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ABSTRACT

There has been a great interest in the precise determination

of structure of DNA molecules of varying sequence and of

their complexes with protein molecules. But these biological

systems are very complex. So model systems have been

extensively used. The obvious advantage is the possibility to

investigate interactions of DNA-peptide system with

controlled amino acid composition, sequence, chain lengths

and predictable conformation which results in considerable

simplification of the system as compared to the natural

DNA-protein systems.

The present work is on a functional part of DNA binding lo

of Gene V Protein comprising of residues,

Lys -Pro-Tyr-Ser-Leu-Asn**. We have studied interaction of
this synthetic peptide with a single-stranded d(A) and

double-stranded DNA (d-GACTCGTC) by NMR techniques. One

dimensional NMR, 2D COSY and NOESY spectra are used to get

changes in chemical shift, T*., spin-spin couplings,

interproton distances, intermolecular NOEs and hence the

structural details. The results establish a role of Tyr, Lys,
Pro, and Leu residues.

We also present results obtained by theoretical calculations

using classical potential functions on the stacking of

nucleic acid bases (A,T,G,C) and base-pairs (AT,CG) with

aromatic amino acids. Intercalation of aromatic amino acids

between model dinucleotide systems such as d-CG, d-CC, d-AT,

d-AA have been studied. Unwinding and winding of DNA helix

upon intercalation have been investigated. Conformational

energy of complexes of amino acids with single- stranded DNA

have also been computed. Overlap geometries in the optimised

conformations have been obtained.

The trends in interaction energy suggest that Trp and His are

involved in the formation of more stable complex than Tyr and

Phe. Among dinucleotide model systems, homonucleotides show

strong binding to aromatic amino acids. The molecular
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mechanisms involved in these interactions show a specificity
in protein-nucleic acid associations.
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Abbreviations used

NMR Nuclear Magnetic Resonance
Tyr Tyrosine
Phe Phenylalanine
Trp Tryptophan
His Histidine

GVP Gene V Protein used in thesis and also in literature
G5P Gene 5 protein used in literature.
NOE Nuclear Overhauser effect
COSY Correlation spectroscopy
NOESY Nuclear Overhauser enhancement spectroscopy
Tm Mixing time

ssDNA single-stranded DNA
dsDNA double-stranded DNA
SS single-stranded
RF Replicative Form
t4 Evolution period

t.. Detection period

Tx Spin-lattice relaxation time

T2 Spin-spin relaxation time

Tm Melting temperature

ID One-dimensional
2D Two-dimensional
FT Fourier Transform
CD Circular Dichroism
D20 Deuterium Oxide

pdtc l°dtUm 2'2 DimethYl-2 silapentane-5 sulphonate
HFLL Hl9n Performance Liquid Chromatography
RPLC Reverse Performance Liquid Chromatography
FPLC Fast Performance Liquid Chromotography
EDTA Ethylene Diamine Tetraacetic Acid
Tc Correlation time

3D Three-dimensional
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CHAPTER I

INTRODUCTION

A General

Our present day knowledge of interactions between proteins and

nucleic acids is rather limited. The rules for DNA-DNA

interactions in terms of G-C and A-T base pairing have been known

for almost three decades. However, the situation for

protein-nucleic acid interactions has remained obscure.

DNA functions as the primary source of genetic information by
interacting with proteins that copy it into a strand of RNA, and

with other proteins that modulate the copying activity. In the

"transcription' process a class of enzymes called the RNA

polymerases construct a RNA copy of the DNA sequence. This RNA is

then converted to protein by a process called "translation", the

mechanism of which is not yet fully understood at the molecular
level.

Another class of enzymes are the restriction endonucleases, which

recognise specific base sequences in the DNA. These enzymes cleave

foreign DNA molecules and prevent their transcription. Host DNA

and other DNA molecules harboured by the host, are protected from

cleavage by methylation at specific sites. The same sites are

recognir.ed by a restriction endonuclease that act only at the

unmethylated positions. As yet not much is known about how the

methylation works, but it is thought that it alters the

interactions of DNA with protein that binds to it. This may be

accompanied by subtle structural changes in the DNA molecule.

Besides this process there are many others in which protein

molecules interact specifically with well defined sequences of

nucleic acids. However, the specificity with which proteins

interact with DNA varies. Proteins involved in DNA packing and

repair are relatively less specific to base sequences as compared
to those involved in gene control and expression.



In case of restriction enzymes, the specificity of binding is
quite high. For example, for EcoRI which recognises the double
stranded sequence d-(GAATTC), the ratio of free energy of binding
to the cognate hexanucleotide to that at the noncognate site is
about 10 . In case of DNase, the specificity exists to a lower

extent yet is significant. In fact, to understand these

interactions at the molecular level, it is necessary to know their
structures accurately.

Structure of several types of protein-templates recognised by DNA
have been unravelled by X-ray crystallography. These include,
restriction enzymes with homology to EcoRI, the helix-turn-helix >

motifs presented by repressor-operator systems, DNase I, DNA

polymerase I, as well as structural proteins and their DNA

complexes such as bacterial chromosomal protein, DNA binding
proteins of Gene 5 and histone octamer.

Theoretical calculations have provided insight into the

intermolecular interaction energies involved in protein-nucleic
acid interactions. Solution structures of several protein binding
segments of DNA are now available and as a consequence, the

functional relationships in DNA expression as controlled by
binding of regulatory proteins to DNA has begin to emerge.

B Structure of Nucleic Acids H

The building blocks of nucleic acids are the nucleotide units.

Each nucleotide unit is made up of:

1. Purine or Pyrimidine base:' The purine bases found in nucleic

acids are guanine and adenine and the pyrimidine bases in DNA are

cytosine and thymine. The latter being replaced by uracil in RNA

(Fig.1.1). In addition to these common bases found in nucleic

acids there are a number of minor bases such as /?-pseudouridine,

inosine and 7-methyl guanosine, which are also found as components

of nucleotides.
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2. Sugar: A five membered furanose ring (Fig.1.2), ribose in RNA

and deoxyribose in DNA, which have a well defined configuration,
are known to exist. The nucleic acid bases are attached to the CI'

position of the sugar moieties. The sugar base combination is

known as nucleoside unit.

3. Phosphate Group: It is attached to the furanose ring, which
bridges successive nucleotide units (Fig.1.3).

Polynucleotide chains are made up of many mononucleotide units,

linked by a phosphoric acid bridge from the 5'end of one

nucleotide to the 3' end of the other. Only a few nucleotides with

2'-5* phosphodiester bonds are known.

The primary structure of nucleic acids is determined by the

sequence of bases along the nucleotide chain and the functions of

nucleic acids namely replication, transcription and translation

are governed by this sequence.

The secondary structure of nucleic acids i.e. three dimensional

conformation, is governed by a number of torsion angles shown in

Fig.1.3.

These torsion angles can be divided into three groups:

a. The glycosidic torsion angle (%): This angle defines the

orientation of the planar base with respect to the sugar ring. The

sequence of atoms defining this angle is 01'-CI"-N9-C8 for the

purines and 01'-CI'-N1-C6 for the pyrimidines. Alternate

definitions have been used in the literature (129). In general,

the anti conformation in nucleotides have a x angle of

approximately 30 , while the corresponding angle for a syn

nucleotide is around 250°, the former being energetically more
favourable.
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FIG. 1.3 A nucleotide unit showing the numbering of the atoms in the
furanose ring and the backbone torsion angles!
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b. The five torsion angles associated with the sugar ring : The
sugar ring has an important position in the nucleotide unit since

it forms part of the backbone unit and side chains. Its

conformation is best described in terms of five endocyclic torsion

angles about the bonds Ol'-Cl', Cl'-C2', C2'-C3', C3'-C4" and

C4'-01" denoted by the symbols t , t , t . t and t
012 3 4'

respectively. Since the sugar consists of five atoms only, two
torsion angles are sufficient to define the three dimensional

geometry of the ring, as the cyclic system introduces constraints
due to closure of the ring.

The sugar ring is non planar and its conformation is described in

terms of envelope (E) or twist (T) conformations. There are ten

possible envelope conformations for the furanose ring and it has
been observed that the most commonly occurring conformations of

the sugar ring correspond closely to these forms. A convenient and

more general description of the sugar ring is based on the concept
of pseudorotation (7).

Each conformation of the furanose ring is unequivocally described
by two pseudorotational parameters, P and &. In this description
the torsion angles are related by the equation:

Tj = Tm cos[p + <J-2><5]
where

tan p = [ (T + t ) - (t +t)
* 2 a o

2Tg(sin 36 + sin 72°)

and for a five membered ring t (maximum amplitude) = 38° , 6 --'
144 and j = 0, 1, 2, 3 and 4. The conformations for P = 0 ± 18°

are denoted by N and include the classical C3' endo and C2' exo

conformations and those for P = 180°± 18° are denoted by S and
include the C2'endo and C3' exo puckers of the ribose ring (66).



FIG. 1.4 Schematic representation of the DNA double helix. The sugar-
phosphate backbones run at the periphery of the helix in
antiparallel orientation. Base-pairs are stacked along the
centre of the helix.
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c. Six torsion angles along the sugar phosphate backbone: These
are the most important parameters whidh determine the secondary
structure of the polynucleotide chain. Under normal physiological
conditions of temperature and PH, most double stranded nucleic
acids exist as helices with well defined dihedral angles.
Different types of helices have been observed depending upon
conditions of humidity, ionic strength, etc. These differ in their
helical parameters such as twist, pitch and number of units per
turn. At elevated temperatures, the helical order gets lost and
polymers go into what are called as random coils.

\

In naturally occurring nucleic acids, the helix consists of two
strands (except in the case of tRNA) forming a double helix (Fig.
1.4). The two sugar phosphate backbones run along the outside of
the helix in an antiparallel orientation and the bases are paired
with each other along the centre of the helix. The outer envelope
of the double helix is not smooth and can display one or two
grooves of different width and depth. The DNA double helix is

stabilized by base-base hydrogen bonds and stacking interactions.
The hydrogen bonding arrangement in the double helix depends on
specific interactions between the bases and is such that adenine
forms a base pair with thymine and cytosine with guanine according
to a scheme proposed by Watson and Crick (Fig.1.5).

In addition to this horizontal base-base hydrogen bonding in the
solid state and in aqueous solution, the bases are also stacked
vertically so that one base plane is at the van der Waal's
distance of approximately 3.4 A and parallel to the adjacent one.
This vertical stacking is important for the stabilization of DNA
helices and it has been found that stacking interactions between
purines and pyrimidines follow the trend:

purine-purine > pyrimidine-purine > pyrimidine-pyrimidine.

The DNA double helix is capable of assuming many forms and reacts
in many different ways. Basically it can exist as a right-handed
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or left-handed helix.

Within these two major groups, there exist a large number of
families or subgroups of DNA structures. Different forms of DNA

can be described in terms of conformation of sugar ring, the base
orientation and backbone dihedral angles. DNA double helices are
classified as A, B or Z type and the main features of these are
given in Table 1.

C Structure of Protein Binding Domains of DNA

Recent studies have focussed attention on specific DNA sequences
recognised by proteins. In all cases, the observations indicate

the presence of a right-handed B-DNA structure. Significant
sequence dependent alterations have been found. In many cases, the

major alterations occur close to the sites specifically recognised
by proteins.

The conformational variations result not only in sequence
dependent orientation of the phosphate groups but also in relative
positioning and stacking of the base-pairs, which are the

important functional groups for protein binding. The
conformational movements are somewhat correlated and a major
structural variation can transmit its effect to several base-pairs
in its neighbourhood.

Recently, structural studies on specific sequences of DNA have

been reported. For example, the solution structure of d-GAATTC

sequence recognised by EcoRI shows that the recognition segment

acquires a B-DNA conformation in both phases with variations in

sugar pucker ranging from C3* endo to C2' endo. Such studies

indicate that within the B-DNA family of structures, the DNA

molecule can show marked conformational fluctuations orienting the
active group in a conformation, which makes it easier for the

proteins to recognise specific segments. Further, since the B-DNA

structure can readily adopt minor structural changes, it is likely
that the proteins may cause further perturbation to the structure
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TABLE 1: STRUCTURAL CHARACTERISTICS OF A, B AND Z-TYPE DOUBLE
HELICES.

FAMILY TYPE A-TYPE B-TYPE Z-TYPE

BASES PER TURN 11 10 12

ROTATION PER

NUCLEOTIDE

30°to 32.7° 36°to 45° -60°

BASE PAIR TILT 10°to 20.2° -5.9°to 16 4° -7°to 9'

HELIX PITCH (nm) 3.09 to 3.60 3.38 4.56

RISE PER RESIDUE 0.20 0.34 0.76/2

HELIX DIAMETER (nm) 2.30 1.93 1.81

HELIX SENSE RIGHT-HANDED RIGHT-HANDED LEFT-HANDED

GLYCOSIDIC BOND

ROTATION

ANTI ANTI ANTI

(DEOXYCYTIDINE)
SYN

(DEOXYGUANOSINE)

SUGAR PUCKER C3' endo C2' endo C2' endo

(DEOXYCYTIDINE)

C3' endo

(DEOXYGUANOSINE)

X

>-

X
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for optimal binding.

D Structure of Proteins

The basic structural units of proteins are the amino acids. The

proteins in all species are constructed from the same set of

twenty amino acids, which can be grouped according to their side

chains as:

a) Aliphatic : Glycine, Alanine, Valine, Leucine,

Isoleucine and Proline.

b) Aromatic : Tyrosine, Phenylalanine and

Tryptophan.

c) Basic : Lysine,'Arginine and Histidine.

d) Acidic : Aspartic acid and Glutamic acid.

e) Amide : Asparagine and Glutamine.

f) Sulphur Side Chain : Cysteine and Methionine.

g) Hydroxyl Aliphatic : Serine and Threonine.

These amino acids are joined by peptide bonds to form a

polypeptide chain which consists of a repeating sequence of

peptide units -NH-C°tH-C=0. However the C-N bond of peptide
R

linkage is shorter than roost single bonds and has some double bond

character. The four atoms comprising the peptide bond and the two

a-carbon atoms lie in a single plane with the oxygen of the

carbonyl group and the hydrogen of the -NH group trans to each

other since this arrangement is energetically more favourable. A

cis arrangement may occur with certain amino acid residues e.g.

proline, where because of the spatial structure of the side chain,

the cis and trans conformations have similar structural

configurations and thus the difference in energy is small. The

backbone of the peptide chain may thus be pictured as consisting

of a series of relatively rigid planes, separated by substituted

methylene groups.

The three dimensional structure of a single polypeptide chain is

represented by specifying the backbone dihedral angles w ., <A . and
11
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Wi and the side chain rotational angles xt, *2, etc. According to
the convention, torsion angles are measured with the cis

conformation as 0° and the range of the backbone dihedral angles +
varies from -180* to +180°. The * angles are measured from 0° to
360 . Since the backbone structure can be defined by the two
torsion angles, 4> and y, a number of {<p, y>) plots have been
obtained using potential energy calculations, which depict the
energetically allowed domains of these angles for a peptide
residue (101,63). However these (<p, V> plots can be used only as a
rough guide because the side chain interactions also play an
important role in determining the conformation of the backbone.

The structure of proteins can be considered at different levels:

Primary Structure; It is the sequence of amino acids and the

location of disulphide bridges, if any.

Secondary Structure; It is the folding of the polypeptide chains

into different regular structures considering the constraints

imposed by the peptide bonds and their specific dimensions. Some

of the important secondary structures prevalent in proteins are:

a) Right-handed ex-helix has 3.6 amino acid residues per turn of

helix. This arrangement is particularly favourable because it is

stabilized by intrachain hydrogen bonds between every fifth and

first amino acid residue (Fig.1.6). In a-helix, <p = -58° and y/
-46 correspond to low energy regions. This form is often

spontaneously assumed by peptide chains since it has the least

free energy, provided there are no opposing interactions of the

side groups or solvent. The nature and sequence of the side groups
in the chain often inhibit the formation of an a-helix.

b) Left-handed a-helix is also stabilized by a hydrogen bonding

pattern similar to that for a right-handed helix but is

intrinsically less stable and therefore not so favourable.

c) /3-structures are parallel or antiparallel polypeptide chains,

•f

-V
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T

FIG. 1.6 Right handed a-helix. Equivalent positions
every 0.54 nm. There

i

0.54 nm

in the helix recur
are 3.6 amino acid residues per turn.
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which represent the most extended chain conformations allowed by
normal bond lengths and angles with a displacement of 3.47 A per
residue along helix axis. These polypeptide chains are cross

linked by interchain hydrogen bonds between NH and CO groups
(Fig.1.7) forming /^-pleated sheets. If the adjacent chains are in

the same direction, it is called parallel ^-sheet, whereas if the

chains are running in the opposite directions it is designated as
antiparallel /?-sheet. In the /?-pleated sheets, the <p, yj values are

-119 and 113 , respectively for parallel chains and -139° and

135 , respectively for antiparallel chains.

d) f^-turn is formed when a polypeptide chain folds back on

itself forming a /3-sheet. In this hairpin turn, the CO group of ~t
the n ' residue is hydrogen bonded to the NH group of the (n +
3) "" residue (Fig. 1.8). There are various f?-loop structures, type
I contains both the intervening peptide units in the

L-configuration and the 4>2, Va» 4>9. ¥3 angles are -60°, -30°, -90°
and 0°, respectively. Type II has a LD sequence and the values of
the torsion angles are -60°, 120°, 80°and 0°, respectively. The
third residue in type II /"3-turn can only be Gly due to steric

constraints. Five membered proline ring has little conformational

mobility and is ideally suited for second residue in reverse turn.

e) 3lo helix consists of 3 units per helix turn and has <p, y>
angles of -59° and -26°, respectively.

f) A unique type of single helical structure with no hydrogen

bonding is polyproline helix. Polyproline I is a left-handed helix

with 10 residues per turn and has all cis peptide bonds.

Polyproline II is a left-handed helix with 3 residues per turn,

displacement of 3.12 A along helix axis and all trans peptide

bonds. Polyproline helices are pure synthetic and are present in

aqueous state. Closest to this secondary structure is collagen

which imparts tensile strength to connective tissues such as skin,

bone and tendon. Collagen dominated by Pro-Hyp-Gly are triple X
helices formed by twisting three polyproline II helices about each

A
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other and ptabilized by interchain hydrogen bonds. Unlike
a-keratins, collagen does not stretch readily and it is

distinctive in that one third of all its amino acid residues are

glycine and a quarter or more proline or hydroxyproline. These

regularly spaced residues force the chain to assume a peculiar
kinked left-handed helix. Fibrous proteins have either a-helical

structures as in the a-keratins (hair, wool) or /^-pleated sheet

structures as in the ^-keratins which are formed when the a-

keratins are subjected to moisture, heat and stretched, the
transition being caused by the breakage of interchain
hydrogen bonds which stabilize the tight a-helix.

Tertiary Structure; In globular proteins such as myoglobin,
haemoglobin, lysozyme, ribonuclease, carboxypeptidase, etc. the

polypeptide chains are not oriented along one direction but fold

back upon themselves giving a compact structure. Globular proteins
are highly convoluted structures with most of the hydrophobic
residues on the inside and hydrophilic residues on the surface.

They contain varying amounts of a-helix and /^-structures and are

usually cross-linked by interchain disulphide bridges. These

covalent bonds stabilize the tertiary structure of globular

proteins and limit their tendency to unfold completely. Segments
of a-helix in proteins do not possess exactly the same dimensions

and repeat distance and are not equally stable, since they have

different amino acid contents and sequence. They contain local

points of instability at which the helix is likely to bend in

response to other forces, particularly the tendency of the entire

chain to assume that conformation in which the hydrophobic R

groups are maximally shielded from water. The characteristic

tertiary structure of a polypeptide chain in an aqueous system is
thus the resultant of intra or interchain hydrogen bonding and the
tendency of the entire chain to bend at points of instability to
assume the configuration which is most stable.

Quaternary Structure; Most globular proteins having a molecular

weight greater than 50,000 daltons are oligomeric, consisting of
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two or more separate chains. The characteristic manner in which

the individual chains are arranged is called the quaternary
structure and like the secondary and tertiary structure, it is

determined by the primary amino acid sequence.

E Structure of Proteins interacting with Nucleic Acids

RNA-Binding Proteins

Like DNA, RNA too interacts with proteins in a great variety of
functions. Few examples of RNA binding proteins are RNA

polymerase, RNA ligase, reverse transcriptase, replicase,
hydrolytic enzymes, exo- and endonucleases, etc.

Bovine pancreatic ribonuclease, RNase A and RNase S, bind

.specifically to pyrimidine and this specificity appears to reside

in the formation of hydrogen bonds between the protein backbone or
side chains with the pyrimidine bases. Several features of RNase S

inhibitor-complexes are shared with complexes of dehydrogenase the
coenzyme nicotinamide adenine pyrophosphoryl dinucleotide (NAD+).

The main difference between the two resides in the mode of

binding. Unlike RNase S, the adenine moiety in NAD+ appears to
interact with the dehydrogenase via polar groups.

Glyceraldehyde-3-phosphate dehydrogenase as well as lactate

dehydrogenase have been shown to bind to nucleic acids and to

exhibit selectivity towards single-stranded structure. A study of
oligonucleotide binding has shown that these dehydrogenases have a
strong preference for dinucleotides of sequence CpA or UpA.

The study of the complex between tobacco mosaic virus (TMV)

protein and RNA shows conformational changes on binding. The

region of viral RNA has in its centre a sequence where every third
residue is G. This feature might be important for the selectivity
of protein-RNA interactions which initiate virus assembly.

>
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DNA-Binding Proteins

Restriction enzymes

i) EcoRI: EcoRI endonuclease recognises double-stranded sequence
d-(GAATTC) with high degree of specificity. It has a nonspecific
binding with other DNA sequences which probably enhances the rate
of formation of the specific complex by a facilitated diffusion
along the DNA.

