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Abstract

Structures alone cannot explain protein functions and biochemical data. Studying dy-
namics on different timescales play an important role in understanding protein func-
tions. NMR relaxation experiments provides wealth of information about molecular
dynamics in macromolecules and fluids. To get the meaningful explanation of NMR
relaxation data, Model free approach for analysis of the data is used.We analyse the
spin-relaxation experimental data(R;, Ry, NOFE) within the model free formalism (
Clore et al.1990; Lipari and Sizabo,1982)to study and analyse molecular dynamics
with atomic resolution of biomolecules like Ubiquitin, RNase and 14-mer RNA using
the program FAST-Model free for the fully automated, high throughout analysis of
NMR spin relaxation data.
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Chapter 1

Introduction

Since the discovery of magnetic resonance in mid- 20th century, nuclear magnetic
resonance has become a powerful interdisciplinary method where we can work on the
interface of physics, chemistry and biology to study biomolecules and the materials.
Since mid- century as many as nine nobel prize has been awarded in magnetic reso-
nance. Some important names in the history of Magnetic resonance who got nobel
prize starting from first in 1944 till today are Isador I. Rabi in 1944, Felix Bloch and
Edward M. Purcell in 1946, Richard Ernst, Kurt Wthrich, Paul C. Lauterbur and Sir
Peter Mansfield for their pioneering contributions to enabling the use of magnetic res-
onance in medical imaging in 2003. As we know superconducting materials have very
important role in magnetic resonance, Alexeij A. Abrikosow and Vitalij L. Ginzburg

received noble price in 2003 for significant contribution in superconductors theory.

1.1 Introduction to NMR Spectroscopy

NMR stands for Nuclear magnetic resonance. It is also a spectroscopic technique
like Ultra-violet, Infrared and Raman spectroscopy. The very basic of the NMR
experiment is that we apply a radio-frequency pulse to a sample and observe how
the sample behave by taking a Free Induction decay(FID) which is further Fourier

transform to give spectrum (in frequency domain).
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Figure 1.1: Fourier transform of FID into spectrum[31].

The magnetisation is excited and observed and the time domain signal is trans-
formed into the frequency domain by Fourier transformation into spectrum. We can
measure the return of magnetisation after being excited which includes longitudinal
relaxation and transverse relaxation.

There are many other experiments like COSY, HSQC, and INEPT but we will stick
to only 77, T5 and NOE in our analysis of proteins using model free analysis.

When the sample is placed inside the NMR spectrometer it experience central high
magnetic field. The sample is surrounded by different RF coils which are used to
send the RF pulse for the experimental analysis of the sample. It turnout that the
sample which is within the coil range contribute to the signal. The rest of the sample

in the bottom of the tube does not significantly contribute to the signal. The central

:_;I ﬂrfz)
Wﬁﬁ%
AV

Figure 1.2: schematic representation of sample between RF coils with By is central

field and B; is RF magnetic field.

magnetic field By which we are talking about is high and sharp but it turns out that
this magnetic field is actually not homogeneous through the sample rather the line

of flux goes slightly stretched. If we consider two volume elements V2 and V1, as a

18



result of this homogeneity V1 experience more uniform intense magnetic field then

V2 and the other which are at the edges of the tube.

\w. /
ik \\

Figure 1.3: Representation of the inhomogeneity of magnetic field in sample among

volume elements V1 and V2.

So the V1 box gives rise to higher frequency than the V2 in the observed signal.
Since we have many of these kind of volume elements at different positions in the
sample so the resultant gives rise to somewhat broader peak with half width D.

1 1

D=—;d=—
7TT2*’ 7TT2

Where D is the apparent half width which appear to us in the signal and is related

Vi V32

Figure 1.4: peak broadening d in elements V1 and V2 and also the resultant broad-

ening D due to inhomogeneity in magnetic field.

to apparent relaxation time 75*. While d here is the actual half width of the elements

which is related to actual transverse relaxation time 75.

1.1.1 Vector model

Magnetisation has three components.

19



Figure 1.5: resultant magnetisation vector precessing around central magnetic field

with larmer frequency|32].

So, for the case if we have only z- component of magnetisation and other com-
ponents are zero then this magnetisation vector aligns with the magnetic field and
nothing is going to happen. So, magnetisation to precess we need to make its trans-
verse component non- zero. Now let if it has transverse component, it starts to precess
around the static magnetic field. The frequency of this precession is known as Larmer
frequency. This frequency basically turn out to be equal to energy difference between

the two states.

where AF is the enery difference between the two states a and g of the measured

nucleus.

Effect of RF pulse

We are working in the rotating frame and adjusted static B; (RF magnetic field) in
x-axis. Now, applying RF pulse in x-direction flip the z-magnetisation into negative

y-axis which when left for some delay time 7 develops the phase in x-y plane.

Figure 1.6: magnetisation flip due to application of RF pulse[32].

B = ’YBlTpa

where 3 is the flip angle, v is gyromagnetic ratio of the nucleus, 7, is flip duration

and Bj is the RF magnetic field.
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Figure 1.7: building of phase in X-Y plane[32].

¢ = wt

W = WeWret , Where w, is true frequency and w,.; is frequency of rotating frame.

Free Induction decay

When we apply a RF pulse and observe the free induction decay of the magnetisation
in transverse plane it gives us FID in time domain. To get a spectrum we need to
convert it into frequency domain. That is basically done by Fourier transformation of

time domain signal into frequency domain. The above is the example of the Fourier

| (&)
108
2

b

4— A0 Hz —»

=)

L

+— 00 Hz —

Figure 1.8: Free Induction decay to spectra for different nuclei[32].

transformation from a FID to spectra. In (a) the FID gives rise to a signal showing a
Quadrat after the Fourier transformation of FID while in (b) there are four different
peaks observed after the Fourier transformation.

