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Abstract

We studied the diffusion of amyloid beta peptide(25-35) inside bicelle using Pulse
field gradient(PFG) Nuclear Magnetic Resonance(NMR) and molecular dynamics sim-
ulations. Amyloid beta peptide(AS) is the main constituent of senile plaque in the
Alzheimer’s disease. The neurotoxic fragment A5(25-35) can intercalate into the lipid
bilayers and affect the dynamics of bilayers. PFG NMR experiments were conducted
for samples AS(25-35), bicelle(DMPC/DHPC) and A5(25-35) inside bicelle. We cal-
culated the diffusion coefficient for A5(25-35), bicelle(DMPC/DHPC) and A/(25-35)
inside bicelle. A linear diffusion pattern was observed for A(5(25-35) as well as bi-
celle alone samples. But when we incorporated Af(25-35) into bicelle both systems
were following anomalous diffusion . The NMR experiment results were validated by
molecular dynamics simulations using the MD package Groningen Machine for Chem-
ical Simulations(GROMACS). We did 2-dimensional homonuclear and heteronuclear

NMR experiments for studying the structure of A3(25-35) in bicelle.
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Chapter 1

Introduction

1.1 NMR Phenomenon

The basis of any spectroscopic technique is that the transition of electron or any
nuclear spins may be associated with the emission or absorption of energy in the form
of radiation. In NMR the radiation emitted will have a frequency proportional to the
applied magnetic field. Nuclear Magnetic Resonance is a phenomenon occurs when a
nuclei immersed in static magnetic field is exposed to a second oscillating magnetic
field. It involves quantum mechanical properties of the nucleus. All nucleons possess
an intrinsic property called spin(/). A non zero spin is always associated with non
zero magnetic moment. Nuclei having even number of protons and neutrons will have
zero magnetic moment. Thus do not exhibit nuclear magnetic resonance.[BM94] The

nuclear magnetic moment is given by,
p=n~Ih (1.1)

where 7 is the gyromagnetic ratio which determines the resonant frequency of a nucleus
when an external magnetic field is applied. When a spin % nucleus interacts with
the magnetic field it give rise to two energy levels o and 8 which is characterized by
azimuthal quantum number m = 3 (spin up) and m = -3 (spin down). The interaction

energy of a magnetic moment in a magnetic field By is
E = —u.By (1.2)

Therefore
E = —~IhB (1.3)



For spin up level, energy E, = —gWBO and for spin down level, Eg = ngO The energy

difference between two levels, o and /3

From Plancks law

AE = hv (1.5)
which implies

y= 1B
or

w =By

where w is the Larmor frequency of the molecule. Therefore energy associated with a

spin flip can be written as
AFE = hw (1.6)

Larmor frequency is the frequency at which angular momentum vector of the nuclei
precesses about the axis of the applied magnetic field.

The energy levels a and 3 are unequally populated. The ratio of the population is
given by Boltzmann equation:

N _AE
Fi — ¢ HpT (1.7)

N, and Nj are population of energy levels a and . Kp is the Boltzmann constant.

1.2 Vector Model

When a nuclei with a non zero magnetic moment enters an external magnetic field
it either align itself with the field or oppose the field. Since it requires more energy
to oppose the field most of the nuclei will align with the field rather than oppose
it. It results in a bulk magnetic moment which is the sum of all individual magnetic
moments along the direction of the applied field. This bulk magnetization can be

represented by a vector pointing along the direction of the magnetic field (Z).[Kee02]

1.2.1 Larmor Precession

When an RF pulse is applied to the sample, the magnetization vector get tilted away
from the Z axis(direction of applied magnetic field) by an angle 5. The magnetic
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vector will start rotating about the Z-axis describing a cone. The magnetic vector is
said to precesses about the magnetic field known as Larmor precession. Frequency of
this particular motion is termed as larmor frequency.

If the applied magnetic field is By then the larmor frequency wy (in rad/s) is given by,
wo = 7By (1.8)

Or in Hz

_ 1
Vo = -g’yBo

Larmor precession in rotating frame

In the fixed frame the precession frequency is at wg . If we choose the rotating frame
frequency to be the same then the magnetization vector will appear not to move in
the rotating frame. The difference in the rotating frame frequency(w,) and larmor

frequency in the fixed frame is known as offset(€).
Q = wy — w,ot (1.9)

In terms of apparent magnetic field(AB), which is different from applied magnetic

field in rotating frame,

Q=~AB

1.3 Relaxation

The tendency of an excited magnetization to return to its equilibrium position is
known as relaxation. In other words it describes how quickly spins will forget the di-
rection of orientation. Bloch theorem assumes that the equilibrium will be approached

exponentially. The magnetization will decay according to:

dMyz My — My

- 1.10

dt T (1.10)
M, M,

- = 1.11

dt T (1.11)
M, M,

= 1.12

dt T, (1.12)



where M is the magnetization at thermal equilibrium.
And M,, M, and M, are magnetizations along the x,y and z axes respectively. T;

and T5 are relaxation times.|[Eva95]

1.3.1 Longitudinal Relaxation T

The recovery of the magnetization along the Z axis is known as the longitudinal

relaxation. Thus M, is given by,
M, = My(1 — e ™) (1.13)

The magnetization reappears along Z-axis after a time constant T} .

1.3.2 Transverse Relaxation 75

If we have created some transverse magnetization by applying a 90° pulse, it will
decay to zero overtime. Therefore the free induction signal resulting from the pre-
cession of magnetic vector in the XY plane will decay in amplitude. The loss of XY
magnetization is known as transverse relaxation. In general T; is always greater than

Ti. The transverse magnetization will decay as,

My, (t) = My, (0)e™ T (1.14)

1.4 Chemical Shift(0)

The frequency of the absorption line is linearly dependent on the strength of mag-
netic field. Therefore it will appear in different positions according to the spectrometer
frequency. To account for this we will quote the resonance frequency of a compound
with respect to a standard compound termed as chemical shift of a nuclei. Nuclei
with different chemical environments resonates at different frequency. The chemical

shift hamiltonian for a single spin is
H=uwl, (1.15)

The chemical shift(d) in ppm is given by

§= Ll 8 (1.16)
Wref
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w is the larmor frequency of the nuclei and wy.¢ is the larmor frequency of reference

compound.

