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Abstract

Antimicrobial peptides (AMPs) are an important component of natural defense of all life
forms against invading pathogens. The target of these peptides is the microbial membrane
and there are numerous models to explain their mechanism of action ranging from pore
formation to general membrane disruption. We here are studying the conformational studies
of diptericin, an 82 residue glycopeptide. It is the key AMP of Drosophilas innate immunity
and is active only against gram negative bacteria. It also inhibits the outer membrane
protein synthesis. To study the conformational change of the peptide on association with
bacterial membrane, identical membrane mimic is required. SDS micelles are used as a
membrane mimic earlier, but to get ideal membrane environment, it has been replaced with
bicelles which are bilayer lipid micelles. The peptide-bicelle association can be studied by 2D
COSY, NOESY, TOCSY, ROESY, HSQC, HMBC spectra and the NMR, peak assignment
followed by structure prediction software which give us the validation and information about

the structure of the protein.
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Chapter 1

Introduction

1.1 NMR Phenomenon

NMR stands for Nuclear Magnetic Resonance. NMR spectroscopy is an eminent technique
used in quality control and research to determine the molecular structure of unknown or-
ganic compounds. Once the basic structure is known, it can be used to determine molecular
conformation in solution as well as studying physical properties at the molecular level such as
conformational exchange , phase changes, solubility, and diffusion. Nowadays, it is promi-
nent spectroscopic method amongst all because with just set of experiments, a detailed
analysis can be done on the entire structure of compound.

It is the physical phenomenon based on the fact that when a population of magnetic
nuclei with an odd mass number or an odd atomic number having nuclear spins, is placed in
an external field, the nuclei become aligned in a predictable and finite number of orientations.
It may be parallel or anti-parallel to the external magnetic field. In NMR, electromagnetic
radiation is used to flip the alignment of nuclear spins from low energy spin aligned state
to high energy spin opposed state. The signal in this consists of radio frequency waves with
frequencies equal to the energy gap between the spin states. The signal then recorded in
terms of FID( Free Induction Decay) and then processed with Fourier transformations in
order to get NMR spectrum [I]

E
Irtersity

“ SFECTRLUM

Fraquency

Figure 1.1: Fourier transformation of FID into the spectrum. Source: Bruker Biospin
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1.2 Larmor Frequency

The nucleus has a positive charge and is spinning. This generates a small magnetic field.

The nucleus therefore possesses a magnetic moment, m, which is proportional to its spin, I.

2]

w=~Ih (1.1)

The constant - is called the gyromagnetic ratio which determines the resonant frequency of
a nucleus when an external field is applied and is a fundamental nuclear constant which has a
different value for every nucleus and h is Plancks constant. When as spin % nucleus interacts
with the magnetic field it gives rise to two energy levels a and 8 which is characterized by
azimuthal quantum number m = % (spin up) and m = % (spin down). The interaction

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

Therefore,
E = —~IhBy (1.3)

For a spin up level, energy (E, = _%'YBO) and for spin down level (Eg = %’730 ). The

energy difference between two levels, a and 3

AFE = ~vhBy (1.4)
From Planck’s law
AE = hv (1.5)
which implies
7By
= 1.6
V= (1.6)
or
w=vBy (1.7)

where w is the Larmor frequency of the molecule. Larmor frequency is the frequency at
which angular momentum vector of the nucleus precesses about the axis of the applied

magnetic field. [3] Therefore energy associated with a spin flip can be written as

AE = fw (1.8)



1.3 Relaxation

The tendency of an excited magnetization to return back to its equilibrium state is known
as relaxation. NMR relaxation is used to study spectral assignment and also to study
quadrupolar and paramagnetic interactions. Bloch theorem assumes that the equilibrium

will be approached exponentially. The magnetization will decay according to:

dM, M, — M,

1.
dt T (1.9)
M,  —M,
- 1.1
dt T (1.10)
M,  —M,
Y 111
dt T, (L.11)

where M, is the magnetization at equilibrium state, and M,, M,, M, are magnetizations
along x, y, z direction respectively. TiandTs are relaxation times. [10]

There are two types of relaxation, Spin-Lattice (77, also known as longitudinal relaxation,
or relaxation in the z-direction) and Spin-Spin (75, also known as transverse relaxation, or

relaxation in the x-y plane)

1.3.1 Longitudinal Relaxation T}

The recovery of the nuclear spin magnetization along the z-axis towards its equilibrium value

M, is called longitudinal relaxation. In general,

M, = My(1— ¢ ) (1.12)

MO F--m— cem—a -

Figure 1.2: 7T} relaxation



1.3.2 Transverse relaxation 715

T2 relaxation involves in the energy transfer between the interacting spins via the dipole-
dipole and exchange interactions. It is used to quantify the rate of the decay of the magne-
tization within the x-y plane. After applying a 90° pulse, the nuclear spins will be aligned in
one direction which we can say that it is because they are phase coherent. This mechanism
is independent of the temperature. In general, T value is always greater than 77 value. The

transverse magnetization will decay as,

Mxy(t) = Mxy(o)e i (1'13)

M_ (1)