Now after getting the spectra we can use the signal averaging to reduce noise and
get high intensity of the peaks. The main advantage of signal averaging is that the
intensity level increases linearly with the number of scans where noise increases as

square root of number of scans.
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Figure 1.9: intensity integration to enhance sensitivity by increasing number of scans

along with noise.Signal S goes as 4S, while Noise n goes as v4 x n = 2n[32].

1.1.2 Advantages of Molecular dynamics study

Since past decade there are large number of structures of proteins using x-ray crystal-
lography and the multidimensional NMR has been identified. Knowing the structure
help us understanding things like co-ordinate information about each residue in the
protein and much more. But structure alone cannot explain the functions of protein.
Since many functions of the protein depends upon the conformational dynamics of
the protein. So it is very important to understand the dynamics of the protein to
understand the protein fully.

For example, how a ligand access the active site of an enzyme may require conforma-
tional rearrangements. Enzyme catalysis and ligand off-rates have been measured to
be on the order of 1010°s~! and folding rates for small globular proteins are in the
range of 107110°s™1 [4].

But not only the slow internal motions are of importance to understand the protein
fully, Fast internal motions plays a very crucial role because the fast motions on time
scale of piconano second are associated with the entropy which allow us to know the
number of states that are available to specific sites of the protein. So it acts as en-
tropy estimation meter. Changes in the functional states are often associated with

redistribution of this entropy/[3].

1.1.3 Why we use NMR?

The main question which pop up in our mind is why we use NMR? The answer to

this question is very simple, it is because NMR experiments provides us wealth of
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information on protein architecture. NMR spectroscopy has been successfully used
to measure protein folding rates[54, 55| and for direct observation of protein-ligand
interaction kinetics[54]. Furthermore, the insights heteronuclear NMR relaxation mea-
surements can provide on the role of protein motions in molecular recognition have
been reviewed[2].

The advantage of NMR compare to the other spectroscopy technique like X-ray crys-
tallography which is also used to study the structure of proteins is that it does not
free the protein sample in time unlike the x-ray crystallography so all the dynamics
of the proteins are available to us for study. The main advantage of the NMR is that
here we can probe the molecular motions with atomic resolution. So NMR turn out

to be good method to understand the proteins fully.

1.1.4 What Information does NMR relaxations provide?

As we have pointed out earlier also that the motions faster than the overall tumbling
influences the relaxation parameter by influencing the dipole-dipole and Chemical
Shift Anisotropy hamiltonians. Fast internal motions can be probed by laboratory
frame relaxation measurements of spins whose relaxation mechanisms are associated
with a bond vector. The data are most commonly analysed using the model-free
approach introduced by Lipari and Szabo[1] with some restrictions for model fitting.
NMR relaxation parameters are sensitive to rotation of these bond vectors around a
perpendicular axis. These fast internal motions are related to entropy of the protein
and hence gives us idea about the flexibility of the protein. For model-free analysis
N is probed for backbone motion with N-H as bond vector under consideration.
Because this has become a virtual routine and most of the other program do the
same. For the study of side chain motion in proteins C*? labeled C'H,, groups can be
converted into CH D,,_; moieties via deuteration and C-H bond vector can be used

for the analysis[1, 2, 4].
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Chapter 2

Internal motions

2.1 Spin—% Nuclei

As we are dealing with liquid NMR spectroscopy, proteins can possess multiple degree
of freedom and hence have different types of motions which motivates us to study the
dynamics of the protein. Because most of the interactions of the molecules can be
understand by understanding these different time scale motions. we characterise these
motions into two category:

1.Fast Internal Motions

2.Slow Internal Motions. Many functions of the biological molecules or systems are

d ligand binding
catalysis
libration folding
vibration Allosteric regulation

sidechain rotation
| 1 1
[ . r —I‘H
1072 10° 10°% 10° 10° 10%s
Ry,
CPMG
Line-shape analysis

27 Exc:hang =]

Ry Ry NOE

Figure 2.1: time scale motion dependence in protein[52].

directly related to spatial and temporal changes in it. The very essence of many
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biological process rely on transfer of information through conformational exchange
associated with protein folding, ligand binding, chemical exchange etc.

In fig.2.1 we can understand the different time scale motions study of the proteins or
any other biomolecule gives us wider knowledge of the different interactions arise due

to the phenomena like the vibrations, liberations, ligand binding, protein folding etc.

2.1.1 Fast Internal Motions

we have a protein in which we want to understand the different functions of that pro-
tein with different time scales using liquid state NMR. So in the sample the protein
is allowed to do Brownian motion which is the overall tumbling of the molecule and
can be related to the overall correlation time for the protein. The overall rotational
correlation time can be derived by the stocks law. The rotational correlation time
here is defined as the time it taken by a molecule to rotate by one degree. More is
the size of the molecule, higher is the rotational correlation time. The motions which
are faster than the overall tumbling of the protein are considered as the Fast internal
Motions. The time scale fast motions ranges from nano-second to pico-second which
are basically vibrations, liberations and side chain motions mainly. These fast mo-
tions affects the relaxation parameters also and hence can be related to relaxation
parameters and the correlation functions.

