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Abstract

2H NMR studies of synthetic polypeptides in bilayer membranes were performed. The
results suggest that such transmembrane polypeptides undergo fast, axially symmet-
ric reorientation about the bilayer normal and have a prefered average azimuthal
orientation about the helix axis. Quadrupolar splittings and quadrupolar echo de-
cay measurements indicate that the correlation time for reorientation is on the order
of 10~" s. At high temperatures the spectra are indicative of peptides that rotate
mainly as monomers while broadening at lower temperatures is consistent with tran-
sient peptide-peptide interactions. The appearance of a broad, low amplitude feature
in spectra at low concentrations seems to indicate that a certain fraction of peptides
interact and rotate as short lived dimers.

Further 2H NMR studies of two synthetic polypeptides with glycophorin A (GPA)
motifs suggest that these model peptides are tilted in bilayers and rapidly reorient
about the bilayer normal with a correlation time on the order of 10~7s. Observed
spectra and echo decay measurements indicate that the orientation and dynamics of
each peptide depend on GPA motif position. This suggests that the position of the
interaction motif in the peptide sequence may play an important role in determining
peptide orientation in bilayers.

To characterize helix motion and orientation, systems consisting of 64 molecules of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and one a-helical polypep-
tide with the sequence acetyl-KK-(LA);;-KK-amide were examined by molecular dy-
namics simulation. The systems were allowed to evolve for up to 10 ns at 1 atmo-
sphere of pressure and a temperature of 55 °C. It is was found that the polypeptide
orders lipid chains and thus increases bilayer thickness in accordance with previous
simulations and experimental observations. Alanine methyl groups were found to be
inequivalent which is consistent with 2H NMR splittings observed from specifically

labelled polypeptides in POPC bilayers. The simulation results suggest that the



polypeptide assumes a preferred orientation with respect to the bilayer normal and

about the molecular long axis.
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Chapter 1

Introduction

Biological membranes play a central role in the structure and function of cells in all
living species. Although the compositions of biological membranes vary, the main
constituents are lipids and proteins [1]. Phospholipids are found in most biological
membranes and form a fluid bilayer matrix [1,2]. These lipids are typically com-
posed of non-polar hydrocarbon chains and a polar headgroup. Figure 1.1 illustrates
a common phospholipid known as 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC). Biological membranes typically have proteins embedded in the lipid bilayer.
Some of these proteins have hydrophobic regions that span the fluid region of the lipid
bilayer (integral membrane proteins) while other proteins may be only partially buried
in the bilayer membrane (peripheral membrane proteins). Properties of transmem-
brane segments of integral membrane proteins may be relevant to biological processes.
Such processes might involve interactions between transmembrane segments of inte-
gral membrane proteins or interactions of transmembrane protein segments with the
surrounding lipid environment. Peptides that are peripheral in nature and interact

mainly with the membrane surface may also be biologically relevant.
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Figure 1.1: A phospholipid molecule composed of a polar headgroup region and non-polar
hydrocarbon chains. Carbon is represented by light blue, nitrogen is dark blue,
red is oxygen, yellow is phosphorous and hydrogens are represented by white.



To investigate the behavior of integral membrane proteins one strategy is to con-
sider the protein transmembrane segment or simpler peptides modeled on such seg-
ments. The interactions between transmembrane protein segments and bilayers raise
interesting questions about the behaviour of self assembled structures containing com-
ponents with different properties. For instance, the lipids are flexible since they con-
tain many internal degrees of freedom while helical transmembrane protein segments
composed of amino acid residues are typically more rigid, but may have very different
surfaces depending on the types of amino acids in the transmembrane polypeptide
sequence.

Other interesting questions arise with regard to physiological processes which in-
Voive transmembrane proteins [3,4]. For example, the interactions between trans-
membrane segments of the epidermal growth factor receptor (EGFR) protein are
likely important to cellular growth. This project investigates the dynamics of model
transmembrane peptides. The study presented here was initially motivated by earlier
studies of peptides based on EGFR transmembrane segment[5-9]. In some of those
studies, transmembrane segments of EGFR were labelled on peptide alanine residues
and observed using wideline NMR. The results provided evidence for rapid rotation
about the bilayer normal with essentially no rotation about the helix axis. In ad-
dition, there was some evidence for transient peptide-peptide interactions between
EGFR transmembrane segments.

In this work, we have looked at simple uniform peptides composed of leucine-
alanine subunits (LA) which have hydrophobic sidechains. The peptide ends are

terminated with charged lysines. One question which arises is whether the dynamics



of EGFR transmembrane segments (i.e. no rotation about helix axis and limited as-
sociation) were specific to the EGFR peptide sequence or are more general properties
of transmembrane peptides. In addition, the interactions between transmembrane
segments of EGFR are characterized by special amino acid sequences or motifs, and
another interesting issue was whether the tendency of uniform peptides to self as-
sociate is dependent on the presence of such interaction motifs. To address these
issues we have used 2H NMR and molecular dynamics (MD) to study alanine labeled
peptides. We have also studied two LA-based peptides containing a glycophorin A
(GPA) motif sequence in different orientations to address issues of whether peptide

association is sensitive to the positioning of specific interaction motifs.

1.1 Studies of EGFR Transmembrane Segments

In this project we are investigating the dynamics of model transmembrane peptides.
The work presented here was initially motivated by issues arising from earlier 2H
NMR studies of specific transmembrane segments relevant to EGFR [5-9]. In some
of those studies deuterium probe nuclei were located on methyl side chains of alanine
residues. 2H NMR studies of the transmembrane domain of deuterated alanine methyl
groups on EGFRs [6] showed that these segments undergo rapid axially symmetric
rotation on a time scale shorter than the NMR experiment (i.e. < 107 s). In those
experiments the transmembrane domains behaved mainly as monomers but spectral
broadening with decreasing temperature suggested some side-to-side association of
transmembrane segments [6].

The methyl group is attached to the helix backbone by a carbon-carbon bond.

Because the quadrupolar interaction is averaged by fast rotation about its symmetry



axis, the quadrupolar splitting, Aw, for deuterated alanine methyl groups attached to
a polypeptide undergoing fast axially symmetric reorientation reflects the angle be-
tween polypeptide rotation axis and the methyl group carbon-carbon bond. Molecular
modeling and molecular dynamics simulations [7, 10] of peptide helices, show that the
angle between the methyl axis and the helix axis is about 56°. As shown in Chapter
5, rotation about the helix axis for a methyl group having this orientation should give
a very small quadrupolar splitting. The quadrupolar splittings obtained by Grant
and co-workers [5,7,9] for the EGFR transmembrane domain were larger than could
be explained by rapid axially symmetric rotation about the helix axis. However, the
results could be explained in terms of a helix undergoing rapid reorientation about
the bilayer normal. It was suggested by Grant and co-workers [7] that interference
with rotation about the helix axis might arise from the energetic cost of exposing
hydrophobic amino acid side chains to the hydrophilic membrane-water interface.
The observations reported in this work place constraints on helix orientation and
dynamics which may be important to understanding self-association of EGFR. The
way in which the charged end residues interact with the membrane surface may lock
the helix in a specific orientation which would prevent the exposure of hydrophobic
amino acid side-chains to the hydrophilic membrane-water interface. The resulting
orientation of the protein segments might then affect the extent of association through
side-to-side interactions. If motions about the helix axis are constrained then small
fluctuations about the equilibrium orientation may be significant to regulating in-
termolecular contact, which has implications for association of proteins like EGFR.
These observations may also be important to other biologically relevant processes

that involve protein association.