1.5 J Coupling

J coupling provides direct spectral manifestation of chemical bond. A measurable
J coupling between two nuclei indicates a direct chemical bond. The J coupling

hamiltonian between spin 1 and spin 2 is given by
ng = 27'(']1.J12.]2 (117)

Jio is the J coupling tensor. [uRO08]In an isotropic liquid this is averaged by the

molecular tumbling. Isotropic J coupling or scalar coupling term can be written as
[ " 12 12
Jig = g(Jm +Jyy +J20) (1.18)

Scalar indicates that the term is independent of molecular orientation. Unlike chemical
shift the J coupling is independent of magnetic field. If the sign of J coupling term
is positive it makes a positive contribution to the energy when the spins are aligned
parallel and a negative contribution when they are antiparallel. A negative term
implies negative contribution to the energy when the spin polarizations are parallel

and a positive contribution when polarizations are antiparallel.

1.6 Dipolar coupling

Dipolar coupling results from each spin generating magnetic field that is oriented
parallel to the nuclear spin vector. Two spins close in space can experience each others
magnetic field which will cause variation in the effective magnetic field depend on the
orientation of the dipole. Dipole-dipole interaction can be either intermolecular or
intramolecular. The hamiltonian for a system of two spins which are coupled through
space,

His = b12(3(11.€12)(1z.€19) — 11.15) (1.19)

The dipole-dipole coupling constant b5 is given by

h
o (1.20)

3
A iy

b2 =



where r15 is the distance between two spins, v; and 7, are gyromagnetic ratio of the
spins. Structure and conformation of a molecule can be determined by measuring
the through space coupling of many spin pairs. Since all other parameters are known
internuclear distances can be calculated from this term.

In an isotropic liquid the short range intermolecular dipole-dipole coupling average
out to zero because of the translation of the molecule. But the long range dipole-

dipole coupling constant do not average out. But these coupling constants are very
small.[Lev07]

1.7 Amyloid Beta peptide

Figure 1.1: Ref:1IYT.pdb, solution structure of A3(1-42)

The peptide Amyloid beta is the main component of the plaques found in the brains
of Alzheimer’s disease patients. They can form flexible water soluble oligomers.[KSU12]
The full length peptide AB(1-42) deeply intercalates into the the membrane, destabi-
lizes the membrane and induces membrane fusion.

The structure of A has been extensively studied in solution. Af generally forms «
helical structure in organic solvents. In aqueous buffer or water it is predominantly
B sheet. AF(1-40) in membrane mimicking solvents have revealed the existence of
helices between residues 15 and 36 or 35 with a kink at residues 25-27 or loop at
24-30. Another study has shown that A5 1-40 and 1-42 containing helices|[SV01] at
10-24 and 28-42. The difference in these results can be attributed to differences in pH
and solvent.

B sheet structure is linked to insolubility and related to neurotoxicity. It is thought
that the A5 peptide undergoes a conformation switch from « helical to 3 sheet stru-

cure during Amyloidogenesis. Assembly of amyloid fibrils appears to be a complicated
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process which is still poorly understood. The mechanism of assembly of Amyloid fibrils
and exact morphology remains unclear. Understanding the conformational properties
and the mechanisms triggering aggregation of the A peptide is of crucial importance
for designing crucial theraputic agents.[Ser00)]

Amyloid fibrils are physically stable self-assemblies. Investigating the structure and
dynamics of Amyloid fibrils at atomic level is a challenging task because of the high
molecular weight and heterogeneous properties.[YYGI10]

Biology of Af is linked with its interaction with membrane. Studies were con-
ducted for studying the effect A5 on lipid membrane and effect of ions during these
interactions.[TLLS06] It was found that incorporated peptides disrupted the mem-
brane structure rather than associated peptides. It is suspected that the unusual

lipid-peptide interaction mediated in the presence of ions can lead to aggregation.

1.7.1 Amyloid beta peptide(25-35)

Figure 1.2: Ref:1QYT.pdb, « helical AS3(25-35)

The fragment, A/5(25-35) is thought to be the main responsible region for the
neurotoxic effect of AF(1-42).A5(25-35) has the sequence Gly25-Ser26-Asn27-Lys28-
Gly29-Ala30-Ile31-1le32 -Gly33-Leu34-Met35. Studies have shown that this fragment
shows a 3 sheet structure in TFE and aqueous solution.

It is shown that A3(25-35) increases the lateral diffusion coefficient of lipids. It can
also increase the short range flexibility of the lipid membrane.[ABDI0)]

It was shown that monomeric form of Af(31-35) and AS(25-35) are neurotoxic and
posses the ability to enter within the cells. It can determine mitochondrial damage

with an evident signal for apoptosis. This can be dependent on the redox behaviour
of Met35[MECO5]



1.8 Bicelle

Lipid bilayer is a thin polar membrane made of two layers of lipid molecules. These
membranes form a continuous barrier around cells. The lipid bilayer is the barrier
that keeps ions, proteins and other molecules where they are needed and prevents

them from diffusing it into areas where should not to be. Width of the bilayer is a

few nanometers.