The overall rotational correlation time of the globular protein with a spherical ap-
proximation (isotropic diffusion) which is the characteristic of Brownian diffusion in

a liquid can be derived by Stokes law[63] as:

Where 7, is the overall rotational correlation time of the molecule ,n,, is the viscocity
of the liquid, rg is the hydrodynamic radius which is related to the molecular weight
of the protein, kp is the Boltzmann constant and the T is the temperature of the

system. The hydration radius can be calculated as [63, 62]:
> 1/3
rg = [BVM, /AT N4 + ry

Where V is the specific volume (cm?/g) of the protein, M, is the molecular mass of the

protein, N, is the usual avogadro number and the r,, is the hydration radius which is
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usually between 1.6 Ato 3.2 A(Which is one half of one hydration shell). The general
thumb rule to calculate the approximate hydration radius is that it is approximately

0.6 times the molecular weight of the protein in KDa. Above discuss method was the

14-
12

104

Tc (Ns)

5 10 15 20
MW (kDa)

Figure 2.2: An example of correlation time vs Molecular weight of proteins in kDa[63].

method to calculate rotational correlation time by hydrodynamic calculations. But
as we have shown above that the rotational correlation time can also be calculated
by relaxation parameters. For rigid protein molecules, in the limit of slow molecular
motion (7. >> 0.5ns) and high magnetic field (500 MHz or greater), a closed-form
solution for 7, as a function of the ratio of the longitudinal (77) and transverse (75)
N relaxation times exists[63, 61]

Te R ! 6E -7,

- 47TVN T2

Where, vy is the N1 resonance frequency (in Hz) ,T} is the longitudinal relaxation
time, T is the transverse relaxation time. The validation of the above relation to give
a real rotational correlation time rely on the fact that the 77 > T5 such that 677 /T57 >
0, which is true in case of almost all proteins with no difficulty. Below is a table of
rotational correlation time values compiled for known monomeric NESG targets[57].
All data was recorded on a Bruker 600 NMR instrument at 298 K. The molecular
weight for each target takes into account isotopic enrichment and the presence of

affinity purification tags.
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NESG target (isotope labeling) MW (kDa) 15N T, (ms) 15N T, (ms) 1. [ns)

PsR78A (NC5) 72 478.0 128.0 510
VIR1T (NC) 1.2 605.0 119.0 6.30
SyR11 (NC5) 124 630.0 104.0 710
ER541-37-162 (NC5) 158 729.0 66.5 10.0
ER540 (NC5) 16.8 909.0 66.5 1.3
SoR190 (NC) 138 697.5 100.9 T.70
TR80 (NC5) 105 612.8 102.9 T.00
Ubiguitin (NC) 9.0 4418 144 6 440
HR2873B (NC) 10.7 492.0 115.0 5.70
B-domain (NC) 7.2 4235 153.3 4.058
BcRITA (MC) 131 705.8 80.6 §.80
PR193A (NC) 136 733.9 80.9 9.00
WWRTE (NC) 202 1015.0 64.5 12.2
DVvR115G (NC) 109 608.7 115.6 6.50
MrR110B (NC5) 1.8 707.0 99.2 7.80
VpR24T (MNC5) 125 661.2 868.3 §.05
BcR147A (NC) 1.9 645.0 104.0 7.20
WR73 (NCE) 219 1261.0* 413" 13.0
NsR431C (MC5) 16.8 855.5 71.2 10.6
StR82 (NC) 9.2 537.3 100.4 6.6

Figure 2.3: Table of rotational correlation time values compiled for known monomeric

NESG targets[57, 63].

2.1.2 Slow internal motions

As discussed earlier the internal motions in protein can vary in time scales, the mo-
tions which are on time scale slower than the molecular tumbling of the protein are
considered as the slow internal motions. The time scale of these motion ranges from
microseconds to seconds. The study of protein folding, chemical exchange rate, ligand
binding etc comes under the study of slow internal motion. Chemical exchange rate[20]
are very important and provide us information about orientations and chemical kinetic
processes. The main experiments to get chemical exchange are longitudinal magneti-
sation exchange, line shape analysis, CPMG and R; row relaxation exchange[20].

But we are not going to discuss more about the study of slow motions rather than
we will focus on the fast internal motions which can be studied using our relaxation
parameters in model free analysis. This is due to the reason that conformational dy-
namics which is going on the scale faster than the overall correlation time or equal to
overall correlation time influence the relaxation mechanism dipole-dipole, CSA Hamil-
tonians. The key thing to remember is that in most of the protein application N
amide group is considered as probe to backbone motions and the N-H bond vector is
the main centre of attraction for the backbone motions while the proton in C-H bond

vector in methyl group is probed as side chain motion of the protein[29, 30].
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2.1.3 R; and R; Relaxation

R, and R, are basically the relaxation rates which are only the inverse of relaxation
times T} and T; respectively.

Relaxation times in a very simple sense tells us how the magnetisation return to equi-
librium after being disturb from equilibrium by application of a RF pulse. Here we
refer equilibrium as the population distribution in levels (ground and the excited) as
predicted by Boltzmann distribution and the magnetisation is directly proportional
to population difference between these levels. The alternate explanation in term of
states of a nuclei can be given as the return of population from excited state to ground
state. Relaxation in NMR is a slow process as compare to other spectroscopic tech-
niques for example in where relaxation in vibrational and electronic transition of time
scale pico- second to microsecond is concerned. The NMR relaxation times are order
of the few seconds commonly (0.1 Sec to 100 sec) which allow us to saturate NMR
transitions i.e. we can equally populate the excited and the ground state.

There are two types of relaxation of magnetisation which we measure by different
experiments using different RF pulse sequence.

1. Longitudinal Relaxation time.

2. Transverse relaxation time.

Longitudinal Relaxation time(7})

Longitudinal relaxation is the measure of the return of the Z-magnetisation back to
the equilibrium after being disturb from the equilibrium position. It is also known
as spin lattice relaxation or relaxation in Z-direction. The longitudinal relaxation
time (77) is measure by the most common inversion recovery experiment. The pulse
sequence of the inversion recovery experiment is given in fig.2.4.