1.2 Studies of Model Peptides

The peptides used in the first part of this study are LA units terminated by charged
lysine residues. The interactions between bilayer lipids and (LA), peptides termi-
nated by polar groups have been the subject of many previous studies [10-14]. Pep-
tides with LA subunits that are terminated with charged tryptophan residues, or
WALPs have been studied extensively by Killian and coworkers [11,15-18]. The
current work is based on LA peptides terminated with lysines (K). This class of pep-
tides (KALPs) has been investigated by several research groups including Killian and
coworkers [11,15-18] and McElhaney and coworkers [19-21]. Figure 1.2 illustrates
both WALP and KALP peptides with terminal tryptophan and lysine residues re-
spectively. Differential scanning calorimetric and FTIR spectroscopic studies of KK-
(LA);o-KK provide evidence that these peptides are predominantly a-helical when
dispersed in diacylphosphatidylcholines in both the gel and liquid crystalline phases,
thus providing a model to investigate properties of transmembrane segments of natu-
ral proteins [19]. Killian and co-workers have investigated interactions between model
peptides and bilayers and the effects of peptide length on peptide orientation and bi-
layer morphology using several experimental techniques including circular dichroism,
NMR and FTIR [11,15-18]. Studies concerning the structure of peptides in bilayer
environments and the effect of peptides on bilayer order using ESR and FTIR have
been carried out by McElhaney and coworkers [19-21].

The structures of these model peptides allow us to address interesting questions
about interactions of peptides with the membrane environment and the effects of these

interactions on peptide structural, dynamical, and aggregation characteristics. These



characteristics may have implications for biological processes that involve transmem-
brane segments of integral membrane proteins. The central regions of these peptides
(composed of LA subunits) are highly hydrophobic while the lysine and tryptophan
terminal residues have charged or polar side chains. The charged ends of these pep-
tides can interact electrostatically with the polar lipid headgroups at the membrane-
water interface [16, 22] while the hydrophobic regions may preferentially interact with
the bilayer interior. The combination of a hydrophobic central region and charged
lysines or tryptophans near the polar bilayer surface constrains peptide orientation
and dynamics.

Hydrophobic mismatch can be an issue when the hydrophobic length of trans-
membrane protein segments differs from the hydrophobic thickness of lipid bilayers.
Effects of hydrophobic mismatch for artificial polypeptides in bilayers have been stud-
ied using NMR, CD and FTIR spectroscopy [15, 18, 23] and it is found that mismatch
leads to changes in bilayer ordering and affects peptide orientation. Changes in the bi-
layer phase behaviour for varying degrees of peptide hydrophobic mismatch have been
reported by Killian and co-workers [15, 18]. 3'P NMR spectra of phosphatidylcholines
obtained in those studies confirm that WALP and KALP peptides may deform bi-
layers and promote the formation of nonlamellar phases when hydrophobic mismatch
is present [18]. The deformation of bilayers due to hydrophobic mismatch may be
important to the lateral organization of membrane proteins and might contribute to
understanding of processes like protein segregation [18]. Stress induced in bilayers
through hydrophobic mismatch may also influence peptide conformation which may
be a factor in controlling the function of transmembrane proteins.

The mismatch between hydrophobic lengths of protein transmembrane segments



Figure 1.2: Transmembrane polypeptides with tryptophan (left) and lysine (right) end
residues. Carbon is represented by light blue, nitrogen is dark blue and red
is oxygen. Hydrophobic sidechains and hydrogens have been omitted for clarity.



and the hydrophobic bilayer interior can influence both bilayer phase behaviour and
orientation of transmembrane protein segments. The interactions of peptide terminal
residues with the polar membrane surface may also play a key role in determining the
orientation and dynamics of transmembrane proteins. Killian and von Heigne [22]
suggest that interactions between proteins and the membrane-water interface depend
strongly on the specific properties of the amino acid side chains. 2H NMR and ESR
studies carried out by de Planque et al. [12] on a-helical WALP and KALP peptides in
phosphatidylcholine membranes, indicate that some peptides are tilted in the bilayer
and the degree of association with the membrane is dependent on the flanking end
residues. This supports the notion that the interactions between peptides and lipid
bilayers are strongly dependent on specific side chain properties [12]. Additional
studies carried out by de Planque et al. [16] using NMR, ESR, CD and molecular
modeling of WALP peptides support an orientational model where tryptophan tends
to maintain a well defined position around the level in the bilayer where the lipid
carbonyl groups reside. The same study suggests that the charged lysine ends interact
preferentially with lipid phosphate groups at the membrane-water interface [16], thus
confirming the specificity of interactions between bilayers and peptide terminal side
chains. More generally, the interactions of transmembrane peptides with the bilayer
interior and at the membrane interfacial region will strongly depend on amino acid

side chain properties such as hydrophobicity, charge, and polarity [22].

1.3 The Present Study

In order to further clarify some of the physical characteristics of transmembrane

polypeptides in bilayers, and gain some insight into the fundamental behaviour of



transmembrane proteins in biological membranes, we have investigated selected arti-
ficial polypeptides. The peptides used in these studies are of the KALP variety and

the amino acid sequences are given by
CH3CO-KK-(LA);;-KK-CO-NH,
and
CH;3;CO-KK-(LA)sL-KK-CO-NH,.

Several experiments have been carried out for each peptide with deuterons substituted
on various alanine methyl groups within the transmembrane region. The specific po-
sitions of deuteration for these peptides are illustrated in Table 1.1. These deuterated
alanines have been used to probe the orientation of KALP peptides in bilayers and
obtain the correlation times for reorientation.

Previous FTIR spectroscopic studies of KK-(LA);5-KK confirm that peptides with
12 LA subunits are a-helical when dispersed in PC bilayers and therefore these pep-
tides are also expected to be a-helical. Several parameters may be used to characterize
a-helical geometry of these transmembrane segments. For an ideal a-helix there are
3.6 amino acid residues per turn of the helix coil and each turn corresponds to an
increase in length of 1.5 A [24]. Since the repeat LA subunits have hydrophobic side
chains then the longer peptide used in this study has 22 hydrophobic residues while
the shorter peptide has 17 hydrophobic residues. This corresponds to a hydrophobic
length of approximately 33 A and 25.5 A for each peptide respectively. The differ-
ing lengths for these peptides will enable us to investigate the effect of hydrophobic
mismatch on peptide orientation in bilayers.