>t

Figure 1.3: 715 relaxation

1.4 Chemical Shift

The resonant frequency of the energy transition is linearly dependent on the strength of
magnetic field at the nucleus. This field is affected by electron shielding which is in turn
dependent on the chemical environment. As a result, information about the nucleus chemical
environment can be derived from its resonant frequency. That’s why it will appear at
different positions according to the spectrometer frequency. In general, more electronegative
the nucleus is, more is its resonant frequency. Other factors like magnetic anisotropy and
hydrogen bonding affect the frequency shift. TMS (tetramethylsilane) is used as a proton
reference frequency.This is because the precise resonant frequency shift of each nucleus
depends on the magnetic field used. The chemical shift in ppm is given by

§ =2 rel g0 (1.14)

Wref

4



w is the Larmor frequency of the nuclei and wy.s is the Larmor frequency of reference

compound i.e. TMS.

1.5 Spin-Spin coupling

The effective magnetic field is also affected by the orientations of the neighboring nuclei.
The above effect is known as spin-spin coupling which can split the signal for each type of
nucleus into two or more lines. The splitting pattern of a given nucleus (or set of equivalent
nuclei) can be predicted by the n+1 rule, where n is the number of neighboring spin-coupled

nuclei with the same. [2], 3]

E
|
Mo Coupled c—t—C—H
Hydrogens I
(] A Singlet

J
H
One Coupled C—(li— r—H
Hydrogen &
(] A Doublet
T apd Fa)
Two Coupled Ht—r—H I I
Hydrogens | A Triplet
C
i 5 I°
Three Coupled J
Hydrogens H_(|:_C_H A Quartet
H

Figure 1.4: Splitting pattern of the nucleus. Source: MSU.edu

The size of the splitting called as coupling constant or J is interdependent of the magnetic
field and is measured as an absolute frequency (in Hertz). The number of splittings indicates

the number of chemically bonded nuclei in the vicinity of the observed nucleus.

1.6 Antimicrobial peptide

Antimicrobial peptides (AMPs) are an important component of self-defense against invading
pathogens. The interaction between AMPs and target membrane is critical to the specificity
and activity of these peptides. AMPs are used by organisms to combat microbial infections
and effective in surviving the slow process of evolution. The AMPs exists in a wide range
of secondary structures such as -helices, -strands with one or more disulphide bridges, loop
and extended structures. This structural diversity of AMPs gives them a broad range of
antimicrobial activity. Besides these properties, certain important factors are also respon-
sible for their broad spectrum antimicrobial activity such as size, charge, hydrophobicity,

amphipathic stereo geometry, and peptide association with the biological membrane. The

5



smaller size of AMPs facilitates secretion of peptide outside the cells, which is required for
immediate defense response against pathogenic microbes. The antimicrobial specificity of
AMPs towards the target cells was highly dependent on the preferential interaction of pep-
tides with the microbial cells, which enable them to kill specific target cells without affecting
the host cells. In addition, net charge and hydrophobicity of AMPs play a crucial role in
the cellular association of these peptides to selective target cellular membranes in exerting
antimicrobial activity. Most of them are cationic peptides, and only a few of them are an-
ionic. Besides antimicrobial function, AMPs also serve as drug delivery vectors, anti-tumor

agents, mitogenic agents, and signaling molecules in signal transduction pathways. [4] 5]

1.6.1 Diptericin

AMP here to be concerned is about diptericin. It is the key AMP of Drosophila’s innate
immunity. It consists of 82 amino acids and is rich in glycine residues. The sequence contains
(DEKPKLILPTPAPPNLPQLVG?'GGGGNRKDGFGVSVDAHQKVWTS D NGRHSIGVT?
PGYSQHLGGPYGNSRPDYRIGAGYSYNF®2). This peptide is active only against gram-
negative bacteria and it also inhibits the protein synthesis of the outer membrane, thus it
increases the permeability of the outer membrane. [6] The peptide here is secreted from
Drosophila’s epithelial cell in response to its septic injury. [7]

Now we have to study the interaction of the peptide with the membrane of a cell, for that
ideal membrane mimic is required. SDS micelles were used as a membrane mimic earlier
but it is not accurate as membranes are bi-layered, so to get ideal membrane environment

it has been replaced with bicelles which are bilayer lipid micelles.

1.7 Bicelle

Bicelles are an attractive membrane mimetic system because of their planar surface and lipid
composition, which resemble biological membranes. Their orientation and morphologic prop-
erties make them useful for studying the interaction and structure of membrane peptides
and proteins by solid- and solution-state NMR. Bicelles are made up of dimyristoylphos-
phatidylcholine (DMPC) and dihexanoylphosphatidylcholine (DHPC). The long chain lipid
forms the planner region and the short chain lipid seals the rim region of the bicelle. Bicelle
size is controlled both by the ratio of long-chain:short-chain phospholipid (q) and the total
phospholipid concentration (cL). To mimic the diversity of biological membranes in a bet-
ter way, the bicelle composition was also modified by incorporation of phospholipids with
different polar headgroups. Negatively charged bicelles could be formed by substituting
up to 25 mol% of DMPC by dimyristoylphosphatidylglycerol (DMPG) or dimyristoylphos-
phatidylserine (DMPS). PS is found in the membrane of eukaryote cells, whereas PG exists



only in those of prokaryotes. It is also possible to replace up to 10mol% of DMPC by dimyris-
toylphosphatidylethanolamine (DMPE) to imitate anionic bacterial membranes. [5] 8 9]

Long chain
phospholipids

Short chain
phospholipids

Figure 1.5: 3D structure of the membrane






Chapter 2

NMR Experiments

The NMR experiments are done by using 5mm Probe BBO and 600 MHz Avance NMR
spectrometer at NMR Facility at IISER, Mohali. After setting the sample inside the NMR
spectrometer, a set of 1-D and 2-D NMR experiments can be done by just changing param-

eters that are already pre-programmed.