The two subunits of enzyme form a globular structure with the DNA
embedded on one side. The major groove of DNA is in intimate
contact with the protein while the minor groove is exposed to the
solvent. The DNA lies in a distorted B double helical form.
Evidently, these distortions are induced by protein binding. The
disruptions appear to have structural consequences which propogate
over long distances through twisting and bending. The resulting
unwinding increases the separation of the DNA backbone across the
major groove thereby facilitating access by the protein.

ii) DNase I : It is an endonuclease from bovine pancreas which
degrades double-stranded DNA through hydrolysis of P-o3' bond.
DNase I **footprinting• is regularly used to detect protected
regions in protein-DNA complexes. The enzyme can distinguish
hairpin loops and double helical segments of identical sequence.

The protein structure consists of eight a-helices and an exposed
loop region between residues 70-74 i.e Arg-Asn-Ser-Tyr-Lys, has
been implicated in binding to the minor groove of the DNA.' This
complex is stabilized by electrostatic interactions between the
Phosphate backbone of DNA and the positively charged amino acid
residues Arg and Lys.

iii) DNA Polymerase I : DNA polymerase is found to be associated
with error free replication. Polymerase I consists of two
fragments : (a) a large C-terminal fragment and (b) a smaller
fragment which retains the exonuclease activity. The larger
fragment consists of two domains. One of the most striking
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features of the larger domain is a deep crevice of appropriate

size and shape for binding double-stranded B-DNA.

Repressor-Operator Systems

DNA binding proteins in this class have common features. The

proteins form a dimer which makes contact with double helical

operator DNA. The recognition segment of the proteins consists of

two a-helices joined together by an arm. Both the helices are

involved in the recognition process and the arm helps in the

relative orientation of the two in the correct geometry for

contact with DNA. This has given rise to the "helix-turn-helix'

concept for protein-DNA interactions. Hydrogen bonding and

electrostatic interactions are responsible for specificity in

binding. Hydrogen bonding interactions occur mainly through the

second helix of the helix-turn-helix motif. The DNA binding

segments are of variable length 14-21 base-pairs and maintain a

rough symmetry around the centre. Several base-pairs are conserved

in different operators.

i) Cro Repressor : Cro is a basic protein (66 amino acids) which

consists of three strands of antiparallel /9-sheets and three a-

helices. Model building studies indicate that the regions 15-38

and 54-66 are involved in binding. At least nine hydrogen bond

contacts are involved in operator-repressor binding. In

particular, the interaction of Glu 54, Lys 56 and Lys 63 with the

.nucleotide backbone has been suggested.

ii) Lambda Repressor : It has 236 amino acid residues and

contains two domains. Cleavage with papain yields a 92 residue

N-terminal fragment which binds to the operator region in phage

DNA. A dimer of this fragment binds to the 17 base-pair operator

region in the phage DNA. Lambda repressor consists of an extended

arm and five a-helices. Residues in the N-terminal fragment seem

to make major contacts. They can contact 3-4 base-pairs in the

major groove. The orientation of the peptide dipole in the a-helix

gives a partial positive charge at the N-terminus, which may allow

>
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a favourable electrostatic interaction.

iii) CAP :- The catabolite gene activator protein (CAP), also
called cyclic AMP protein regulates several catabolite-sensitive
gene operons. The active form of CAP is a dimer of identical

subunits. Each subunit consists of two distinct structural
domains. The smaller domain presumably contains the DNA binding
region. The complete structure is composed of the usual network of
a and ft structures.

iv) Trp Repressor :- This repressor consists of 107 amino acid
residues and is folded predominantly into six a-helices which are
connected by short turns. Binding of L-Trp to the aporepressor
alters the conformation of the latter in particular regions
leaving the rest of geometrical pattern unaltered. The Trp binding
involves its indole ring which goes into a pocket formed by Arg
48, Gly 45 and Arg 54. The first two of these amino acid residues
lie in the a-helix which is presumably involved in DNA binding.

Structure of DNA-protein systems

Complexes such as nucleosomes, chromatin and viral DNA-protein
complexes have been studied.

i) Nucleosoroe core particle : It is a repeating unit of DNA in
chromosome. It packs more than 90% of genome of eukaryotic cells.
It consists of 146 base-pairs of DNA. The protein moiety is an
octamer formed of pairs of the histone proteins. The DNA is wound
around the histone core and has approximately 7.6 turns of double
helix in one superhelical turn of nucleosome. The contacts between
DNA and proteins are made on every turn of double helix.

ii) Structure of Gene V protein and bacteriophage Ml3/fd/fl DNA
complex

Structurally, the bacteriophage M13 consists of a circular,
single-stranded genome encapsidated as a loop in a protein tube.
The length of the ss DNA is about 6400 nucleotides. The wall of
the protein tube is made up of 2700 copies of a protein, the gene
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VIII product called as major coat protein. The end bears minor

proteins which are specific to each end -thus the ends are

differentiable from each other: morphologically, biochemically and

functionally. The phage genome encodes 10 proteins (Fig.1.9) of

which five are structural proteins, three are required for phage

DNA synthesis, and two are required for virion assembly. In

addition, there are two well conserved intergenic regions, which

do not code for proteins but contain signal for the initiation of

synthesis of both the (+) and the (-) strand of DNA, the

initiation of synthesis of capsid formation, and the termination

of RNA synthesis. The extended intergenic region lies between gene

VIII and III and between gene II and IV.

The gene VIII protein encodes for the major coat protein and forms

an integral part of the virion structure. Another gene III encoded

protein is required for the termination of the virion,

stabilization of the phage particle and for infectivity. The

polypeptides encoded by the VI, VII and IX genes play an important

role in making association with or integration into membranes.

Gene II encodes a specific nuclease topoisomerase which in the

presence of Mg either introduces a specific nick into the

supercoiled replicative form (RF) or relaxes so as to leave a

covalently closed circle without supercoils.

A major role is played by gene X encoded protein in single-strand -^

DNA synthesis where probably it acts as an inhibitor of gene II

function.

Gene V protein is a single-stranded DNA-binding protein and

prevents synthesis of complementary strand by complexation with

DNA. It is required for ss DNA synthesis.

Mechanism of DNA replication (27) in bacteriophage (Fig.1.10)

involves three steps: j^

f
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I) Synthesis of the complementary strand on the viral strand

template which yields parental replicative form (RF) form DNA (ss

to RF), following the infection. This stage is entirely carried

out by the bacterial proteins. The various steps in this process

are prepriming, priming, chain elongation, gap filling and

ligation.

II) Replication of the parental RF DNA to yield the progeny RF

DNA (RF to RF). RF DNA replication takes place by rolling circle

mechanism and requires both viral and host proteins.

III) Asymmetric synthesis of the viral strand on the duplex RF

template, which results in the accumulation and packaging of viral

single-stranded DNA molecules. Both phage and host proteins are

required in this final step (Fig.1.10).

STAGE I REPLICATION :

The phage genome shows little intrastrand base pairing and

therefore remains largely in the single-stranded state. The DNA

itself does not provide a suitable template for the replication

reaction. It is first coated by the host single strand binding

protein (SSB). SSB is a tetramer that binds cooperatively to

single-stranded DNA, maintaining it in the extended state i.e. it

stabilizes DNA which is in the single-stranded condition.

In the M13 phage the only part of the phage genome that is not

bound to SSB is a sequence of 59 bases that forms a hairpin. This

duplex region helps in RNA synthesis with the help of host RNA

polymerase. The hairpin is disrupted by the RNA chain. SSB binds

to the nontemplate half of the hairpin and the transcription is

terminated. The RNA primer is extended by DNA polymerase III

holoenzyme, which synthesizes a DNA complementary strand.

STAGE II REPLICATION

Amplification of the viral genome begins when the protein product

of gene II introduces a nick at a specific site in the (+) strand

a
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of the parental RF DNA.

E. coli DNA polymerase I (host) then adds nucleotides to the free '
3' hydroxyl terminus, progressively displacing the original (+)
strand from the circular (-) strand template. After the

replication fork has completed a full circle, the displaced (+)
strand is cleared by the gene II product to generate a unit length
viral genome that is then circularized. During first 15-20 minutes

of infection, these progeny (+) strands are converted by cellular
enzymes to closed circular RF DNA molecules, which serve as

templates for further rounds of transcription and synthesis of
additional (+) strands.

STAGE III REPLICATION :

When there are about 100-200 copies of RF DNA accumulated in the

infected cell, there is enough single-stranded DNA binding protein
(the product of gene V) to repress the translation of mRNA and

bind to the newly synthesized (+) strands. The displaced viral
strand is coated with approximately 1300 molecules of gene V
protein and thus preventing further conversion to RF DNA. During
morphogenesis the gene V protein is displaced from the viral DNA

by capsid proteins at the cell surface. Removed gene V protein can
then be recycled by associating with newly synthesized viral
strands. Recycling of gene V protein is strongly coupled with

morphogenesis, because inhibition of phage production immediately
blocks the release of gene to protein from DNA-protein complex.
Role of gene V protein is crucial as it maintains the ss form of

DNA which is necessary for infection. Thus gene V protein has

three primary roles in replication of bacteriophage M13:

1) It regulates the synthesis of the products of gene II and gene
X.

2) It prevents further conversion of newly synthesized (+) strand 1

to RF DNA and thus effectively limits the synthesis of phage

protein at later stages, while allowing for their rapid expression
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early in the infection cycle.

3) The gene V protein forms a stoichiometric complex with newly
formed progeny single-stranded DNA viral strands. This

intracellular complexation event is a necessary prepackaging step
in the ultimate assembly of the viral particles.

STRUCTURE OF GENE V PROTEIN :

Structure of gene V protein was given by Brayer and Mcpherson
(20). Structure of gene V protein consists of:

i) A major three stranded /3-sheet originating from the initial
two thirds of the sequence.

ii) A twisted /?-ribbon that joins two monomers within the dimer.
iii) A broad connecting loop that substitutes for the most

irregular portion of the element described previously as /'^-ribbon.

Monomer structure

Gene V protein is a T shaped molecule composed entirely of
/'^-pleated structure. Starting from the N-terminus, the first ten

residues are arranged in a short /?-strand, followed by the large
"DNA binding loop" residues 15-32, which is continued by the
"complex loop" residues 33-40. After a short ^-strand, residues
52-59, the polypeptide chain leaves the bar of the T and forms the
stem with the large "dyad loop" represented by residues 61-82.

Dimer structure

In solution, in crystalline state and when binding to DNA, gene V
protein exists as a dimer. The forces involved in dimer
association are hydrophobic, and hence the dimer is stable under
high ionic strength, extreme PH values and at elevated
temperatures. The union between the monomers occur with the
imposition of extended f*-loops into the open channels that cross
each individual monomer.

The principal role in aggregation are played by complex and the
dyad /3-loops. The dyad loops are aggregated and the T-bars are in
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FIG, 1.11: Schematic representation of the structure of GVP-Y41H
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antiparallel orientation.

Along the T bar, there is a DNA binding channel about 10 A wide

and 35 A long formed by residues 15-32 and unperturbed by the

dimer associations. This channel is long enough to accommodate

about five nucleotides of DNA.

A major structural element is created in the gene V protein dimer

by the quarternary interactions between symmetry related monomers.

A compact and well delineated 6 stranded antiparallel /?-cage is

formed from the 2 extended dyad /3-loops in association with

N-terminal strands of both monomers. The intermolecular 2-fold

axis is perpendicular to and bisects the barrel structure. The

interactions that maintain the /3-barrel are predominantly

hydrophobic, which is contributed by 20 amino acids.

Recently based on the NMR results, a solution structure of gene V

protein (Fig.1.11) have been proposed (51,52). It consists of:

1) Five stranded /3-sheet comprising of residues 3-6, 30-35, 43-48,

59-63 and 83-85.

2) Two antiparallel /3-loop comprising of residues 68-78 and 13-31.

3) 3,„ helical turn 7-10 and 64-67.

They have predicted one more /?-turn in the strand 13-31 but its

position could not be ascertained (Fig.1.11).

Gene V protein and its binding to DNA are the subject of study for

the present thesis work and have been discussed in later part of

the thesis.

F. Elements of Protein-Nucleic Acid Interactions

i) Electrostatic Interactions : Most of the protein-nucleic acid

complexes involve electrostatic interactions between positively
charged lysyl or arginyl side chains and negatively charged

phosphates. The energy of such interactions, particularly in

regions of low water activity, are an order of magnitude higher
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than those associated with the other nonbonded interactions. Such

interactions are predominantly Coulombic, though not of simple

monopole-monopole type. Because of the extensive charge

delocalisation, significant contribution arises from monopoles and

dipoles centered on atoms and bonds other than those directly

associated with positive and negative charges in a classic sense.

This imparts a high degree of structural dependence on the binding

energy between the two moieties, for example, DNA in A-form

interacts more strongly than the B-DNA. Further the interactions

of single-stranded DNA are somewhat weaker.

Gresh and Pullman (64) have studied the interaction of ammonium

and guanidium ions with phosphate anion by SCF abinitio and

empirical procedures. Kumar and Govil (90) have made energy

calculations for charged amino acids with a view to understand

binding affinities and relative stabilities of their complexes

with nucleic acids. They have shown that for a particular DNA

structure, the binding energy for the amino acids follow the order

Lys > His > Arg. Even at the simplest level of binding of the

structural units of DNA and proteins, both sequence and three

dimensional structural dependence of the interactions between the

two molecules is evident. This can have several implications.

Coulombic interactions may bring about conformational variation in

the DNA geometry resulting in optimum interactions. Finally, j

different primary structures of proteins may recognise the same

DNA segment with different affinities.

ii) Stacking Interactions: Aromatic amino acids Trp, Tyr, Phe and

His (neutral) interact with DNA through stacking interactions

(90,129). The main contribution to the total energy comes from

dispersion term. In aqueous solutions, additional stabilization

may result since the stacked conformers are favoured due to

hydrophobic interactions. While stacking of aromatic residues can i

occur naturally in single-stranded regions of DNA, in double

helical DNA, the base-pairs are stacked among themselves at

distances of 2.8-3.4 A. Thus the loop regions and kinks are
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natural choices for stacking interactions. Further, the' flexible

DNA regions may enter into an induced fit type of interaction with

protein. The G-C base-pairs show better stacking energies than

A-T regions. On the other hand, for the same region, G-C rich DNA

domains are more rigid than A-T rich domains. In loop region,

purine bases may be preferred over pyrimidines which are poor

stackers.

iii) Hydrogen bonding: It involves phosphate group, sugar and

bases in nucleic acids and peptide bonds and hydrophilic amino

acid side chains in proteins. Amino acid residues. Asp, Glu, Asn

and Gin, can form a variety of hydrogen bonded structures with

nucleic acid bases. Interactions involving single hydrogen bonds

may be relatively rare in specific complexes both because the

energy of interaction is low and because a single hydrogen bond

may not be adequate to bring the specificity through the

directional character of hydrogen bonding interactions (73). With

two hydrogen bonds, the interaction energy becomes comparable to

stacking interactions. The binding energy for hydrogen bonding

involving charged amino acid residues (Arg, Glu and Asp) is
considerably higher than that for uncharged residues. Even in

double helical DNA structures, the bases can be contacted through
hydrogen bonding both in major and in minor groove (73). However

the ability to form more than one hydrogen bond requires that the
donor and acceptor groups on DNA are placed in the correct

orientation to be contacted by the complementary groups on the
protein.

(iv) Hydrophobic Interactions : These interactions occur between

nucleic acid bases and non polar amino acid side chains. Such

interactions are usually weaker and have a non specific character

but may contribute significantly to a binding motif formed by
other specific interactions (73).

G Literature Review of Gene V Protein

Gene V of bacteriophage fd, M13 and fl encodes a single-stranded
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DNA binding protein (1). This protein is required for single-
stranded DNA synthesis (8) and it acts by forming a complex with
single-stranded DNA and preventing the synthesis of complementary
strand.

The product of Gene V from the F specific phages M13, fd and fl is
identical; it is 87 amino acids in length (36,104). It forms a
dimer in solution at physiological salt concentrations (28,117)
and binds tightly and cooperatively to single-stranded but not
double-stranded DNA (1). In the absence of Mg2+ and in moderate
salt concentration, its affinity for single-stranded DNA is high
enough to lower the T ,(melting temperature) as much as 40°C; it
can therefore >e.lf* DNA at room temperature. There is no
indication that it will do so under conditions prevailing in the
infected cell. Since the protein complexed any single-stranded DNA
presented, it was described as binding to DNA nonspecifically.
More detailed investigation has shown that in fact it does have
some specificity; this can be masked by its high affinity and
cooperativity. The protein is available in large quantities from
filamentous phage-infected cell, and its properties have been
studied extensively. Residues involved in binding and the binding
mechanism have been studied by chemical modification, by DNA
protection and by a variety of spectral methods including NMR and
fluorescence depolarization.

H NMR (270 MHz) studies were carried out (35) on binding of Gene
5 Protein showing that a large number of aromatic protons undergo
change in chemical shift on complex formation. Gene 5 protein
contains five Tyr, three Phe, one His and no Trp residues.

Nitration of the protein results in nitration of three of the five
tyrosyl residues in the protein, Tyr 26, 41 and 56. Nitration of

these residues is completely prevented by binding of a
tetranucleotide. In addition, 1PF NMR (9) studies of gene V
protein in which the tyrosyl residues were labelled with m-fluoro-

tyrosine identify three surface tyrosyls which interact with

oligodeoxy-nucleotides (9). Complexes of gene V protein with

4.

X
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tetra- and octadeoxynucleotides show that 12 of the 37 aromatic
protons of the protein undergo upfield shifts upon nucleotide
binding. In the complex with d(T)fl, the same resonance shifts
upfield by 0.8 ppm. These are interpreted as ring current shifts
induced by stacking of the phenyl rings of three of the five
tyrosyl residues with the bases of the nucleotide. Chemical
modification data combined with the base dependent upfield shifts
observed for 35% of the aromatic protons of gene 5 protein on
complex formation, were used to propose a model in which the bases
of the nucleotide were pictured as intercalating with tyrosyl -26,
41 and 56 (35). The aromatic protons which shift on complex
formation were assigned to the 2,6 and 3,5 protons of the tyrosyl
residues. This study also shows that G5P has a greater affinity
for adenine rich region than thymine rich reqion. -? L-UJ- An^'X^

Unambiguous assignments of individual resonances in the aromatic
region of the 4H NMR spectrum of a protein are difficult,
especially distinguishing resonances arising from the 2,6 protons
of tyrosyl from those of phenylalanyl residues. Assignment can be
made more precise by selectively deuterating individual groups of
aromatic protons such as the 3,5 or the 2,6 tyrosyl protons. This
required a reassignment of the aromatic resonances and indicated a
more complex interaction of the aromatic residues with the

nucleotides involving both tyrosyl and phenylalanyl residues.
Combining the *H NMR data on the selectively deuterated nucleotide
complexes with '*F NMR data on complexes of the m-fluorotyrosyl
labelled protein-oligodeoxynucleotide complexes allows a more
detailed model of the interaction of the nucleotide with aromatic
residues of the protein than what was possible earlier (35).

The aromatic residues of gene 5 protein in complexes with d(A)
and d(T)e have been determined by *H NMR of the protein in which
the five tyrosyl residues have been selectively deuterated either
in the 2,6 or in the 3,5 positions. Only the 3,5 protons of the
three surface tyrosyls interact with the bases (9,34,35). The
remainder of the aromatic protons undergoing base dependent

?
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upfield ring current shifts on complex formation are phenylalanine

protons, assigned to Phe-73 on the basis of model building. X°F

NMR of the complexes of the m-fluorotyrosyl labelled protein with

d(pT)Q and d(pA)fl confirms the presence of ring current
perturbations of nuclei at the 3,5 tyrosyl positions of the three

surface tyrosyls. Differential expression of the l°F and *H (35)

nuclear Overhauser effect confirms the presence of two buried and

three surface tyrosyl residues.

H and P. NMR have been employed (57,58) to study the unwinding

of double helical self-complementary tetranucleotide d-CGCG in

presence of gene 5 protein. It is shown that the protein is able

to unwind the double helical fragment at O'c Binding of ~r
tetranucleotide causes change in the aromatic part of spectrum of

the complex suggesting that aromatic residues, most likely

tyrosines, take part in the protein-nucleic acid interactions.

From the P NMR spectra of the protein-nucleic acid complex, it

follows that the pK value of the 5' terminal phosphate is lower

than that for the free nucleic acid species. Same group has

performed 360 MHz proton NMR studies on deuterated phenylalanine

in gene 5 protein. This modified protein yields a simplification

in spectrum in the aromatic region. The interaction of modified

G5P with d(p-CGCG) and d(p-CGCGCG) shows changes in aromatic

region of the NMR spectrum due to binding. It was found that at

least one phenylalanine and one tyrosine are involved in the

interaction with the oligonucleotides via stacking.

The structure of the gene 5 DNA unwinding protein from

bacteriophage fd was determined by X-ray diffraction analysis

(98). The protein monomer contains no a-helix. It consists of

three secondary structural elements, a radically twisted three

stranded antiparallel /3-sheet and two distinct antiparallel

/3-loops which are joined by short segments of extended polypeptide

chain. Two monomers are maintained as a dimer by the very close

interaction of symmetry related ribbons about the molecular dyad

axis. About six residues at the amino and carboxyl terminus are in



37

extended conformation.

They proposed a high resolution structure of G5P refined to a
resolution of 2.3 A (20). The molecular structure of this protein
is found to be primarily /?-sheet as proposed earlier. Two G5P
monomers are tightly interlocked to form a compact dimer. The

dimer is characterized by two symmetry related antiparallel clefts
that traverse its surface in a plane essentially perpendicular to
the dyad axis. Resident within these clefts are the side chains of
those peptide residues that are implicated in nucleic acid
complexation (20).

On the basis of difference fourier analysis, a model for the
complex arising from the interaction of single-stranded DNA with
the gene 5 DNA binding protein has been proposed (21). In this
model, tyrosine 26, 34 and 41 are found to be involved in the
binding of DNA through stacking of their respective aromatic
groups and the DNA phosphate backbone is bound by a series of
appropriately positioned lysyl and arginyl side chains. The DNA

conformation is fully extended and each binding channel can
accommodate up to five nucleotides. Only minor conformational

changes in the native G5P structure are required to optimize the
binding of DNA.