These polypeptides are more uniform than natural protein transmembrane seg-

ments like EGFR which often have special amino acid motifs that are thought to

10



Peptide Sample Peptide Sequence
LA17-1 CH3CO-KK-LALALALALaLALALAL-KK-CO-NH,
LA22-1 CH3CO-KK-LALALALALALaLALALALALA-KK-CO-NH,
LA22-2 CH3CO-KK-LALALALALALaLaLALALALA-KK-CO-NH,
LA22-7 CH3;CO-KK-LALALaLalLaLalLaLalLaLALA-KK-CO-NH,

Table 1.1: Peptide sequence and deuteron label positions in LA peptides used in this study.
The number appended to the LA peptide sample prefix indicates the number of
hydrophobic residues in the amino acid sequence. The lowercase A’s represent
the position of alanine deuterated methyl groups. The number following the “-”
indicates the number of deuterated alanines.

11



promote protein association. This particular sequence of amino acids may remove
some potentially specific interactions between amino acid side chains of transmem-
brane segments. An interesting issue which can then be addressed is the tendency
of uniform peptides to self associate in the absence of specific side chain interac-
tions. Since 2H NMR spectra are sensitive to molecular orientation and motions
these experiments can provide information about the peptide dynamical properties,
the interactions between polypeptides and interactions with the membrane environ-
ment.

Using molecular dynamics simulations, the behaviour of the longer model polypep-
tide was also investigated on a timescale which is much shorter than the NMR
timescale of 107%. MD simulations and molecular modeling allow us to validate
some of the assumptions made during the spectral analysis such as the assumption of
a uniform a-helix. The combination of both experimental and simulation techniques
helps us to better characterize polypeptide behaviour and gain some insight into the
fundamental physical behaviour of membrane spanning proteins like EGFR.

Peptide association may be important to the function of membrane proteins with
single and multiple transmembrane helices. The interactions leading to peptide as-
sociation are often characterized by special motifs. For example, the transmembrane
region of glycophorin A, a single span transmembrane protein, has a special motif
which is thought to lead to the formation of dimers [25]. This glycophorin A (GPA)
motif provides a simple model for understanding peptide-peptide interactions between
single-span transmembrane proteins. To address issues of whether peptide association
is sensitive to positioning of specific interaction motifs we have also considered KALP

peptides with GPA motifs in different orientations. This is important since it can

12



provide us with insight into the specificity of interactions between transmembrane

protein segments. The sequences are
CH3CO-KKLALALILAGVLAGVLATaLALAKK-NH,
and

CH3CO-KKLALLILAGVLAGVLATLaLALAKK-CO-NH,

where lowercase “a” indicates the position of the deuterated methyl group along the
sequence and the bolded characters, LIxxGVxxGVxxT, form a motif found in nat-
ural glycophorin A [25]. Both peptides have the same hydrophobic length based on
a-helical geometry and are deuterated at the same position along the amino acid
sequence. However, the peptides differ in the motif position, which has been shifted
by one amino acid residue. This shift in position along the helix corresponds to a
100° difference in angular orientation of the motif about the helix axis. Since the
lengths of both peptides are the same then we expect that the design of these pep-
tides minimize any potentially different interactions of the peptide terminal residues
with the bilayer surface. Therefore, we may be able to characterize possible specific
interactions between helices with motifs in differing positions and observe the effect
of motif position on peptide dynamics. This will provide insight into possible specific

interactions between transmembrane segments of natural proteins such as EGFR.
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Chapter 2
NMR Theory

The study presented in this thesis involves 2H NMR observations of deuterated
polypeptides. In order to understand how 2H NMR is used to probe the dynami-
cal and orientational characteristics of polypeptides in bilayers, it is useful to begin
with some theory of the NMR phenomenon using a quantum description. A descrip-
tion of the Zeeman interaction is presented first in order to provide an overview of the
quantum nature of the deuterium nucleus and an overview of the NMR experiment.
For a deuteron, the quadrupolar interaction perturbs the Zeeman interaction and this
perturbation is orientation dependent. Through the quadrupolar interaction we can
obtain both dynamical and orientational information and therefore place constraints

on peptide conformation, orientation, and dynamics in bilayer membranes.

2.1 The Zeeman Interaction

The NMR phenomenon is a direct result of the quantum spin angular momentum of
the nucleus. The spin angular momentum of an atomic nucleus results in a magnetic

dipole moment and the magnetic dipole operator for a single spin can be written as
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[26]

i = ol

= h(Li+ Lj+ Lk) (2.1.1)

where 7 is the gyromagnetic ratio of the nucleus, & is Planck’s constant divided by
27, and I is the nuclear spin operator. For an isolated dipole moment, interacting

with a static magnetic field oriented along the z direction, the Hamiltonian is given

by [27, 28]

= —hH,I, (2.1.2)

which is analogous to the potential energy of a classical dipole in a magnetic field (see
Appendix A). Identifying |m) as the eigenvectors of the operator I,, the Schrodinger
equation yields

—~yRHyI|m) = —yhHym|m) (2.1.3)

where m = —I, —I + 1...1, and I is the nuclear spin quantum number [27].
The deuteron has a nuclear spin of 1 so the eigenvalues of I, are m = £1,0 and

the energy eigenvalues are given by
E1 = —')/hHo, E() = 0, E_1 = ’)’hHo (214)

The application of a static magnetic field splits the degenerate spin energy level
into three energy eigenstates referred to as Zeeman levels (See Figure 2.1). The
energy of each Zeeman level is dependent on the projection of nuclear spin along

the Hy field direction and therefore describes the alignment of the nuclear spin in
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A A A
(a)H, MH, + H,

Figure 2.1: Zeeman splitting of nuclear spin energy levels. (a) When placed in a static
magnetic field the degenerate I = 1 state splits into three states that describe
the orientation of the magnetic dipole in the magnetic field. (b) For a deuteron
the Zeeman energy levels are shifted by the quadrupolar interaction.
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the magnetic field. The energy difference between the Zeeman levels is fw, where
wo = vHy is referred to as the Larmor frequency. The energy difference between
the spin states is typically small so transitions may be induced between the energy
levels using short duration pulses of radio frequency (RF) radiation [29]. Application
of RF radiation is achieved by surrounding the sample containing the nuclear spins
by a conductive coil (perpendicular to the field) and applying an alternating current
at the appropriate frequency. Inducing transitions between the nuclear spin states
corresponds to manipulation of the z component of the nuclear spin.