2.1 1D NMR

One dimensional NMR means the spectral data obtained only considering ' H or 3C or any
other single atom. Each 1D experiments divided into two sections- first one is prepared in
which spin systems are set to a defined state and the second one is detection which consists
of resulting signal. Simple NMR spectra are recorded in solution, and solvent protons must
not be allowed to interfere. In NMR, usually Deuterated solvents have been preferred, e.g

D50. The 1-dimensional NMR plot is between intensity and frequency.

2.2 2D NMR

In 2-dimensional NMR, the intensity is plotted as a function of two frequencies say F; and
F5. 2D NMR provides us more information about the compound as compared to 1D NMR
and it is very useful in predicting the structure of a compound. The general scheme for
2D NMR is During the first period that is preparation time, the sample is excited by one
or more pulses. The resulting magnetization is allowed to evolve for the time ¢; that is

evolution time. After that, there is a period of mixing which consists of further more pulses.

; evolution T detection
—{preparatlon ; mixing 7

1 2

Figure 2.1: General scheme for 2D NMR experiment. Souce: Keeler
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The signal is then recorded in the detection time t9. This sequence of different events is

called pulse sequence. [3]

2.2.1 Homonuclear Correlation Experiments

In these type of methods, we observe magnetization transfer between the nuclei of the same

type which are connected through bonds.

2.2.1.1 Correlation Spectroscopy (COSY)

It is used to identify spins which are coupled to each other. The spectrum results from
COSY experiment show two types of peaks, diagonal peaks, and cross peaks. Diagonal
peaks have the same coordinate frequency on each axis and it corresponds to 1D NMR.
While cross peaks have different value for each frequency coordinate on each axis. These
peaks are symmetrical about the diagonal and it indicates the coupling between the pairs

of nuclei which are coupled to each other.

Figure 2.2: Pulse sequence for COSY. Rectangles represent 90° angels, Source: Keeler

Consider a weakly coupled two-spin systems. To generate a magnetization along the Y
direction (assuming initial magnetization along the Z axis), a 90° pulse will be generated

along the X-axis.

JOPEY NN F 2.1)

During time ¢; spin 1 and spin 2 evolve as follows,
— Iy SUUTIEN —cost1 Iy + sinfditi 11, (2.2)
— Iy ELLLEEN —cosSlat11Iay + sinflat1 o, (2.3)

Terms on right then evolve under the coupling as:

For spin 1

—COSQltlfly + sinQqt1 11, M (Sinﬁltlflx — COSQltlfly)COSﬂ'Jmtl—l— (2 4)

(Sin91t1211y12z + 00891t121133[2z)8in7TJ12t1

10



and for spin 2

—cosQat1Iay + sinflat1 o, UL LILIELEEN (s5inQat1loy; — cosQatyIoy)cosmJiot1+ (2.5)

(Siant12Inylz + COSQQt12IQI11Z)Sin7TJ12t1

It completes the evolution under ¢;. Now following the final 90° pulse along X axis and

the previous state becomes,
(Siantllu + Sin92t112$)cos7rq]12t1 — (25in§21t1]1y12z + SinQQHQIuIzy)Sinﬂ'g}lgtl (2.6)

In summary, the 2-dimensional map of COSY is,

B By
N | E—

" # 8,
o By

Figure 2.3: COSY map of an AX system. Source: Keeler

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

ducing the chance of overlapping of resonances. [3]

2.2.1.2 Total Correlation Spectroscopy (TOSCY)

In this type of spectroscopy, cross peaks are observed not only for nuclei which are directly
connected but also between the nuclei which are connected by the chain of couplings. This
makes it useful for identifying a larger interconnected network of spin couplings. It is usually
used in large molecules with many separated coupling networks such as proteins, peptides,

etc. The TOCSY pulse sequence involves a modified spin lock. The spin locking field causes

o
3 I,
I 4 | isotropic mixingl [ f

Figure 2.4: Pulse sequence for TOCSY. Source:Keeler

cross-polarization between the two spins which experience identical local RF fields. Thus the

spin becomes temporarily equivalent. There are two types of spin-lock sequence, isotropic

11



mixing and Hartmann-Hahn-mixing (HOHAHA). Isotropic mixing leads to spectra with
mixed phase while HOHAHA mixing leads to pure phase spectrum. [3]

2.2.2 Homonuclear through space correlation Experiments

In these type of experiments, coherence transfer occurs through space (dipolar coupling).