Chapter 2
2-Dimensional NMR experiments

The conventional nmr or 1D NMR is a plot between intensity Vs frequency. In 2-
dimensional NMR intensity is plotted as a function of two frequencies say F; and
F5. 2D NMR spectra provide more information about a molecule compared to 1D
NMR and are useful in determining the structure of a molecule. In one-dimensional
NMR couplings give rise to multiplets as in 2-D NMR cross peaks implies couplings.
General scheme for 2D NMR

- evolution — detection
—| preparation mixing
f It L

1

Figure 2.1: general scheme for 2D NMR experiments. Source: Keeler

During the preparation time sample is excited by one or more pulses. The resulting
magnetization is allowed to evolve for time ¢; (evolution time). Following the evolution
time there is a period of mixing which consists of a pulse or a set of pulses. The signal
is recorded after mixing time during the detection time. The nature of the spectrum is

determined by the pulses applied during preparation and mixing time. In fig.2.2a the

a b [
£
2of ° . . °
0:0; F2 80 .

Figure 2.2: source: Keeler.

signal present during t; which evolved with a frequency of 20Hz. During the mixing
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time this same signal was transferred in some way to another signal which evolved at
80Hz during t5. The signal in fig.2.2b evolved with a frequency of 20Hz during ¢; as
well as to. According to spectrum c (fig.2.2c) the signal present during ¢, evolved at
20Hz and during the mixing period, part of it was transferred into another signal which
evolved at 80Hz during t5. [Kee02]The other part remained unaffected and continued
to evolve at 20Hz. Cross peak represents the part that changes the frequency during
mixing time. Diagonal peak is the part that doesnt change the frequency. If there

was no mixing time then the spectrum will consists only of diagonal peaks.

2.1 Homonuclear through bond correlation meth-

ods

In Homonuclear through bond correlation or scalar couplings we observe magnetiza-

tion transfer between the nuclei of the same type which are connected through bonds.

2.1.1 Correlation Spectroscopy (COSY)

Figure 2.3: Pulse sequence for COSY. Rectangles represent 90° pulses.(source: Keeler)

COSY spectra consists of two types of peaks, diagonal peaks and cross peaks.
Diagonal peaks correspond to 1 dimensional NMR. Cross peaks result from the scalar

coupling of the nuclei. Cross peaks are symmetrical about the diagonal in COSY.

Consider a weakly coupled two spin system. A 90° pulse along the X axis generate

a magnetization along the Y direction (assuming initial magnetization along Z axis.)

Ly+ T, 2 —I, — Iy,

During time ¢; spin 1 and 2 evolve as given below,

10



I I t1 1. +Q0t1 12 +2nJ12t1 [12122
Tily T f2y 7

[—]1yCOS(Qlt1) + [1$8in(91t1) — IQyCOS(QQtQ) + ]QxSZ.?’L(QQtl)]COSﬂ'Jlgtl—}—
[QIlmIQZCOS(QItl) + 2]1yfgzsin(§21t1) + 2]1212:17608(92t1) + 2]1212ysin(§22t2)]sinwjlgtl

Following a second 90° pulse along the X axis and the previous state becomes,

[[1x5in(91t1)+[2x5in<92t1)]COS7TJ12t1 — [2[1y[2Z8in(1t1)+2[1212y8in(92t1)]Sinﬂjlgtl

In summary the two dimensional COSY map will have appearance as shown in fig.2.4.

[B-1lo=] [Bll=a]
S
Q ‘
.0 o.p’/ =[]
o } e — B
: ,c'(’ 0 = [o—]
/s’o T . = [B-]

[l
diagonal peak cross-peaks

Figure 2.4: COSY of an AX system. (source: Keeler).

Thus cross peaks are dispersed by two different chemical shifts in both dimensions

reducing the chance of overlapping of resonances. [Kee(2]

2.1.2 Total Correlation Spectroscopy (TOCSY)

Ly

.|

Figure 2.5: Pulse sequence for TOCSY. (source: Keeler)

I.'_”. m x i
z

DIPSI-2 T
Pl | A e

_—

Total correlation spectroscopy relies on cross polarization rather than the coher-
ence transfer methods. In conventional COSY experiment coherence transfer is only
possible between protons on the adjacent atoms where as in TOCSY the protons are
able to relay the coherence so that it is transferred among all the protons that are

connected by adjacent atoms. TOCSY is used in large molecules with many separated

11



coupling networks such as peptides, proteins, oligosaccharides, polysaccharides.[JC95]

The TOCSY pulse sequence (fig.2.5) involves a modified spin lock (DIPSI in
fig.2.5). The spin locking field causes cross-polarization or an oscillatory exchange
of magnetizations between the two spins which experience identical local RF fields.
Thus the spins become temporarily equivalent. There are two types of spin lock se-
quences, isotropic mixing and Hartmann-Hahn-mixing (HOHAHA). Istropic mixing
leads to spectra with mixed phases where as the latter lead to a pure phase spec-
trum. For a simple two spin system, complete exchange of magnetization occurs for a
contact time of 1/2J where J is the scalar coupling constant between two spins. The
HOHAHA variants simply involves alternative decoupling schemes during spin lock

period. The schemes which are commonly employed are include composite pulses such
as MLEV-17 and DIPSI-X.[Kee02]

2.2 Heteronuclear through bond correlation exper-

iments

This method gives information on the correlation of two different types of nuclei,
(say' H and '3C'). The resultant two dimensional spectra will consist of peaks whose
coordinates are given by chemical shift of one type of nucleus in one dimension(!H)
and chemical shift of another nucleus which is coupled to the first nucleus, in the

second dimension(**C).

2.2.1 Heteronuclear Multiple Quantum Correlation (HMQC)

J ! ” ! IE
CH ER AN

: L
.|
136 I 1

Figure 2.6: HMQC pulse sequence. Open rectangle for 180 pulse.(source: Keeler)

The pulse sequence for HMQC is given in fig.7. For the purpose of analysis we
take ' H as spin 1 and '3C' as spin 2. (ref.1)
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We start the analysis with spin 1. Assuming the equilibrium magnetization of spin 1
is along z axis after 90° pulse the becomes —1/;,. Since the pulse sequence applied to
the spin 1 is similar to a spin echo sequence (90-7-180-7) the state of the system at

the end of the delay A is simply due to evolution of —I;, under scalar coupling,
—Lycos(mJi12A) + 211,15, sin(mJ12A)

where A = 1/2J15. Therefore only the second term remains.