An excellent refined model of complex of gene 5 protein and DNA
was presented by the same group (22). According to this model,
phage DNA is wound to the outside of the helical protein ribbon
that forms the core of intracellular complex at a density of five
nucleotides per G5P monomer. Bound DNA strands are positioned in
two contiguous binding channels, which are formed as a consequence
of the interactions of complexed G5P dimers. These channels run
just inside the outer extended /3-loops, composed of residue 20-30,
and are separated by approximately 3.2 nm. A number of sterically
unacceptable contacts involving residues 38-42, prevent
complexation of otherwise complementary dimer surfaces in the
absence of nucleic acids. In the process of binding to DNA, these
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residues change conformation thereby allowing self assembly of
dimer units into a helical structure. These residues act as a two
position stereochemical switch that allows or disallows

complex formation in response to the absence or presence of DNA.

Further, they proposed a preliminary three dimensional model for

the bacteriophage IKe DNA binding protein based on the known high
resolution X-ray diffraction structure of a functionally related
protein (G5P) from bacteriophage fd (23). Structural comparisons
show residues conserved in the primary sequence of both proteins
tend to cluster in two regions. The first is essential for the

maintenance of dimer association. The second region exists where

the two DNA binding channels cross the face of each dimer.

A 500 MM/. || proton NMR nnnXymim warn oarrtml oul (f,) to

investigate the role of lysine and arginine in binding of gene 5

protein to d(A)2=_ao. The aliphatic region of the spectrum in
particular 3.5-2.9 ppm region, where lyirine * and arginine <5
protons are expected to resonate, was considered. Upon binding of
d(A)B to the gene 5 protein, broadening and downfield shift of
arginyl resonance was observed. The lysine c proton resonance was

found to broaden and shift somewhat to low field. The broadening
effects, observed upon binding to d(A)a, were more dramatic than
that observed for oligo d(A>M_ao» The resonances were broadened
beyond detection. This increase in linewidth was a result of

immobilization of lysine and arginine residues upon complexation.

Selective decoupling and time resolved selective Overhauser

experiments were performed on gene 5 protein-d(A) complex (4).

These experiments allowed a detailed interpretation of the

aromatic part of the protein spectrum. The spectrum of the

aromatic part of the complex was interpreted in a similar fashion.

The ring protons of one phenylalanyl residue and two tyrosyl

residues show rather large shifts upon complex formation. Direct

evidence for the proximity of these aromatic rings and the DNA

fragment in the complex was obtained by additional Overhauser

A
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experiments. It turns out that the H3', H4' and H5' sugar protons
of the oligonucleotide are situated near the ring protons of two
or three of the aromatic residues, the resonances of which undergo
large shifts upon complex formation.

The same group of workers (3) performed studies on the binding of
gene 5 protein to oligodeoxyadenylic acids varying in length from
two to sixteen nucleotides, by titrating the protein with the
oligonucleotides. The mode of binding of the protein and the
aromatic part of the spectra have been analysed by performing
spectral simulations, starting from the assignments obtained from

nuclear Overhauser enhancements. The proton spectra of the
complexes of gene 5 protein with d(A>a, d(A>i2, d(A) differ from
each other and from the spectra obtained from the complexes with
longer oligonucleotides. However, binding of all oligonucleotides
basically influences the same aromatic residues namely two
tyrosines and one phenylalanine. In the protein-oligonucleotide
complexes, one protein monomer covers three nucleotide residues,
in contrast to the stoichiometry of 1:4 found for protein-
polynucleotide complexes. It was found that the binding to the
oligonucleotide is cooperative and ionic strength dependent but
far less than that found for the binding to polynucleotides.

NMR studies were carried out to compare the gene 5 protein-d(A)
complex with gene 5 protein-d(A)^^ complex (2). Nuclear
Overhauser experiments have been performed on both the systems to
obtain structural information regarding the oligonucleotide-
protein interactions. In these experiments also, oligonucleotides
deuterated at the adenyl C8 positions have been used in order to
distinguish between the adenyl H2 and H8 resonances. The results
show that the nucleotides in the complexes are situated in such a
way that the adenyl H8 and the sugar HI' protons are near the
protein surface while the adenyl H2 proton is relatively fat-
removed from all other protons, indicating that this side of the
base is pointing away from the protein surface. It has been
concluded that structurally different complexes can be obtained
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for the d(A) system. The complex with d(A) underqoes a
Z5-3CI 23-30 3

structural transition when going from excess oligonucleotide to

excess gene 5 protein. This transition is identified with that

caused by increasing length of oligoadenylate d(A) (n is the

number of residues) binding to protein as it increases from n=3

(oligonucleotide mode) to n=4 (polynucleotide mode). Further, the

orientation of the oligonucleotides in the complex is such that

adenyl H8 and sugar HI" protons are situated near the protein.

The complexes of gene 5 protein with dpA, d(pA) , d(pA) , d(pA)

and d(pA)a show that the oligonucleotides carrying a 5' phosphate

form 1:1 complexes which involve the same specific binding site

for the 5' phosphate dianion. Formation of the dpA mononucleotide

complex induces small upfield shift in the resonances of one Phe

and one Tyr residue. The magnitudes of these shifts increase as

the length of the oligonucleotide increases (33). Phe protons

shift, by 0.05 ppm for dpA, 0.15 ppm for d(pA) , 0.25 ppra for

d(pA)^ and 0.6 ppm for d(pA)B, while the associated shifts for the
Tyr protons are 0.03, 0.14, 0.15 and 0.32 ppm, respectively. Thus

the 5' base of the bound nucleotide must rotate closer to the

pocket formed by Tyr and Phe or the stacking distance of the Tyr,

Phe must decrease as the distal residues of an oligonucleotide are

bound. This movement may be induced by conformational changes in

the mobile part of the DNA binding domain which contains Tyr 26.

As the nucleotide is lengthened, protons from two additional Tyr

residues shift upfield. The ring current shifts in the protons of

the phenylalanine and one of the tyrosine residues appears to be

closely coupled and associated with these two residues at the 5"

end of the DNA binding groove.

NMR studies (85,86) of d(pA)^ and d(pA)Q binding have shown that
only two aromatic amino acids are involved in stacking

interactions with nucleotide bases. Chemical shift changes that

accompany binding of d(pA) , d(A) , d(pT) . d(pA) combined with

specific protein-nucleotide nuclear Overhauser effects (NOEs)

suggest this. Chemical shift data also imply a role for Leu 28,

>
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though this has not been confirmed by intermodular NOEs. In the
d(pA)^-G5P complex an intermolecular NOE is observed between Tyr
26 and HI' of adenine 1, while Phe 73 has NOEs with the H2, H8 and
HI' of adenine 2 and 3. In the d(PA)o complex the upfield ring
current shifts of the Tyr 26 and Phe 73 resonances become greater
than those caused by d(A)^, implying that cooperative interactions
result in tighter complex. A comparison of NMR data with X-ray
crystallographic data suggests that Phe 73, Tyr 26 and Leu 28,
acting in concert, form a dynamic clamp, that is the sole base
binding element. This group also performed experiments on
complexes between G5P and dfpA)^^, a system with the potential
to form over one turn of supermolecular helix. This serves as an
improved model system for *H NMR examination of the G5P-ss DNA
interface under cooperative binding conditions. Selective
deuteration of aromatic residues enables individual Tyr (3,5)H and
(2,6)H resonances to be monitored in spectra of high molecular
weight nucleoprotein assemblies. Analysis of complexation induced
chemical shift changes and intermolecular NOEs indicates that Tyr
26 is the only tyrosine to interact directly with single-stranded
DNA (86). It is proposed that Phe and Leu side chains stack on

either side of a single base, while there is a possibility that
Tyr 26 may form hydrogen bond with sugar phosphate backbone in

addition or instead of stacking. Chemical exchange effects
underscore the dynamic nature of binding at the pocket. A
comparison of dfpA)^^ and oligodeoxyadenylates (dA) induced
chemical shift changes suggests that poly and oligonucleotide
complexes have indistinguishable base-binding loci but appear to
differ in their dimer-dimer interactions. Alternative
polynucleotide binding stoichiometries are explicable in terms of
a single base binding model. Chemical shift data are consistent
with the proposal that the n=3 and n=4 modes differ basically in
the extent to which the sugar phosphate backbone is stretched.

C NMR spectroscopy of C enriched N, N- dimethyl lysyl residues
of G5P shows that three of these residues were selectively
perturbed by binding to the oligomer d(pA) . These lysines

are



42

probably directly involved in the nucleic acid binding function of

the protein. Negatively charged chelates of lanthanide ions were

used to perturb the 13C NMR resonances of labelled lysyl and amino
terminal residues of G5P. 13C resonances of Lys 24, Lys 46 and Lys
69 were maximally shifted by the chelate. However the data

obtained indicates a substantial movement of the flexible DNA

binding loops containing Lys 24 upon binding of the chelate (41).

Several group of researchers have carried out fluorescence

depolarization studies on the binding properties of the protein

(25,26). Some of the important conclusions from these studies are

that the affinity of gene V protein for homopolymers differs from

one homopolymer to another such that the binding to poly dA is 2 f
orders of magnitude higher than that to Poly dT. Further, the

affinity for RNA, although lower than that for the corresponding
deoxy polymers, is by no means negligible. The authors have also

found that there are two different binding modes- one to

oligonucleotides, with three nucleotides bound per monomer and one

for DNA, with four nucleotides per monomer. The cooperativity of

binding was found to be much lower for binding to

oligonucleotides, in accord with the results obtained from NMR

studies.

Fluorescence studies (39) of the binding of IKe gene V protein to

various polynucleotides were carried out to understand the

difference in characteristics of its binding from that of M13 gene

V protein. It is found that protein-protein interaction surfaces

cause the cooperativity in the binding of both proteins diverged

during evolution.

The complex isolated from the infected cells contains one molecule

of DNA and about 1300 copies of the gene V protein and it forms a

filamentous structure which, at first glance, rather resembles the

phage (1). It may differ substantially in morphology from that

prepared in vitro by the addition of purified gene V protein to

single-stranded DNA; particularly since gene V protein probably
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binds to a short length of displaced single-stranded DNA as (+)

strand synthesis occurs in vivo. It probably does so in th

presence of other single-stranded binding proteins (E.Coli-SSB),

and it would thus not be unreasonable for the in vivo complex to
differ from the one produced in vitro by mixing the two purified
components under conditions that may not closely resemble those
existing in the infected cell.

The in vivo complex is 1.1 pm long, 20 nm wide and about 8 nm high*
and is a ribbon slightly longer than the virus. It is regular
repeated structure and has a repeat of 16 nm, which has

subsequently been interpreted as representing a helix. Another
group of workers (92) crosslinked the protein to the DNA in vivo,
thereby confirming the association in sittl. The in vitro complex
showed branching, which was denser, but it did not show the 16 nm

repeats and had a knobbed structure (1). The in vivo complex
dissociated when NaCl concentration was made higher than 0.1 M.

Addition of DNA to the complex in the cell lysate occasionally
caused a redistribution, so that some of the added DNA got coated
with protein. When a small amount of radio-active DNA was added,
it acquired protein from the complex, whereas if a sixfold excess

of DNA was added, the complex was jdemonstrably depleted of
protein.

The in vivo and in vitro complexes were directly compared (135)
and there was a little difference between them. In this study, the
complexes generated in vitro had helical repeats. Their complexes
were shorter (0.9 /Jm) and narrower (10 pm) than those described

earlier.

Gray et ai. (61) extended and repeated these experiments using
deuterated phage DNA, which allowed a better estimation of the

radius of gyration of the shells occupied by the DNA and the

protein. They proposed that the DNA is contained in a shell with a

radius of gyration 1.18-2.18 nm while the protein is in a shell

extending from 1.49 to 4.49 nm. Hence, the DNA is clearly in the

e
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center of the complex (62). This study was carried out at a
nucleotide/protein ratio of 3.

I

Based on X-ray results, a model for the gene V complex was put
forward (21,22). They proposed that the protein dimer binds to DNA

in two clefts located on the outside of the dimer pair. They also
proposed that initial binding of the DNA causes a movement of Tyr
41 away from the position it occupies in the protein crystal
structure. Tyr 41 has been implicated in DNA binding earlier (38).

More recent work, however, suggests that Tyr 41 is not involved in
DNA interactions (86).

The binding cleft can accommodate four nucleotides easily and a
fifth one less easily. However, when the position of Tyr 41 is

changed, a binding site is created if two adjacent dimers are

bound to the DNA. X-ray researchers found that their model (21) is

consistent with the description of the complex derived from

electron microscopic images (135). They predicted the formation of

a right-handed helix consisting of five nucleotides per monomer,

0.91 pm long with a diameter of 9.3 nm, having a helical pitch of

9 nm and 100 helical turns containing 6.4 dimers per turn, all in

good agreement with many of the observed properties of the complex
(1,9,28,38). Although, this model is functionally and

aesthetically very pleasing, its predictions do not seem to be

reconcilable with the conclusions of Gray et al. (61). The

nucleotide/protein stoichiometry reported (2,6,25,26), which is

four with DNA and three with oligonucleotides, does not agree with

the, predictions of the Brayer and McPherson model. A CD study

gives a stoichiometry of three or four nucleotides per protein for

the two binding modes. There is no experimental evidence for

stoichiometry of five nucleotides per protein for binding of gene

V protein to DNA. However at rather low salt concentrations, a

stoichiometry of 3.1 has been reported (83). Recent CD results

show that fd and IKe Gene 5 protein undergo minimal

conformational changes upon binding to poly (rA) (126).
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In addition to the NMR studies on complexes of Gene 5 protein,
experiments have been carried out on other systems as well. Most
of these studies have shown that aromatic residues of
oligopeptides form stacked complexes with nucleic acid bases
(42,56,72,95). Stacking was found to be favourable in
single-stranded DNA (Poly A, UV-irradiated/denatured DNA) rather
than double-stranded DNA.

It has been shown by photochemically induced nuclear dynamic
polarisation (CINDP) studies that two out of four tyrosine
residues in the N-terminal head piece of the lac repressor are
protected in the complex with oligo d(AT) (24). The measurement

of isolated headpiece shows that Tyr 7, 17, 47 and His 29 are no
longer accessible to the photo sensitizer. These therefore exist
in the contact region. The involvement of Tyr 7, 17 in the
interaction of N-terminal region of the lac repressor with DNA has
also been inferred from chemical modification experiments (8,46).

GVP functions as a master regulatory protein of the expression and
replication of the M13 genome (152). With the aid of a binary
plasmid in vivo test system it was demonstrated that the ss DNA
binding protein encoded by gene V of bacteriophage M13 not only
regulates the synthesis of its cognate DNA replication proteins at
the level of translation, but also of the assembly proteins and
the coat proteins encoded by gene I and III, respectively. Further
OVP functions as a translationa1 autoregu1ator of its nwn
synthesis. Comparison of the mRNA levels of gene I and X in the

presence and absence of wild type GVP indicated that gene V
protein augments the physical stability of these mRNAs.

M13 GVP has the ability to translationally repress the expression
of gene II while IKe GVP is unable to do so (151). Deletions in
the major GVP target site on gene II mRNA shows that it does not
deleteriously effect the production of viral ss DNA. Also the
mechanism by which M13 GVP sequesters viral ss DNA differs from
the mechanism by which this protein represses the translation of
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M13 gene II mRNA.

Picture in solution of a /?-loop in mutant Y41—>H of the

single-stranded DNA binding protein encoded by gene V of the

filamentous phage has been elucidated using 2D NMR techniques
(137). They have demonstrated that an identical structural element

(residues 13-31 form /?-loop, 20-23 form/3-turn) is present in wild

type GVP and that this element is intimately involved in the

binding of gene V protein to ss DNA. However the structure of the

DNA binding wing deviates from that proposed for the same amino

acid sequence on the basis of x-ray diffraction data.

Hutchinson et al. (81) proposed a model for GVP-DNA complex on the

basis of the crystal structure. The model does not implicate Tyr
41 in ss DNA binding but suggests the involvement of Tyr 34 in ss

DNA binding under cooperative binding conditions. For constructing
the model they used known bond length constraints and postulated

protein-nucleic acid interactions (determined from NMR and

chemical modification studies). Physical properties of the complex
and data from electron micrograph was also considered during model
building.

With the help of series of single site mutant proteins of M13 GVP,

sequence specific assignments have been reported (50). The

solution properties of the mutants of the aromatic amino acid

residues have been fully investigated. It has been shown that, for

these proteins either none or local changes occur compared to the

wild type molecule. Spin-labelled oligonucleotide binding studies

of wild type and mutant gene V proteins indicate that Tyr 26 and

Phe 73 are the only aromatic residues involved in binding to short

stretches of ss DNA. The degree of aggregation of wild type GVP is

dependent on both the total protein and salt concentration. The

data obtained suggest the occurrence of specific protein-protein

interactions between dimer GVP molecules in which the tyrosine

residue at position 41 is involved. The so called solubility

mutant Y41—>H of GVP has finally made it possible to study the
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solution structure of GVP and its interaction with ss DNA by 2D
NMR (49). The secondary structure elements present in the protein
are deduced from a qualitative interpretation of the NOESY spectra
and amide exchange data. The protein is entirely composed of
antiparallel ^-structure. It is shown that identical structural
elements are present in wild type GVP. The N-terminal part of the
protein, is in solution, part of a triple stranded /3-sheet while
in the crystal, it is an extended strand pointing away from the
bulk of the protein dimer. One of the antiparallel /3-sheets in the
protein, which had been designated earlier as the complex loop
has, in the solution structure, a different pair wise arrangement
of the residues in its respective /3-ladders. Residues 30 and 48
are opposite to one another in the solution structure. The amino
acid sequences which make up the /9-turn are 20-23 and 72-74
residues.

In the solution structure of the DNA binding wing, the /3-sheet is
shifted 4 amino acids with respect to that of crystal structure.
For example, Tyr 26 which is present at the tip of DNA binding
loop in crystal forms part of antiparallel /3-sheet in solution.
This shift in the actual positions of the residues in the /3-loop
is propogated into the rest of the molecule.

The complete assignment of the *H NMR of IKe GVP and the
subsequent elucidation of its secondary structure has been
proposed (138). The major part of this secondary structure is
present as an antiparallel /3-sheet, i.e. as two /?-loops which
partly combine into a triple-stranded /3-sheet structure. It is
shown that a high degree of homology exists with the secondary
structure of the ss DNA binding protein encoded by gene V of the
distantly related filamentous phage M13.

To study the structure function relationship of GVP, M13 gene V
was inserted in a phagemid expression vector and a library of
missense and nonsense mutants was constructed by random chemical
mutagenesis (134). Phagemids encoding GVP with decreased
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biological activities were selected and the nucleotide sequences
of their gene V fragments were determined. Furthermore, the mutant
proteins were characterized both with respect to their ability to I
inhibit the production of phagemid DNA transducing particles and
their ability to repress the translation of a chimeric lac Z
reporter gene whose expression is controlled by the promoter and
translational initiation signals of M13 gene II. From the data
obtained, it can be deduced that the mechanism by which GVP binds
to ss DNA differs from the mechanism by which it binds to its
target sequence in the gene II mRNA.

The binding characteristics of the single-stranded DNA binding
protein encoded by gene V of bacteriophage M13, are affected by
single site amino acid substitutions (133). The series of mutant
proteins tested includes mutations in purported monomer-monomer
interaction region as well as mutations in the DNA binding domain
at positions which are thought to be functionally involved in
monomer-monomer interaction or single-stranded DNA binding. The
characteristics of the binding of the mutant proteins to
homopolynucleotides poly (dA), poly (dU) and poly (dT), were
studied by means of fluorescence titration experiments. The
binding stoichiometry and fluorescence quenching of the mutant
proteins are equal to, or lower than, the wild type gene V protein
values. The binding affinities for poly (dA) decrease in the
following order:

Y61H> wild type > F68L and F16H > Y41F and Y41H> F73L > R21C >
Y34H > G18D/Y56H.

The conservation of binding affinity, for mutations in the ss DNA
binding, as well as for mutations in the single-stranded domain,
suggests that the binding to homopolynucleotides is largely non
specific.

Recently, the DNA binding domain of the ss DNA binding protein GVP
encoded by the bacteriophage M13 was studied by means of *H NMR,

through use of a spin-labelled deoxytrinucleotide (51). Using 2D
difference spectroscopy, a vast data reduction was accomplished
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and the analysis of 2D spectra carried to probe the DNA binding
domain and its surroundings.

The DNA binding domain is principally situated on two /3-loops. The
major loop of the two is the so called DNA binding loop (residues
16-28) of the protein where the residues which constitute one side
of the /5-ladder (in particular, residues Ser 20, Tyr 26 and Leu
28) are closest to the DNA spin-label. The other loop is part of
the so called dyad domain of the protein (residues 68-78), and
mainly its residues at the tip are affected by the spin-label (in
particular, Phe 73). In addition, a part of the complex domain of*
the protein (residues 44-51) which runs contiguous to the DNA
binding loop is in close vicinity to the DNA. In conclusion, the
GVP predominantly utilizes two tf-loops for complex formation with
ss DNA which are divided over both functibnal units of the GVP
dimer.