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

2.2.2.1 Nuclear Overhauser Effect Spectroscopy (NOESY)

Figure 2.5: Pulse sequence for NOESY. Source:Keeler

NOESY is useful for determining which signals arise from protons that are close to each
other in space even if they are not bonded. A NOESY spectrum yields through space

correlations via spin-lattice relaxation. NOESY also detects chemical and conformational

exchange. [10]
2.2.2.2 Rotating frame Overhauser Effect Spectroscopy (ROESY)

roesyph.2
p25
pl27

I l< i 'I_!I_!‘_!!!!! Il|||'ﬁ|||' ']llilll flll"' ﬂ Mine
T-ROESY

Figure 2.6: Pulse sequence for ROESY. Source: CSIC

ROESY is a type of NOE correlation experiment that is performed in the rotating frame.
Its pulse sequence is similar to TOCSY. However, the RF power to achieve spin locking is
much lower to TOCSY. In this, intensity increases with correlation time. This is because

cross relaxation occurs in the presence of weak field rather than larger static magnetic field.
[10]

2.2.3 Heteronuclear through Bond Correlation Experiments

In this type of experiment, we analyze the correlation of two different types of nuclei,

(say' H and '3C). In the resultant spectra, there will be peaks whose coordinates are given

12



by chemical shift of one type of nucleus in one dimension(* H) and chemical shift of another

nucleus which is coupled to the first one, in the second dimension(!3C).

2.2.3.1 Heteronuclear Single Quantum Correlation (HSQC)

The resulting spectrum in this type of spectroscopy is two-dimensional with one axis for
proton (1 H) and the other for a heteronucleus, which is usually 3C or N. The spectrum

contains a peak for each unique proton attached to the heteronucleus being considered

Jg'd_l H |'ﬂ—'ﬂ—mfz
e e 2 || 2[~2
| - |

1
e ¥ B

Figure 2.7: Pulse sequence for HSQC. Filled rectangles represent 90 pulses and open rect-
angles represent 180 pulses. The delay is set to 1/(2J12); all pulses have phase x unless
otherwise indicated. Source: Keeler

The above pulse sequence was to be analyzed by considering each delay and pulse in
turn, the resulting calculation would be far too complex to be useful. We start the analysis
with spin 1. Assuming the equilibrium magnetization of spin 1 is along z-axis after 90°
pulse, it becomes -I7,; during period A this then becomes -2I1,13,. Then 90°(y) pulse to
spin 1 turns this to 211,15, and 9OO(X) pulse to spin 2 turns it to -2/1,12,. The evolution

under period B under offset of spin 2 as follows

— QIlzIQy —92—122i1—> —COSQQt1211Z12y + sinQot1211, 1o, (27)

The next two 90 pulses transfer the first term to spin 1;

/2110 + I2g)
L

— cosQat1211 19y + sinflot1211 .12, —coshat1211y o, — sinfot1211y1o, (2.8)

The first term on the right evolves during period C into in-phase magnetization. So the

final observable term is cosQaot1 1. [3]

2.2.3.2 Heteronuclear Multiple Bond Correlation

In this type of spectroscopy we study the correlation between proton and other nucleus only
for those which are connected by two or three bonds. It can show correlations between

amide hydrogen to a proton.
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Chapter 3

Conformational Studies of AMP’s

3.1 Mechanism of Action of AMP’s

Antimicrobial peptides (AMP's) firstly discovered in 1950. It is one of the greatest discovery of the 20"

century and have been used with great success to treat microbial infections. In today’s world there are
more than 8000 sequences of peptides and every peptide shows different variations in sequence, length
and structure but the 3-dimensional structures can only been characterized of 13% of AMP'’s which were
determined by solution state NMR spectroscopy. The antimicrobial peptides are of different types like
helical, S-strand and mixed. According to CAMP (Collection of antimicrobial peptides) database, till
now 757 high resolution AMP structures have been determined. The majority of these AMP's are helical.
The diversity of AMP’s structures suggests that the mechanism of action of these peptides on the target
cells can be complex and beyond the pore mechanism based on helical structures which have been widely

adopted in the design and development of AMP exhibiting antimicrobial activities. [1I]

Structure activity relationship studies of AMP shows that there are many factors like charge, secondary
structure, hydrophobicity, hydrophobic moment and amphipathicity that affects the specificity and bio-
logical activity of these peptides. These all factors are so interdependent on each other that if we alter
one property, it will result in significant change to one or more of the other factors. Analysis of membrane
structure changes during AMP binding from initial interaction of AMP's with their target membrane.
Conformation changes upon interaction, accumulation of critical concentration and self-association and
direct mechanism of action from pore formation to general disruption of the cell membrane to downstream
effects that lead to the death of the cell. [12]

Mechanism of Action of AMP's was studied on various membrane models with fewer studies focusing on
action of AMP’'s on whole microbial cells. These studies show the primary interaction of these peptides
with the cell membrane. In our case, we use bicelle which acts as a mimic to the cell and these interactions
can be classified in two different categories: membrane disruptive and non-membrane disruptive. The
proposed models for mechanism of action extends from pore formation to general membrane disruption to
the structure rearrangements such as molecular shape. AMP initially are in unstructured state in solution.