The second 90° pulse applied to spin 2 leads to,

%IQ(L‘
2]1:,;]22 —_— _2]1x12y

This generates a mixture of heteronuclear double and Zero quantum coherence
which then evolves at t;. It is already noted that spin 1 will be refocused after the
180° pulse. So the evolution under spin 1 offset can be ignored. Addition to that
spins i and j in multiple quantum coherence does not evolve under the influence of
the coupling between these two spins, Jij5. Therefore only evolution of spin 2 under
the offset should be taken into account.|Eva95]

Qit11a,

_2]lm]2y _2jlz[2yCOS(QQt1) + 2]1112182'71(92151)

A second 90° pulse to spin 2, no effect on the second term and first term will transform
as,

%IZI

—2]1x12y008(92t1) —_— _2_[11»_[22«008(921:1)

This term evolves under coupling.

2rJ12AI1 - 12,
e

—2[1x[2z008(92t1) —IlyCOS(QQtl)

In F5 there will be a doublet centered at the offset of spin 1 and these peaks will have

an I coordinate simply determined by the offset of spin 2.

2.2.2 SOFAST HMQC

o
bl o fAsi NP oA R
X ty/2 : t/2 l DEC
Ga Gy Gy
PFG, \a g g _n

Figure 2.7: Pulse sequence for SOFAST-HMQC. (source: Schada et.al)
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This sophisticated experiment can acquire data in a very few seconds with high reso-
lution. Mostly used for studying protein folding and observation of short lived protein
intermediates.[SB05]

2.2.3 Homonuclear multiple bond correlation (HMBC)

In HMBC experiments the correlation between proton and carbon those are connected
by two or three bonds are studied. It can show correlations between amide hydrogen

to « proton.

2.3 Homonuclear through space correlation meth-

ods

In these experiments coherence transfer occurs through space (dipolar coupling). They

exhibit cross peaks for all protons that are close in space.

2.3.1 Nuclear Overhauser Effect Spectroscopy (NOESY)

Lol

Figure 2.8: Pulse sequence for NOESY.7,,ix is the mixing time. (source: Keeler)

NOESY spectra is similar to COSY with cross peaks and diagonal peaks with cross re-
laxation through space. Nuclear Overhauser Effect is the transfer of cross polarization

from one spin to another via cross relaxation.[Eva95]

14



2.3.2 Rotating frame Overhauser Effect Spectroscopy (ROESY)

h 4

Figure 2.9: ROESY pulse sequence. (source: Levitt)

The pulse sequence of ROESY is similar to TOCSY. However the RF power to achieve
spin locking is much lower compared to TOCSY. This helps to prevent the appearance
of TOCSY cross peaks in the resulting spectrum. In ROESY experiments the intensity
increases with correlation time. This is due to the fact that cross relaxation occurs in

the presence of a weak rf field rather than a large static magnetic field. [Lev07]

2.4 Results

Homonuclear and heteronuclear 2 dimensional NMR experiments were done for 2mM
of AB(25-35) in 80mM DMPC and 160mM DHPC.

Gly33AH-NH

\IeElAH—\NH ’Ile32AH-NH

Lys28AH-NH
Ala30AH-NH

Leu3aannH |}

Ser26AH-NH

Asn27AH-NH

8.8 8.6 8.4 8.2 8.0 78 7.6 14 12 7.0

Figure 2.10: COSY spectra for the A5(25-35) in bicelle. assignments matching with
[V.BOS]
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Figure 2.11: TOCSY spectra for the A3(25-35) in bicelle

11e31GH-BH 23

Leu34BH-DH
1

Met35GH-BH lle31BH-GH

Figure 2.12: TOCSY spectra for the A3(25-35) in bicelle peaks labeled. (region 1)
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Ser26BH-AH

Ser26BH-AH
f

Figure 2.13: TOCSY spectra for the A3(25-35) in bicelle peaks labeled. (region 2)

5.5 5.0 45 4.0 35 3.0 25 2.0 15 1.0 05 0.0

Figure 2.14: HMQC spectra for the A5(25-35) in bicelle
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Figure 2.15: ROESY spectra for the A$(25-35) in bicelle

lle31DH-Lys280H
)

lle31GH-Met35GH
Ile32GH-&la30BH

Lys28GH-Met35BH
b

» (i Lys28GH-Leu34BH
Lys28GH-Met358H

Figure 2.16: ROESY spectra for the A5(25-35) in bicelle peaks labeled. (region 1)
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GlyAH-Ala30AH GlyAH-Ser26BH

!

Ser26BH-Ala30AH

!

lle31AH-Eeu34,

Figure 2.17: ROESY spectra for the A5(25-35) in bicelle peaks labeled. (region 2)

abeta in bicelle

ppm

1 - 60

) 100

L 120

140

Figure 2.18: HMBC spectra for the A3(25-35) in bicelle
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abeta in bicelle
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Figure 2.19: HMBC spectra with water suppression for the A/3(25-35) in bicelle

CNST39 = 0.529
CNST19 = 2
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- 20

- 30
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Figure 2.20: SOFAST-HMQC spectra for the A3(25-35) in bicelle
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CNST39 = 0.529
CNST19 = 0.5

ppm
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Figure 2.21: SOFAST-HMQC spectra for the A5(25-35) in bicelle

2.5 Conclusion

The amino acid sequence of the peptide , Gly25-Ser26-Asn27-Lys28-Gly29-Ala30-
[e31-11e32-Gly33-Leu34-Met35. The COSY spectrum showed through bond correla-
tions of protons in the constituent amino acids of A(25-35). In TOCSY correlation
between protons of Ser26 as well as Lys28 were observed. HMQC exhibited 13C to 1H
coupling of Ser26, Ile32 and Lys28. ROESY was done to figure out the protons which
are correlated through space(dipolar coupling).[BM94] We inferred from the ROESY
spectrum that Ile31-Lys28, Ile32-Ala30, [le31-Met35, Lys28-Met35, Lys28-Leud4 and
Ser26-Ala30 are spatially close.
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Chapter 3

Diffusion NMR of AS (25-35) in

bicelle

Diffusion is the random translational motion of molecules or ions that is driven by
internal thermal energy. It is the basic mechanism by which molecules are distributed
in space. A distinguishing feature of diffusion is that it results in mixing or mass

transport of molecules without a bulk motion.