More recently, the solution structure of mutant Tyr 41 > His of
the single-stranded DNA binding protein encoded by gene V of the
filamentous bacteriophage M13 has been investigated by nuclear
magnetic resonance spectroscopy (52). Two and three dimensional
NMR experiments have been employed with a variety of NMR samples
of geno, V protein, some of which were uniformly enriched with 1SN

13

or C. A total of 20 structures were calculated for the M13 gene
V protean mutant Tyr 41—>His based on approximately 1000
experimental restraints derived from the NMR data. The orientation

of the exposed antiparallel /3-loop (residues 16-28) with respect
to the core could not be determined. The molecular architecture of
each of the monomers include a five stranded /3-barrel enclosing a
hydrophobic core and two antiparallel /3-loops (68-78, 13-31). The

dimer structure is stabilized predominantly by hydrophobic
residues primarily involving the symmetry related dyad domain
(64-82) of the monomers. Residues which are close to bound ss DNA
were identified previously from binding experiments (51) with
spin-labelled oligonucleotides. The solution structure of gene V
protei_> mutant is consistent with these binding data.
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Using contact analysis and a series of restrained molecular

dynamics simulations, a model of the complex between single-
stranded DNA and the ss DNA binding protein encoded by GVP has

been derived (53). Electron microscopy studies (59), indicating
that the complex forms a flexible, left-handed helical coil with

a diameter of 8 to 9 nm and an average pitch of 9 nm were taken

into consideration. The contact analysis served to determine the

helix parameters that permit the energetically most favourable

packing of protein molecules. Then a protein super helix was

built, into which two extended strands of DNA were modelled using

restrained molecular dynamics. Specific constraints were included

to ensure that the DNA would position itself into the binding

groove of the protein. These constraints were based on NMR

spin-label experiments (51) which offered a direct identification

of the amino acids of the protein present in the DNA binding

domain.

Various group of researchers have 'been looking into

protein-nucleic acid interactions and a better picture of these

interactions has started to emerge.

H SCOPE OF THE THESIS

Gaps in lit.ferat.urfe on G&rife V Protein

As yet, attempts at direct visualization of the gene V protein-DNA

interactions have not been successful. Brayer and McPherson (1904)

(21) proposed a model based on X-ray diffraction studies. This

model places a chain of five nucleotides, in fully extended

conformation, along a DNA binding channel that extends from Tyr 26

to Tyr 41 in 5' to 3' direction. The phosphate backbone is bound

by four basic residues, two from the DNA binding loop (comprising

of residues 15-32) and two from main body of the protein while

each nucleotide is stacked against an aromatic side chain. Though

consistent with a reasonable portion of the available

physicochemical data, the Brayer-McPherson model is at variance

1W&
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with several findings for GVP fd DNA and- GVP homopolymer
complexes.

Several NMR experiments have suggested role of lysines and
arginmes,Leu 28, Tyr 26, Tyr 41, etc. (2-4,85,86). Studies by use
of spin-labelled d(A>a (51) and restrained molecular dynamics (52)
have shown that even number residues in the sequence 24, 26, 28 of
GVP fall on one side accessible to solvent and is closest to d(A)
in bound complex. Some other like Pro 25, Ser 27, Asn 29 are far
from DNA surface in the bound compTeTTltowever the implication" of
specific residues by spin label NMR experiments and modelling
differ with regard to proximity of several residues (53). The
exact role of each and every residue which is in the binding
domain or is close to surface of bound DNA complex is not
established. The specific interaction -electrostatic, hydrophobic,
hydrogen bonding, etc. is not clear (85,86,51,53). The specific
change in conformation of DNA to which it binds is not clear.

Why Gi?ne V Protein 7

Protein-nucleic acid interactions occur at all levels of DNA
replication,atxl expression, regulation, cleavage of the specific
sequence of DNA by restriction endonuclease, etc.The gene V
protein is the smallest and simplest DNA unwinding protein. The
gene V protein of bacteriophage fd (M13) plays a negative role in
the production of viral single-stranded DNA. This protein blocks
the function of a DNA polymerase which is capable of converting
intracellular single strands to double-stranded replicative form
molecules. Thus the availability of free gene V protein in the
cell determines whether replicative form replication or single
strand production occur. It also regulates the synthesis of the
products of gene II and gene X. Further it forms stoichiometric
complex with newly formed progeny single-stranded DNA viral
strands. This intracellular complexation event is necessary
prepackaging step in the ultimate assembly of the viral particle.
It also maintains the single- stranded DNA in the single-stranded
state by binding to them. Thus the role of GVP is very crucial as

t •



it maintains DNA in single-stranded form which is necessary for

infection. It is one such protein-nucleic acid system for which

several studies by fluorescence, CD,NMR, etc. have been done. In

particular x-ray crystallographic structure is available to enable

us to understand its mode of interaction. The further elucidation

of gene V protein-DNA interactions should be useful in the study
of affinity exhibited by other DNA binding proteins such as

bacteriophage X, lac operon repressor protein, etc. The specific

interaction at molecular level could be a prototype of
protein-nucleic acid interactions, in general.

Why study model system ?

Model systems circumvent the problems inherent in natural systems.
Due to overlap of resonance and lack of precise assignment, it is

very difficult to extract useful information about complicated

macromolecular complexes by NMR. A model system not only
simplifies the problem but also gives exact information. With this

in mind, we have chosen a hexapeptide from the binding domain of

gene V protein so as to understand its binding properties.

Extensive research is being carried out on protein-nucleic acid

complexes using 2D NMR, fluorescence, X-ray methods, etc. However

very little is known about the intrinsic stabilities of the

stacked complexes of aromatic amino acids with bases, base-pairs

or between two base-pairs. Infact, the situation of

protein-nucleic acid complexation is of several orders of

magnitude more complicated than DNA-DNA interactions. Details

about the energetics of such association are now known. Few

theoretical studies have been reported on protein-nucleic acid

complexes. Stacking energies of aromatic amino acids with bases

and base-pairs have been reported (90,91). The major contribution

comes from dispersion term and electrostatic term. It has been

found that, among pyrimidines, cytosine forms a stable complex

whereas among purines guanine forms a stable complex. Overlap

geometries indicate overlap of the aromatic ring and hence the

formation of a stable complex. Much . more information can be
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obtained about the protein-nucleic acid associations by
theoretical methods. Thus we have carried out potential energy
calculations on various model systems.

Lys-Prci-Tyr-Ser-Leu-Asn as a model peptide

The X-ray structure of gene V protein is found to be in ft
conformation. It consists of three /3-loops. One of these loops
consisting of residues 15-32 is DNA binding loop. Various

physicochemical methods have shown that it is this portion of gene
V protein which is actually involved in binding. The peptide

sequence Lys-Pro-Tyr-Ser-Leu-Asn is present in the DNA binding

loop in the position 24-29. This sequence contains three residues

Tyr 26, Lys 24 and Leu 28, whose role has been implicated in

binding (85,86). Therefore this peptide was chosen as a model for

the present studies.

dCA3 and d-CGACTCGTC3 as modal oligonucleotides

It has been shown (52,53) that the DNA binding domain of Gene V

protein is conserved/semi conserved in closely or distantly

related bacteriophage systems. Therefore its binding to ss DNA is

rather nonspecfic [133]. Further its affinity for ss DNA is so

high that any such base sequence preference will be masked [11,

However few studies on homooligomers have shown that its binding,

to d(A) is 2 orders of magnitude higher than that for d(T)

(25,26). Since several ID NMR investigations have been carried out

on GVP-oligoadenylate system (2,3,4,85,86) and V-ray

crystallographic studies have been carried out to get the

structure of d(A)^-GVP complex (21,22), we have choose d(A) as

our model system.

The oligonucleotide d-(GACTCGTC)g was chosen as it has a mismatch
in the central portion. As Gene V protein binds to DNA of any
sequence, the sequence GACTCGTC was taken at random. It is

expected that the mismatch in the central portion of

octanucleotide will help us in determining a preference for

single-stranded DNA or double-stranded DNA.It may be noted that
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Garssen et al. (57,58) found that gene V protein binds to
•double-stranded DNA and showed that the protein has the unique
property of opening DNA helix even at 0*C.

In this thesis an attempt has been made to understand the binding
of gene V protein to single- and double-stranded DNA using model
systems as they circumvent the difficulties inherent in natural
systems. This kind of approach has particularly become more
relevant with the recent advancements in spectroscopic techniques,
particularly, two dimensional nuclear magnetic resonance.
Theoretical studies on interaction of nucleic acid bases,
base-pairs, two stacked base-pairs, and two stacked bases with
aromatic amino acids have been carried out using classical
potential functions. A brief introduction to the structure of
nucleic acids, proteins and their binding domains alongwith
literature survey have been given in this chapter. An introduction
to the NMR technique used along with the theoretical methods
employed have been outlined in Chapter II. 2D NMR technique has
been used to understand the mode of binding of functional part of
DNA binding loop of Gene V protein of bacteriophage fd. The
results of these investigations on two model systems d(A)^. and
d-(GACTCGTC)2 are given in Chapter III and IV, respectively.
Chapter V-VII present the results of theoretical simulation
studies. The final chapter presents conclusions on the

theoretical and 2D NMR studies undertaken in this thesis.



CHAPTER II

MATERIALS AND METHODS

A Materials

Octanucleotide d-(GACTCGTC)2 was synthesized on a 10 jumole scale
on an Applied Biosystems DNA synthesizer (Model 381 A) using
cyanoethyl phosphoramidites in Dr. R.V. Hosur's laboratory at
TIFR, (Tata Institute of Fundamental Research) Bombay. The
starting material is a solid support derivatized with a nucleoside

which will become the 3*-hydroxyl end of the oligonucleotide. The

nucleoside is bound to the solid controlled porous glass (CPG)

support through a linker attached at the 3'-hydroxyl. The 5*-

hydroxyl is blocked with a dimethoxytrityl (DMT) group. The steps
of the DNA synthesis cycle are as follows:

i) The treatment of the derivatized solid support with acid
removes the DMT group and thus frees the 5'-hydroxyl for the

coupling reaction. An activated intermediate is created by
simultaneously adding the phosphoramidite nucleoside monomer and

tetrazole, a weak acid, to the reaction column. The intermediate

is so reactive that addition is complete within 30 seconds.

•i

ii) The next step, capping, terminates any chains which did not
undergo addition. Capping is done with acetic anhydride and

1-methylimidazole. Capping minimizes the length of the impurities
and thus facilitates their separation from the final product.

iii) During the last step, oxidation, the internucleotide linkage
is converted from the phosphite to the more stable

phosphotriester. Iodine is used as an oxidising agent and water as

oxygen donor. This reaction is complete in less than 30 seconds.

After oxidation, the dimethoxytrityl group is removed with

trichloroacetic acid, the cycle is repeated until chain elongation
is complete. Treatment with concentrated ammonium hydroxide for

one hour removes the /3-cyanoethyl protecting groups and also
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cleaves the oligonucleotide from the support. The benzoyl and
isobutyryl base protecting groups are removed by heating at room
temperature in ammonia for 8 to 15 hours. Purification was 4
performed on Water's HPLC instrument (RPLC) with acetonitrile and

triethyl ammonium acetate (0.01 M) buffer system. The synthesized
sequence d-GACTCGTC was annealed by heating it in a water bath up

5

to 70 C and then allowing it to cool until it attains room

temperature. Thus a duplex of GACTCGTC i.e. d-(GACTCGTC) was
2

prepared. Pentanucleotide d(A)s was purchased from Centre for
Cellular and Molecular Biology (CCMB), Hyderabad, which was
purified by FPLC.

Hexapeptide, Lys-Pro-Tyr-Ser-Leu-Asn was synthesized on Model 431

A, Applied Biosystems peptide synthesizer in Prof. V.S.Chauhan's

laboratory at International Centre for Genetic Engineering and
Biotechnology (ICGEB), New Delhi. Coupling was carried out by the
mixed anhydride method. The t-boc group was used to protect the
amino termini and was removed with a solution of HCl in diethyl
ether. Benzyl ester was used for C-terminal protection. The
purification was done on HPLC using double distilled water (30%)
and CHaCN (70%) as buffer.

High Purity D20 99.96% was obtained from M/s Merck Sharpe & Dohme
Ltd., Canada and M/s ICN Biomedicals Inc., Cambridge, USA.

B Sample Preparation

The oligonucleotide and peptide samples were dissolved in a known

volume of phosphate buffer (0.01 M) having pH 7.2 and the

concentrations were determined from the measurement of absorbance

using Beckman DU-6 spectrophotometer. From this sample, solution

of required concentration was prepared.

The values of extinction coefficient used were as follows:

Oligonucleotide/Peptide Molar extinction coefficient

d-(GACTCGTC) 9.57 x 10° M^cnf1 at 260 nm

Hr-

<

V
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d(A)s 15 x 103 M_1cm_i at 260 nm
Lys-Pro-Tyr-Ser-Leu-Asn 1300 M^cm"1 at 280 nm

The samples were lyophilized and redissolved in D O twice. pH was
adjusted before lyophilization by addition of small amounts of HCl

or NaOH. Finally the sample was redissolved in 0.5 ml of phosphate

buffer (0.01 M) in D20 and transferred to a 5 mm NMR tube.
Typically 1 pi of 0.1 M solution of sodium 2, 2 dimethyl-2

silapentane-5 sulphonate (DSS) was added to the sample as internal

standard. Further, EDTA was added to the sample to chelate metal

impurities. The concentration of EDTA was one tenth of total

sample concentration.

8 mM d(A)n (mol.wt. 1644.5) sample in 0.5 ml DO was used for NMR
studies whereas the concentration of d-(GACTCGTC) (mol.wt. 2381)

2

sample used was 10 mM. The concentration of hexapeptide
Lys-Pro-Tyr-Ser-Leu-Asn (mol.wt. 774) was 5 mM.

Preparation of complex :

(a) 0.5 ml of 8 mM d(A>s sample and 0.5 ml of 5 mM hexapeptide
samples were taken as the stock solutions for NMR studies.

A complex of d(A)s and hexapeptide was prepared by titration. 0.02
ml (V ) of 8 mM (N ) d(A) was added in steps to 0.38 ml (V ) of

* 2 s *- a

5 mM (N ) hexapeptide. The concentration of d(A) (N ) in total
d 3 1.

volume of 0.40 ml (V /V )was determined as follows:

N V = N V
11 2 2

Ntx 0.40 = 8 x 0.02

Nt = 0.4 mM

The peptide concentration (N^) in this solution was determined as
follows:

N V = N V
4 4, 33

N^x 0.4 = 5x0.38

N = 4.75 mM
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Table 2.1: Various concentration ratios (N/P) for the complex
formed between KPYSLN and d(A)

d(A) cone.
s

Monomer cone. Peptide cone. Monomer/ N/P

(mM)=N (mM) (mM) ==P Peptide

0.40 2.00 4.75 0.42 0.08

0.70 3.50 4.50 0.77 0.15

1.09 5.45 4.30 1.18 (oTl5\
. 1.30 6.50 4.13

i
1.57 0.31

1.60 8.00 3.95
.%

2.05 0.41

1.92 9.60 3.80 , 2.52 0.51

Table 2.2: Various concentration ratios (N/P) for the complex
formed between KPYSLN and d-(GACTCGTC)

Nucleotide cone.

(mM)=N

10.00

9.60

9.30

8.90

8.60

Peptide cone. P/N

(mM)=P

0.00

0.19 0.02

0.37 0.04

0.54 0.06

0.69 0.08

+

X

A

V
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Likewise five other peptide-d(A)5 complex of different
nucleotide/peptide (N/P) or adenine monomer/peptide complex were
prepared. The concentration cf d(A>s (N), peptide (P), adenine
monomer , adenine monomer/peptide and nucleotide/peptide (N/P) are
shown in Table 2.1.

(b) 0.5 ml of 10 mM d-(GACTCGTC>2 and 0.5 ml of 5 mM hexapeptide
KPYSLN were taken as stock solutions for NMR studies.

Titration was performed to prepare the complex of d-(GACTCGTC)

and hexapeptide (KPYSLN). In this case, peptide was added to the

nucleotide. This was done intentionally since the aim of the

present study, is to monitor the change in conformation of

d-(GACTCGTC)2 (on adding peptide) which is a duplex and has a
mismatch in the centre.

0.02 ml (V2) of 5 mM KPYSLN (N2) was added in steps to 0.5 ml (V )
of 10 mM d-(GACTCGTC)2 (N3). The concentration of (N ) hexapeptide
in total volume of 0.52 (Vt/V ) was determined as follows:

NV = NV

2

l l 2 2

V 0.52 = 5x0.02

N£ = 0.19 mM
Likewise, the nucleotide concentration (N ) in this solution

determined as follows:

N.V. • N V4 4 3 3

N^x 0.52 = ' 10 x 0.5

N4 = 9.6 mM

was

Likewise three other hexapeptide - d-(GACTCGTC)2 complexes of
different P/N (Peptide/nucleotide) concentration ratios were

prepared. The nucleotide concentration, peptide concentration and

various concentration ratios are tabulated in Table 2.2.

CD measurements on hexapeptide, Lys-Pro-Tyr-Ser-Leu-Asn, in H 0 at

297 K were carried out on JASCO spectropolarimeter, located at
Delhi University.
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C NMR Methods

Particle spins can interact with a beam of electromagnetic 4
radiations. If the beam has the same frequency as that of the

precessing particle, it can interact coherently with the particle

and energy can be exchanged. The phenomenon, is one of resonance.

For nuclei, it is referred to as nuclear magnetic resonance.

During recent years, nuclear magnetic resonance (NMR) has emerged
as one of the most powerful tools to study the conformation of

biological molecules in solution. Due to higher sensitivity, the
sample requirement has decreased considerably and a quantity of

few mg can now provide detailed information on biomolecular

structure and interaction.

Basic Theory of Resonance Absorption

A nucleus of spin I, when placed in magnetic field B has 21+1
o

equally spaced energy levels with the separation

AE = h r B / In

where y is the magnetogyric ratio and B^ is the magnitude of the
applied static magnetic field. The magnetogyric ratio is the

proportionality constant which relates the observation frequency
for a particular nucleus to the applied field. The observation

frequency can be expressed in terms of the magnetogyric ratio and
the applied field

W a V B
o o

where ^ is the resonant frequency in radians/seconds. Therefore

radiations of frequency <o will induce transitions between

adjacent energy levels. Thus a nucleus of spin 1/2 has two allowed

energy levels, whose state functions are labelled a. and ft,

corresponding to the r^ values of +1/2 and -1/2, respectively,

where mj is the quantum number characterising the z component of

I. The spin states for a system of spin 1/2 nuclei are represented

as product function of a and ft states. Thus there are T basic

product functions for a spin system of n spin 1/2 nuclei. Each of

these states can be assigned a net m value which is the sum of

the contributions of the individual spins. -*•
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For an ensemble containing a large number of identical nucleus of

spin 1/2, all the moments precess at the same frequency and net
macroscopic magnetisation is M which orients along Z axis. If a

radiofrequency field B£ is applied in the X-Y plane with a
frequency w^ = u^ then energy will be absorbed. This results in
tipping of M vector along Z axis.

NMR parameters

1) Chemical Shift: It is an important parameter which helps in
identifying chemical groups present in a system. In a given
molecule, nuclei of the same species are subjected to different

local magnetic fields although the externally applied field is the
same. This is represented by the equation:

B, = B (1 - a)
Loo a

where a is called the screening constant and represents the effect

of the electronic environment around the nucleus. The variations

in nuclear shielding arise from many factors. Some of the

important ones are variations in spatial shielding effects,
hydrogen bonding, intramolecular fields due to magnetic anisotropy
and the effects of unpaired electron spin. The unit used to

express chemical shifts is parts per million (ppm) defined as
i

t r

S = x 10*

l>

where y. refers to the resonance frequencies of the sample and v
r

refers to the corresponding value for the reference.

ii) Coupling constant : Spin-Spin coupling is the next important
phenomenon which occurs between nuclei which are directly bonded
such as C- H or P- H or when the number of intervening bonds
are small (typically < 4). This coupling causes splitting of the

lines. One of the most important parameters in conformational

studies of all classes of molecules is the vicinal or three bond

coupling constant (aJ) between nuclei A and D in the fragment
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A-B-C-D. These couplings are related to the dihedral angle 4>
between plane A-B-C and B-C-D as shown below :

2

J = A cos 4> + B cos 4> + C

where A, B and C are constants which depend on the nature of four

atoms in the fragment and the electronegativity of other
substituents in the molecule. The values of these constants can be

obtained from theoretical calculations or empirically (37). The
above equation can be used to get the value of 4> from coupling
constant data.

iii) Relaxation time : The relaxation time is a measure of the

time that the spin system takes to return to equilibrium after it
has been excited. The spin-lattice relaxation time (T ) is a

measure of the rate with which the z component of magnetisation,

Mz, approaches thermal equilibrium. It is defined as the time

required for the difference between the excess spin population and

its equilibrium value to be reduced by a factor "e' from the

starting non-equilibrium value. It depends on several factors,

e.g. inter nuclear dipole-dipole interaction, chemical shift

anisotropy, scalar coupling, spin rotation, electron-nuclear

relaxation, etc. The most important factor for a proton in a

diamagnetic sample is the nuclear dipole-dipole interaction.

I

The spin-spin relaxation (T2) also occurs through local magnetic
field and is basically an exchange of energy between two nuclei of

the same type but in opposite spin states. The spin-spin

relaxation time (T2> expresses the rate at which spins can
exchange energy with each other. The relaxation time T is

2

reflected in the NMR line shape, the line width at half height
being related to T by the formula:

2

(Aw)
half height

TT T
2

4

*
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1

In practice (Ato) • ————

riT

where T2 is the effective relaxation time which has contributions

from the true relaxation time and from field inhomogeneties, so
that T is always less than T .

z J 2

In order to carry out a NMR experiment one needs a static magnetic
field B^ for the alignment of the nuclear spins, a radiofrequency
field to stimulate absorption and a detector to record the

resonance signals. In an FT-NMR spectrometer the sample is excited

not by application of a continuous monochromatic radiofrequency }
field but by a short radiofrequency pulse which contains all the

frequencies in the range of possible chemical shifts in a given
nucleus. The magnetisation M of the sample in the direction of

the field B^ is reduced and a transverse magnetisation builds up.
The total magnetisation is thus tilted through an angle which
depends on the energy of pulses.

The spectra of biological macromolecules and large organic
molecules are often too complex and it may not be possible to
obtain complete resonance assignments and unambiguous structural
information. The advent of 2D NMR, which was first proposed by
Jeener in 1971 (82) and later developed by Ernst, has helped a lot
in solving such problems. 2D NMR is a simple extension of ID -4
FT-NMR technique.