The relative populations of the Zeeman levels are governed by Boltzmann statis-
tics. In terms of the partition function Z for the system, the population of energy

level E,, is .
e kT
E,) = . 1.
P(Em) = — (2.1.5)

In the high temperature approximation we can expand the exponential using a Taylor

series which gives

p(B_y) = % (1 + %‘31—‘1)  p(By) = % p(Ey) = % (1 _ %) (2.1.6)

for the populations for the Zeeman levels [30]. Since the energy difference (i.e. fuwy)
between levels is small compared to k,T' this leads to an excess of approximately one
in 10% spins occupying the lower energy level where the nuclear dipoles are aligned
with the magnetic field direction.

From the expectation values of the z component of the dipole operator, ({,) =

vhm, the statistical average of the z component of the nuclear dipole is [31]

o, =Y _ yhmp(Ep) (2.1.7)
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and the summation is over the possible spin orientations. Upon substitution of p(E,,)

into the above equation we have,

2,)/2}—12
I = H,.
Be = 35,10

(2.1.8)
Since the magnetization is proportional to the average dipole moment then [27]

M, = Nf,

ON~2H?
- 3le Ho (2.1.9)

where N is the number of spins in the system. Due to the difference in populations of
the spin states, the system has non-zero equilibrium magnetization which is analogous

to the classical description for a system of magnetic dipoles.

2.2 The Hamiltonian in the presence of a RF Field

The Hamiltonian of a nuclear dipole in the laboratory frame in the presence of a

static magnetic field and an applied RF pulse is given by
FI = f'\IZ + Hpp
= —ﬁ' (ﬁo + I'—_iRF)- (2.2.1)

The oscillatory RF field can be decomposed into two rotating components one of

which, H RF, 1S given by
Hpr = Hi(cos(Qt)i + sin(Qt)j). (2.2.2)

As discussed in Appendix A, the other rotating component can be ignored. Substi-

tution of expression 2.2.2 into the Equation 2.2.1 yields [28]
H = —yhHol, — vhH, I, cos(Qt) — vyhH, I, sin(Qt) (2.2.3)
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which is a logical extension of the static field Hamiltonian presented in Equation

2.1.2. Factoring —yhAH; from the 2"¢ and 37 terms of Eq. 2.2.3 yields
I, cos(Qt) + I, sin(Qt).

This describes the rotation of an operator, in the plane subtended by I, and fy, about
the z axis and can be written in terms of a unitary transformation [32]. Using the

unitary transformation [28, 33]
e M [ W = | cos(Qt) + I, sin(Q),
Equation 2.2.3 can be written as
H = —yhHyl, — yhH e U= | i (2.2.4)

The wavefunction U describing the nuclear state in the laboratory frame can also
be described in terms of a unitary transformation of the wavefunction in a frame
of reference (2, ¢/, 7) rotating with an angular velocity () = QK where the 7 axis
coincides with the z axis of the laboratory frame. Rotation of the coordinate frame

associated with the scalar wavefunction leads to

W) = s gy (2.2.5)

where W' is the wavefunction in the rotating frame of reference [27]. Substituting

Equations 2.2.4 and 2.2.5 into the Schrodinger equation leads to the Hamiltonian in
the rotating frame of reference. In a frame of reference rotating with the frequency

of the applied RF (i.e. ) the Hamiltonian is [27, 28]

~ Q A .
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which consists of two parts. The first term is the Zeeman Hamiltonian in the rotating
frame (i.e. H ) and the second term is the RF Hamiltonian in the rotating frame
(i.e. Hlp ). The resonance condition is satisfied when © = —vH, in which case
Equation 2.2.6 reduces to

H = —yhH; I, (2.2.7)

In a frame of reference rotating at the Larmor frequency the nuclear spin interacts
solely with the applied RF field. Since I, can be written as a linear combination
of raising and lowering operators then this Hamiltonian changes the z component of
nuclear spin. It should be noted that application of a pulse along the y direction of
the rotating frame gives the Hamiltonian —yhH l.fy.

Classically, a system of dipoles exhibits a net magnetization as derived in Equation
2.1.9, resulting from the difference in the populations of Zeeman levels. The results
presented in this section can be used to show the precession of net magnetization
at the Larmor frequency and the rotation of the net magnetization into the plane
perpendicular to the applied Hy magnetic field. A pulse of RF energy which rotates
the net magnetization into a plane perpendicular to the applied field (Hy) is referred
to as a 7 pulse. The classical description of NMR, including the effect of a RF field

on net magnetization, is further developed in Appendix A.

2.3 The Quadrupolar Interaction

When a nuclear dipole is placed in a magnetic field its degenerate energy level splits.
In addition to a magnetic dipole, the deuteron has a small electric quadrupole moment
arising from the asymmetrical distribution of charge in the nucleus. This leads to an

additional term in the Hamiltonian due to the interaction of the quadrupole moment
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with an electric field gradient (EFG) at the nuclear center [28,30]. This field gradient
may be due to the distribution of electronic charge surrounding the nucleus. The

total Hamiltonian can be written as [34]
H=H;+Hg (2.3.1)

and results in a shift of the Zeeman energy levels as illustrated in Figure 2.1. The
perturbation is exaggerated in this illustration. The quadrupole interaction is typi-
cally several orders of magnitude smaller than the Zeeman interaction energy and can
be treated as a small perturbation to the Zeeman energy levels. The perturbation
can be calculated using classical electrostatics by employing the energy of a charge

distribution in a electric potential [28, 35]:

E= / p(F)V (7)dF. (2.3.2)

Expanding V' (7) in a Taylor series about the position of the nucleus and integrating
over nuclear coordinates leads to the energy of a charge distribution in an electric

field [30]. The third term in the energy expansion is calculated to be
1
Eq=3 %: VijQij (2.3.3)

where Vj; and @);; are elements of the EFG tensor and the quadrupole moment tensor
of the deuterium nucleus respectively. It is important to note that the EFG tensor
is a symmetric traceless second rank tensor so that there exists some coordinate
transformation which will diagonalize the tensor [36]. The coordinate system which
yields the diagonalized EFG is referred to as the principal axis system of the tensor.
By diagonalizing this tensor we can more easily calculate the energy shifts of the

quadrupolar interaction using the Wigner-Ekhart theorem [28,30]. Transformation
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of coordinates through Euler angles # and ¢ from the principal axis system of the
EFG tensor to the laboratory frame of reference yields the quadrupole Hamiltonian,

Hy, given by [30]

~ e2qQ (3cos?f —1
Ho=—3 ( 2

+ —;—n sin? @ cos 2¢> (312 - 2). (2.3.4)

In Equation 2.3.4, eq is the principal value of the electric field gradient tensor, e@ is
the quadrupole moment of the deuteron [36] and 7 is referred to as the asymmetry
parameter. This is the secular part (commutes with I,) of the quadrupolar Hamil-
tonian and thus is the only part which contributes to first order shift in the Zeeman
energy levels.

