 -0.5950000
027 Cg -1.018000 3.089999 -1.289000
028 Hg -1.993000 2.595999 -1.347000
029 Hg -0.4050000 2.783999 -2.140000
030 Co -0.3330000 2.618999 -0.016000
031 O2 -0.1490000 3.364000 0.9269999
032 N3 0.015000 1.307999 0.048000
033 Cp -0.1749999 0.3120000 -1.019000
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Table A.23: List of KGPGK atom labels and coordinates (Part 2).

Atom No Label x y z

034 Hp -1.241000 0.088000 -1.108999
035 Hp 0.2140000 0.6769999 -1.973000
036 Cp 0.6830000 0.6890000 1.205999
037 Hpa 0.1169999 0.9139999 2.114000
038 Cp 0.6650000 -0.8280000 0.9430000
039 Hp -0.2370000 -1.261000 1.384999
040 Hp 1.536999 -1.342000 1.356999
041 Cp 0.5920000 -0.9449999 -0.5830000
042 Hp 0.1000000 -1.865000 -0.9070000
043 Hp 1.603000 -0.9190000 -0.9990000
044 Co 2.101000 1.197999 1.404999
045 O3 2.838000 1.488000 0.4810000
046 N4 2.519999 1.213000 2.687000
047 H4 1.878999 0.9330000 3.414000
048 Cg 3.838999 1.677999 3.121999
049 Hg 4.584000 1.455999 2.352000
050 Hg 3.809999 2.756999 3.295000
051 Co 4.261000 1.011999 4.414000
052 O4 3.529999 0.9520000 5.382999
053 N5 5.449999 0.3779999 4.368999
054 H5 5.997000 0.4289999 3.522000
055 Ck 6.004000 -0.4420000 5.453000
056 Hka 5.649000 -0.034000 6.407000
057 Ck 5.544000 -1.917000 5.341000
058 Hk 4.454000 -1.944000 5.276000
059 Hk 5.933000 -2.355000 4.419000
060 Ck 5.991000 -2.765000 6.553999
061 Hk 5.583000 -2.332999 7.471000
062 Hk 7.080999 -2.750999 6.637000
063 Ck 5.517000 -4.227000 6.414999
064 Hk 4.426000 -4.257999 6.349999
065 Hk 5.916999 -4.656000 5.493000
066 Ck 5.981999 -5.073999 7.612999
067 Hk 7.073999 -5.084000 7.673999
068 Hk 5.564000 -4.681000 8.543999
069 Nk5 5.611999 -6.526000 7.539000
070 H3n 4.585000 -6.633999 7.502999
071 H3n 6.018000 -6.958000 6.692999
072 H3n 5.967000 -7.032000 8.366999
073 Co 7.518000 -0.3109999 5.453000
074 N6 8.001000 0.7369999 6.143000
075 H6b 8.991000 0.9330000 6.125999
076 H6a 7.376999 1.330000 6.665999
077 O5 8.246999 -0.9710000 4.742000
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Table A.24: List of KGPGK bond lengths (Part 1).

Atom No 1 Atom No 2 bond length / Å

001 002 1.03353
001 003 1.03329
001 005 1.50227
001 004 1.03303
005 007 1.54368
005 023 1.51623
005 006 1.09388
008 007 1.09464
009 007 1.09251
007 010 1.54411
010 013 1.54287
011 010 1.09250
012 010 1.09347
014 013 1.09337
013 016 1.53849
015 013 1.09281
018 016 1.09372
019 016 1.49928
017 016 1.09334
019 020 1.03344
019 021 1.03275
019 022 1.03340
023 024 1.21454
023 025 1.34935
027 025 1.46538
026 025 1.00984
028 027 1.09454
027 030 1.52039
029 027 1.09252
030 032 1.35791
030 031 1.21578
036 032 1.47321
033 032 1.47194
035 033 1.09301
041 033 1.53572
034 033 1.09299
036 038 1.53973
036 037 1.09336
036 044 1.51967
038 041 1.53222
039 038 1.09383
040 038 1.09361
042 041 1.09245
043 041 1.09355
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Table A.25: List of KGPGK bond lengths (Part 2).

Atom No 1 Atom No 2 bond length / Å

044 046 1.34882
044 045 1.21698
047 046 1.00887
048 046 1.46465
049 048 1.09417
048 051 1.51357
050 048 1.09317
051 053 1.34822
051 052 1.21529
055 053 1.46778
054 053 1.00956
055 057 1.54912
055 056 1.09442
055 073 1.51966
059 057 1.09236
057 060 1.54605
058 057 1.09227
060 063 1.54319
061 060 1.09269
062 060 1.09324
065 063 1.09276
063 066 1.53910
064 063 1.09337
069 066 1.50023
068 066 1.09359
067 066 1.09375
069 070 1.03329
069 071 1.03304
069 072 1.03327
073 077 1.21349
073 074 1.34450
076 074 1.00725
075 074 1.00936
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Table A.26: List of KGPGK bond angles (Part 1).

Atom No 1 Atom No 2 Atom No 3 angle / °
002 001 003 108.16194
002 001 005 110.60162
002 001 004 108.65484
003 001 005 110.27316
003 001 004 108.38102
004 001 005 110.69215
001 005 007 114.30025
001 005 023 113.80013
001 005 006 94.65328
007 005 023 112.55878
006 005 007 110.76074
006 005 023 109.31146
005 007 008 109.60458
005 007 009 108.78286
005 007 010 112.27796
008 007 009 107.15993
008 007 010 109.93385
009 007 010 108.93844
007 010 013 111.12499
011 010 007 109.94562
012 010 007 109.37108
011 010 013 109.31507
012 010 013 109.36488
011 010 012 107.64851
014 013 010 109.74186
010 013 016 111.04957
015 013 010 109.69545
014 013 016 109.19444
014 013 015 107.64038
015 013 016 109.45056
018 016 013 110.41988
019 016 013 114.79866
017 016 013 110.47680
019 016 018 104.15768
018 016 017 109.70400
019 016 017 107.01545
020 019 016 110.52354
021 019 016 110.43559
022 019 016 110.42110
020 019 021 108.48561
020 019 022 108.50465
021 019 022 108.40315
005 023 024 122.55574
005 023 025 115.53905
024 023 025 121.90502



EPSR Input Parameters 213

Table A.27: List of KGPGK bond angles (Part 2).