2D NMR Techniques

In 2D NMR the frequency domain spectrum is a function of two

independent frequency variables, to and to , and is obtained after
1 2

a two-dimensional fourier transformation of a time domain function

S(tt, t2). The two time variables are generated by suitable
segmentation of the time axis of the FT-NMR experiment. In all

two-dimensional experiments, four different time segments can be A

distinguished namely preparation period, evolution period (t )
i '

mixing period (t ) and detection period (t ) (Fig.2.1).

4
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(i) Preparation period - This consists of delay time or a sequence

of pulses separated by fixed time intervals or saturation'

sequence, etc.

(ii) Evolution period (t±)- The non-equilibrium state of the spin
systems created during the preparation period evolves under the

influence of a physical environment described by the hamiltonian

H. The various spins are frequency labelled. During this period,

further radiofrequency pulses may be applied according to the type
of experiment being performed. The evolution period can be varied

from one experiment to the next experiment.

(iii) Mixing time (t^) is a time constant period which consists of
pulses and delays of fixed length.

(iv) Detection period (t ) during which the signal is acquired as
a function of t .

The basis for the COSY experiment whose pulse sequence is shown in

Fig.2.2 is the classical Jeener sequence (82). After the

preparation period, a 90° pulse constitutes brief mixing period
whose effect is to mix the single quantum coherences into a whole

range of orders of coherence. However, only the single quantum

coherences will give rise to any measurable signal during the

detection period. The mixing process interchanges orders of

coherence, mixes coherences among the transitions associated with

a given spin and exchanges coherences between spins having a
mutual scalar coupling. Thus a magnetisation, initially associated

with the A spin of an A-X spin system, may be transferred to spin

X through the scalar coupling, Jax. Therefore the A magnetisation
in the X-Y plane will also depend upon the Larmor frequency to and

the 2D COSY will show signals with frequency coordinates (w , co )

and («x, toA) as well as at (to^ to^) . The former are the
characteristic cross peaks of the COSY spectrum and the latter one

is the diagonal peak, which corresponds to the peak in a ID
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spectrum. A single 2D spectrum reveals all the scalar couplings

in a spin system much more efficiently and clearly than the type

of information that could be provided by a series of homonuclear

decoupling experiments.

COSY experiment can be carried out with special phase cycling and

data processing to change the 2D line shape into pure 2D

absorption mode, allowing the use of a phase sensitive display.

There are two different methods in use, the first requires the

results of two complete COSY experiments with different phase

cycling to be added (132) and the second known as TPPI (Time

Proportional Phase Incrementation) method uses a single experiment

with phase cycling which changes with t increment (19,84,96,120).

The advantage of phase-sensitive COSY is the resolution obtainable

of the fine structure of the cross peaks. With pure 2D absorption,
the line shapes overlap is much less and thus phase-sensitive COSY
can be used for accurate measurement of chemical shift and

coupling constants. However this is feasible for small molecules.

The correlation spectroscopy which reflects J-coupling
correlation alone is not sufficient for obtaining a complete
spectral assignment unless the approximate three-dimensional

conformation of the molecule is known. In other words, information

about the proximity of atoms in space should also be available.

This is achieved in a two-dimensional nuclear Overhauser

enhancement spectroscopy (NOESY), Which reflects dipolar coupling
correlations between protons and indicates which pairs of protons
are nearby in space. In basic 2D experiment, the pulse sequence
used for making correlation through dynamic NOE is
90°-t -90°-t -90° acquisition.

As in COSY, the first 90* pulse produces transverse magnetisation
that precesses in the X-Y plane during the evolution period. The
90° mixing pulse is followed by a mixing time t which is of the
order of spin-lattice relaxation time T£. This time is necessary
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to achieve magnetisation transfer due to dipolar interactions,

unlike scalar interactions which are effective immediately. During

the period t the magnetisation can mix, either by direct chemical
TO "•

exchange or in context of the Overhauser experiment through cross

relaxation. The first two pulses in effect label the magnetisation

M^ of different spins with their chemical shift frequencies. Any
exchange of magnetisation M during the time t will lead to

signals detected during t which have modulation frequencies

different from their precession frequencies during t and hence on

fourier transformation they will give rise to cross peaks in the

2D spectrum . The third 90° pulse transforms the resulting z ^
magnetisation into transverse magnetisation, which is measured

during the detection period. The NOESY experiment is used

extensively in the study of biological molecules in solution to

give information about protons nearby in space and hence on the 3D

structure of the molecule.

Experimental Parameters

All proton NMR experiments were carried out at DST sponsored

National FT-NMR Facility located at Tata Institute of Fundamental

Research, Bombay and were recorded on a 500 MHz high resolution

Bruker AM 500 FT-NMR spectrometer equipped with aspect 3000

computer. The typical parameters for ID NMR experiments at

different temperatures were pulse duration 11.6 psec ; no. of data

points 2-8 K, Spectral width 5000 Hz, no. of scans 60-100 and a

resolution of 4.8 Hz/pt to 1.2 Hz/pt. Receiver gain value was

optimized in every experiment to get the best signal to noise

ratio in limits of good sensitivity. All 2D COSY and NOESY

experiments were carried out at room temperature. NMR parameters

were 1024-2048 data points along t axis and 256-512 data points

along t axis, no of scans 60-200, pulse width 11.6 psec and sweep

width 5000 Hz, a resolution of 4.8 Hz/pt to 9.7 Hz/pt in to and to

dimensions, relaxation delay of 1 sec and mixing time (t ) of 700
m « •

ms for d(A) and 300 ms for d-(GACTCGTC) .

5

4
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Use of 2D NMR in obtaining the solution structure of Nucleic Acids
The first step in determination of the structure is to obtain
complete resonance assignments of the individual protons
(48,55,70,78,80,93,101,120,125). Once the assignments have been
made, the relative intensities of the various cross peaks in the
2D J-correlated and NOE correlated spectra can be used to derive
information about the base orientation, sugar geometry, backbone
structure and base-base stacking along the entire sequence of the
molecule.

Spectral Assignment

From the NMR point of view, the protons in nucleic acid can be
classified into two groups namely the exchangeable NH protons of
the bases which resonate between 10-16 pprn and the
non-exchangeable base and sugar protons which resonate between 7-9
ppm and 2.0-6.5 ppm, respectively with the exception of methyl
protons which resonate between 0.5-2.0 ppm. In case of peptides,
the different type of protons are found to resonate in specific
regions. For e.g. a-CH's appear around 4-5 ppm. The region between
2-4 ppm contains the resonances belonging to fJ-CH, y-CH and £-CH
of amino acids. The 6-CH's appear most upfield at about 1 ppm. The
ring protons of aromatic amino acids resonate at 6.8-7.2 ppm.

The protons Hi', H2', H2", H3\ H4«, H5\ H5" in each sugar ring
of nucleic acid, form a complex J-correlated network. The cross
peaks in the 2D J-correlated spectra can be used to identify each
spin system within the individual nucleotide units. The
proton-proton coupling constants in the above pathway are
sensitive to the sugar pucker of the deoxyribose ring with the
values ranging between 0-10 Hz. Thus the intensities of the cross
peaks in the COSY spectrum vary with the sugar pucker.

Each HI' is expected to show cross peak with the H2' and H2",
protons. These cross peaks may have similar or dissimilar
intensities or may even be absent depending on the sugar pucker.
The H2' and H2" protons are coupled to the H3' proton. Again,
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FIG. 2.3 Short interproton distances between adjacent nucleotide
units in right-handed DNA which can be used for
sequential assignment (80).
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FIG. 2.4 Paeudorotation cycle of the furanose ring in
nucleosides. Values of phase angles are given in
mutiplea of 36 (129) .
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depending on the sugar geometry, cross peaks may be seen from both X
the H21 and H2" protons to the H3' proton or from either H2' or

H2" to the H3' proton. In turn H3' proton is coupled to the H4'
proton, H4' to H5',H5" protons, etc. These variations in the

intensities of the cross peaks in the COSY spectrum (magnitude
mode) may be used with advantage. Alternatively phase-sensitive
COSY spectra is used to estimate spin-spin coupling. This is
described in later part of the thesis.

The sequential assignment is carried out using the NOESY spectrum
which gives cross peaks corresponding to proton pairs which are
close by in space. Short internucleotide distances between *
adjacent nucleotide units are used as shown in Fig.2.3 (80). In

right-handed DNA there are three short internucleotide distances

which can be used for the sequential assignment. They are:
(H6/H8)n > (H2', H2")n-1

(H6/H8)n > (Hl')n-l

(H6/H8)n > (H8/H6)n+1

In the case of left-handed Z-DNA (119), where the repeating unit
is a dinucleotide, the internucleotide pathway is-

Base (2n - 1) - H5' (2n - 1) - Base (2n) - HI•(2n) - H2' (2n)

and H2" (2n) - base (2n+l)

Sugar Ring Conformation

The conformation of the deoxyribose ring can be determined by
making use of the 3 bond coupling constants (aJ) between the

various protons in the sugar ring (66,129). The five J-values of

the Hl'-H2', Hl'-H2", H2'-H3', H2"-H3', H3'-H4' proton pairs are
related to the relevant dihedral angle between them namely H-C-C-H
according to the relation (77):

J = 10.2 cos2^ - 0.8 cos 4>

The dihedral angles 4> can be calculated in terms of the

pseudorotation angle "P1. Fig.2.4 shows the pseudorotation cycle
of the furanose ring in nucleoside (129). In these calculations, a
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value of 38 has been taken as t . The effect of a larqer t is to

increase the amplitude of the curves but the position of the
maxima and minima remains unchanged. The values of the Hl'-H2" and

H2'-H3' coupling constant vary within a small range of 6-10 Hz.

Thus they are relatively insensitive to the sugar geometry. The
values of the Hl'-H2', H2"-H3' and H3'-H4' coupling constants

however show a much larger variation and can be used

advantageously to determine the sugar geometry if the J values can
be measured from the NMR spectra.

Under conditions of normal resolution, the intensities of the

cross peaks are directly proportional to the magnitude of the

coupling constants in a COSY spectra. This is due to the fact that

the components of the cross peaks have an antiphase character and

tend to cancel each other when the resolution is not high enough
to resolve the J separation between them. For a given J value, the

cancellation depends on two factors (a) T * or the linewidth (b)
the digital resolution along the u axis. In 2D spectroscopy, the

second factor is more important since an attempt to improve the

resolution places serious demands on the expensive instrument

time. This dependence of the intensities on the J values can be

used to obtain information regarding the sugar geometries in

oligonucleotides.

From the above discussion, it is clear that depending upon the

sugar geometry, certain cross peaks in the COSY spectrum will be

more prominent than others and the peaks corresponding to low J

values may even be absent. Fig.2.5 shows typical COSY spectra
expected for various sugar conformations (80). The C3' endo sugar

geometry gives rise to more intense Hl'-H2" cross peaks (J~10 Hz h

but less intense Hl'-H2' cross peak (J:*0 Hz). The H3'-H4' (J^IO

Hz) cross peak will also be more intense. In case of C2' endo

sugar geometry, the Hl'-H2' cross peak would be more intense than

the corresponding Hl'-H2" cross peak and H3'-H4' cross peak would

be less intense or absent. Thus even an approximate level of

quantification of cross peak intensities leads to important
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conclusions about the sugar geometry.

We have made use of the two strategies to determine the sugar'

conformation (a) the analysis of cross peak patterns of Hl'-H2',

Hl'-H2", H2'-H3', H2"-H3', spin-spin coupled connectivities from

phase-sensitive COSY spectra supported by J values measured as

distance between + and - contours due to antiphase components (b)

the estimate of intraresidue interproton distances from NOESY

spectra. The details have been described in Chapter III (Section

C).

Glycosidic bond rotation

Information regarding the glycosidic bond rotation (x) can be

obtained from NOESY spectrum (80,119). An important factor in this

case is that in order to relate the intensity of the cross peaks

to interproton distances, the experiment must be performed at low

mixing time to avoid problems of magnetisation transfer due to

spin diffusion. The interatomic distances between base (H8/H6)

protons and those belonging to the sugar moiety (HI', H2', H2",

H3', H4') depend on the glycosidic bond angle (x) and the sugar

geometry. Since the sugar geometry can be fixed independently from

the COSY spectrum, information on glycosidic torsion angle can be

obtained from NOESY spectrum using the following strategies.

(i) For a syn conformation, the intranucleoti.de NOE cross peaks

between (H6/H8) and HI' protons are expected to be much stronger

than those between the base and H2', H2" protons. In addition, the

NOE cross peak between the (H6/H8)-H2" is expected to be stronger

than the (H6/H8)-H2' cross peak, (ii) For an anti conformation,

the base (H6/H8) protons will show much stronger cross peaks with

the H2', H2" protons than with the HI' protons and the NOE peak

between the base and H2' proton is expected to be stronger than

that between the base and H2" protons. (iii) For the high anti

conformation, the H2" protons will show strong NOEs to the base

protons of the same nucleotide and the following nucleoside on 3'

end.
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The glycosidic bond angles have been estimated from the knowledge
of the intranucleotide distances between the base protons and
their corresponding sugar protons, the details of which have been
discussed in Chapter III (Section C).

Estimation of interproton distances

The cross peaks in a NOESY spectrum arise from cross relaxation
via the dipole-dipole interactions between protons. The NOESY
spectrum can therefore be used to estimate 4Ht'h distances. For
large molecules which satisfy the condition <xr& >1 (where t is
the effective correlation time, which accounts" for the motional
averaging process on the observed NOE and co is the spectrometer +'
frequency), cross relaxation is very efficient. If there are
several protons in close proximity to each other then a quick
diffusion of magnetisation occurs, leading to "spin diffusion'.
The extent of diffusion depends on the length of the mixing time
<Tm) used in the NOESY experiment. For short r (< 50 ms) the
magnetisation transfer is restricted to a single step and under
such conditions the intensity of a cross peak (I..) is
proportional to a single cross relaxation rate p, (where i^and i
are the relaxing protons).

I. .= P. . T

The intensity of the cross peak in the above equation varies >
linearly with mixing time and therefore this condition is referred
to as a "linear regime'. Under the conditions of an isotropic
tumbling motion of a rigid molecule p.. is linearly dependent on
tc (for torc» 1) and inversely proportional to the sixth power of
the interproton distance r . The intensity I can then be
written in terms of these parameters as:

I. .

*^2Y n t t
c m

10 ra
>-J

•4-
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where y is the proton magnetogyric ratio and h is Planck's
constant divided by 2n.

It is thus clear that interproton distances (77) can be estimated

by measuring the intensities of cross peaks in the linear regime.
In order to determine the acceptable value of t for this purpose,
it is advisable to obtain NOE buildup curves as a function of r

tor several cross peaks, since spin diffusion can be different for

different protons. Estimations of correlation times, t , can be
obtained from T2 and T4 measurements, according to the equation:

r = 2u A(3T /T )~ty*
e 2 i

which holds good for wt^ „» 1. If protons i„ j, k, 1 have similar
t^ values and if j^ is a known distance, then the unknown
distance rw in a single spectrum can be calculated using the
following relationship:

I.. a
»-i r
J kl

T <s

In oligonucleotides, three reference distances can be utilised for

this purpose, namely, (CH6-CH5), (H2'-H2"), and (TH6-TCH ), where
3

C and T refer to cytosine and thymine bases, respectively. These
three vectors can have different effective correlation times and

can be selected depending upon the type of cross peak being
compared (77,121a) .

D CD Methods

Circular dichroism results from the interaction of a given medium
with linearly polarized light. The linearly polarized light is
regarded as superposition of two equal left and right polarized
components. Optically active media are characterised by different

indices of refraction for the two components. Circular dichroism
depends on wavelength. A plot of the rotation angle as a function
of wavelength is designated as ORD spectrum, and that of the
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difference in absorption as CD spectrum. Depending upon whether
the refractive index or absorption coefficient for the left 4
circularly polarized components have values higher or lower than
those for the right circularly polarized component, ellipticity
has a positive or negative sign. According to the sign of the CD
band, positive and negative Cotton effects are distinguished.

i

CD could be used to determine the secondary structure of protein.
It was assumed that oligopeptides exist only in a single
conformation. For proteins, the main standards are the four forms

namely, a-helix(H), ft-sheet(ft) , /3-turn and random coil(R), the
spectra of which are shown in Fig.3.5 (76,68).

E Theoretical Methods

The charges on nucleic acid constituents and amino acids have been

calculated by the Complete Neglect of Differential Overlap (CNDO)
method (29). The interaction energy has been calculated as a sum

of contributions from electrostatic, polarisation, dispersion and

repulsion interactions using classical potential functions (CPF).

Such an approach has been widely used in the study of protein

structures, nucleic acid structures and drug-nucleic acid

interactions (30,31,100). We have used perturbation method since

the rigorous quantum mechanical method requires large computer

resources. In this approximation, the total potential energy is

assumed to be:

V a V + V + V , +V-
a r «L 0

where, V^ is van der Waal's attraction energy

V is repulsion energy

V is the electrostatic energy and

VQ is the torsional energy

The interactions due to stretching and bending of covalent bonds

are neglected as the vibrational constants are considerably higher

than the torsional barriers.

Van der Waal's attractive energy also known as London's dispersion

>

4



7*

energy arises from the interaction between fluctuating transient
dipoles on the two atoms concerned and is of the form

UiE(-A..)/(R ) , where i and j are nonbonded atoms and A

depends on the polarisabilities of atoms i and j. An expression
for A., has been derived as:

v

a. oh. -/u .a, a.
A.. 2 l J

•/(at/Mi.) + -/(aj/Nj)

where a , a are the polarisabilities on atoms i and j and N and
N. are the effective number of polarisable electrons on atoms i
and j.

The repulsion energy expression:

V = £ B. .

Uj

R.. "
>-j

is an empirical one where B is calculated by imposing a
condition that the minimum in total potential energy occurs when

the separation between pairs of atoms is equal to the sum of Van

der Waal's radii R^ for a given pair of atoms i and j.

The electrostatic energy expression:

»-<j « R. .

where q's are the partial charges on atoms arising due to

differences in electronegativity of atoms participating in

covalent bonds and calculated by standard quantum mechanical

approaches. The effective dielectric constant s is taken as 4.0.

The torsional potential is characterised by the bond about which

the rotation is considered and arises from the exchange

interactions between the orbitals of the bonded atoms. It is taken

as :

V(Q) = VI (1+ cos 39) + V2 (l+cos20)

where VI and V2 are the barrier heights and have been taken as 1.5
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X

Kcal/mole.

The interaction energy between two molecules is calculated by

treating the interaction as a perturbation to the isolated systems

and partitioning it into physically meaningful energy terms. The

details of method are reviewed elsewhere (29,31). The interaction

energy is sum of electrostatic (E.), polarization (E .),
©L pol

dispersion (EJP ) and repulsion energies (E ):
atop r«p

E. = E , + E , + E... + E
ml ul pol dtsp r«p

The molecular charge distribution has been expressed as a set of

atomic charges (q) and atomic dipoles (p) as obtained by the CNDO

method.

For electrostatic interaction:

E , = E + E + E
«l qq a/J (J/J

where, E is monopole-monopole interaction
«W

E is monopole-dipole interaction

E is dipole-dipole interaction

The explicit expressions for these are:
(1X2 i

E = E E q. q

R. .

LJ - - - -3
E ,. = E E q. (/J..R.) |R. .1

v 0

E e e <£. . p.) ir. .r3- (p. . r,,)(p. . r.) iR.r5L V J »• J <• M J wj vj'

The polarization energy of a binary complex is given as

E = E , + E ,
pol polC2-»t> poll l->2 >

where E^ C4-+a, stands for energy due to polarization of molecule

2 by 1. Further
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< 1 > < 2 > < 2)

Jpol(2-»l > E • « .A . 6
u

u u

where <= is electric field induced by molecule 2 at midpoint of
bond /j of molecule 1 and A^ is the polarizability tensor of bond
M of molecule 1.

The dispersion and repulsion terms considered together in

Kitagordoskii type formula are:

where ,

E.. + E
diop r-p

< 1 > < 2 >

E E eu,j>
<• j

-A

E< i,j> = K. K. [
v J za.

+ B e" Y Z.. ]

z. . =
ID

R.
U

R.
«• J

w CO

R.. • [ (2R. )( 2R.)]
1/2

w 60

where R and R are Van der Waal's radii of atoms I and j; A, B
v J

and y are constants i.e. A = 0.214, B = 47000 and y = 12.35;

parameters K^, K. are taken from literature (29,31).



CHAPTER III

BINDING OF d(A)s TO FUNCTIONAL PART, Lys24-Pro-Tyr-Ser-Leu-Asn29
OF DNA BINDING LOOP OF GENE V PROTEIN

We present here the results of NMR investigations on hexapeptide

(Lys-Pro-Tyr-Ser-Leu-Asn), deoxy-penta-adenylate d(A) and their

complex. The spectral assignments of various protons in peptide
and nucleic acid are discussed first. This is followed by the

results on conformation of oligonucleotide in the unbound and

bound form. The mixture of d(A)B and hexapeptide is made in
oligonucleotide to hexapeptide concentration ratio varying from 0
to 0.51. The changes in chemical shifts of peptide and nucleotide

protons in various complexes are then discussed. Finally the
observed experimental results are analysed to arrive at a
structure of the complex.

A) Spectral assignment in hexapeptide

The hexapeptide Lys-Pro-Tyr-Ser-Leu-Asn (KPYSLN) (Fig.3.1(a))

comprises of a part of the DNA binding loop, residue number 24 to

29 of Gene V protein of bacteriophage Ml3/fd/fl. The 500 MHz

proton NMR spectra of 5 mM KPYSLN in D 0 is shown in Fig. 3. Kb).
The assignment of various resonance peaks is straightforward as
none of the residues are repeated in the model hexapeptide. The

chemical shift of the amino acid residues available in literature

(150) serves as a guideline for the present work. The two doublets

around 7 ppm are expected to be due to Tyr ring protons. The a-CH

protons of each residue appears around 4.5 ppm and 6CH , xCH
2 * 2 '

f?-CH2 protons (except Asn and Pro) appear ir range 1.4-1.9 ppm.