In this experiment we start with the initial z-magnetisation, A 180° pulse is applied
first which invert the net z-magnetisation into the negative z-magnetisation followed
by a delay time 7 which allow the magnetisation to evolve with the time. Then we
apply a 90° pulse to get magnetisation in x-y plane and we can record the FID which
can be further Fourier transform to get spectrum.

The experiment is repeated with different delay times usually for five different delay
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Figure 2.4: Inversion Recovery pulse sequence[32].

times to check the behaviour of magnetisation for different time intervals. There are

g
— N

& b b b

L0z Lo oo %;
(d)

,
i L L

_—

Figure 2.5: Schematic of how the magnetisation recovers with different delay times in

inversion recovery experiment[32].

four different times are shown in this figure above. The fifth delay time which we refer
to is the delay time in which the z-magnetisation turns its sign and start returning to
positive z-direction.

As we can see when we apply a 180° pulse the z-magnetisation flips its sign and gives
a net z-magnetisation in —ve z-direction. The magnetisation starts recovering and the
amplitude in —wve z-direction starts to decrease with time and finally recovers to its
equilibrium z-direction of magnetisation. We record the signals at given time delays
as described in the above diagram and plot magnetisation vs time to see the recovery

behaviour of the magnetisation[32, 31].
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S(7) = [1 — 2exp(—7/T1)]S(00)

Where, S(7) is the signal intensity measured, 7 is the delay time (as 7y, 7o, 73 and 74

(N '
5(r) '3

Figure 2.6: Intensity vs time graph showing exponential dependence of magnetisation

on relaxation time (77) [32].

are used in example) and 7} is the longitudinal relaxation time.

Now, the significance of knowing the longitudinal time is that it gives you information
about the environment of nuclei. That is how fast a nuclei relaxes is depends on its
environment. We will try to see this by an example here. Let us take the example
of 1,3- di-nitrobenzene and we want to see how the different hydrogen or say protons
relaxes with time. H2, H4, H5 and H6 represents the hydrogen present at 2,4,5,6

positions of 1,3-dinitrobenzene respectively.
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Figure 2.7: Relaxation times of different Hydrogens in 1,3-di-nitrobenzene[32].

This is a really nice example which tells us that how the interaction from neighbour
nuclei directly affect the longitudinal relaxation of magnetisation since the magnetisa-
tion is directly proportional to the signal intensity we get in the spectrum we analyse
it directly from peak heights.

In the above example, H5 relaxes most rapidly that is magnetization get recovered
to the equilibrium z-direction in very short duration in about 5 seconds duration.
While other hydrogens take much longer time as compare to this in recovery of the
magnetization.

The main reason of fastest relaxation of H5 is that it experience high dipolar coupling
from both neighbour hydrogens which help it to recover faster while H4 and H6 have
identical environment and experience dipolar coupling with a single H5 only. But
H4 and HG6 relaxes faster than the H2 which do not have any neighbouring dipolar
coupling with hydrogen due to absence of neighbouring hydrogen that’s why H2 takes

32



much longer time to recover its magnetisation and has longest longitudinal relaxation

time among all the hydrogens in 1,3-di-nitrobenzene.

Transverse relaxation time(73)

It is the measure of relaxation of transverse component of magnetic field. It is also
known as spin-spin relaxation time. The main cause of the transverse relaxation is
the decoherence. Decoherence arise due to inhomogeneity of the magnetic field as a
result of which the spins which experience higher magnetic fields moves faster than
compare to others who experience relative less magnetic field and as a results losses
coherence and start to disperse in x-y plane. Since each of the spins experiences dif-
ferent magnetic field so as have different larmer frequency which result in dephasing
of the spins in x-y plane.

Relaxation time 75 is the measure of how magnetisation in transverse plane decays
with the time. Basically it is the measure of how much time the transverse magnetisa-
tion takes to decay 37% of initial value. The transverse relaxation time is also known
as spin-spin relaxation time, it is due to reason that exchange of energy takes place

with the neighbouring nuclei having identical precession

1
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Figure 2.8: Intensity vs time graph for relaxation time(73)[66].

frequency but different magnetic quantum states. It can be realised as redistribu-
tion among available energy states.
The lower value of T5 essentially gives us idea that the probability of the energy ex-
change among the states available by spin-spin relaxation is very low that relative
accessibility among the spins is low. For example in fluid where there is large amount
of diffusion and spins do not interact much rapidly the T5 relaxation is low. While

the tissue where the spins are much packed in a matrix or highly bonded gives the
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faster T5 relaxation.
The Experiment which is usually perform to measure the transverse relaxation is
known as spin- echo experiment. The pulse sequence for this experiment is given

as: Instead of applying 180° pulse first (as we do in inversion recovery experiment)

20? 1Eﬂ;’

X

4+— 1T —p4—1 —p

Figure 2.9: Pulse sequence for spin-echo experiment for measuring relaxation(73)[32].

we apply a 90° pulse to create the transverse magnetisation. The magnetisation in
the x-y plane starts to decay with the delay time 7 and we have the usual FID due
to delay time. But we apply a other 180° pulse to refocus the magnetisation vector
which in the end form an echo that can be recorded.

For further explanation let us look at the vector model of the spin-echo experiment[65,

45).

@ 2 (b) (©)
|

I, &> T

(e) (d)

P - B

Figure 2.10: Vector model for spin-echo experiment[32].