3.1 Normal diffusion

Normal diffusion or free diffusion is the random movement of particles. It is mostly

dependent on the gradient of the macroscopic properties.

3.1.1 Brownian model of diffusion

The theory of Brownian motion is one of the simplest approach to study the diffusion
of a system. The random motion of a small particle immersed in a fluid is called
Brownian motion. [Zwa01l]

Diffusion can be considered as random walk of molecules. In a one dimensional random
walk there are 2" possible trajectories. Number of trajectories that give R steps

towards right side:
n!

"Cr = = R

(3.1)
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Probability of finding a particle at k after n steps:

W (k,n) = (3.2)

which can also be expressed as

W(k,n) = e (3.3)

Mean displacement of a particle after n random steps, (X,,) = 0
Mean square displacement of a particle executing 1 dimensional random walk is linear
with time.

(X7) = 2Dt (3.4)

This relation is also known as 1 dimensional diffusion law. It can also be written as
(X2) = (X1 + knL)?) = ((Xno1)?) 4 2L( X1 kn) + L*(k2) (3.5)

where L is the length of each step, k,, = +1 with equal probability. The above equation
can be reduced to,

(X?) = NL? (3.6)
N is the total number of steps. Comparing eqn 3.4 and eqn 3.6 diffusion coefficient D

can be written as,

L2
D=—
2At

In 2 dimension mean square displacement of a random walk, (r2) = (22) + (y2) = 4Dt

(3.7)

and similarly in 3 dimension it is given by (r2) = 6Dt.

3.1.2 Fick’s Laws of diffusion

Ficks first law of diffusion postulates diffusive flux goes from high concentration
region to low concentration region with a magnitude proportional to concentration
gradient.[NelO§]

J(r,t) = —=DVc¢(r,t) (3.8)
J: diffusion flux [mol/m?s]
D: diffusion coefficient [m?/s]
C: concentration in number of particles per unit volume [mol/m?]
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Combining Fick's first law with the equation of continuity,

— +VJ=0 (3.9)
we obtain Fick’s second Law of diffusion,

aC(r,t)
ot

= DV?C(r,t) (3.10)

Fick’Laws of diffusion are based on the assumption that the number of random par-
ticles is very large. The beauty of Fick’s second Law or diffusion equation is that it
is deterministic.If If we know the initial profile concentration, C(r,0) by solving the

diffusion equation we can predict the future profile C(r,t).

3.1.3 Stokes - Einstein Relation

Stokes - Einstein equation is given for diffusion of a spherical particle through a fluid
with low Reynolds number. Einstein relation gives the diffusion coefficient for a

particle moving in a fluid with temperature T

 kgT
f

kp: Boltzman constant(kg = R/Ny4; R is the gas constant and N4 is the Avogadro

D (3.11)

constant, dimension JK 1)
f is the viscous friction coefficient.
Viscous coefficient for a spherical object is related to its size. This relation is given
by Stokes formula,
f=6mR (3.12)

R : hydrodynamic radius of the particle

n :viscosity of the fluid [Pa.s]

Combining equations 3.11 and 3.12 we obtain Stokes - Einstein relation
kgT

D= 3.13
6mnR ( )
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3.2 Anomalous diffusion

In anomalous diffusion, the mean square displacement of a particle exhibits a non
linear relationship with time in contrast to the normal diffusion. In this case the
probability distribution of the molecular displacements follow non-Gaussian statistics.

Mean square displacement for a 3-dimensional system with diffusion time t,
(r?) = 6Dt~

where « is the measure of the complexity of the environment.

For a typical diffusion a = 1.
If a > 1, the molecule undergoes superdiffusion.
If a < 1, the process is subdiffusion.[V.B0§]

3.3 Pulsed Field Gradient NMR

/2 del’octfsing s refocusing
gradient gradient
VAN A TOP VIEW
i
]
]
g

no molecular
displacement,

diffusion
+ migration

Figure 3.1: PFG Spin echo pulse sequence and its effect when there is no molecular
movement, diffusion and unidirectional translation (taken from sinnavae et al)

In an ideal NMR experiment the static magnetic field(By) is homogeneous around
the sample. But when the magnetic field is inhomogeneous the spins at different
positions of the sample will precess at different frequencies around the magnetic field.

Thus developing a phase difference with respect to each other which results in the
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attenuation of NMR signal intensity.
Assume there a constant magnetic field gradient with strength g along the Z axis of
the sample. The precessional frequency of the magnetization is then become position
dependent.[Sin12]

wg = —7(Bo + g2) = wop — 792 (3.14)

If we consider the frequency of the rotating frame to be wq, then only gradient induced
frequency, -ygz to be taken into account. If the gradient is applied for a time d, then
the total angle swept by the magnetization while precessing is -ygzd.

We assume that the transverse magnetization has the initial orientation along the Y

axis.Then the evolution of the magnetization is given by,
My — My-cos(ygz6) + Mxsin(vgzd)

The X and Y components of the magnetization will depend on the position along the
Z axis of the sample. The detectable magnetization remains along the Y axis while
its intensity experiences a dampening in the form of a sinc function.