The exact position.of all the other resonance peaks are however
unambiguously assigned on the basis of 2D COSY spectra
•(Fig.3.2(a)) which gives all J-coupled connectivities. The

expanded portions of some of the regions of phase-sensitive 2D

COSY spectra are given in Fig.3.2(b-g) to highlight specific
connectivities.
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The Asn ft, ft'-Cti2 protons show strong geminal coupling with each
other and are both coupled to Asn a-CH proton. The multiplets of
Asn ft, f3'-CH2 protons appearing at 2.63 and 2.75 ppm' show strong
J-connectivity with the multiplet at 4.43 ppm (Fig.3.2(b) and (d))

which therefore gets assigned to Asn a-CH proton. The methyl
protons Leu <5-CH3 and Leu 6' -CHa appear as sharp lines around 0.91
ppm. Leu 6-CH3 are coupled to Leu y-Ctt2 which is coupled to Leu
/3-CH2< The Leu /?-CH2 is further coupled to Leu a-CH proton as
shown in Fig.3.2(f). Tracing these J-coupled connectivities in

Fig.3.2(b-g), the a-CH at 4.32 ppm gets assigned to Leu a-CH.

Ser ft and Ser /?'-CH2 protons expected to resonate around 3.7 ppm
give J-connectivity with one of the a-CH's Fig.3.2 (f, d and g),
which therefore gets assigned to Ser a-CH proton. The Tyr fl-CH
expected to resonate around 3 ppm gives J-connectivity with one of
a-CH's which resonates at 4.50 ppm and gets assigned to Tyr a-CH
proton (Fig.3.2b,d,e). In a similar way Pro 6-CH is coupled
to Pro ^-CH2 which is coupled to Pro /3-CH . The Pro /3-CH is

coupled to Pro a-CH proton. These J-coupled connectivities assign
the resonance at 4.45 ppm to Pro a-CH proton. The Lys £-CH

2

appearing around 3 ppm are connected to Lys side chain methylene
protons. Lys f3-CH2, }-'-CH2, 6-CH2 appearing in the region 1.4-1.8
ppm show J-coupled connectivities (Fig.3.2(b-d)). The methylene
peak at 1.84 ppm is coupled to the a-CH proton. Thus each and

every proton of the hexapeptide gets assigned unambiguously. Table

3.1 gives a complete list of their chemical shift positions in the
peptide spectrum.

B) Conformation of hexapeptide, Lys-Pro-Tyr-Ser-Leu-Asn

1) Fig.3.3(a) shows a typical CD spectrum of a-helix, /3-sheet, ft-
turn and random coil conformations extracted from the spectra of

proteins of known three-dimensional structure. The CD spectrum of

type I and type II /9-turn of (Ala^Gly )r, and Pro-Gly-Leu,
respectively, are shown in Fig.3.3(b) (76). In type I and type II
/3-turns, following characteristic features are observed:

2



FIG. 3.2(b): A portion of phase-sensitive COSY spectrum of 5 mM KPYSLN in
phosphate buffer (0.01 M) at 297 K expanded to show specific connectivities
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Table 3.1: Chemical shift values 6 (in ppm) of various protons of

5mM hexapeptide, KPYSLN in phosphate buffer (0.01 M) at 297 K.

Lys Pro Tyr Ser Leu Asn

a-CH 4.45 4.45 4.50 4.40 4.32 4.43

ft-CU2 1.83 2.26 3.06 3.75 1.61 2.63
(/?'3.83) (/?'2.75)

r-CH2 1.47 1.96 -

6-CH 1.70 3.56 - _

(6'3.72) *

6-CH
3

- - -

£-CU
2

2.98 - -

(3,5)H - - 6.87

(2,6)H 7.15

1.62

0.91

v

i

A
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Parameter determined Type I

1. Wavelength at which peak 208 nm

maxima occurs

2. [0 ]x lO'^deg cm2dmol_1 at 200 nm 1.25

3. [0 ]x 10~*deg cm2drool-1 at 210 nm 2.75

' 4. [0 ]x 10~*deg cm2drool"1 at 240 nm -0.3

The data clearly indicates that in type I /1-turn, the value of

ellipticity at 210 nm is twice the ellipticity observed at 200 nm

whereas at 240 nm, the value of ellipticity reduces to one-ninth

of that observed at 210 nm. On the other hand, in type TT /?-turn,

the relative value of ellipticity at 200 nm and 210 nm are just V-

the reverse of that of type I /"J-turn.

We have taken CD spectra of 0.14 mM hexapeptide

Lys-Pro-Tyr-Ser-Leu-Asn in H O at room temperature. Fig.3.3(c)

shows the CD spectrum obtained. The following observations are

made:

1. Wavelength at which peak maxima occurs = 210 nm

2. [0 ]x 10"4deg cm2dmol_1 at 200 nm , = 1.39

3. [0 ]x 10~*deg cm2drool-1 at 210 nm <= 2.50

4. [0 ]x 10"*deg cm2dmol_1 at 240 nm = 0.24

It should be noted that the observed value of ellipticity at peak

maxima is twice of that observed at 200 nm. However at 240 nm, the

value reduces to one tenth of the value obtained at 210 nm. Since

the peak is observed at 210 nm and the ratios of value of

ellipticity at 200 nm and 210 nm observed in our case are same as

that observed for type I /3-turn, we conclude that our hexapeptide

/t adopts a type I /3-turn conformation.

2) Chou Fasman technique is used to predict the conformational

* preference for the various amino acids. The notion is that certain

residues are more likely to exist as a-helices than others. The

fractional occurrence of each residue in an a-helical section, fa,

Type I I

200 nm

1 .5

0 7

-0 1
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is defined as fa=na/n, where n is the total number of residues of
a given kind and na is the number of these residues that are in
et-helical sections. Then <fa> is the average value of fa, that is,
the sum of the fa values divided by the number of residues. The
conformational parameter Pot is defined as fa/<foc>. Pft and Pt are
defined in the same way.

Pa, P/3 and Pt for various amino acids present in our hexapeptide
are :

Lys

Pro

Tyr

Ser

Leu

Asn

Total

Average

Pa Pft Pt

1.23 0.77 0.96

0.52 0.64 1.91

0.72 1.25 1.05

0.82 0.95 1.33

1.30 1.02 0.59

0.9 0.76 1.23

5.49 5.39 7.07

0.91 0.89 1.01

It is interesting to note that Pt (conformational parameter for
/3-turn) is significantly greater than 1 for Pro, Ser, Tyr and Asn.
On comparing the average values of Pa, Vft and Pt that is 0.91,
0.89 and 1.01, we observe Pt > Pft, hence our hexapeptide is very
likely to adopt ,?-turn conformation.

Although we have done this exercise using Chou Fasman technique,
we expected the hexapeptide to be in /5-turn conformation since it

is a part of DNA binding loop of Gene V protein and is found to
exist as ,3-turn in native state.

3) Theoretical technique- Conformational angles in hexapeptide
were computed using program PCILO on CYBER at TIFR, to predict the

secondary structure of hexapeptide theoretically. X-ray
coordinates of various amino acids were obtained from literature

(103b). The angles <p and y for each residue, hereafter labelled as
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FIG. 3.4: Molecular graphics model of hexapeptide, KPYSLN



98

0i,vi; 4*.V2 and so on for the first, second, etc. peptide residue
of hexapeptide, were varied independently one after the other,
from 0°to 300°, in steps of 10° and energy was minimised. This
procedure was first adopted for lysine and minimum energy was
obtained at *i=-70° and v*=60°. It is well known that proline has
a rigid pyrrolidine ring. Its rotation angle 4> is fixed at about
-60° and allowed values for v are -55* and 145°. The relative ease
with which it adopts the compact v = -55° conformation makes it a
desirable candidate for accommodating turns and bends in a
polypeptide chain. Therefore the angles for proline were varied in
this range only and the values obtained were 4>z = -59°and yz
-25 . For other residues, the minimum energy was obtained as in
the case of lysine and a particular geometry of the hexapeptide
was obtained. This conformation which corresponds to minimum
energy,^has 4» =-85°, v* = 0°, 0* =-87°, v* =115°, 0= = -60°,
V= = 82°, frs = -125°and v*= 88° and the hexapeptide with these
angles is shown in Fig.3.4.

O Spectral assignment of deoxy-penta-adenylate, d(A)^
The bases in d(A)g, shown schematically in Fig.3.5(a) 'have been
numbered from 5' end to 3' end as follows:

d-Ap Ap Ap Ap A
12 3 4 5

Fig.3.5(b) shows the one-dimensional NMR spectrum of 8 mM d(A)r in
D20 at 297 K. The expanded portion of resonances in the region
7.4-8.3 ppm is shown in Fig.3.5(c). The singlets of H2 and H8
resonances appear in the region of aromatic protons in the range
7.4-8.3 ppm. The five triplets of sugar HI' protons resonate in
the range 5.8-6.4 ppm, sugar H2\ H2" protons in the range 2.1-2.8
ppm, sugar H3' protons in the range 4.5-5.0 ppm, sugar H4' protons
in the range 4.1-4.3 ppm and the sugar H5\ H5" protons in the
range 3.6-4.1 ppm. The specific assignments to various adenine
residues are however made only by two-dimensional NMR experiments.
The phase-sensitive (also expansions of magnitude mode spectra) 2D
COSY and NOESY spectra are shown in Figs.3.6(a-i) and 3.7(a-h)
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along with expansions of certain portions to highlight specific
connectivities. The chemical shifts, 6 (in ppm), for various
protons are presented in Table 3.2.

i

The five sets of sugar protons are recognisable in the COSY
spectrum. The Hi' of each of the five sugars gives cross peak
pattern with its corresponding H2' and H2" protons numbered
serialy as 1 to 10 in Fig.3.6(b). The H2' and H2" protons show
strong geminal couplings (numbered 11-15 in Fig.3.6(c)) with each

other. These are further coupled to their corresponding H3'
protons (numbered as 16-20 in Fig.3.6(d)) which are coupled to
their corresponding H4' protons (Fig.3.6(e)). The H4* protons are
coupled to H5*, H5" protons (numbered as 26-30 in Fig.3.6(f)). The
five sets of sugar protons identified in COSY spectra are assigned
to specific adenine nucleotides of d(A)s by following the
strategies available in literature (48,63,78,80,125), for
sequential assignment in right-handed B-DNA with sugar in C3'
endo/C2' endo/01' endo conformation and glycosidic angle in anti
domain.

The distances of base H8 proton from HI', H2' and H2" (150)
protons are less than 4.0 A so that the following internucleotide
connectivities are expected:

(AH8) (AH1.)
n

(AH8) (AH2«)
n-l

n
n-l

Fig.3.7(b,c,f) show the intra residual NOE's of HI'-H2', Hl'-H2"
(cross peaks no. 1-10); H2'-H2" (cross peaks no. 11-15); H3'-H4'
(cross peaks no. 21-25) and H4'-H5', H5" protons (cross peak no.
26-30). The internucleotide NOE connectivities are seen in NOESY
spectra (Fig.3.7(g)) as cross peaks no. 31-43. Each H8 proton is
thus expected to give two intranucleotide cross peaks with its
corresponding H2\ H2" proton and one internucleotide cross peak
with H2" of nucleotide preceeding it except for the terminal Al
residue which does not have another residue preceeding to it in
the sequence. Thus all H8's resonance are assigned sequentially as
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Table 3.2: Chemical shift .values of different protons of

d(A) in D 0 at 297 K.
5 2

Proton A3 A2 A3 A4 A5

HI! 5.94 5.81 6.13 6.23 6.37

H2' 2.15 2.37 2.45 2.51 2.51

H2" 2.41 2.51 2.63 2.76 2.75

H3' 4.75 4.90 4.95 4.58 4.58

H4' 4.17 4.27 4.31 4.15 4.15

H5' 3.68 4.05 4.07 3.73 3.73

H8 7.82 7.95 8.04 8.18 8.25

H2 7.45 7.55 7,74 7.92 8.14

8 mM

+ Chemical shift values are in ppm with respect to sodium 2,2
Dimethyl-2-silapentane-5 suphonate (DSS).

X

>

>
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FIG. 3.6(a):Phase-sensitive COSY spectrum of 8 mM d(A) in DO in phosphate
buffer (0.01 M) at 297 K.
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FIG.3.6(b):A portion of phase-sensitive COSY spectrum of 8 mM *,»,

-A1H2' ,8, A1HX-A1H2" ,9, A2H1 •-A2H2 • aofA2H1!-A2H2-1' ""H2'' <?' "«'

m D 0
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FIG. 3.6(c): Aportion of phase-sensitive COSY spectru™ of 8mH d(A, in
D,0 expanded to show specific connectivities: (11) A5H2•-A5H2 ,^ L ,
-»«2' (13, A3H2.-A3H2" (14, A2H2.-A2H2» (15, AIR •-"„ d,1
(20) A1H2'-A1H3' •9) A2H2'-A2H3
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q c

i. 0

FIG. 3.6(e): Aportion of phase-sensitive COSY spectrum of 8mM d(A!
D20 expanded to show specific connect

in

ivities: (21) A5H3'-A5H4' (22) A4H3

(16) A5H2--A5H.il. (17) A4H2--A4H3' (18) a3H2'-A3H3' (19) A2H2'-A?HV
(20) A1H2'-A1H3'
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3.5

FIG. 3.6,ft,A portion of phase-sensitive COSY spectrum of 8mM d(A, i„ „0
^"aI^-a^ ?B?1JJiS«?f!SB?irS^?!i15ff4,^-s' <"> "«*«•-"«•
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FIG. 3.6(g):A portion of magnitude mode COSY spectrurn of 8 mM d(A) in D 0
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< tc

_ i. 60

PPM

FIG. 3.6(h): A portion of magnitude mode COSY spectrum of 8 mM d(A) in D O
5 2

expanded to show specific connectivities: (16) A5H2"-A5H3' (17) MH2"-A4H3'
(18) A3H2--A3H3' (19) A2H2'-A2H3' (46) A1H2"- AIH3' (i): Expan*I on «how«i
(16) A5H2"- A5H3* (17) A4H2"- A4H3' (26)A5H4'~ A5H5" (27) A4H4' -A4H81 IU)
A3H4'-A3H5' (29) A2H4 '-A2H5 '(30 ) A1H4' -A1H5' (21) A5H3'-A5H4' (22)A4lli1
-A4H4'
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FIG. 3.7(a): Phase-sensitive NOESY spectrum of 8mM d(A) recorded in
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6.5 6.4 G.3 6.2 6.1 6.0 5.9 5.8 5.7 5.6

FIG. 3.7(b): A portion of phase-sensitive NuESY spectrum of 8 mM d(A) in

DO expanded to show intramolecular proton connectivities: (1) A5H1'-A5H2'

(2) A5H1'-A5H2" (3) A4Hl'-A4H2' (4) A4Hl'-A4H2" (5) A3H1'-A3H2' (6) A3H1'

-A3H2" (7) A1H1'-A1H2' (8) AlHl'-A1H2" (9) A2Hl'-A2H2' (10) A2H1'-A2H2"
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FIG. 3.7(d):A portion of phase-sensitive NOESY spectrum of 8 mM d(A) = in

DO expanded to show intramolecular and intermolecular proton connectivi
ties. (1) A5H1'-A5H2' (2) A5Hl'-A5H2" (5) A3H1'-A3H2' (8) A1H1'-A1H2" (9)
A2H1'-A2H2' (10) A2H1'-A2H2" (16) A5H2"-A5H3' (17) A4H2"-A4H3' (47) A5H2'
- A5H3' (48) A4H2'-A4H3' (31) A5H8-A5H2' (32) A5H8-A5H2" (33) A4H8-A4H2'
(34) A4H8-A3H2" (35) A3H8-A4H2" (36) A3H8-A3H2' (37) A3H8-A2H2" (39^A2H8
-A2H2" (40) A2H8-A1H2" (20) AlH2'-AlH3'
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FIG. 3.7(e): A portion of phase-sensitive NOESY spectrum of 8 mM d(A) in

D2° expanded to show intermolecular and intramolecular proton connecti
vities: (44) A5H8 - A4H1' (45) A3H8 - A2H1' (57) A4H8-A4H3'
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FIG.3.7(f):A portion of phase-sensitive NOESY spectrum of 8 mM d(A)fl in
DO expanded to show intramolecular proton connectivities:(21)A5H3'-A5H4'
(22) A4H3--A4H4' (23) A3H3'-A3H4' (24) A2H3'-A2H4' (25) A1H3'-A1H4' (26)
A5H4--A5H5' (27) A4H4'-A4H5' (28) A3H4'-A3H5' (29) A2H4'-A2H5' (30) A1H4'
-A1H5' (49) A4H3'-A4H5' (50) ASHS'-ASHS' (53) A1H3'-A1H5'
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FIG. 3.7(h): A portion of phase-sensitive NOESY spectrum of 8 mM d(A) in

D20 expanded to show intramolecular and intermolecular proton connectivi-

(32) A5H8-A5H2" (33) A4H8-A4H2* (35) A4H8-A4H2" (36)

2

ties: (31) A5H8-A5H2'

A3H8-A3H2' (37) A3H8-A2H2" (42) A1H8-A1H2' (43) A1H8-A1H2" (34)
(38)A3H8-A3H2" (39) A2H8-A2H2' (40) A2H8-A1H2" (41) A2H8-A2H2"

A4H8 -A3H2"
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'shown in Fig.3.7(h). On the basis of relative stacking of each
nucleotide in the sequence, it has been shown that the chemical

shift of AH2 protons follow the pattern of H8 resonances (85).

Therefore the resonance at 7.45, 7.55, 7.74, 7.92, 8.14 ppm are
assigned to A1H2, A2H2, A3H2, A4H2 and A5H2, respectively. The
unambiguous assignment was thus made.

D) Conformation of d(A) in unbound form
s

Conformation of deoxyribose sugar

The two-dimensional spectra have been used to obtain conformation

of deoxyribose sugar and glycosidic bond rotation. We have.

estimated sugar geometry from the analysis of cross peak patterns
of Hl'-H2\ Hl'-H2", H2'-H3\ H2"-H3\ spin-spin coupled
connectivities from phase-sensitive COSY spectra supported by J
values measured as distance between + and - contours due to

antiphase components (wherever possible).

The standard values of proton vicinal coupling constants for

various pairs of sugar protons for different pseudorotation values

are taken from literature (139,150). Using these we have generated
the cross peak patterns expected for different sets of J-coupled
protons in a phase-sensitive COSY spectrum and compared them with

our experimentally observed patterns as described below.

In the simplest possible case of an AX spin (two spin) system, the
phase-sensitive COSY spectra shows cross peaks between the
protons that are J-coupled* These are in pure absorption phase
while the diagonal peaks are in dispersive mode. The pure
absorption mode cross peaks arising from transferred magnetisation
Hhows well resolved multiplet fine structure along both the
frequency dimensions. The coupling produces a square array of two
positive (+) and two negative (-) peaks such that cross-sections

along either frequency axis show an antiphase splitting (+ -) of
magnitude Jax shown schematically in Fig.3.8(a). A typical
phase-sensitive spectra of AX spin system is shown in Fig.3.8(b)
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wherein the positive contours are black and negative ones are red
(43). Separation between black <+) and red (-) contours of cross
peak shown in the inset is a measure of coupling constant J ,. it
may be noted that the diagonal peaks are dispersive (inset of
Fig.3.8(b)) and overlap of wider dispersion lines leads to
characteristic "angel' shapes.

In a three spin system, e.g. AMX, with non-vanishing spin-spin
coupling constants Jam, j^ and Jmx (schematically shown in
Fig.3.9(a)) the AX pattern is further split into identical arrays.
The coupling between the protons connected by the cross peaks are
active couplings while all .others between these protons and any
other proton are passive couplings. For example, the AX cross peak
at t^ = 6y and c^ =6^ manifests along ^ the antiphase (+ -)
splitting Jax and mphase (+ +) splitting Jam .Along « axis, it
manifests antiphase splitting J^ and inphase splitting J ,. A
typical phase-sensitive COSY (43) for an AMX system with positive
and negative contours in red and black is shown in Fig.3.9(b). A
"prototype AX pattern" is clearly evident in the expansion B as
each of the four quarters of the multiplet (dividing parallel with
w2 and w). Therefore in the cross peak pattern B, the smaller
coupling is the active coupling Jax (along both u and ^ axis)
and the larger ones along ^ and ^ axis are passive couplings Jam
and Jmx' respectively. It is readily apparent from the Fig.3.9U ^
.and b) that the appearance of the crosspeaks including the order
in which positive and negative components are arranged depends
critically on the relative size of the individual coupling
constant.

The H- H coupling constants of interest in oligonucleotides are
J(H1'-H2'), J(H1'-H2"), J(H2'-H3'), J(H2"-H3'), J(H3'-H4') and
J(H2'-H2"). Among these the five 3-bond coupling constants depend
critically on sugar geometry (66,78) and thus their estimation "*
from experimental spectra provides an effective tool for fixing
the sugar geometries in oligonucleotides. The coupling constants

*
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are calculated as a function of the sugar geometry using the
Karplus type relationship (77)

J = 10.2 cos2 © - 0.8 cos © v

where e is the relevant torsional angle. These values are given in
Table 3.3. If the flip angle * of the second pulse (please see
Fig. 2.2(a) in Chapter II) is n/2 then the multiplet structure is
simply calculated by combining the ♦ and -along the ^ axis with
those along the ^ axis. These are illustrated in Fig.3.10(a) for
Hl'-H2' cross peak in 01' endo sugar conformation. The fine
structure along the « axis arises from the Hl'-H2\ H2'-H3' and
H2'-H2" coupling constants while that along the a> axis arises
from Hl'-H2' and Hl'-H2» coupling constants. Along \ and ^ axis,
the (+ +) and (- -) pattern repeats itself as the active coupling v
J(H1'-H2')= 8.5 Hz is larger than its passive coupling i.e.
J(H1'-H2»)=6.7 Hz and J(H2'-H3')=8.4 Hz, respectively. On the
other hand, in Hl'-H2" cross peak pattern, the fine structure
along the Uj| axis arises from active Hl'-H2" coupling ~ 6.7 Hz
which is lesser than passive coupling i.e. J(H1'-H2') - 8.5 Hz. We
have used this procedure to calculate the cross peak pattern for
all J-coupled protons in different standard sugar geometries, the
results of which are shown in Fig.3.10(a-c). The cross peak
patterns generated as a result of calculation by procedure used by
Hosur et al.(77) are shown in Fig.3.11 for Hl'-H2' and Hl'-H2"
cross peaks for flip angle 4>=n/2 of the second pulse for three
different sugar geometries. For the C3' endo geometry the Hl'-H2"
cross peak looks more elongated along the Wj axis and is A
compressed along the ^ axis. The coupling constants can be read
directly from the scale along axis.