As shown above, we start with initial z-magnetisation which after application of a
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90° x- pulse flips the net magnetisation into y-axis. The magnetisation vectors starts
dephasing due to inhomogeneity of the magnetic field. The magnetisation vector A, B,
C in this example moves with different speeds due to difference in Larmer frequency.
The one who experience high magnetic field possess the highest Larmer frequency
as a result moves faster like C as compare to A. now the 180° y-pulse flips all the
magnetisation vectors which are dephasing. Now the result of this 180° pulse is that
it refocus the magnetisation. The magnetisation vector which was initially moving
faster covers has to cover more distance as compare to the others who were slower
after the application of 180° pulse. As a result all the vector recovers at the same
time and re-established the coherence. The time of dephasing is same as time of

rephrasing. Here, In this figure the phase (¢ = w7) for A,B,C for both the delays are

thase

‘C¢ t(time} .

Figure 2.11: Phase vs time graph representing dephrasing and rephrasing that is

formation of spin-echo.

shown which tells us that the dephasing and the rephasing times are same.

2.1.4 Heteronuclear NOE

The Nuclear Overhauser Effect is the transfer of nuclear spin polarization from one

spin bath to another spin bath via cross-relaxation.It depends on the spatial distance
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between the two atoms.It shows a change in intensity of one resonance when the
transitions of another are perturbed.The polarization we are talking about here is
directly related to the population difference and it depends upon gyromagnetic ratio,
magnetic field and the temperature. For example if the two hydrogen nuclei are close
by in space then there is possibility of polarisation transfer. So in principle it help us

in finding which two protons are close in space.

Let us take the example of Chloro-propane to understand the overhouser effect
more deeply. Initially the system of spins till there is no RF applied follow the
usual Maxwell Boltzmann distribution. But as we apply a RF pulse on the pro-
ton of first nuclei it disturbs the equilibrium distribution. The irradiating RF pulse
changes the population distribution on the aimed nuclei and gives rise to a satura-
tion condition. We should remember that spin nuclei which we are talking about
here carries magnetic moment and behave as magnetic dipoles. So creation of zero
polarisation affect the neighbouring proton if they are dipolar coupled. So as the net
result polarization of one spin is disturbed if we apply a RF pulse on its neighbour
to which it is dipolar coupled. The NOE can be seen among the nuclei which are 4-
5A apart. Nuclear Overhauser Effect SpectroscopY (NOESY)[45] is a 2-Dimension
spectroscopy by which we can identify spins undergoing cross-relaxation and can mea-
sure the cross-relaxation rates. Most commonly, NOESY is used as a homonuclear
proton technique. In NOESY, dipolar couplings provide the primary means of cross-
relaxation, and so spins undergoing cross-relaxation are those which are close to one
another in space. Thus, the cross peaks of a NOESY spectrum indicate which protons
are close to which other protons in space. This can be distinguished from Correla-
tion SpectroscopY (COSY)[45, 65], for example, which relies on J-coupling to provide
spin-spin correlation, and whose cross peaks indicate which protons are close to which

other protons through the bonds of the molecule.

In NOE, change in population of one proton (or other nucleus) is done when
another magnetic nucleus close in space is saturated by decoupling or by a selective
180° pulse. To understand this effect, we have to first consider the consequences

of applying a second radio-frequency during an NMR, experiment (decoupling).One
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other key point to remember is that the effects of decoupling are almost instantaneous
- once the decoupler is turned on coupling disappears on the order of fractions of a

millisecond, when the decoupler is turned off, the coupling reappears on a similar time

scale.
N/4 - A
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1 Irradiate (saturate) this transition
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o 1 hu Xians
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@y Zero quantum Nid + A JL I
@4 single quantum
w, double quantum A X

N Total number of nuclei

Figure 2.12: Nuclear Overhouser effect,schematic representation for two spin sys-
tem showing trantions between population and the spectrum before and after

saturation[15].

Now consider the situation when either the zero quantum or the double quantum
processes are the only ones operative. In the zero quantum process, the dipolar
interaction between A and X causes an A nucleus to undergo an a — [ transition
when the X nucleus relaxes from f — «a i.e. (af — fa). The net result is that as
X returns to its normal population difference, it lowers the population difference for
A. Thus, as the X intensity decreases, the A intensity decreases. If X is irradiated

continuously then the signal for A will vanish (-ve NOE).This is a negative NOE.
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Figure 2.13: schematic representation for -ve NOE[15].

For the double quantum process, each time an X nucleus relaxes from S to « state,
and a nucleus also undergoes a 8 to « transition i.e. (88 — aa). This has the effect
of increasing the population difference of A, i.e. an increase the area of A. This is a
positive NOE. The phenomenon has sometimes been referred to as spin pumping -

changing the population difference of X pumps A spins either from a to 5 or S to «.

A XI_‘ Spectrum:
d gy -) 07 4 0 J\/
o HHH= —HH= A
4 0 x
i o, relaxation
(BB — o)
A X
b 6 2
A X
®) 2

The @, process moves one A-fi nucleus to
A-a every time an X-[ relaxes to X-o. Thus
the normal population difference in the A
nucleus is increased, and the intensity of the
A signal becomes greater.

Figure 2.14: schematic representation for +ve NOE[15].

2.1.5 Correlations and spectral density functions

As we have discussed earlier the local fields depend upon the orientation of the bond

vectors. the mechanisms which influence these local fields are through either dipole-
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dipole or Chemical Shift Anisotropy or both mostly. For now first we consider the
backbone N-H bond vector with fixed orientation with respect to the molecular re-
frence frame in a protein. As the protein is free to do a brownian motion the N-H
bond vector changes its positions when the protein tumbles in the solution with a
overall correlation time 7.. The changes in the orientation depends upon the rate of
tumbling of the molecule. Faster the tumbling faster is the changes in the orientation
of the bond vector. For large molecules or proteins which moves slow the changes in
the bond vector orientation at time t and ¢t + At do not differ too much and both the

orientations are correlated in high degree. While for lighter proteins which are small

Figure 2.15: slow orientation change in large proteins[58].

in size the overall tumbling is quite faster ranges from milliseconds to microseconds,
the bond vector changes its position rapidly so the orientation at time t and t + At
are very less correlated. So we can define a correlation function which decribes the
loss of correlations after some time t.