If we reverse the polarity of the gradient after a time delay § (ie. The gradient strength
becomes -g) then the magnetization at every position Z will get refocused after the

second delay 0.

My-cos(ygz0) + Mxsin(vygzd) —

[My-cos(vgz0) — Mxsin(ygzd)|cos(vgz6) + [Mycos(ygz0) + Mx sin(ygzd]sin(ygzd) =
My

Thus the loss of coherence due to gradient pulse is reversible. But if diffusion takes
place during the spin echo then the molecules displace randomly along the 7 axis.
Now the refocusing second gradient will leave a stochastic, irreversible dephasing
of magnetization along the Z axis(fig.3.1). It results in the decay of intensity of

magnetization along Y axis.

3.4 Stejskal Tanner(ST) equation

The ST equation describes the signal attenuation in PFGSE experiment due to loss

of coherence during diffusion as function of the experimental parameters.
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e ST equation for normal diffusion

L~ eapl—r66?D(A ~ 3 (315

where I is the Intensity of the signal

7y is the gyromagnetic ratio which is constant for a nuclei.(MHz/T)
J is gradient pulse length(ms)

A is the diffuion time(ms)

g is the gradient strength(G/m?)

D is the diffusion coefficient.[RL11]

e ST equation for anomalous diffusion

]io — expl—(bD)"] (3.16)

b=—(739)*(A - 3)
« is the index of spatial heterogeneity. [KMBHO3]

3.5 Diffusion Experiments

Pulsed field gradient NMR experiment were done for the following samples on 600MHz

Avance III Bruker machine.
e Sample I : 2mM of AS(25-35) in D50
e Sample IT : bicelle (80mM of DMPC and 160mM of DHPC) in buffer + D,O

e Sample III: 2mM of Af in bicelle in buffer + D>O
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3.6

Results

1H NMR spectrum of
Bicelle (DMPC/DHPC)

! ‘ILL_I A A AA\ l

e T T e
8 7 6 5 4 3 2 1 ppm

Abeta (25-35) in bicelle
4+ 900ul buffer + 100ul D20

MUM »,/‘ IJM&U kah}\ Jﬂ

Bttt Y el il A At Ut W
9 8 ppm 5 4 3 2 ppm
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Figure 3.2: Amyloid /8 in bicelle spectra in decreasing order of gradient strength.
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Figure 3.3: bicelle spectra in decreasing order of gradient strength.
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Figure 3.4: A5(25-35) in DO spectra in decreasing order of gradient strength.

bicelle in Buffer + D20
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Figure 3.5: figure
g% V/s LN(I) plot for bicelle
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LNQ)

g*> V/s LN(I) plot for bicelle when Af is inserted
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Figure 3.6: figure

Abeta in D20
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Figure 3.7: figure
g% V/s LN(I) plot for Ag
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Abeta in bicelle (abeta peak)
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Figure 3.8: figure
g*> V/s LN(I) plot for A when inserted in bicelle

Sample Calculated diffusion || Diffusion time
coefficient(D)

AB in DO 8.8658%107% m?/s 10ms

A inside bicelle 2.7767%107% m?/s 100ms

Bicelle only 10.3¥107% m?/s 10ms

bicelle when Af is inserted | 8.33¥107% m?/s 100ms

3.7 Conclusion

e Self-diffusion of bicelle show a linear relation between mean square displacement

and time.
e AfB in D50 follows linear diffusion pattern.

e Mean square displacement of AS in bicelle show a non linear relationship with

time.
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Chapter 4
Molecular dynamics simulations

Molecular dynamics is a computer simulation to study the physical movement of atoms
and molecules in an N-body simulation. The atoms and molecules were interacting
for a fixed period of time giving a dynamical evolution of time. MD simulations solve

Newton’s equations of motion for a system of N interacting particles,

827’1'

The forces are negative derivatives of a potential function V(ry,rg, .....,7n)

v
873-

F =

The equations are solved simultaneously in small time steps. The system is followed
for some time keeping the temperature and pressure conditions, and the coordinates
are written to an output file at regular intervals. After the initial changes the system
will reach equilibrium. Coordinates as a function of time represents the trajectory of
the system. Many macroscopic properties can be extracted from the trajectory file.

Molecular dynamics simulations permit the complex dynamical process that occur in
the biological systems. It includes protein stability, conformational changes, Protein

folding and transport in the biological systems.[9]

4.1 MD Algorithm

Each MD or energy minimization run requires initial velocities and coordinates of all

the particles involved.[9]
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The global MD algorithm

Step 1 : Input initial conditions

— Interaction potential V as function of the position of atoms.
— initial coordinates r of all atoms in the system

— velocities v of all atoms in the system.

Step 2 : Compute forces

— Force on each atom by calculating the force between bonded interations

and non bonded atom pairs. In addition effect of external forces.

— Potential and kinetic energies and pressure tensors were calculated.

Step 3 : Update configuration

— Movement of atoms were simulated by numerically solving Newton’s equa-

tions of motion

2,3 and 4 repeated for N number of steps

Step 4 : Output

— final positions, velocities and energies, temperature and pressure

4.2 Potential functions

There are three types of potential functions: non-bonded, bonded and restraints.

4.2.1 Non-bonded interactions

The non-boned interactions contain a repulsion term, a dispersion term and a Coulomb
term. The non-bonded interactions are computed on the basis of a neighbour list (a
list of non bonded atoms with in a certain radius).

Non bonded interactions are pair-additive and centro-symmetric:

V(Tl,rg,....TN) == Z‘/ij<rij) (41)

1<J
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Z Vi (rij) ¥ij (4.2)

drz j Tij

¢ Lennard-Jones interaction
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o
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Figure 4.1: The Lennard-Jones interaction potential. Source: GROMACS manual

The Lennard-Jones potential V7, ; between two equal atoms

o1 o0
Vig(ri) = riz - (é) (4.3)

The parameters Cl-(ju) and C’Z»(f) depend on the types of atom pairs.