Since the basis vectors |m) are eigenvectors of the operator I,, the energies corre-

sponding to the Hamiltonian given in Equation 2.3.4 are

B e2qQ (3cos?d — 1
7 8 2

+ %n sin®  cos 2¢> (3m? — 2). (2.3.5)

For the m = +1 eigenstates the quadrupole interaction shifts the Zeeman levels

upwards by an amount

A

2 2g-1 1
_ 40 (3cos + =nsin® 0 cos 2« (2.3.6)
8 2 2
and for m = 0 the Zeeman level is shifted downward by 2A. If the quadrupole
interaction is neglected the spectrum will be a single line at the resonance frequency

wp. With the quadrupole interaction included the transitions Am = %1, are split by

_ 3e%qQ (3cos’f —1
2 h 2

Aw(8, ¢) + %77 sin® @ cos 2¢) : (2.3.7)

The spectrum of a 2H nucleus attached to a carbon atom is thus a doublet cen-

tered about the resonance frequency wy and the splitting, Aw, is referred to as the
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quadrupole splitting. Since n ~ 0.007 [26] for carbon-deuterium bonds then the

expression is essentially independent of ¢ and can be written as,

Aw(8) = gngQ (3008229 ~ 1) . (2.3.8)

In the presence of molecular motion the quadrupolar splitting is modulated by the
variations in molecular orientation. In order to derive an expression for the resultant
averaged splitting in this case we consider transformations through several frames
of reference. We start by considering the laboratory coordinate frame and another
coordinate frame which is fixed to the bilayer. These coordinate systems provide a
reference orientation for the axis about which the molecule reorients. We also consider
the principal axis system of the EFG which defines a system fixed to a C-D bond that
can move about the frame fixed to the bilayer. For the studies presented here, the
frame fixed to the bilayer has an axis which is normal to the lipid bilayer. If the
deuterated molecule reorients about bilayer normal, then transformation through the
Euler angles «, 8, and ~ from the principal axis system of the EFG to the bilayer
fixed frame and then through the angles o, 6, and ' to the laboratory frame results

in the splitting [30]

_§62qQ 3cos?0 — 1Y\ [(3cos?f -1
2 K 2 2

Aw(0, 8, a) + -;—n sin? 3 cos 2a> . (2.3.9)

If the correlation time for reorientation of the C-D bond within the frame attached

to the bilayer is much shorter than the minimum time required for such motion to
contribute to motional narrowing (i.e. 7. < 1/v/AM,), the splitting reflects the

average quadrupole interaction and the splitting becomes

Aw(eﬁ ﬂ? a)

B §equ (300529 -1

=1 5 > ((3cos® B — 1) + psin® Bcos2a)  (2.3.10)
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where (- - - ) denotes an average over the all possible orientations of & and 8 modulated
by the molecular motion. In other words, molecular motion effectively averages the
quadrupolar interaction and leads to a reduced splitting.

For axially symmetric C-D bonds n ~ 0[36]. However, if the molecular motions
have two-fold symmetry or lower symmetry, the spectrum can still exhibit an effective
asymmetry parameter even though the EFG is axially symmetric [37]. Axially sym-
metric motion about a single molecular axis is considered to be fast compared to the
experiment timescale when the molecule samples all orientations about the rotation
axis with a correlation time that satisfies the short correlation time limit (i.e. 7.
< 1/v/AM,). When motion is rapid and axially symmetric the term containing n

dissappears and the quadrupolar splitting becomes

Aw(0, ) = §e2qQ (3cos29— 1) <3cos2ﬁ— 1> (2.3.11)

2 h 2 2

where § defines the angle between the C-D bond vector and the bilayer normal. The
averaged quantity (denoted by (---)) is often referred to as the deuterium orienta-
tional order parameter, Scp, and is an average over the reorientation. This parameter
can be determined by measuring the width of the 2H NMR spectrum and provides
information concerning molecular ordering and the average orientation of the C-D
bond in the molecular environment.

When considering deuterated methyl groups attached to polypeptides one must
also account for rapid rotation about the methyl group symmetry axis. The transfor-
mation of coordinates from the principal axis coordinate system of the EFG tensor

for the CD bond to the laboratory frame leads to an additional term in the splitting,
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(%ﬁ‘ﬂi) ~ 3 since Opmeuny ~ 109.5, and the splitting can then be written as
1e%qQ (3cos’d —1\ /3cos?B—1
Aw(8 == 2.3.12

where, in this case for rapidly rotating methyl groups, it is convenient to define g
as the angle between the methyl group rotation axis and the molecular rotation axis
(ie bilayer normal). For the polypeptides investigated here, the deuterated alanine
methyl groups are rigidly attached to the helix backbone. The quadrupolar splitting
is therefore a direct probe of average peptide orientation in bilayers.

The quadrupolar splitting derived above applies to a single bilayer fixed coordinate
system with the bilayer normal oriented at 6 with respect to the applied magnetic
field. For a distribution of such bilayer normal vectors, as is the case for spherical
lipid vesicles, the spectrum will be a continuous distribution of doublets reflecting the
distribution of bilayer normal orientations. The case for a spherical distribution of
deuterated molecules is most important to this research and is described in the next

section.

2.4 *H NMR Line Shape: The Pake Doublet

In the previous section the 2H NMR spectrum was described in terms of transitions
between deuteron energy levels. For an aligned system where the deuterated molecules
reorient about axes having the same orientation § with respect to the applied magnetic
field the spectrum will be two lines split by Aw(#, ). If there is a distribution of
bilayer orientations within the system then the lineshape reflects the geometrical
distribution of molecules in the system.

Various geometrical distributions of molecules have been reviewed and can provide

information concerning phase behaviour of the lipid system [36]. In this research we
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deal with deuterated peptides dispersed in multilamellar vesicles in the fluid L, phase
and are thus concerned with a spherical distribution of molecular orientations.