For isotropic diffusion of spherical top correlation function is given by[58],

1 _t
Colt) :EP Te

Where 7. is the overall rotational correlation time which can be calculated by hydro-
dynamic calculations or relaxation parameters and C, is the correlation function for
overall motion.

Now, the Fourier transformation of the correlation functions leads to spectral density

function[52]. The spectral density functions play the main role in the model free for-

J) =



malism. The Model free formalism is based on deriving the spectral density functions
in terms of ordered parameters and correlation times.

The relaxation rates can be associated to spectral density function which gives us
insight into the concept that how the relaxation parameters are associated in under-
standing model free formalism.

Longitudinal relaxation rate can be associated with spectral densities as[62, 52]

Ry = RPP + RYA

d? _ _
=7 [J (wn — wx) +3 ] (wx) + 6] (wig + wx)] + 2] (wx)

Where d is the dipolar coupling constant and ¢ is the CSA coupling constant which
are defined as[14, 52|,

4 = Mol yayx
4 Y)B(H
c = —=wxAor

-

where p is the permeability of the free space vy and vx are the gyromagnetic ratios
of H' and the X spin (X is N here), respectively; rxg is the XH bond length; wy
and wy are the Larmor frequencies of the H' and X spins, respectively; and Ao is
the chemical shift.

The transverse relaxation rate is given by[62, 52],

R, = RPP + R$™ + Ry,

d? . .
=3 [4](0) + ] (wy —wx) +3] (wx) + 6] (wh) +6] (wH + wx)]

CZ ) .
+ 2 [47(0) +3] (@x)] + Rex

R., is the chemical exchange contribution to Rs;. Which can be calculated using

multiple magnetic fields experiments. In contrast to the longitudinal relaxation rate
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constant, Ry increases monotonically with increasing 7.
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Heteronuclear NOE in terms of spectral density functions[52, 58],

d> .
NOE =1+ —-"=[6] (wy +wx) — ] (wy — wx)]
4R1 1

Where all the symbols used have their usual meaning. For pure dipoledipole interac-
tions, the theoretical limits for extreme narrowing and slow tumbling are -3.93 and

0.78, respectively.
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Chapter 3

Analysis of NMR relaxation data

3.1 Model-free analysis

NMR relaxation experiments provides wealth of information about molecular dynam-
ics in macromolecules and fluids. There are many different software are available now
a days to analyse protein dynamics. Since the preparation of input files as in accor-
dance with the software in use are of different types and in many case are not easy to
prepare in error free manner. And also creating and editing these file is also a tedious
work which is prone to errors. To simplify many of these problem of data analysis
the we used the FASTMODELFREE[8] a fully automated program to get the mean-
ingful explanation of NMR relaxation data. In this program Model free approach for
analysis of the data is used. Model free approach was introduced by G Lipari and A.
Szabo in 1982[1] and further extended by G.M. Clore[17].

3.1.1 Theory

The relaxation data are most commonly analysed by fitting the model- free which
have number of models containing a number of free parameters to the relaxation
data or spectral density function[52, 59, 65]. Model free allows characterization of
internal motions on time scales faster than the overall molecular tumbling utilizing
the dependence of the longitudinal and transverse relaxation rates R; and Ry and the
heteronuclear NOE on the spectral density function J(w).

Consider a N> H' spin pair in a protein whose overall motion can be described by a

single correlation time.The orientation of the bond vector is not fixed with respect to
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a molecular frame of reference. Rather, it changes due to internal motions. Assuming
that the overall and internal motions are independent, the total correlation function

is given as[5§|

Where the indices o and i refer to overall and internal motions, respectively. It should
be emphasized that the independence of overall and internal motions is the fundamen-
tal assumption of the MF-approach. The overall correlation time as described earlier
can be calculated by stokes law or using the longitudinal and transverse relaxation

time and is given by

[

1 -
Co(t)=ge ™

Where, 7, is the rotational correlation time of the molecule.
Fourier transformation of the correlation function gives us the spectral density func-

tion which is given as

2 T
51+ w?r?

Jw) =

Since we are studying the protein, we know that not only the overall motions but also
the internal motion study plays an important role to understand the protein fully.
So when the protein tumbles in the liquid due to Brownian motion the bond vector
changes it orientation in a correlation with the overall change in the orientation of
the protein, considering that the bond vector has a fixed position with respect to the
molecular frame. But since we know that the bond vector don’t have a fix position
with respect to the molecular frame. It is free to move within the protein and has an

associated internal correlation time|[58].

/_\ internal

| f—

\U mation

So as explained above a rough picture can be taken in our mind how the actual motion

overall

takes place. The bond vector changes its orientation due to both internal motions

44



and the overall motions. Depending upon the time scale of the motions the dynamics
of the bond vector can be understood. But it gives us idea that along with the overall
spectral density function we need to include the internal correlation functions which
on Fourier transformation will give rise to internal spectral density function and the
combined spectral density function to understand the full picture. So for the isotropic
diffusion the internal correlation function can be expressed as[1, 52]

(3
Cift) =5+ (1-5) e U

Where 7; is the correlation time and S? is the squared order parameter of the internal
motion.
Parameter S? describes the spatial restriction of the motion with two limiting values

(0,1). Now the total correlation function is given as[58]

0=t [st+ (1-5)

With the basic assumption of the model free that internal motions and the overall
motions are independent which is not actually true sometimes and puts a restriction
to extant of understandings. Now the Fourier transformation of the correlation func-
tion will give rise to the spectral density function which is equal to[l1, 18]

T, (1-5Hr
1+ w?tZ 1+ w?r?

w) =2
J(w) =

Where 7' is related to the rotational and internal correlation times according to the

relation,

Now, using the Lipari-Szabo formalism by parametrizing the correlation function of

the internal motions as[58, 1]

Y

Ci(F) =Ce (1) -Co () =5+ (1~ 5?) e+ (s2- 52) e

.;_||-..