Atom No 1 Atom No 2 Atom No 3 angle / °
027 025 023 123.56912
026 025 023 119.73082
026 025 027 116.68734
028 027 025 109.59641
030 027 025 113.32592
029 027 025 108.43288
028 027 030 107.81144
028 027 029 109.39747
029 027 030 108.21756
027 030 032 117.00135
027 030 031 121.85554
031 030 032 121.08189
036 032 030 123.98018
033 032 030 125.87625
036 032 033 110.12150
035 033 032 111.14930
041 033 032 106.47401
034 033 032 108.92068
035 033 041 110.08312
035 033 034 110.10112
034 033 041 110.04371
038 036 032 105.92649
037 036 032 109.36495
044 036 032 112.66197
037 036 038 109.78838
038 036 044 111.30118
037 036 044 107.77975
036 038 041 104.23530
036 038 039 109.30712
036 038 040 112.89734
039 038 041 109.44672
040 038 041 112.27961
039 038 040 108.57217
038 041 033 104.12555
042 041 033 112.34435
043 041 033 109.52853
042 041 038 112.40439
043 041 038 109.45132
042 041 043 108.87878
036 044 046 114.71127
036 044 045 123.05678
045 044 046 122.06419
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Table A.28: List of KGPGK bond angles (Part 3).

Atom No 1 Atom No 2 Atom No 3 angle / °
047 046 044 118.97678
048 046 044 124.44164
047 046 048 116.50496
049 048 046 109.86157
051 048 046 111.40186
050 048 046 109.66247
049 048 051 108.75948
049 048 050 109.25034
050 048 051 107.85590
048 051 053 115.10704
048 051 052 122.31931
052 051 053 122.26694
055 053 051 124.81503
054 053 051 118.82123
054 053 055 116.31637
057 055 053 111.49769
056 055 053 108.42933
073 055 053 109.13998
056 055 057 108.44820
057 055 073 112.20470
056 055 073 106.94791
055 057 059 109.69795
055 057 060 112.31341
055 057 058 108.91497
059 057 060 109.83615
059 057 058 107.17132
058 057 060 108.76295
057 060 063 111.11004
061 060 057 109.48878
062 060 057 109.92603
061 060 063 109.60018
062 060 063 108.97856
061 060 062 107.66820
065 063 060 109.60256
060 063 066 111.00545
064 063 060 109.79793
065 063 066 109.27514
065 063 064 107.69563
064 063 066 109.39863
069 066 063 114.81712
068 066 063 110.45087
067 066 063 110.49243
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Table A.29: List of KGPGK bond angles (Part 4).

Atom No 1 Atom No 2 Atom No 3 angle / °
069 066 068 107.18985
069 066 067 103.89462
068 066 067 109.71996
070 069 066 110.36544
071 069 066 110.37759
072 069 066 110.46925
070 069 071 108.56502
070 069 072 108.55488
071 069 072 108.44743
055 073 077 123.47853
055 073 074 115.15674
077 073 074 120.58526
076 074 073 120.18652
075 074 073 119.67412
076 074 075 120.13575

Table A.30: List of KGPGK dihedral angles.

Atom No 1 Atom No 2 Atom No 3 Atom No 4 dihedral angle / °
5 23 25 27 180.00000
5 23 25 26 0.00000
24 23 25 27 0.00000
24 23 25 26 180.00000
27 30 32 36 180.00000
27 30 32 33 0.00000
31 30 32 36 0.00000
31 30 32 33 180.00000
36 44 46 47 0.00000
36 44 46 48 180.00000
45 44 46 47 180.00000
45 44 46 48 0.00000
48 51 53 55 180.00000
48 51 53 54 0.00000
52 51 53 55 0.00000
52 51 53 54 180.00000
55 73 74 76 0.00000
55 73 74 75 180.00000
77 73 74 76 180.00000
77 73 74 75 0.00000
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Table A.31: List of KGPGK rotational groups.

Atom No 1 Atom No 2

1 5
5 7
5 23
7 10
10 13
13 16
16 19
25 27
27 30
32 36
32 33
33 41
36 38
36 44
38 41
46 48
48 51
53 55
55 57
55 73
57 60
60 63
63 66
66 69



Appendix B

KGPGK Trajectory Analysis

Figure B.1: Analysis of KGPGK peptides in the MD trajectory. The top graph shows
the intramolecular distances N4· · ·N5 (blue), O2· · ·N5 (black) and O2· · ·N4 (red). The
bottom graph illustrates the water molecule mediating this interaction (Part 1).
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Figure B.2: Analysis of KGPGK peptides in the MD trajectory. The top graph shows
the intramolecular distances N4· · ·N5 (blue), O2· · ·N5 (black) and O2· · ·N4 (red). The
bottom graph illustrates the water molecule mediating this interaction (Part 2).
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Figure B.3: Analysis of KGPGK peptides in the MD trajectory. The top graph shows
the intramolecular distances N4· · ·N5 (blue), O2· · ·N5 (black) and O2· · ·N4 (red). The
bottom graph illustrates the water molecule mediating this interaction (Part 3).
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