The initial interaction is brought via electrostatic interactions between cationic residues and negatively
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charged lipids in the bacterial membrane target. [13} 14} [15]

3.2 Structure determination by NMR

NMR spectroscopy enables the determination of peptide or protein structure in solution
state. In single crystal diffraction we need the protein to be crystallized but in this case, we
don’t need of it. Also, spin physics changes with increasing molecular weight, due to which
the analysis of protein having molecular weight greater than 50KDa presents as a major
challenger in the field. Structure determination using NMR depends on the so-called nuclear
overhauser effect. The magnitude of NOE depends not only on the distance separation of

the interacting spins but also on its motional properties.
NOE ~ r7%.f(1.) (3.1)

7, stands for correlation time, the time molecule needs to rotate by 360° about an arbitrary
axis. NOESY spectrum consists of all the information about the spatial proximities of pro-

tons and therefore encoded the three-dimensional arrangement of atoms and the structure.

3.2.1 Steps to determine structure by NMR

e Production of the peptide.

e Establishment of suitable conditions for recording NMR spectra of peptide or protein

(like stable over time at chosen pH and temperature).
e Measurement of different different 2-dimensional and 3-dimensional NMR, spectra.
e Sequential specific assignment of all non-labile proton frequencies.
e Assignment of all the cross-peaks in TOCSY and NOESY spectra.

e Collecting all constraints like dihedral angles, inter-nuclei distance, amide-proton ex-

change rate, chemical shifts index.
e Structure calculation using distance geometry.

e Validation of structure in the protein database.

3.3 Measurement of Spectra

In order to assign the NOE (known as NUclear Overhauser Effect) to specific resonances,
all non-labile protons must be assigned to their sequence-specific position in the sequen-

tial resonance assignment. As there are a large number of protons per residue (3-13) and
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the resulting resonance overlap, peptides cannot be assigned from 1D spectra even smaller
peptides. To assign them we require two or three-dimensional correlation spectra of the

peptides. The following figure indicates the positions of the protons in the 1D spectrum:

backboneH™
| | methyl
:
aromatic
1 aliphatic |
side-chainHN | |

1
H®

, | h'ﬁ\/'l L
l MM U | |
ﬂWm'nruL-IJu'LthﬁL.h“AJ'JWL’l I"L_h-JJLIWMhH qu-"u| ) ) L._JL

| | | T | T | | T T |
10 8 6 4 2 0

Figure 3.1: Chemical shift positions of chemical groups. Source: Cavanagh- Protein NMR
Spectroscopy

For resonance assignment of small non-labeled peptides, generally set of three different
spectra is recorded name as COSY, TOCSY, NOESY. The spectra’s usually recorded in
90% D20 + 10% H>O. The very strong water signal must be experimentally suppressed
and the residual water usually appears in the middle of the spectrum. In 2D spectra, the
residual water signal is manifested as a band of noise in the center of the spectrum. It may

obscure peaks close to the water resonance (such as the Ha protons). [16] [17]

3.3.1 Rules to classify cross peaks in spectra

Actually, there are some rules to classify the positions of cross peaks in 2-dimensional spectra.

3.3.1.1 Correlation Spectroscopy (COSY)

See Figure 3.2 for the positions:
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. all non-labile, non-aromatic sidechain protons except those from SH-yC H3 of Thr, §H-6H
of Pro and SH-SH of Ser.

. aH-BC' Hj of Ala and SH-vC'H3 of Thr.
. aH-BH of Val, Ile, Leu, Glu, Gln, Met, Pro, Arg, and Lys.
. aH-BH of Cys, Asp, Asn, Phe, Tyr, His and Trp.

. aH-aH of Gly, aH-8H of Thr, dH-0H of Pro, aH-SH and SH-SH of Ser.

7 1
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1.3 f "
2.0 El'l '
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: ’
ES B T G 5 3 3 2 Ppm

Figure 3.2: ['H-'H]-COSY Spectra, Source: Cavanagh- Protein NMR Spectroscopy

. aromatic ring protons, including 2H-4H of His, as well as sidechain protons from Asn and
Gln.
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g. backbone NH-aH, this region is also called fingerprint region.

h. §CHz-eNH of Arg.

Scalar couplings can only be observed between protons that are separated by not more than

three bonds. Moreover, the protons need to have a different resonance frequency. [16] [18]

3.3.1.2 Total Correlation Spectroscopy (TOCSY)

For this type of spectroscopy, we follow Figure:3.3 basically called as TOCSY fingerprint.
In this, all amino acids have different patterns in amino acid residues, because there is no

scalar coupling across the amide bond.