Since the internal motions can be divided into two parts as suggested by Lipari and
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Szabo having two different time scale of the motions which is fast and the slow with
reference to the overall correlation time of the protein. In above equation, f and s
subscripts are used for fast and the slow motions and the Sf is defined to be the order
parameter for fast internal motion.

So using this definition in total correlation function and Fourier transforming this we
get the final form of the spectral density function for isotropic diffusion tensor and
given by|[27, 30]

. (1= ($-9)
1+w?d 1+ w?1f? 14 w?7l?

Jw) =z

where k = f or s and 7, is defined as
= Tt
K7 ey,
This was the result for the spectral density function for isotropic diffusion tensor.
If we consider the axially symmetric diffusion tensor for the protein the model free
spectral density function is given by|[17]

$2 T), (1-SH) 1 (S}-5*1

il
TJI l—u?zT;“ 1+ w2t

J (w) = ZA

2

Which will give rise to the same result which we have derived above. if we consider

the isotropic tensor then[52],

L (=S
1+w2r 1+wr

Because for isotropic diffusion[52],
Dy =D, =D ZAj =1, and 7, = 7; = (1/6D)
with
r=1/rm+1/7)7"

Here 7,, is same overall rotational correlation time, 7, is used here because in

many literatures the the overall correlation time in case of protein is represented
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Sk, (1- 577
+

2_2 L 2.2
1+ wr, 1 + ']

by[52] 7,,, which is same as 7.. A more complex expression is needed if we consider a

fully anisotropic diffusion tensor where

':-D.wf > -D_rr_v = D}F}

3.1.2 Model free parameters

T
2 -
:__|-|?<._‘S (H,

Figure 3.1: Schematic representation of order parameter and internal rotational time

of N-H bond vector[58].

Considering the N-H bond vector in the protein, the bond vector can have the

various degree of freedom depending upon the environment and can have the dynamics
accordingly. To understand the model free analysis we first need to understand the
model free parameters which can be derived by various model fitting by model free
approach and gives us different information about the dynamics of the proteins.
S? : 82 describes the spatial restriction of the motion that is how freely the bond
vector can move. If the value of the order parameter is 1 then motion of given residue
is highly restricted and if it is 0 then motion is unrestricted. It is basically the measure
of equilibrium distribution of different orientation of bond vector p(t) in molecular
reference frame and mathematically given by[17, 1],

2

St = (4al5) Y, (YO

m=—2

Y5™ (0, ¢) are spherical harmonic functions of the orientations of p(¢) in a molecular

reference frame, defined by (0, ¢). The ensemble average is defined by In which[1]

(YEO.8) = [ [Tp(0.6) YI(0,¢) sin 6 d6 dg
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probability P(6, ®) is the probability of finding the N-H bond vector in (6, ¢) and
is given by, After simplifying if we consider the model in which bond vector have a

plo.¢) = )
exp[—,BW(H,:;f))]ffgxlﬁexp[—ﬁ W6.¢)] sin 6 dA d¢

restricted diffusion in a cone then S? is given as[1],

5% = [cos By (1 + cos 6‘0};’2]2

Where 6, is cone semi-angle and the motion is characterised by this angle.
While if we consider the model in which bond vector have a diffusion with restricted

parabolic potential[29] on the surface of a cone then S2 is given as[48],

S*=1 - 3sin’ 6 {cos® O (1 — exp[—0/’]) +
0.25sin” @ (1 — exp[—-flale}}

in which @ is the (fixed) angle between p(t) and the director axis for the motion and
o is the standard deviation of the fluctuation in the azimuthal angle.

For small fluctuation[52],

S =1 — 3 sin? fog?

For large fluctuation[52],

5% = Ps[cos #)?

7;- It is internal correlation time of corresponding residues. It is the time taken by
the bond vector to move by one radian.

R..- It gives the relaxation dispersion and is related with the residues undergoing
chemical exchange.

But we will not talk about it often in our analysis rather it also gives us many
information because for the accuracy and less error possibility we need to have multiple

magnetic field data to analyse the chemical exchange.
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Model-free parameters for axially symmetric diffusion tensor[52, 1, 8]. The diffu-
sion constants are D) for diffusion around the symmetry axis of the diffusion tensor
and D, for diffusion around the two orthogonal axes. The equilibrium position of
the I-S bond vector is oriented at an angle # with respect to the symmetry axis of
the diffusion tensor. Local dynamics of the bond vector are depicted as stochastic
motions within the shaded cone and are characterized by the order parameter S?, and

the effective internal correlation time.

3.1.3 Definition of Model

In order to extract the motional parameters described in the previous section, the ex-
perimental data have to be fitted against the equations defining the relaxation rates
using the appropriate forms of the spectral density , or versions of these modified to
account for axially symmetric or anisotropic tumbling. Fitting the experimental data
using the spectral density function of the extended Lipari-Szabo model for isotropic
tumbling requires at most six parameters. In most cases, only three experimental
parameters are available: the longitudinal and transverse relaxation rates and the
hetero-nuclear NOE. Hence, a maximum of four parameters can be extracted from
this data.