Fig. 3.6(a) shows the phase-sensitive COSY spectrum of 8 mM d(A)
in D20 solution at 297 K, portions of which showing specific
connectivities are given in Fig.3.6(b-f). It is observed that the
distance between outer peaks of HI' in the COSY spectrum
Fig.3.6(b) along ^ axis which corresponds to T HI' = J(H1'-H2') +
J(H1'-H2") lies in the range 14-1.5 Hz (Table 3.3). This rules out ^A
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FIG. 3.11: Calculated Hl'-H2' and Hl'-H2" cross peak patterns for flip
angle cp = rr/2 for C2'endo, Ol'endo and C3' endo'sugar geometries (77).
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Table 3.3 Standard H - H coupling constants for various
conformations and also for mixture of C31

(Column 7 and 8).

sugar

endo and C2' endo sugar geometries

S.No. Connectivities C3'

endo

01'

endo

CI'

exo

C2'

endo

C3'

exo

C2'

exo

20:80 30:70

1. Hl'-H2' 1.4 8.5 10.5 10.2 8.5 0.7 8.4 7.5

2. Hl'-H2" 8.0 6.7 5.2 5.5 6.7 7.0 6.0 6.3

3. H2'-H3' 6.8 8.4 6.9 5.1 5.3 6.8 5.4 5.6

4. H2"-H3' 9.7 3.0 0.7 0.9 0.8 9.7 2.7 3.5

5. H3'-H4'

11'

8.6 6.8 3.2 0.8 0.5

15.2

6.8

7.7

2.4

14.1

3.2

13.3
6. 7.5 15.2 15.7 15.7

7. Z2' 20.0 31.9 32.4 30.3 28.8 22.5 28.2 27.2

8. T2" 33.4 24.7 20.9 21.4 22.5 31.7 23.8 25.0

J(H2'-H2") is assumed as ~ 15 Hz.
Ref. Van Wijk et al.(139) for'amplitude of pucker 4> 36'

TABLE 3.4: Ob

connectivities in
served

COSY

Intensity
spectra of un be

of

und

J-c

d(A)
oupled

(Fig.3
Intrasu

.6(a-i)).

S.No. Connectivit ies Al A2 A3 A4 A5

1. Hl"-H2' ss ss ss ss ss

2. Hl'-H2" s s s s s

3. H2'-H3' s s s

*

w

*

w

4. H2"-H3' w X X s s

5.

..

H3'-H4' X X X s s

ss- very strong; s- strong; w- weak; x cross peak not seen
cross peak seen in magnitude mode COSY spectra only.

A

<
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the presence of predominant C3' endo or C2' exo sugar geometry for

which £ HI' is expected to be ~ 7.5 Hz (Table 3.3). Further for

all residues, the magnitude mode COSY spectra (Fig.3.6(g) clearly

revealed that J(H1'-H2') was greater than J(Hl'-H2") as more

intense cross peaks were seen for Hl'-H2' so that C3' endo sugar

geometry does not exist.

The CI' exo and C2' endo are expected to give identical cross peak

patterns which are different from that expected for 01' endo and

C31 exo geometries. Considering the cross peak pattern marked as

serial no.3 in Fig.3.6(b) which arises due to A4H1'-A4H2'

coupling, along w axis, the (+ - + - ) pattern corresponds to 01'

endo/C3' exo since for C2' endo/Cl' exo geometries a pattern [-

+ +] is expected. This is confirmed further from cross peak

pattern marked as serial no.4 arising due to A4H1'-A4H2" coupling

which is expected to be [- - + +] and is observed as [- +] under

low resolution with the central [- +] peaks merging as their

separation is ~ 1.3 Hz. Along w axis, for Hl'-H2" cross peak

pattern for serial no. 2 as well as no. 4 the [--++- - + +]

pattern expected show elongated [- -] and [+ +] peaks on merging

due to low resolution.

Reverse is expected for C2' endo/Cl' exo geometry for which along

w2 axis the Hl'-H2' cross peak will be [- - + +] while Hl'-H2"

cross peak will be [-+-+]. This pattern is observed in serial

no. 7 and 8 indicating that Al residue is predominantly C21 endo

conformation. We have also obtained estimates of J(Hl'-H2') and

J(H1'-H2") values wherever possible. For pattern in serial no. 3

and 4, the J(H1'-H2') and J(HI'-H2") are about 7 Hz measured to an

accuracy of ± 1.0 Hz. The patterns in serial no. 7 and 8 give

J(H1'-H2') and J(Hl'-H2") as 10 and 5 Hz, respectively. Proceeding

in this way for each nucleotide residue of d(A) it was observed

that while Al, A2, A3 residues were predominantly C2' endo, the A4

and A5 residues were apparently different, being close to 01' endo

geometry.

?
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An important parameter which can be measured to a fairly good
accuracy is the sum of coupling constants defined as follows:

£1' = J(H1'-H2') + J(H1'-H2")

£2' = J(H1'-H2') + J(H2'-H3') + J(H2'-H2")
£2" = J(H1'-H2") + J(H2"-H3') +J(H2'-H2")
£3' = J(H2«-H3') + J(H2"-H3') + J(H3'-H4') {1}

If the chemical shift difference A6 = 6 (H2')-6 (H2") well exceeds
J(H2'-H2") 15 Hz there is no overlap of signals and the Z2' and
£2" values measured as distances between outer peaks of H2' and
H2" resonance patterns are measured from ID NMR spectrum.
Alternatively II-f Z2' and Z2" can be read directly from cross
peak patterns of phase-sensitive COSY spectrum. The H3' overlap
with residual water signal and is also phosphorus coupled so that
£3' is not used. The importance of sum of J values has been
discussed in detail by Van Wijk et al. (139) and are given for a
range of sugar geometries of deoxyribose in nucleosides and
nucleotides encountered along the pseudorotation itinerary (some
values are given in Table 3.3). From Fig.3.6(b) it was found that
II' measured as distance between outermost peaks along co axis for
A4 and A5 residues was shorter ~ (13.5-14.0 Hz) than *that for
other three residues (~15 Hz). Further the difference between 12'
to 12", measured as distances between outermost peaks along w
axis in Fig.3.6(c) for A4 and A5 residues was not "9 Hz (30.3-21.4
a 8-9 Hz) as expected for C2' endo sugar geometry (Table 3.3) but
was 4 Hz (± 1 Hz) only. Typically for A4, A5 residues, 12' and'
12" were measured as 28 and 24 Hz, respectively. The same was also
clear from the observed patterns of H2'-H2" cross peaks in
phase-sensitive COSY spectra (Fig.3.6(c)). The pattern marked as
serial no. 11/12 for A4/A5 residues is almost a square while that
of serial no. 15 for Al residue is a rectangle, with Z2' being
significantly larger than Z2". Although A4, A5 residues appear to
have apparently 01' endo sugar geometry, it was noted that
difference between 12/ and 12" was ~ 4 Hz and lesser than 7.2 Hz
as expected for 01' endo geometry, the significance of which is

A
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discussed later.

The expansion of phase-sensitive COSY spectra showing H2'-H3' and

H2"-H3' connectivities (Fig.3.6(d)) shows that for A4, A5,

residues the cross peak pattern for H2"-H3' existed while that for

H2'-H3' was not seen. For Al, A2 and A3 residues the case was on

the contrary. The H2'-H3' cross peak patterns was seen while those

for H2"-H3' did not exist. The magnitude mode COSY of the same

region (Fig.3.6(h)) showed a strong (H2"-H3') coupling and a very

weak H2'-H3' coupling for A4, A5 residues. For A2, A3 residues,

only H2'-H3' connectivity was seen. Further for Al residue a weak

H2"-H3' peak was seen (peak no. 46, Fig.3.6(h)). The results on

relative intensities of observed J-coupled intrasugar

connectivities are summarised in Table 3.4. From the standard

values of J for various sugar geometries (Table 3.3) it is clear

that an absence of H2"-H3' cross peak may be interpreted as the

presence of C2' endo sugar for the adenine residues.

The H3'-H4' cross peak was clearly visible for A4, A5 residues in

both phase-sensitive (Fig.3.6(e)) as well as magnitude mode COSY

(Fig.3.6(D) spectra. For Al residue, a weak H3'-H4' cross peak is

seen (Fig.3.6(e)) while for A2 and A3 residues no such cross peak

pattern was found to exist. A very significant observation was

that the intensity of H3'-H4' cross peak was as strong as that of

H2"-H3' cross peak for A4, A5 residues. This is not expected if

sugar geometry is 01' endo since in that case J (H2"-H3') ~ 3.0 Hz

while J(H3'-H4') ~ 6.8 Hz (Table 3.3). Further the observed

H2"-H3' cross peak was significantly more intense than its

corresponding H2'-H3' cross peak (Fig.3.6(d)) for A4, A5 residues.

This led us strongly to believe that existence of a single

predominant sugar conformation cannot explain the observed

results. Alternatively we must look for existence of a rapid

interconversion between two sugar conformers i.e. a dynamic

two-state model (17,102,139). This is commonly employed with DNA

using one conformer from the S region and one from N region of the
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pseudorotation cycle. In this model, the two conformation states
are defined, a minor conformer (N) with pseudorotation phase
angle, P^, and pucker amplitude, ^, essentially same as those of
C3' endo geometry and a dominant S conformer with a pucker
amplitude range ^g = 28*-44° and a pseudorotation phase angle P
corresponding to approximately the C2' endo range of puckers but
subject to some variation (139) in the range 180° to 162°. The
resulting coupling constant, J (a-b), between two protons a and b
is calculated as:

J(a - b) = xsJs + ^ |2}

where *g and x„ are the fractional populations of N and S
conformers (>• + y = i) rp^npnt-Mro^T mk„*8 *n i'' resPectively. The approximate fraction

of S-type conformer xq, is evaluated from the equation: >
* = (£1' " 9.4) / (15.7 - 9.4) |3}

which is then used to fit experimental values to J(a-b) calculated
by using equation {2} by varying both Pg and <6 (17,139). since
the resolution used in our experiments was not so good to yield
these parameters with reliability, we did not make any attempt to
make an exact quantitative analysis. However the observed II' - 14
Hz; 12' 28 Hz; T2» ~ 24 Hz (± 1 Hz accuracy); and an equally
intense (H2'-H3') and (H3'-H4«) cross peak; fits into *g * 0.7 to
0.8 with Ps =1.62° as major S-conformer and *„ =0.3 toS 0.2 with
PN = 18' as minor N-conformer. The J values expected in such cases
using equation {2} are shown in Table 3.3 (column 7 and 8 for
reference) and are found to fit into experimental data
significantly better than presence of single 01' endo geometry
(i.e. J and summation values in column 2).

The results on intensity of cross peaks (Table 3.4) were
interpreted as follows:

a) Presence of minor N-conformer along with predominant S-
conformer for A4, A5 residues.

b) . Existence of S-conformer only for A2, A3 residues.
c) Evidence of minor N-conformer in Al residue (not
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unambiguously confirmed due to weak signals).

We have noted the relative intensities of various cross peaks

(Table 3.6) in the NOESY spectra (Fig.3.7(a-h)) to get information

on sugar conformation. Since spin diffusion is expected for the

mixing time 700 ms and NOE buildup rates are not obtained, the

relative Intensities are used only to support inference made on

the basis of J-couplings. No attempt is made to carry out a

.rigorous analysis of sugar conformation on the basis of

interproton distances. The various intrasugar distances in B-DNA

vary with the sugar geometry and are independent of glycosidic

bond rotation, %. These distances (150) and the observed relative

intensities of corresponding NOE crosspeaks as seen in NOESY

spectra (Fig.3.7(a-h)) are listed in Tables 3.5 and 3.6,

respectively. All interproton distances less than 4 A should be

observed, however under the resolution used, the distances <

2.8-2.9 A only are observable as NOE cross peaks. Considering the

parameters in the B-DNA helix, it is found that the distances

Hl*-H2', Hl'-H2", H2'-H3', H2"-H3' and H3'-H4' vary in a small

range, that is 2.6-2.8, 2.1- 2.2, 2.2-2.3, 2.5-2.9 and 2.5-2.8 A,

respectively. The distance Hl'-H2" being minimum, 2.1-2.2 A for

all sugar geometries, gives the most intense cross peak (labelled

as ss (very strong) in Table 3.6) of all the intra sugar cross

peaks in NOESY spectra (Fig.3.7(g)). Further, since the distance

Hl'-H2" remains constant irrespective of the sugar pucker, the

intensity of this peak is taken as a reference to obtain a

comparatively rough estimate of other distances from the intensity

of NOE cross peaks. The intensity of Hl'-H2' cross peak is weaker

in Al, A2 and A3 residues as compared to their corresponding

Hl'-H2" cross peaks since the distances involved are comparatively

larger being 2.6-2.8 A irrespective of the sugar geometry.

Distances H3'-H4' 2.8 A give weakly intense (designated as w in

Table 3.6) peaks. Thus the observed intensities of cross peaks are

in accord with the expected distances. Of the ten intrasugar

interproton distances indicated in Table 3.5 (Fig.3.12), eight
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TABLE 3.5: Standard intranucleotide distances

JiStSS/TfSr ^^ ^ ^ *•"*'"»* ring in various
(A)

S.No

Connectivities

1. Hl'-H2'
2. Hl'-H2"
3. H2'-H3'
4. H2"-H3'
5. H3'-H4'
6. Hl'-H4'
7. H2"-H4'

8. H2'-H4'

9. Hl'-H3'

C2'

exo

342'

2

2

2,

2,

2,

3.

2.

3.

3.

C3'

endo

20°

2

2

2

2,

2

2,

2,

3.

3,

01'

endo

90°

2

2

2

2.

2

2,

3,

3,

3,

CI'

exo

126'

2

2,

2

2,

2

2,

3,

3.

3.

between

sugar

C2'

endo

162°

2

2,

2

2,

2 ,

3.

3,

3,

3,

Table 3.6: Intensities
intranucleotide

of various connectivities of
deoxyribose ring proton as observed

phase-sensitive NOESY spectrum of unbound d(A) (Fig.3.7(a-i)) in

S.No. Al A2 A3 A4 A5
Connectivities

1. Hl'-H2' s

ss

ss

s

w

x

x

X

s

ss

s

ss

s

X

X

X

_

2. Hl'-H2"

3. H2'-H3'

4. H2"-H3'

5. H3'-H4'

6. Hl'-H4'
7. H2"-H4'

8. H2'-H4'

s

ss

s

X

w

X

X

X

ss

ss

ss

ss

w

w

X

X

ss

ss

SR

SS

w

w

X

x

9. Hl'-H3'

10. H3'-H5'
X

s

X

s

X

s

s

s

s

s

y

A

A
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Fig 3.12: Calculated interproton distances in the d-ribose ring as a
function of sugar geometry (150).
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show a relatively small range of variation of distance, within ±
0.5 A for different sugar conformations and two, that is, Hl'-H4'
and H2"-H4' show a wider variation of 2.2-3.5 A and 2.3-3.8 A
respectively. It is therefore, the HI'-H4' and H2"-H4' distances
that can be used to provide conclusive evidence of the existence
•of a particular preferred sugar conformation (17,139). The H1--H4'
distance varies by more than 1A but the minimum distance (2.2 A)
lies in 01' endo (P=90*) region, thus, this distance cannot
discriminate between N-(distanced.9 A) and S-(distanced.0 A)
forms. We observe Hl'-H4' cross peak in NOESY spectra only for A4
and A5 residues (Fig.3.7(a)) indicating possibility of 01' endo
geometry. Absence of HI'-H4' NOE connectivity (Table 3.6) in Al,
A2 and A3 residues demonstrates absence of 01' endo but presence
of either C3' endo or C2' endo geometries. Only the H2"-H4'
distance serves as a marker as it changes approximately 2.3-2.5 A
in the N region to about 3.6-4.0 A in the S-conformational space
(139). It was observed from the NOESY spectra (Fig.3.7(a)) that
H4' peaks of A2 and A3 residues resonate at 4.27 and 4.31 Ppm,
respectively, did not give any cross peak with corresponding H2"
peaks resonating at 2.51 and 2.63 ppm, respectively. Therefore one
can safely conclude that A2 and A3 residues do not have
N-conformer since the distances are not linear superpositions of
the two populations present but are <(rij)"<3> means weighted by
corresponding *g and ^ and are therefore weighted in favour of "*
the shorter of the two interproton distances (139). The result is
thus in accord with that obtained from J values. Unfortunately due
to low resolution (signal to noise ratio) no conclusive evidence
was available for Al, A4 and A5 residues about the presence of
N-conformer from NOESY.

Glycosidic bond rotation

In the glycosidic bond rotation, X, defined as 01'-CI'-N9-C8, may
be estimated from the knowledge of intranucleotide distances
between the base protons AH8 and their corresponding sugar protons
HI', H2', H2", H3' and H4'. Of these five distances, the AH8 to

\

>
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Hi' distance depends only upon the values of x> while others

depend upon both x and pseudorotation angle P. Table 3.7 (also see

Fig.3.13 (a)) gives values of these distances for the major

S-conformer with P=162° for #=-105°, the typical glycosidic bond

rotation found in B DNA as well as for two other x values of -90°

and -60 . The base to sugar distance for the minor N-conformer of

sugar with P=18 and #=-105° the value associated with these sugar

conformations, are also shown. The relative intensities of

corresponding NOE cross peaks (Fig.3.7(a-h)) which have been used

to obtain a rough estimate of these distances are shown in Table

3.8. Considering the AH8-AH1' distances for right-handed DNA, the

distance varies in the small range 3.5-3.9 A for % in the range

-90 to -150 (150). Under the resolution used in present

experiment, no NOE cross peak is seen as expected. The H8-H2'

cross peaks are observed to be fairly strong for all adenine

residues (Table 3.8) of sugar pucker the distance is expected to

be 2.2 A. The H8-H2" cross peaks are observed to be weaker than

their corresponding H8-H2' NOE cross peak but certainly do not

reflect distance as large as "* 3.6 A expected for P=162° (i.e.

S-conformer) and £=-105°. Distance H8-H2" can be made possible

only if y is varied from -105° to higher values of say ~ -90°

(150). A variation of x in the opposite sense, that is, a decrease

to say -130 , results in a further increase in distance to a value

(150) of 4.0 A contrary to the observed results. Thus we may infer

that fairly intense H8-H2" NOE cross peaks leads to existence of

higher x values towards say -90° (±30° accuracy) termed generally
as high anti. The base to H3' and H4' distance for S-conformer

lies in the range 4.5-5.5 A and is not expected to yield NOE cross

peak. We observe a fairly intense NOE cross peak AH8-AH3' only for

A4 residue which is possible only and only if N-conformer is

present. The presence of minor N-conformer for A4 residue is in

accord with our results based on COSY spectra discussed earlier.

Thus we conclude that d(A)^ is present as a right-handed B-DNA

with glycosidic bond angle as high anti and sugar in
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Table 3.7: Intranucleotide distances (A) between base proton (AH8)

and deoxyribose ring protons corresponding to different P and x
values (150 ) .

S.No. P = 18' P = 90' P = 162' P = 162' P = 162'
Connec x = -•105' * =-105' X =-105' x =-90* X =-60*
tivities

1. AH8-H1' 3.7 3.8 3.8 3.8 3.7

2. AH8-H2' 4.0 2.2 2.2 2.2 2.2

3. AH8-H2" 4.5 4.1 3.6 3.2 2.8

4. AH8-H3' 3.0 4.0 >4.5 >4.5 >4.5

5. AH8-H4* 4.4 5.0 5.0 >5.0 >5.0

Table 3.8: Intensities of various connectivities between base

proton (AH8) and deoxyribose ring protons as observed in
phase-sensitive NOESY of unbound d(A) (Fig.3.7(a-h)).

S.No

1.

2.

3.

4.

5.

Connectivities

AH8-H1'

AH8-H2'

AH8-H2"

AH8-H3'

AH8-H4'

Al

x

ss

s

x

x

A2

x

s

s

X

X

A3

X

s

s

X

X

A4

X

s

s

s

X

A5

X

s

s

X

X
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S-conformational state. A minor N-conformer is present for A4 and X
A5 residue.

D) Conformation of d(A)5 bound to hexapeptide
We have made complex of d(A)a with hexapeptide KPYSLN at varying
N/P ratios and recorded ID NMR spectra at 297 K (discussed later).
The phase-sensitive COSY (Fig.3.14(a-e)) and NOESY spectra
(Fig.3.15(a-d)) are recorded for the mixture of 1.92 mM d(A) and
3.80 mM KPYSLN (N/P = 0.51). The spectral assignment of specific
nucleotide and peptide protons in the spectra of d(A) bound to

hexapeptide is made by using the corresponding ID NMR and 2D NMR

results of d(A)n alone as well as the strategies for spectral
assignment detailed in section C. The chemical shift positions of
various protons of d(A)s- on interaction with hexapeptide are given
in Table 3.9a. The chemical shift of hexapeptide protons in the
mixture of 1.92 mM d(A>s and 3.80 mM KPYSLN are also shown in
Table 3.9b. It may be noted that at N/P =0.51 uncomplexed KPYSLN
exists in solution if 1:1 complex is formed. However this does not
complicate the analysis of conformation of d(A) as most of the
dU)^ in the mixture exists in bound state.