Typical TOCSY patterns in amino acid residues
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H chemical shifts (ppm)

i ® 'R X B e ¢

TH (Amide)

Figure 3.3: TOCSY Fingerprint. Source: Youtube-Principles and Applications of NMR
Spectroscopy

Analysis of all the spin systems allows us to decide which amino acids belong to which
spin system. Possible criteria are, Occurrence or absence of methyl groups, length of the
spin system, positions of chemical shifts in the spin system and mixing time ( this param-
eter determines whether it is neighboring correlations or long-distance correlations. This

parameter is generally used to determine in the region where there is smaller overlap. [20}21]
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3.4 Resonance assignment of non-labeled peptides

3.4.1 4.1 Optimizing spectral quality

The spectral quality of the peptide can be calculated by the inspection of the fingerprint
region in which we will analyze a number of peaks that roughly match the number of
non-proline residues, if there are more than 10% of peaks are missing, in that case, the
conditions should be varied like temperature, pH, salt, etc. in order to remove peak overlap
or aggregation Sometimes it is advisable to record the second set of spectra at a slightly

different temperature to remove peak overlap. [16, [18] 21]

3.4.2 Spin system Identification

The spin systems are classified according to the first step. The table below contains the ran-
dom coil chemical shifts of all amino acids calculated from the structured proteins, peptides
present in the database of BMRB.

Table 3.1: 1H NMR Random coil chemical shifts of amino acids (Source: BMRB) ( Relative

to DSS, ppm)
Residue oH SH Others
Ala 4.25 1.35 -
Arg 4.29 1.79,1.76 ~CHy 1.56, 1.54; 6CHy 3.11, 3.09; eNH 7.45
Asn 4.66 2.80,2.74 ONH, 7.34,7.14
Asp 4.59 272, 2.67 -
Cys 4.68 3.15,3.07 ~CH> 1.99
Gln 4.27 2.04,2.01 ~CH, 2.31, 2.29; 6NH, 7.21, 7.04
Glu 4.24 2.02,1.99 ~CH, 2.26, 2.24
Gly 3.96 - -
His 4.62 3.16, 3.10 2H 7.82; 4H 7.17
Tle 4.17 1.78 ~CHs 1.26, 1.19; vCH3 0.77; 6CH3 0.67
Leu 4.31 1.61,1.52 ~CH 1.50; 6CH3 0.75, 0.72
Lys 4.26 1.77,1.74 ~CH, 1.36, 1.35; 0CH31.61, 1.59; eCH»- 2.91,2.90; eNH 7.32
Met 4.41 2.02,1.99 ~CHjy 2.36, 2.33; cCH3 1.74
Phe 4.62 299,293 2,6H 7.04; 3,5H 7.06; 4H 6.99
Pro 4.39 2.07,1.99 ~CHjy 1.92,1.89; 6CH> 3.63, 3.60
Ser 4.48 3.87,3.84 -
Thr 4.45 4.16 ~CHs 1.14
Trp 4.68 3.18,3.12 2H 7.27; 4H 7.65; 5H 7.18; 6H 7.25; 7TH 7.50
Tyr 4.61 3.03,2.95 2,6H 6.92,6.91; 3,5H 6.69
Val 4.17 1.98 ~vCHs 0.82, 0.80

The spin systems which are long enough like Lys, Arg, Met, Gln, Glu and Pro contains
two ~ protons, which are coupled to 8 protons. Usually, the S protons are observed at

frequencies higher than 2.2 ppm and were therefore called as U (upfield) spin systems. vH
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frequencies of Met, Glu, Gln are lower than those of 8 protons whereas for Arg, Lys, Pro,

Leu are higher.

3.4.3 Extraction of structural information

The structural information can be collected by measuring different constrains using
e Interproton distances (NOE o< R~6)
e Dihedral angles (J-coupling and Karplus equations)

Chemical Shift Index

Hydrogen Bonding (Amide proton exchange rates)

The most important as a part of structure determination is Karplus relations, it describes

the correlation between J-coupling constants and dihedral torsion angles, following are the

Karplus equation:
3 INHa = 6.4c0s%0 — 1.4cos0 + 1.9

3Ja5 = 9.5¢05%0 — 1.6cos6 + 1.8
3JN5 = —4.4c0s%0 + 1.2c0s0 + 0.1
SJC/B = 8.0c0s%0 — 2.0cosb

where as 3] is the coupling constant and @ is the dihedral angle. [28, 29, 30]
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Chapter 4

Spectral Analysis and Results

4.1 Preliminary analyzed chemical shifts

The following table summarized the preliminary analyzed chemical shifts of amino acids

present in diptericin at 298K.

Table 4.1: 1H NMR Chemical Shifts of amino acids present in diptericin. ( Relative to DSS,

ppm)
Residue oH [H Others
Ala 4.25 1.375 -
Arg 429 1.79,1.76 ~CH, 1.56, 1.54; 6CHy 3.11, 3.09; eNH 7.45
Asn 4.66 2.88,2.73 O0NH> 6.94
Asp 459 2.65,2.49 -
Gln 4.27 2.18,2.19 ~CH, 2.31, 2.29; 6NH, 7.21, 7.04
Glu 424 2.02,1.99 ~CH, 2.26, 2.24
Gly 3.85 - -
His 4.62 3.16, 3.10 2H 7.83; 4H 7.29
Ile 4.17 1.78 ~CHy 1.26, 1.19; vCH3 0.77; §CH3 0.67
Leu 4.31 1.61,1.52 ~CH 1.50; 6CHs 0.75, 0.72
Lys 426 1.77,1.74 ~CH, 1.49, 1.51; 6CHo 1.60, 1.58; eCHa- 2.92,2.91; eNH 7.32
Phe 4.62 3,5H 7.36; 4H 7.30
Pro 4.39 2.07,1.99 ~CH, 1.92,1.89; 6CH> 3.65, 3.64
Ser 4.47 3.92,3.90 -
Thr 4.42  4.22 ~CHs 1.27
Trp 4.67 2H 7.24; 4H 7.64; 5H 7.14; 6H 7.22; TH 7.49
Tyr 4.58 2.89,3.04 2,6H 7.03; 3,5H 6.72
Val 4.22 1.96 ~CHj3 0.84, 0.82