We assume a uniform distribution of C-D bond orientations over the surface of a
sphere. The number of orientations between 6 and 6 + df with respect to the applied

field Hy can be written as [36]

dN = EQwsin 6do
47

N
= ?sin 6do. (2.4.1)
In other words, the probability density of finding an orientation at angle € is equal to

p(0) = %Sin 6. (2.4.2)

Following the analysis of Seelig [36], two transition frequencies can be calculated
from the energy eigenvalues of the Zeeman and quadrupolar Hamiltonians and used

to define a reduced frequency,

3cos?h—1
Go = . (2.4.3)

Using Equation 2.4.3 and the definition for the probability for C-D bond orientations
given in Equation 2.4.2 the probability density p({) for each of the reduced transition

frequencies can be written as

1
= e 244
The spectrum will contain both reduced resonances so that [36]
p(¢) = p(¢+) + p(¢-). (2.4.5)

This is illustrated in Figure 2.2.
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p(g)

Figure 2.2: Probability distribution for a spherical distribution of C-D bond orientations..
This spectrum is typically referred to as a Pake doublet.
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Field Direction

Rotation Axis

EFG direction (PAS)

Multilamellar Vesicle

Figure 2.3: Coordinate systems involved in the transformation of the quadrupolar Hamil-
tonian electric field gradient tensor from the principal axis system to the labo-
ratory frame of reference. This transformation accounts for reorientation of the
C-D bond about the molecular symmetry axis oriented at angle § with respect
to the applied magnetic field.
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(a) Individual quadrupolar splittings (Am = =£1) for deuterated
molecules dispersed throughout multilamellar lipid vesicles as illustrated
in Figure 2.3. The intensity of the absorption lines are largest for § = 90°.

« — 1 .
®

(b) The ”Pake Doublet” resulting from all possible orientations of 6.

Figure 2.4: The quadrupolar splitting and the Pake Doublet.

29



This lineshape can be related to the doublets arising from particular orientations
as follows. We consider a uniform distribution of deuterated molecules dispersed
throughout multilamellar lipid vesicles and undergoing rapid rotation about the sym-
metry axis (oriented at 6 with respect to Hy) as illustrated in Figure 2.3. The ab-
sorption of RF radiation leading to transitions between the perturbed Zeeman levels
depends on 6 through the orientation dependence of the quadrupolar interaction.
Each orientation 6 gives two absorption lines corresponding to the two transitions
(Am = +£1) for the deuteron spin as illustrated in Figure 2.4(a). Each red line
(Am = +1) has a corresponding black line (Am = —1) of equal intensity which
gives the quadrupolar splitting for a given molecular orientation. The distribution
of intensity is simply due to the fact that for a uniform spherical distribution there
will be more deuterated molecules situated about the equator (i.e. § = 90°) of these
vesicles then in the polar regions (i.e. § = 0°).

Reorientation of the C-D bond with respect to the molecular rotational axis due
to fluctuations which modulate the angle § in Equation 2.3.11, lead to averaging
of the quadrupolar splitting through the order parameter Scp. This is similar for
each deuterated molecule so that the width of the whole spectrum is scaled by S¢p.
This orientational order parameter reflects the mobility and orientation of deuterated
molecules in the lipid membrane environment. In this study, the quadrupolar splitting
(proportional to Scp) is measured from the 90° edges of the Pake spectrum and
reflects the average orientation of the deuterated methyl group bond axis with respect
to the bilayer normal. In this way, the spectral shape can be directly related to peptide

orientation in bilayers.
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2.5 The Quadrupolar Echo Pulse Sequence

Excitation of the spin system through RF radiation is typically followed by detection
of the NMR signal. In liquids these signals have lifetimes on the order 1 ms - 1 s,
due to effective averaging of the orientation dependent nuclear tensor interactions,
resulting from rapid molecular tumbling. However, for deuterium in partially ordered
systems where motion is restricted the observed signals decay quickly within the first
few microseconds after RF excitation. During the first few microseconds after the
pulse the receiver is saturated with RF power. This “deadtime” thus becomes an
issue when considering short lived free induction decays [30].

In order to circumvent the problem of signal acquisition and receiver “deadtime”
the quadrupolar echo technique was introduced [30]. This pulse sequence is illustrated
in Figure 2.5. The sequence consists of two 90° RF pulses separated by some time
interval, 7, and shifted in phase by 90°.

Evolution of a spin-1 system under the influence of interactions with RF fields and
the quadrupolar interaction is best described in terms of a density matrix operator
which contains information concerning the energy states of the spin system. Detailed
quantum statistical descriptions of NMR, the density matrix and the quadrupolar
echo sequence are presented in Appendix A. For a deuteron (spin-1) the density
matrix can be represented by a vector in a space that is spanned by 9 orthogonal

operators. Following the notation of Davis [30] we choose
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Figure 2.5: The quadrupolar echo sequence. The first 90° pulse excites the spin system.
During 7 the magnetization dephases due to a distribution of dipole precession
frequencies. The second pulse refocuses the dephasing magnetization into an
echo at time 7 after the second pulse. Molecular motion leads to irreversible
dephasing of the magnetization and therefore leads to decay of the measured
echo. In this way the quadrupolar echo sequence provides information about
the molecular motion.
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as the basis for our orthogonal set. It is important to note that all elements of the
orthogonal set obey Tr(émén) = 0,mn[30] and are, in fact, orthonormal operators.
In order to define a starting configuration for the spin-1 system, we consider
the equilibrium density operator. This is obtained by considering the Boltzmann
distribution for populations of the Zeeman states. Neglecting the perturbation to the
Zeeman levels by the quadrupolar interaction the equilibrium density operator is [28]
_fAg

e kBT

p = Z

(2.5.0)

Using the definition of the Zeeman Hamiltonian, given by Equation 2.1.2, to simplify

expression 2.5.0 and then expanding the exponential we can write

yhHgl,
) e kBT
B 7
1 yhH, 1,
= — |1+ —= 2.5.1
Z( kgT ) ( )

Using a Taylor series, each exponential term in Z can be expanded at high tempera-

tures and the density matrix in this new basis is written as

. 1( 1  +/2yhHq 4
p=z|—m+—F7— :
3\V3 kgT

Since the observable quantities are defined by the trace of the density matrix with any

of the nine orthonormal operators, and TT(%iOAn) = 0, then the density operator
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can be rewritten in the reduced form [33]

R ")/hHO ~
- 1207
Y

V2yhiHj
Wos- (2.5-2)

Using the properties of the density operator it is possible to calculate the quantum
statistical average of any system observable. As shown in Appendix A the trace of
a system operator with the density operator gives the quantum statistical average.

The total z-magnetization operator can be written as [31]

—_~

M, = Np,
= yhNI, (2.5.3)
= V2yhANO, (2.5.4)

where N is the number of spins in the ensemble. Consequently, the expectation value

of z-magnetization is

(M) = Tr(pM,)

232 X
_ % <2’y N HOTr(og)) (25.5)

and since Tr(202) = I(I + 1)(2I + 1)/3 [32], the equilibrium magnetization for a
system of spin-1 particles is given by

=  29’RW’N
<MZ> - 3ka 0-

(2.5.6)

In order to track the time evolution of the equilibrium density matrix under the

influence of RF pulses we can expand p in terms of the orthonormal set by writing

[30],

p= cn(t)On (2.5.7)
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where we have taken into account that writing the ninth operator (i.e. 1) has no
affect on the final state of the density matrix. That is, the trace of any observable
with this operator is zero [33]. We can think of c,(t) as the components of a vector
p which change in time as it rotates in this 9-D operator space under the influence
of specific Hamiltonians. Substituting this expansion of p into the Liouville equation

and taking the trace with an operator Op yields,
22 = —2 N e ()T (On[H, Oy)) (2.5.8)

as described by Davis [30]. The solutions to these differential equations have been
presented by Davis [30] and Schmidt et al. [38] for various RF pulse Hamiltonians
and quadrupolar coupling. The effect of various RF pulse Hamiltonians and the
quadrupolar interaction Hamiltonian on the set of operators described above are
illustrated in Tables A.1 through A.3 (see Appendix A) and are presented in a notation
similar to that of Schmidt et al. [38].