The force derived from this potential,

12 g©

.. r.A
Ei(r; 12 — 66— )2 4.4
() = (125 = 620y (44)

LJ potential can also written in the form,

Oij Oij
Vig(ry) = e ()" = (=7
Tij Tij

)*) (4.5)

where € is the depth of the potential well and ¢ is the finite distance at which

the interparticle potential is zero.
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e Buckingham Potential
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T

Figure 4.2: The Buckingham interaction potential. Source: GROMACS manual

Buckingham potential is given by

C,
Vin(ri) = Ayexp(=Biry) — 5 (4.6)
ij
and the force for this field is
Cij rij
Fi(rij) = [AijBijexp(—Byjri;) — 6—]— (4.7)

ij Tij

e Coulomb interaction

1500

—— Coulomb
---- With RF
-+ RF-C

10001

<

V. (kJ mol™)

14.]
=3
=]
T

Figure 4.3: The Coulomb interaction potential with and without reaction field for
charged particles with same sign. Source: GROMACS manual
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For two charged particles Coulomb potential is defined as

L qig;
Vi(ry) = —— 4 48
(T j) 47'('60 Eﬂ”ij ( )

The force for this interaction is given by

Ei(r;) = ——LY 4.9
(r j> 4dmeq errfj Tij ( )

4.2.2 Bonded interactions

Bonded interaction include bond stretching, bond angle and dihedral interactions. It
is mostly based on 2-body, 3-body or 4-body fixed atom lists.
The bond stretching between two covalently bonded atoms is mediated by harmonic

potential. In some systems the bond stretchings are anharmonic. Those systems fol-

200 T T T

150

100

v, (kJ mole™)

50

" L L 1 L " | L L L L "
9.08 0.09 0.10 0.1 n.12
r (nm)

Figure 4.4: Harmonic potential for the bond stretching. source: GROMACS manual

low Morse potential. For the morse potential the well is asymmetric and at infinity

the force is zero.

4.3 Force field

Force field is used to generate potential energies and forces for the particles in the
system. Parameters used in these equations are the second component these equa-

tions are built up on. GROMOSS87, GROMOS-96, OPLS, AMBER, CHARMM and
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MARTINI are some of the forcefields used in GROMACS. MARTINTI forcefield is used
for coarse grained simulations. it can be used for constructing systems like proteins

and membranes.

4.4 Coordinates and velocities

For starting a run the coordinates, box size and velocities for all the particles in the
system is required. The shape and size of the box is determined by the basis vectors.

The velocities are calculated by leap frog algorithm or velocity verlet algorithm.

4.4.1 Leap frog algorithm

The positions r at time t and velocities v at time t-1t is used in this algorithm.[HocT74]

In leap-frog integrator the positions and velocities are updated using the following

relations: . . At
—At) = ——-A —F 4.1
v(t + 5 t) =wv(t 5 t)+ — (1) (4.10)
1
r(t + At) = r(t) + Atv(t + §At) (4.11)

It produces trajectories that are identical Verlet algorithms.

4.4.2 Velocity verlet algorithm

In verlet algorithm positions the equations of motions are integrated using r at time

t and velocities v at time t.[BerO§]

Wt + A = v(t) + ﬁ—nir(t) (4.12)
r(t + At) = r(t) + Atv(t + %At) (4.13)
V(t + At) = v(t + %At) 4 %F(f + AY) (4.14)

4.5 Results

Simulations were done for A3(25-35) in bicelle (DMPC/DHPC) and A3(1-40) in bi-
celle using a scientific designed for molecular dynamics simulations, GROningen MA-
chine for Chemical Simulations (GROMACS).
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4.5.1 Molecular dynamics simulations of A3(25-35) in bicelle

Martini coarse grained force field was used for the molecular dynamics simulations[RG].
The simulation was run for 0.3us at 298 K. Volume of the simulation box was 216nm?.
3 molecules of AB(25-35), 144 molecules of DMPC, 288 molecules of DHPC and 15000

water molecules constitute the system.

Figure 4.5: The system AS(25-35) in bicelle before simulation,pink:water, Aquama-
rine:Phospholipids, Yellow: AS(25-35)

Figure 4.6: The system A[(25-35) in bicelle after simulation,pink:water, Aquama-
rine:Phospholipids, Yellow: A{(25-35)
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Figure 4.7: Mean square displacement V/s time for the system A3(25-35) in bicelle
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Figure 4.8: Mean square displacement V /s time for A/(25-35) in the system AJ(25-
35) in bicelle
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Figure 4.9: Mean square displacement V /s time for DHPC in the system A((25-35)
in bicelle
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Figure 4.10: Mean square displacement V/s time for DMPC in the system A(3(25-35)
in bicelle

4.5.2 Molecular dynamics simulations of A/(1-40) in bicelle

Martini coarse grained force field was used for the molecular dynamics simulations.
The simulation was run for 0.21us at 298 K. Volume of the simulation box was
216x103nm3. 3 molecules of AB(1-40), 288 molecules of DMPC, 576 molecules of
DHPC and 15000 water molecules constitute the system.
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Figure 4.11: The system A{5(1-40) in bicelle after simulation,pink:water, Aquama-
rine:Phospholipids, Yellow: AS(1-40)
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Figure 4.12: Mean square displacement V/s time for the system A{5(1-40) in bicelle
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Figure 4.13: Mean square displacement V /s time for A5(1-40) in the system A5(1-40)
in bicelle
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Figure 4.14: Mean square displacement V /s time for DHPC in the system A5(1-40)

in bicelle
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Figure 4.15: Mean square displacement V/s time for DMPC in the system A3(1-40)

in bicelle

4.6 Conclusion

Molecular dynamics simulations can provide information about the macroscopic prop-

erties of a system. From the visualization of the final system it is clear that Amyloid

beta will bind to the surface of the bicelle. The mean square displacement for both
AB(25-35) in bicelle and AS(1-40) in bicelle show a non linear relationship with time.