Chemical shifts of aH protons of diptericin when compared to chemical shifts from

random coil values shows a difference between them. This provides a first indication of the

presence of its secondary structure. [26] 27]
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4.2 Spectral Assignment

To determine the mechanism of action and structure of diptericin, we did spectral analysis

of three different samples we had prepared namely,
1. Diptericin in 90% H>O + 10% D20
2. Negative bicelle
3. Diptericin in negative bicelle

Following are the spectral analysis of both 1D and 2D experiments of the above samples:

4.2.1 Diptericin in 90% H,O + 10% D,0O

; : Aliphatic region
Aro_manc 1_1"3“”? contains amino acids like
c.ontal.ns amino acids Ala, Al'g, AS[], Gll], Gl}',
like His, Phe, Trp, Tyr Ile, Leu, Lys, Pro, Ser
.
| | | | | | | | | | | | | | ] L]
9 8 7 6 5 4 3 2 1 0 ppm

Figure 4.1: 1D 'H spectra of diptericin in 90%H20 + 10%D>0O
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Figure 4.3: 2D 'H-'H COSY spectra of aliphatic region of diptericin in 90% H>O+10%D20O
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Figure 4.4: 2D 'H-'H COSY spectra of aromatic region of diptericin in 90% H>O+10% D20
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Figure 4.5: 2D 'H-'H TOCSY spectra of diptericin in 90%H>0 + 10%D>0O
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Figure 4.6: 2D 'H-'H NOESY spectra Figure 4.7: 2D 'H-'H ROESY spectra
of diptericin in 90%H20 + 10% D20 of diptericin in 90% H20 + 10% D20

w1)

40

80

100

120

10 3 0

Figure 4.8: 2D 'H-13C HSQC spectra of diptericin in 90%H20 + 10% D50
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4.2.2 Negative Bicelle

vy

5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 ppm

Figure 4.9: 1D 'H spectra of [DMPC][DMPG][DMPE]/[DHPC] Negative Bicelle in phos-
phate buffer of pH 6.6

Figure 4.10: 2D 'H-'H COSY Figure 4.11: 2D 'H-'H TOCSY
spectra of [DMPC][DMPG]|[DMPE] spectra of [DMPC][DMPG]|[DMPE]
/ [DHPC] Negative Bicelle in phos- / [DHPC] Negative Bicelle in phos-
phate buffer of pH 6.6 phate buffer of pH 6.6
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Figure 4.12: 2D 'H-'H NOESY Figure 4.13: 2D 'H-'H ROESY

spectra of [DMPC|[DMPG|DMPE] spectra of [DMPC][DMPG| DMPE]
/ [DHPC] Negative Bicelle in phos- / [DHPC] Negative Bicelle in phos-
phate buffer of pH 6.6 phate buffer of pH 6.6

12 10 8 6 4 2 0 -2

Figure 4.14: 2D 'H-'3C HSQC spectra of [DMPC][DMPG][DMPE]/[DHPC] Negative
Bicelle in phosphate buffer of pH 6.6
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4.2.3 Diptericin in negative bicelle

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 ppm

Figure 4.15: 1D 'H spectra of diptericin in negative bicelle (From 0 to 5.5ppm its aliphatic
region and from 5.5 to 9.5 its aromatic region)

s of bicelle

3,5 Tyr
é

2,6H-3,5H Tyr
AW PR
5H Trp 'h

AN
” 3,5 Phe

Figure 4.16: 2D 'H-'H COSY spectra of diptericin in negative bicelle (Dark blue peak in
an aliphatic region are of negative bicelle)
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g 8 7 6 5 4 3 2 1 0 -1

Figure 4.17: 2D 'H-'H TOCSY spectra of diptericin in negative bicelle (Dark blue peak
in an aliphatic region are of negative bicelle)

Figure 4.18: 2D 'H-'H NOESY Figure 4.19: 2D 'H-'H ROESY
spectra of diptericin in negative bicelle spectra of diptericin in negative bicelle
(Dark blue peak in an aliphatic region (Dark blue peak in an aliphatic region
are of negative bicelle) are of negative bicelle)
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Figure 4.20: 2D 'H-3C HSQC spectra of diptericin in negative bicelle

4.2.4 Comparison of Spectra

Following are the comparisons of 1D spectra of samples, diptericin in 90% H>O + 10% DO

and diptericin in negative bicelle,

in in NegBicelle AMJ h
T T T T T T T T T
8 7 6 5 4 3 2 1 0 ppm

T T
10 9

Figure 4.21: Comparison of Full 1D Spectra of diptericin in two different environments
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Diptericin in Neg Bicelle