By solving coupled differential equations associated with the evolution of the spin-
1 density operator during the quadrupolar echo sequence, Davis [30] has shown that

p after the second pulse is

V2Hhuwq
3kpT

p= (cos(wgt — 7])O2 + sin(wg[t — 7])Os). (2.5.9)

At t = 7 after the second pulse, the density operator is

O, (2.5.10)
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and taking the trace with the operator M, = v2N RO, yields

Tr(pM,) = Tr ﬂh“"’@ﬁmn@
3ksT

2N~2h? A
= ST HyTr(03)
2N~2h?
= H, 2.5.11
Sy D ( )

which is precisely the magnitude of the equilibrium magnetization calculated previ-
ously. So at t = 7 after the second pulse the “coherence” created by the first pulse is
refocused along the y axis. Expectation values of the O; and O, operators correspond
to components of magnetization. A more detailed treatment of the quadrupolar echo
using the density matrix is presented in Appendix A.

Application of the quadrupole echo in this study serves two purposes. First, tak-
ing the Fourier transform of the quadrupolar echo signal following the echo maximum
gives a frequency domain spectrum of the alanine deuterated polypeptides. The spec-
trum provides information concerning peptide structure, orientation and molecular
motions. Secondly, varying the time (7) between the pulses provides information
about decay of the quadrupole echo due to motions that modulate the quadrupole

interaction. This is described in more detail in Section 2.6.

2.6 Molecular Motion and Relaxation

The application of RF pulses to the spin system depletes the net z-magnetization
and creates a coherence in the density matrix. As seen in the previous section,
this coherence evolves under the influence of the quadrupolar interaction and can be
manipulated using RF pulses to obtain an echo. For a time-independent Hamiltonian,

the coherence would rotate indefinitely in the 9D operator space. However, due to
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relaxation processes described in this section, the coherence eventually decays and
equilibrium magnetization is restored in the spin system.

Relaxation mechanisms result from random field fluctuations generated by dipo-
lar, chemical shielding, quadrupolar, and a multitude of other nuclear interactions
[27,39]. Since chemical shielding has a small effect compared to the quadrupolar in-
teraction for the deuteron it is not considered here. There may be dipolar interactions
between deuterons on alanine methyl groups and protons along the peptide backbone
or protons attached to the amino acid sidechains. However, when compared to the
proton-proton dipolar interaction, the proton-deuteron dipolar interaction is about
six times weaker while the deuteron-deuteron dipolar interaction is about thirty-six
times weaker [33]. Additionally, the dipolar coupling constant for proton-deuteron
dipole interactions is on the order of several kHz [33]. This is significantly small when
compared with the quadrupolar coupling constant between carbon and the attached
deuteron which is approximately 167 kHz. Therefore we are mainly concerned with
the effects of the quadrupolar interaction since dipole-dipole interactions have little
influence on deuterons attached to polypeptides.

All relaxation mechanisms are influenced by molecular motion and fluctuating
electromagnetic fields experienced by nuclear spins. Molecular motions lead to rapid,
random fluctuations in the magnetic and electric fields that nuclei experience. These
fluctuations may induce transitions, between the Zeeman levels, which then restore
the net magnetization to the equilibrium direction. To effectively contribute to relax-
ation, the local fields must be time-dependent such that the spectrum of the fluctu-
ating fields contains non-zero components at frequencies equal to those of the nuclear

magnetic dipole transition [39]. The stimulation of transitions through interactions
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leads to relaxation of the excited spin system. The relaxation time associated with the
regrowth of equilibrium magnetization (T;) after an RF excitation is only considered
when choosing some quadrupolar echo pulse sequence timings.

Relaxation times govern the decay of coherence in the density matrix and the
return to equilibrium. For a spin-1 particle each observable in the density matrix
has an associated decay parameter [40]. In this work we measure the relaxation time
associated with quadrupole echo decay (T4). These relaxation time provides infor-
mation concerning molecular motion and the chemical/physical environment of the
nuclear spins. Molecular motions that modulate the quadrupolar interaction lead to
irreversible dephasing of the nuclear spins and therefore affect the quadrupolar echo
amplitude. The extent of echo decay due to this dephasing therefore provides infor-
mation concerning motions with correlation times that change the orientation of the
electric field gradient principal axis system and therefore modulate the quadrupole
interaction. These correlation times reflect decay of the correlation function associ-
ated with the quadrupolar interaction (i.e. Py(cos#)). Davis [41] observed that T >
T4° for 2H NMR nuclei in the acyl chains of lipid molecules in bilayers. This implies
that there exist motions with correlation times 7, which are fast (on the order of
the Larmor frequency) that contribute to T; relaxation while slower motions with
correlation times 7 contribute to T3° relaxation. Thus relaxation time measurements
provide a way to investigate molecular motions with different correlation times. The

hierarchy of correlation times which contribute to relaxation is best represented by
T §w0_1<<7'2<<TM

1 « . . . . .
where 7y = (AM>,)~2 represents the minimum correlation time required for motions

to lead to motional narrowing of the NMR spectrum and A M, is the apparent second
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moment of the spectrum.
In the fast motion regime (ie AM,7,? < 1) the echo decay time, T4, is related to
the correlation time for the motion, 7., and the apparent second spectral moment by

34, 42]
1
T,

and is expected to give rise to exponential relaxation [34]. Through variation of

= AMQTC. (261)

the pulse separation 7 in the quadrupolar echo sequence one finds a characteristic
transverse relaxation time, T5%, governing the decay of the quadrupolar echo. The

resulting echo amplitude at 27 after the initial pulse obeys,
A(27) = A(0)e™ T2 (2.6.2)

where 7,7 is sensitive to the reorientational processes which occur over the experiment
timescale. For a spin system where deuterons have different echo decay times, for
instance due to different orientations or molecular motions, the relaxation behaviour

can be represented by a sum of exponentials. This expression can be written as
_ 2T
A2r) =) Ai(0)e T (2.6.3)

where A;(0) is proportional to the population of deuterons with relaxation time Ty .