Model 1 and 3Model 1 is the most simple model of all and requires only one param-
eter: the squared order parameter S%. For this model[58], the internal motions are
assumed to be very fast, with the correlation time for the internal motion 7, << 7,

and the spectral density function is given by
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2 T
51+ w?r?

Jw) =

In the case of chemical exchange as an additional source of relaxation, R, is in-
troduced as second fit parameter in model 3.
Model 2 and 4[1] Model 2 is sometimes referred to as the classical Lipari- Szabo.
Here, 7; is relaxation active and the spectral density function is defined by Again, R,

T, (1-5%)1
1+ w2t 1+ w?r?

L2
J(@)= 2

is introduced in the case of chemical exchange to yield model 4.
Model 5[58] The extended Lipari-Szabo model includes a fast and a slow internal
motion with their internal correlation times differing by at least one order of magni-

tude; the spectral density function is given by[1, 58] The motions can be described by

o[ s (1-S)7 (S-S
5(|1+w?? 1+ w?tf 1+ w212

J[(w)=

diffusion- or wobbing-in-a-cone as fast and a two-site jump as slow motion.
Table with different Models and parameters for fitting relaxation data to the model-

free spectral densitiy functions. Now the overview of the fitting of the models by[58]

Model fitted parameter(s)

52
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model- free approach as a brief summery in Model-free analysis of NMR relaxation

data Ry, R, and NOE acquired at single magnetic field proposed by Mandel et al.
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Chapter 4

Results,Discussion and Conclusion

4.1 Results

4.1.1 Relaxation parameters for ubiquitin
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Figure 4.1: Plot longitudinal relaxation with residue. Ubiquitin has 76 residues. X-

axis is residue no. while y-axis represents longitudinal relaxation rate (1/s).
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Figure 4.2: Plot trnasverse relaxation with residue. X-axis is residue no. while y-axis

represents transverse relaxation rate (1/s).
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Figure 4.3: Plot of Heteronuclear NOE with residue. X-axis is residue no. while

y-axis represents NOE values.
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4.1.2 Model-free parameters

For isotropic diffusion tensor|§]

order parameter

SE
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order parameter

Figure 4.4: A direct comparison for the residue specific information by Model fitting
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Model free parameters information from the generated ubiquitin.log file

generated from model free analysis :

Rasiduss: 55
Tensar:
im=4.272
Dratio = 1.1.59
Thekta= 30 FEL

Fhi = 45612

Mode| 1 spins:

343613141617 128 321 36 27 2B
F0323233353941 4343475132
I33TXEIFE1 63 B4 BN ETEERT T TR
Mode| 2 spins:

Z2T7ES10412 13 30253340 42 244648
259303260671

Mode| 3 spins:

3

Moce| 4 spins:

3

Mode| 3 spins:

11221 G2 TET4T7I 76

Unaszsigned spins:

3B

CeElts oz L0000 -EI:II1-.'er5EI:I'." YES
Delts Diratio: 0. 000 I:l:lrr.rer5-=|:|'!' YES
DiElts Theta: CU0D20 -EI:II1-.'er5EI:I'." YES

Detts Phic 0030 Converged? YES
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Model free parameters for RNase using axially diffusion tensor:
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Figure 4.5: Plot longitudenal relaxation with residue. X-axis is residue no. while

y-axis represents longitudinal relaxation rate (1/s) for RNase.
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Figure 4.6: Plot transverse relaxation with residue. X-axis is residue no. while y-axis

represents transverse relaxation rate (1/s) for RNase.
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Figure 4.7: Plot of Heteronuclear NOE with residue. X-axis is residue no. while

y-axis represents NOE values for RNase.
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Figure 4.8: A direct comparison for the residue specific information by Model fitting

and the order-parameter with residue number in RNase.
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Model free parameters information from the generated RNase.log file

generated from model free analysis :

Rasiduss: 94

Diffusion Tensor:

im = 6.453

Dratio = 0.244

Theta= 133570

Phi = 146.230

Mode| 1 spins:

F43EESA0121713 129923253031 32 34 354045
031345333637 IE 9 B0 A GT EETOTA VT TE T B0 BV
9192392935597 9259 103 104 £97 113 316 £415 133 123 134
Mode| 2 spins:

FI3IF 1 4550

Mode| 3 spins:

T13333741 45323362 63 65 B9 7173 74 73 7& B0 24 100
103 106 107 102 109 110115100121

Moce| 4 spins:

X243

Mode| 3 spins:

113

Unaszsigned spins:

ZB ZT 51

CeElts oz L0000 -EI:II1-.'er5EI:I'." YES

Delts Diratio: 0. 000 I:l:lrr.rer5-=|:|'!' YES

Delts Theta: CU0040 -::nn-.'ergel:l'!' YES

Detts Phic 0,0040 Converged? YES

4.2 Conclusion

Model-free analysis is a very good method to study the dynamics of the proteins but

has very high limitations for other biomolecule like RNA and DNA due to various
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reasons. Model free gives us various parameters which are very useful in understanding
dynamics of proteins. For example the parameters Dratio, theta, phi derived from
the analysis gives us the information about the optimised diffusion tensor and also
provides us the improved PDB structure file combining structure and dynamics in a
single frame. The order parameter provides us degree to which a residue can move
freely and each residue can be probed specifically with very less limitations by using
model free analysis. The parameters derived using the axially diffusion tensor have
advantage as compare to the isotropic diffusion which is almost a crude assumption in
case of proteins. But for the proteins like ubiquitin and RNase the results do not very
much and the information can be carried with both. The errors in the parameters
derived from model free analysis are very small and are order of third decimal place
and even the residue with high errors or which does not fit any model can be discarded.
But for the better dynamics study of proteins one can try a fully anisotropic diffusion

tensor in future which have advantage over axially symmetric diffusion tensor.
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