Diptericin alone

Figure 4.22: Comparison of 1D Spectra of diptericin in two different environments part 1
from §-(0.0-5.0ppm)

Diptericin in Neg Bicelle

Diptericin alone

"y
b,_ﬁ_nu-m-uwn-unn
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 ppm

Figure 4.23: Comparison of 1D Spectra of diptericin in two different environments part 2
from 9-(5.5-10.0ppm)
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4.3 Conclusion

In the above section 4.2.4, we compared the spectra of diptericin in 90% H.O + 10%
D50 and diptericin of negative bicelle. In Figure 4.21, we can see that kind of peaks
we are observing in the 1D spectra of diptericin alone are different from the peaks in 1D
spectra of diptericin in negative bicelle which indicates the interaction of peptide with bicelle
membrane. After enlarging the aliphatic region i.e. from § (0-5.5 ppm) in both the samples
(refer to Figure 4.22), we observe that the peaks in sample of diptericin in negative bicelle
contain the peaks of bicelle only (refer to Figure 4.9), and amino acid peaks are missing
which shows that diptericin did not enter the bicelle membrane in this region. But in case
of the aromatic region i.e. from § (5.5-9 ppm) (refer to Figure 4.23) we observed the similar
kind of peaks in both the samples, which indicates that it might be partially entering or
pores the cell membrane. We also observed COSY, TOCSY, NOESY etc. spectra (refer to
Figure 4.16, 4.17, 4.18) which confirms our results that diptericin partially enters the bicelle
membrane. Most of the protons of amino acids had been labeled using the NMR spectral

assignment techniques ( refer to Figure 4.2, 4.3, 4.4, 4.5 and 4.16).
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Chapter 5
Summary and Future directions

Our aim was to study the conformational studies of 82-amino acids long antimicrobial pep-
tide diptericin inside a bicelle and to determine its secondary structure. Firstly, it is difficult
to study with unlabeled and 82 residues long peptide. So for that, it should important for
someone to study about smaller known peptide first. In this particular case, we studied
drosocin (19-amino acids peptide). Generally, The mechanism of action of any peptide in
bicelle can be examined by comparing the spectra of peptide alone in 90% H20 + 10% D2O
and peptide in different bicelle environment. For this study, we prepared negative bicelle
containing longer acyl chain lipids DMPC, DMPE, DMPG and short acyl chain lipid DHCP
with a q value of 0.5 for drosocin and 0.769 for diptericin (as mentioned in chapter 1.6). Here
q defines the molar ratio of long and short chain lipids. After this, we performed 1D and 2D
spectra of three different samples, negative bicelle alone, diptericin alone and diptericin in
negative bicelle at 298K. We used the peptide drosocin for the reference and perform all the
experiments with drosocin to get familiar with a NMR spectrometer and structure analysis

software.

NMR, experiments with diptericin in negative bicelle show that there are no peaks of
amino acids in the aliphatic region of the sample but in case of the aromatic region, we are
getting similar kind of peaks of amino acids as we got in the diptericin alone sample. This
result gives us very important information about the interaction between bicelle and protein
from which we can conclude that diptericin might be partially entering the cell membrane.

We did the spectral analysis of diptericin as shown in the chapter 4, and from COSY
and TOCSY spectral assignment we saw the interaction between Ala-Ile, Ser-Ile, Ala-Lys,
Arg-Tyr and many more amino acids and from that we got a preliminary analyzed chem-
ical shift table 4.1 which we will use in the structure prediction software to determine its

secondary structure.

35



In future, as a part of structure determination we also need complete backbone assign-

ment which contains NH-aH protons as shown in region ”g” of Fig. 3.2. These can be
obtained from the analysis of four types of triple resonance experiments HNCO, HNCA,
HN(CO)CA and HN(CA)CO.
In addition, we want to study the folding mechanism and structure formation of diptericin,
this can be done after collecting all constraints like inter-nuclei distances using NOE effect,
dihedral angles, amide proton exchange rate, and the final chemical shift index as given in
Table 4.1 using MARDIGAS and then will put all these things in computer-based software
like CYANA to get its final structure.
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Appendix A

Three letter codes for amino acids

Amino Acids Symbol Three letter code

Alanine A Ala
Arginine R Arg
Asparagine N Asn
Aspartic acid D Asp
Cysteine C Cys
Glutamine Q Gln
Glutamic acid E Glu
Glycine G Gly
Histidine H His
Isoleucine I Ile
Leucine L Leu
Lysine K Lys
Methionine M Met
Phenylalanine F Phe
Proline P Pro
Serine S Ser
Threonine T Thr
Tryptophan W% Trp
Tyrosine Y Tyr
Valine V Val
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Appendix B

Processing commands used in

Sparky

Sparky helps us to assign and integrate peaks in NMR spectra. The output is the list of the

assigned peaks, chemical shifts, etc.

e ct - countour levels

e I8 - add peaks from the spectra
e 10 - integrate the peaks

e pc - peak center

e at - assignment dialog box

e 1t - peak list

e 1] -resonance list

e aD - delete assignment

e IT - Tename group or atoms
e OcC - ornament copy

e Op - ornament paste

e ot - ornament properties box

e pg - set of selected peaks into one group called peak group
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