For small 7 each exponential can be expanded and rearranged to give

_ 1 A;(0)
A@2r) = ;Ai(()) (1 - 27———2 A0 (Z 72—))
Z A,(0) <1 —2r <%>> (2.6.4)

where <1%> is the averaged relaxation rate resulting from deuterons which have
2

different relaxation times due to different orientations and/or are affected by different

motions.
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For the special case where quadrupole echo decay is dominated by rotation of a
rigid molecule about a fixed axis, we follow the analysis of Pauls et al. [42]. The
model assumes rotation of a deuterated polypeptide about a single rotational axis
and does not take into account fluctuations in deuterated methyl group orientation
due to peptide conformational changes or fluctuations of the bilayer normal direc-
tion. It is reasonable to assume that peptide conformational fluctuations are fast on
the experiment timescale and contribute mainly to T, relaxation. In this model we
assume that the observed relaxation behaviour is therefore mainly due to the vari-
ations in the quadrupolar interaction resulting from reorientation of peptides about
the bilayer normal. Taking into account rapid rotation about the methyl group axis,

the quadrupolar splitting for static polypeptides is

Aw() = S99 (3“’529 - 1) | (2.6.5)

2h 2

Rotation about the bilayer normal modulates the quadrupolar interaction and reduces

the splitting to

Aw(0, B) = 622%@ (3005229 - 1) <3COSQ25 - 1>. (2.6.6)

This also leads to random accumulation of phase during the quadrupolar echo experi-
ment and therefore leads to ineffective refocusing of the quadrupolar echo [42]. In this
case the echo decay is exponential as predicted by the theory of motional narrowing
for the fast motion regime [34] and the measured 75° is due to the powder average
over all possible orientations and can be interpreted in terms of the apparent second
moment of the spectrum. The change in the apparent second moment can be written
as [42]

AM, = (w(6)?) — (w(8,6)?) (2.6.7)
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where (---) represents an average over all possible orientations. Upon taking the

powder average it can be shown that [42],

1 (€@ 2 3cos? B —1\7
AMy = ( = ) (1 - <——2—> ) (2.6.8)

for systems where the asymmetry parameter is negligible.

The quadrupolar splitting given by Equation 2.3.11 is clearly dependent on Py(cos 3)

so it can be shown that

AM, =

2
methar\ 2 Aw(d = 90°, 3
(wg) ™ 1 - ( (wmethy, )> . (2.6.9)

Q

o] =

This is a modified version of the equation presented by Pauls et al. [42] for deuterons
attached to polypeptides. Since we are investigating methyl group deuterated polypep-
tides, this equation accounts for rapid rotation about the methyl symmetry axis
through the effective quadrupolar coupling constant wgethyl = ei% for deuterons at-
tached to alanine methyl groups. Since the apparent second moment is dependent
on the experimental splitting Aw(f = 90°, 3) for the prominent 90° edges of the
spectrum, this theory provides a quantitative way to estimate the correlation time of
motion leading to narrowing of the NMR spectrum by using Equation 2.6.1. Since the
observed echo decays presented in this study approximate exponential behaviour, we

assume that the main contribution to echo decay is from variations in the quadrupolar

interaction resulting from reorientation of the peptide about the bilayer normal.
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Chapter 3

Molecular Dynamics Theory

Molecular dynamics (MD) is a technique used to compute the properties of an atomic
many body system using classical mechanics [43]. The first MD simulations for a real
material were reported by Vineyard who simulated radiation damage in crystalline
copper [44]. Later, Rahman reported the first simulation of liquid argon [45] and
since then MD simulations have become a common practice to test theoretical re-
sults. Today, increasing availability of fast computing resources have made it possible
to simulate more complicated biological systems composed of lipids and proteins.
The results from these computer experiments are often useful for comparison with
experimental results.

In this thesis 2H NMR experiments are used to probe polypeptide dynamics in a
lipid environment. As a complement to the NMR studies, MD simulations were used
to investigate structural and dynamical properties of polypeptides on a timescale
which is much shorter than the characteristic NMR timescale. The NMR results
provide us with a picture of the behaviour of polypeptides in model membranes and
MD tests the assumptions made during the NMR analysis.

The MD code used for the simulation study presented here was NAMD?2 [46]. The
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code was chosen based on several qualities. First, the code employs the CHARMM
forcefield which is discussed in more detail in Section 3.2. This force field has been
used extensively in MD studies of a wide variety of biological systems including lipids
and proteins as is studied here in this thesis [17,47,48]. The results of previous
studies which employ the CHARMM force field agree well with experimental studies
on similar biological systems. Secondly, the code is scalable which means that com-
putationally intensive MD calculations can be distributed over many processors to
decrease the total simulation time. Finally, the methods employed in the code are
of the same caliber as many commercial MD packages yet the code is open source.
Based on these items it seems that NAMD2 is an excellent choice for simulating a

lipid-peptide system.
3.1 The Ensemble Average

Molecular dynamics involves defining a classical interaction potential between atoms
in order to approximate the quantum energy surface for the system. The forces
on atoms can be calculated from the gradient of this potential and used in a set of
dynamical equations to propagate the evolution of the system in time. In the classical

limit, the thermal average of a measurable quantity A is expressed as [43]

2
f dﬁNdFNe_ﬂ{Zi '211,’,7;+U(7‘N)}A(13'N, FN)

(A) be = - (3.1.1)
e fdp"Ndf’Neﬁ{Ei %,%.+U(T”N)}
= [ A Y ) (3.1.2)
where 7 denotes the positions of the particles (i.e. 7 = {7,72,73...,7n}), D the
momenta (i.e. ¥ = {pPy,Pa, P3,---,n}), U(F") is the potential between interacting

particles, and the integration is over all of phase space. This is often referred to as
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an ensemble average [43].

The atomic positions and momenta change with time according to the interactions
with neighbouring atoms under the influence of the potential U (7). The principle of
measurement in an MD simulation is based on the ergodic assumption which essen-
tially states that the ensemble average is equivalent to a measurement averaged over
the course of the system’s natural evolution [49]. Assuming that the ergodic principle
applies, we may run the simulation for a sufficiently long duration and average specific
quantities over time [31]. In this case, the time average is equivalent to the ensemble
average (43,49, 50] which is explicitly stated as [31]

1 T
(A)time = (A)ensemble = lim —/ AN (1), 7V (t))dt. (3.1.3)
T—oo T’ 0

We see that the framework of MD computer simulations is based on statistical me-
chanics and the ergodic assumption relating the time average of a quantity to an
ensemble average.

If we wish to obtain information about any of the lipid or peptide properties in
the system simulated here, then an ensemble average of the quantity of interest must
be carried out. In order to carry out a calculation one must have a time line of the
MD system evolution. The MD trajectory contains all information concerning types
of atoms present and their respective positions with a prescribed time step between
time frames in the simulation. Calculations of both lipid and peptide properties
are carried out in<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>