When Amyloid beta peptide is incorporated in bicelle it diffuses anomalously.
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Chapter 5

Crowding Environment

Experiments

5.1 Macromolecular Crowding

The term macromolecular crowding in biological systems is that the concentration of
macromolecules is so high it will occupy a considerable volume and reduces the avail-
ability for other molecules. These effects can be originating from steric repulsion. [ETI01]
Macromolecular crowding can alters the properties of proteins in the solution when
the concentration of the molecules is very high. The intracellular volume is unavail-
able to other macromolecules depends upon the numbers, sizes and shapes of all the
molecules present in each compartment. [Ell|

Protein aggregation is a high-order process whose rate is very sensitive to concen-
tration.Crowding should favour aggregation because of its effect of increasing the

thermodynamic activity of partly folded polypeptide chains.

Figure 5.1: Reduced volume effect in macromolecular crowding. (taken from [EIl])

45



5.2 NMR Experiments

1D and 2D NMR experiments were conducted to study the change in the conformation
of AB(25-35) in the presence of bicelle.
Sample: 2mM A/3(25-35) in bicelle(DMPC/DHPC) with 2% crowding agent (PEG).

Figure 5.2: 1D NMR spectrum of A/3(25-35) in bicelle in presence of crowding agents

a0 MAW/\

Figure 5.3: 1D NMR spectrum of A/(25-35) in bicelle in presence of crowding agents
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amyloid beta in bicelles with PEG
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Figure 5.4: TOCSY of AB(25-35) in bicelle in presence of crowding agents

amyloid beta in bicelles

Figure 5.5: ROESY of A(25-35) in bicelle in presence of crowding agents
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Chapter 6
Summary and future directions

Our aim was to study the dynamics of diffusion of Amyloid beta peptide(25-35) inside
a bicelle. As the first step we tried to confirm the structure of the A5(25-35) in the
bicelle using 2 dimensional NMR experiments. Assignments of A5(25-35) in bicelle
using the software SPARKY by inputting the chemical shifts inferred from the 2D
NMR experiments.

The diffusion coefficient of A3(25-35) in bicelle, bicelle alone were calculated by pulsed
field gradient (pfg) NMR and pfg NMR with water suppression. We observed a linear
diffusion in AB(25-35) alone sample and bicelle alone sample. But when A(3(25-35)
was inserted into the bicelle it started following anomalous diffusion behaviour.
Molecular Dynamics simulations were performed for Af(25-35) in bicelle and AS(1-
40) in bicelle using GROMACS. From the mean square displacement-time plots it was
inferred that these systems show anomalous diffusion.

In future we will fit these experimental results to a defined anomalous diffusion model
by quantifing the spatial heterogenity index a.. o can provide information on the non
linearity of mean square displacement and time.

In addition we want to study the folding mechanism and structure formation of A3(25-
35) in a crowding environment created by macro molecular crowding agents Ficoll and

PEG using NMR experiments and molecular dynamics simulations.

49



20



Appendix A

Commands used for GROMACS

simulations

e Pdb2gmx : to convert pdb file into .gro file.

— Options

*

*

e genbox :

-f . for an input file

-0 : for an output file.

generates a box of solvent.

— Options

*

e grompp :

-cs : specified coordinates for the solvent.
-cp : specified coordinates for solute.

-ci : add molecules at random position.
-nmol : insert extra molecules.

-box : creates box with specified dimensions.
-try n : try 'n’ times.

-maxsol : maximum nunber of solvent molecules.

reads md files with input parameters.

— Options

*

-c¢ : checks whether the coordinate file is matching the topology file.
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e Mdrun : performs molecular dynamics simulations.

— Options

* -v : uses verlet velocity integrator.
e g msd : calculates mean square displacement.

— Options

* -lateral : calculates lateral diffusion coeflicient.

e cditconf : converts and manipulates structure files , edits the box.
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Appendix B

Three letter codes for amino acids

Amino acides Three letter code
Alanine Ala
Arginine Arg
Asparagine Asn
Aspartic acid  Asp

Cysteine Cys
Glutamine Gln
Glutamic acid Glu
Glycine Gly
Histidine His
Isoleucine Ile

Leucine Leu
Lysine Lys

Methionine Met
Phenylalanine Phe

Proline Pro
Serine Ser
Threonine Thr
Tryptophan Trp
Tyrosine Tyr
Valine Val
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Appendix C

Derivation of Stokes Einstein

equation

Newtons equation of motion for a particle moving under a constant external force F

in x direction,

dv F
— =— C.1
dt m (C.1)
v: velocity of the particle
m: mass of the particle
Ft
(1) =vo o + — C.2
t) = v0a + (C2)
F(At)?
Azr = vy, C.3
T =voa+ — (C.3)
Taking average for equation C.3 gives
F(At)?
< Az >= (A1) (C4)
2m

[ < o, > is zero since in each step it is pointing randomly towards left or right.]

Because of friction the particle will attain a terminal velocity,

F
Ve = 7 (05)
Where the viscous friction coefficient
2m
- C.6
f=om (C6)
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't” for a spherical object is given by the Stokes formula.
f=06mmR (C.7)

n: viscosity [unit : Pa.s| R : hydrodynamic radius

From the 1D diffusion law diffusion coefficient D can be written as,

L2
= C.8
2At (C8)
Using equation C.7 and C.8 we could write
mL?
D= .
=" (©9)
fD =mu, (C.10)
From the equipartition of energy we can deduce that
kT
<G, >=— (C.11)
= fD =kT (C.12)
T
ie.D = k? (C.13)

C.13 is known as Stokes Einstein relation.
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