Conformation of deoxyribose sugar

We have followed the strategies used in determining the
conformation of d(A)n alone for analysing the phase-sensitive COSY
spectra of complex shown in Fig.3.14(a-e). The sum of couplings
II' measured as distance between + - contours of Hl'-H2' and
Hl'-H2" cross peak patterns along <^z axis, was found to be ~ 14-15
Hz for all residues indicating the presence of S-conformer as

major conformer of the deoxyribose sugar. The cross peak patterns
Hl'-H2' and Hl'-H2" of A5 residue, i.e. marked as serial no. 1 and

»2, respectively in Fig.3.14(b), are of the type [+ -] alonq u
2

axis with identical separation between + and - contours. This is

due to the fact that both [ + -+ -] and L+ + - -] patterns,

expected for Hl'-H2" and HI'-H2' cross peak, respectively for 01'

endo sugar geometry look like [+ -] under the resolution used. On

X
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Fig. 3.14(c):A portion of phase-sensitive COSY spectrum of a mixture of
1.92mM fJ(A)B and 3.80 mM KPYSLN in phosphate buffer (0.01 M) expanded to
show specific connect\vities:(11) ASH?' A5H2" (12) A4H2'-A4H2" (15)A1H2'
-A1H2" .
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the contrary the HI'-H2' cross peak pattern of Al residue, marked
as serial no. 7, shows + and - contours broadened along co axis as -
apattern [♦ +--]ia expected for C2' endo geometry, ^hus by
comparing with cross peak pattern expected for standard geometries
.shown in Fig.3.10, it is observed that there is no major change in
sugar conformation of adenine residues of d(A) on b.nding to
hexapeptide. The patterns in serial no. 1-4 conform to 01' endo
geometry while others are close to C2' endo geometry of
deoxyribose. Further the cross peak pattern, marked as serial no.
11, 12, in Fig.3.14(c) due to H2'-H2" J-connectivity for A4 and A5
residues is almost square as compared to that for Al residue >
marked as serial no. 15, in Fig.3.14(c) which appears to be
rectangular. The distances between [♦ -] contours along « and co
axis correspond to T2' and Z2" values. The E2< and Z2" differ by
about 2-4 Hz for mixed sugar conformers, that is, 20-30% of
N-conformer mixed with 80-70% of S-conformer. The difference is
about 7 and 9 Hz for 01' endo and C2' endo geometries,
respectively. Further fairly intense H2"-H3' cross peaks are seen
for A4 and A5 residue in Fig.3.14(a and d). Thus all the feature,
seen in COSY spectra of d(A)a in unbound form exist clearly in the
penta-adenylate bound to hexapeptide. Thus the conformation of
deoxyribose sugar in d(A)= does not change significantly on
binding to hexapeptide.

Glycosidic bond rotation

Fig. 3.15 (a-d) shows phase-sensitive NOESY spectra of d(A) bound
to hexapeptide in N/P ratio of 0.51 and Table 3.11 gives the
relative intensities of some of the NOE cross peaks seen in these
spectra. Comparing the results with those obtained for d(A) alone
(Fig.3.7(a-h) and Tables 3.6 & 3.8) we conclude that there *is no
major change in glycosidic bond rotation.

E) Changes in Chemical Shift of Peptide and Nucleotide protons on *
binding

Table 3.12 (a and b) shows change in chemical shift of adenine and
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FIG. 3.15(a): Phase-sensitive NOESY spectrum of a mixture of 1.92

and 3.80 mM KPYSLN in phosphate buffer (0.01 M) at 297 K.
mM d(A)
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V

hexapeptide protons due to interaction at N/P = 0.51 as a
difference of chemical shift observed in the spectra of mixture of
1.92 mM d(A)s and 3.80 mM KPYSLN, i.e. N/P = 0.51 (Table 3.9 a and
b), and that in the spectra of the corresponding unbound forms
(Table 3.1 and 3.2). To determine if the change in chemical shift
varies gradually with increase in binding, we carried out ID NMR
experiments on a mixture of d(A>s and hexapeptide at six different
concentration ratios, N/P in the range 0 to 0.51. These

experiments are not aimed at determining the stoichiometry of the
hexapeptide-d(A)s complex since it is fairly well established in
literature (3, 21) that 4 or 5 nucleotide residues are >
covered/bound to each Gene V protein molecule on a single-stranded
DNA. NMR spectra recorded at different N/P ratios are shown in

Fig.3.16(a and b). Since all the proton resonances are assigned
unambiguously, the chemical shift of every proton in each of the

spectrum is ascertained. The chemical shifts as well as changes in
chemical shifts are plotted as a function of N/P in Fig.3.17(a
and b, c and d) and tabulated in Table 3.13 (a and b). A

^significant feature of the results on binding of d(A) to
hexapeptide is that only one set of NMR lines are observed in the

bound complex for both d(A)s as well as hexapeptide. This is
indicative of strong binding (17). In these experiments 5.0 mM
hexapeptide is taken and d(A)5 is added to it in steps (Table 2.1
Chapter II). For practically all adenine H2, H8, Hi', etc. "*

protons, it is observed (Fig.3.17(c)and Table 3.13b) that the

change in chemical shift due to binding occurs at N/P ~ 0.08 or

0.15 and does not change any further on increasing N/P. This shows
that as d(A)= concentration is increased, more of d(A) exists
completely in bound state in all the mixtures. However at N/P =

0.51, the hexapeptide is present in excess of d(A) so that some
s

of it is likely to be present in free state. The free and bound

states may be exchanging fast on NMR time scale.

V

The results on change in chemical shift (A6) of various nucleotide

protons (Table 3.13 b and Fig.3.17((c)) due to interaction show
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Table 3.9a: Chemical shift values of various protons of d(A) in

the bound form for N/P=0.51 in D 0 at 297 K.

Al A2 A3 A4 A5
Proton

HI' 5.96 5.80 6.13 6.29 6.45
H2' 2.14 2.38 2.42 2.52 2.55
H2" 2.42 2.61 2.72 2.78 2.83
H3' - 4.71 4.71 4.64 4.64
H4' 4.23 4.47 4.47 4.17 4.17
H5' 3.70 4.10 4.10 3.76 3.76
H8 7.96 8.03 8.07 8.12 8.13
H2 7.49 7.60 7.70 7.87 8.00

Table 3.9b: Chemical shift values & (in ppm) of various protons
of hexapeptide in a mixture of 1.92 mM d(A) and 3.60 mM KPYSLN in

s

phosphate buffer (0.01 M) at 297 K.

Lys Pro Tyr Ser Leu Asn

a-CH 4.48 - - - 4.35 _

ft-CU
2

2.00 2.55 2.99 - 1.68 -

y-CU
2

1.44 1.96 -
- 1.68 -

6-CH
2

1.96 3.57 -
- -

-

6-CH
3

-
- - - 0.65 -

•e-CH
2

2.96 -
-

- - -

(3,5)H -
- 6.85

(2,6)H 7.12
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V

Table 3.10: Presence (marked as +) and absence (marked as -) of
cross peak pattern as observed in phase-sensitive COSY spectra of
intraresidue d(A)5 bound to hexapeptide in N/P ratio of 0.51.

S.No. Al A2 A3 A4 A5

Connectivities

1. Hl'-H2' + + + + +

2. Hl'-H2" + + + + +

3. H2'-H3' - - -

4. H2"-H3' - - o + +

5. H3'-H4' - - - o o

o-overlap

Table 3.11: Intensities of some of the intraresidue NOE

connectivities from the NOESY spectra of d(A) bound to

hexapeptide in N/P ratio of 0.51 (Fig.3.15(a-d)).

S.No. Al - A2 A3 A4 A5

Connectivities

1. H2'-H3' o o ss o o

2. H2"-H3' X X X X X

3. AH8-H1' X X X X X

4. AH8-H2' o s s s s

5. AH8-H2" s o o o o

ss- very strong; s- strong; x- not seen; o- overlap

<
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that the AS for base residues lies in the range -0.14 ppm

(upfield) to + 0.14 ppm (downfield). The terminal adenines, in

particular A1H8, A5H8 and A5H2, are affected the most on binding.

Further the Al, A2 and A3 base protons show net downfield shift

while A4 and A5 base protons show net upfield shift. However both

H2 and H8 base protons of any one residue shift in the same

direction, either upfield or downfield although" to different

extent (Table 3.13b and Fig.3.17(c)). This is expected,

particularly if the binding involves stacking interaction. If a

particular adenine residue of d(A)„ experiences, net stacking,

both H2 and H8 will be affected in same way but by different

magnitudes due to their different locations on the aromatic base.

The HI' atom of deoxyribose sugar being close to the aromatic ring

of bases does experience upfield/downfield shift due to

stacking/destacking. We observe a change in AS " -0.01 to +0.09

ppm in Hi' resonance of different residues of d(A)5. A striking

observation was large change in H3' and H4' proton resonances of

A2 and A3 residues of d(A) (Table 3.12a) due to interaction.

Although a straightforward interpretation of shifts in sugar

resonances is problematic, a large change certainly reflects

extent of involvement of these protons in complex formation.

Considering the change in chemical shift of various peptide

protons due to interaction of hexapeptide KPYSLN with d(A) (Table

3.12b, 3.13b and Fig.3.17(d)), it is observed that several protons

show practically no significant change in their positions. The

tyrosine ring protons, (3,5)H and (2,6)H, shift upfield by -0.05

ppm and -0.03 ppm, respectively. The upfield shift may be

attributed to stacking with bases of d(A) (85,86). The Tyr ft-CU
3 2

experiences shift by -0.07 ppm as a result of interaction. The

lysine ft-CU and 6-CH experience large downfield shifts by 0.17

and 0.26 ppm, respectively (Figs.3.16(b) and 3.17(d)). On the

other hand Lys c-CH does not shift significantly. The Pro ft-CU

and Leu 6-CH show remarkable change due to binding. The shift in

Leu ft-CE and y-CU is to a lesser extent. The asparagine and
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Table 3.13(a): Chemical shift, 6 (in ppm) of peptide and
nucleotide protons in a mixture of d(A) to KPYSLN at varying
concentration ratios (N/P).

N/P
A1H8 A2H8 A3H8 A4H8 A5H8

*

0 7.82 7.95 8.04 8.18 8.25
0.08 -

0.15 7.99 8.03 8.07 - 8.10
0.24 7.96 8.03 8.07 8.08 8.10
0.31 7.94 8.03 8.07 8.08 8.10
0.41 7.98 8.03 8.07 8.08
0.51 7.96 8.03 8.07 8.12 8.13

A1H2 A2H2 A3H2 A4H2 A5H2

N/P

0 7.45 7.55 7.74 7.92 8.14
0.08 ---__

0.15 - 7.82

0.24 7.49 - - 7.82 8.00

0.31 7.49 - - 7.82 8.00

0.41 7.49 7.59 7.70 7.87 8.00

0.51 7.49 7.60 7.70 7.87 8.00

N/P

A1H1' A2H1' A3H1' A4H1' A5H1*

0 5.94 5.81 6.13 6.24 6.37

0.08 — — — —

0.15 5.96 5.79 6.13 6.29 6.46

0.24 5.96 5.80 6.13 6.27 6.45

0.31 5.96 5.80 6.13 6.27 6.45

0.41 5.96 5.80 6.13 - 6.45

0.51 5.96 5.80 6.13 6.29 6.45

>-
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Table 3.13 (b): Change in chemical shift, AS (in ppm) of peptide
protons in a mixture of d(A) and KPYSLN at varyin•ymg N/P y_

concentration ratios. Upfield shifts are taken as neqatigative.

N/P
A1H8 A2H8 A3H8 A4H8 A5H8

0.08

0.15

0.24

0.31

0.41

0.51

0.17

0.14

0.12

0.16

0.14

0.08

0.08

0.08

0.08

0.08

0.03

0.03

0.03

0.03

0.03

-0.10

-0.10

-0.10

-0.06

-0.15

-0.15

-0.15

-0.15

-0.12

A1H2 A2H2 A3H2 A4H2 A5H2
N/P

0.08 -

0.15 - - _ -0.10

0.24 0.04 - - -o.iO -0.14

0.31 0.04 - - -o.io -0.14

°'41 0.04 0.04 0.04 -0.05 -0.14

°-51 0.04 0.05 0.04 -0.05 -0.14

N/P
A1H1' A2H1' A3H1' A4H1' A5H1

0.08 — _ _

0.15 0.02 -0.02 0.00 0.05 0.09
0.24 0.02 -0.01 0.00 0.03 0.08
0.31 0.02 -0.01 0.00 0.03 0.08
0.41 0.02 -0.01 0.00 - 0.08
0.51 0.02 -0.01 0.00 0.05 0.08
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Leu 6-CH
3

Lysr-CH Leur-CH Leu/3-CH Lys6-CH

N/P

0.08 0 -0.02 0.08 0.06 0.20
0.15 -0.22 -0.03 0.07 0.06 0.22

0.24 -0.24 -0.03 0.07 0.06 0.25

0.31 -0.24 -0.03 0.07 0.06 0.26

0.41 -0.24 -0.03 0.07 0.06 0.26

0.51 -0.24 -0.03 0.07 0.06 0.26

Lysft-CU
2

Pro/3-CH2 Pro?"-CH Lys^-CH Prcx5-CH
2

N/P

0.08 0.09 - 0.02 0.00 0.03
0.15 0.15 0.27 0.04 0.00 0.03
0.24 0.15 0.27 0.04 0.01 0.03

0.31 0.15 0.29 0.04 0.01 0.03
0.41 0.15 0.29 0.04 0.01 0.03
0.51 0.17 0.29 0.04 0.01 0.03

Ser/3-CH Serft'-CU Tyr/9-CH Tyr(3,5)H Tyr(2,6)M

N/P

0.08 0.06 0.03 -0.08 0.00 0.00
0.15 0.06 0.00 -0.07 0.01 -0.03
0.24 0.06 0.00 -0.07 -0.02 -0.03
0.31 0.05 0.00 -0.08 -0.02 -0.03
0.41 0.04 0.00 -0.07 - -

0.51 0.01 0.02 -0.07 -0.05 —
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rine protons seem to be least/not affected on binding

•

Complexation of hexapeptide with d(A)s causes more line broadening
than might be expected from a consideration of relative rotational
correlation times based on molecular weight (85). A careful look
at the ID NMR spectra of a mixture of d(A) with KPYSLN
(Fig. 3.16 (a and b)) reveals that Leu 6-CH3 broadens remarkably.
The sharp doublet resonating at 0.91 ppm changes to a broad signal
at 0.65 ppm (peak no. 23 in Fig.3.16(b)). Similarly Tyr (3,5)H
and (2,6)H protons resonating at 6.87 and 7.15 ppm, respectively >.
(Fig.3.lb) become increasingly broad as N/P increases (peak no. 11
and 12 in Fig.3.16(a)) and merge with baseline at N/P ~ 0.51.
Further, Tyr ft-CU2, Leu y-CU2 and Leu /?-CH2(peak nos. 16 and 21 in
Fig.3.16(b)) also get significantly broadened on binding. The line
broadening in Pro 6-CH2 (peak no. 15 in Fig.3.16(b)) due to
binding is to lesser extent. On the other hand, several other
proton resonance of hexapeptide, particularly those of Asn, Ser

residues remain as very sharp resonances in the complex. The
implications of the changes in chemical shift and the line
broadening are discussed in the next section.

F) Structure of d(A)= - KPYSLN complex

The observed experimental results show specific changes in peptide ^
and d(A)s protons on complexation indicating therby that a well
defined structural complex is formed. We observe following
intermolecular NOEs in the NOESY spectra of the complex
(Fig.3.15(c)):

#1 Pro 6-CH - A1H2'
2

#2 Leu a-CH - A2H2'

Under the resolution used, NOE is not expected to be seen for

distances > 3.5 A so that the above referred intermolecular NOE

connectivities pertain to a distance in the range ~ 2.5-3.5 A A

which is used in deriving a structure of complex by Dreiding
stereo model.
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For a long time, it has been believed that Tyr 26 residue of Gene

V protein binds to ssDNA through stacking interactions and

considerable evidence has been shown to this effect in literature

(2-5,51,53,85,86,88) on the basis of X-ray crystallography,

fluorescence and NMR investigations. Considering the hypothesis

that tyrosine ring of hexapeptide interacts with d(A) throuqh

stacking interactions, two of the five adenine bases of d(A) qet

completely unstacked and aromatic ring of tyrosine intercalates

between them. This has been shown by Brayer and McPherson (21) in

the X-ray crystal structure of complex of Gene V protein with

d(A)=. In this case, three adenine bases remain unaffected and

hence stacked as in the uncomplexed form. The adenine base protons

of two adenine residues within which the Tyr ring intercalates are

expected to show change in chemical shift as a result of (a)

destacking of adjacent adenine bases (induces downfield shift) and

(b) stacking of adenine ring with intercalating ring (induces

upfield shift). The net result may be upfield or downfield shift

depending upon the size and position of intercalating ring. The
atomic diamagnetic susceptibility anisotropy due to ring currents

(118) have been utilised to check this hypothesis. Fig.3.18(a)
shows the overlap geometry when Tyr ring is intercalated between

two adenine rings moved apart to a distance of 6.8 A. If tyrosine

ring stacks completely, it may be placed in a typical position
occupied earlier by adenine. It is well known that relative

stacking among different bases decreases in the order:

purine-purine > purine-pyrimidine > pyriraidine-pyrimidine. Since

Tyr ring may be considered like a pyrimidine base, the stacking of
adenine-adenine bases in the uncomplexed d(A)p. is expected to be
more effective than that of adenine-Tyr ring as in d(A) -KPYSLN

complex. Therefore the stacking is effectively reduced. This is

expected to result in a small downfield shift due to net stacking.
Such net downfield shift in base protons (~ 0.02 ppm) have been

observed on interaction of Tyr containing tripeptides with Poly
(A) as well as double stranded d-GCGC, d-CpG and d-CCGG (13-16).

On the other hand, the drugs/dyes intercalating between base-pairs
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often consist of 3 or more conjugated aromatic rings and cause
more stacking with a purine than that observed for purine-purine
stacks. In such a case net upfield shift is observed in base H6/H8
protons (17). We observe net downfield shift in H2 and H8 protons
of Al, A2, A3 residues and net upfield shift in A4, A5 residues of
d(A)a. This cannot be explained solely on the basis of stacking
interaction. Further HI« proton experiences ring current in a
similar way as H8 resonance being close to aromatic ring of the
base. We observe upfield shift in H8 resonance of A4 and A5
residues whereas the corresponding HI' resonance shift downfield
(Table 3.13b). This also cannot be explained solely on the basis
of stacking interaction. King and Coleman (85) observe changes in
H2, H8 and HI' protons on complexation of Gene V protein to d(A) .,
d(PA)4 and d(PA)8, etc. that are similar to our results but do not
offer a clear interpretation of the same.

It may be noted that we do not observe any significant change in
conformation of d(A),. on complexation. Earlier studies^ on
intercalation of actinomycin, proflavin, ethidium bromide, etc. in
the double-stranded DNA have shown (113) that the sugar-
conformation at the point of intercalation changes to C3' endo
3'—>5' C2' endo. However later it has been shown that change in.
sugar conformation as C3' endo 3' —>5' C2' endo is not an

essential feature of intercalation (153-156). In fact theoretical
modelling as well as X-ray crystallographic studies on
intercalation of large rings of daunomycin and adriamycin in
d-CGATCG, d-TGTACA, etc. (153-155), the deoxyribose remains in
major S-conformational state with glycosidic bond rotation in anti
or high anti conformational state. It is shown that by changing
the £ backbone angle in DNA (defined as C4'-C3'-03'-P) from near
trans value of -169° to a near gauche value of -104° in the C5
residue, it is possible to separate the neighbouring C5-G6 bases
to 6.8 A distance in daunomycin- d-CGTACG complex (153).

However the more crucial test for the hypothesis of Tyr ring

»-

A
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intercalating between two adenine bases, as suggested in X-ray

crystallographic studies by Brayer and Mcpherson (21) is the

change in chemical shift of ring protons of tyrosine. From

Fig.3.18 (a), it is clear that Tyr ring protons are expected to

show upfield shifts 0.2 to 0.4 ppm depending upon exact position

of ring due to magnetic anisotropy of neighbouring adenine bases.

We do not observe such large upfield shifts in Tyr(3,5)H and

Tyr(2,6)H on complexation of hexapeptide with d(A)^. Upfield shift

0.15 to 0.30 ppm have been observed by us on binding of

Lys-Tyr-Lys to d-GCGC, d-CGCG, d-CCGG, d-CpG, etc. (13-15). The

corresponding upfield shifts in aromatic protons of drugs/dyes on

intercalation are observed to be ~ 0.2 to 0.5 ppm (17,114) perhaps

due to greater extent of stacking in these cases. Thus, from the

chemical shift change in adenine and Tyr ring protons, it is very

unlikely that Tyr ring intercalates between adenine rings of 7
dCAj

Considering the second hypothesis in which Tyr may partially stack

by coming close to adenine bases of d(A) , as schematically shown

in Fig.3.18(b), we find that such a geometry will result in small

changes in Tyr ring protons, with practically no change in

conformation of d(A) as observed'. However it still cannot explain
5

the increased extent of stacking in A4, A5 residues on

complexation resulting in net large upfield shift ~ -0.14 ppm in
H2 and H8 resonances as well as net downfield shift in HI' protons

of the same A4, A5 residues (Table 3.13b). This clearly shows that

interaction other than the stacking interactions may be involved

in complex formation. This may also explain a close proximity of
Leu o<-CH with A2H2' and Pro 6-CH2 with A1H2'. Such a proximity of
peptide residues may also result in large change in chemical shift

of A2H3', A2H4', A1H2", A3H3', A3H4' and A3H2" protons as observed

(Table 3.12(a)). Such a possibility has recently been suggested by
King and Coleman (86) and is discussed later.

It may be noted that conformational analysis of d-ApA using



FIG. 3.18 (a): Proposed model of overlap geometry, when Tyr ring is fully
stacked between two adenine bases.
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J-couplings in NMR spectra (108) as well as potential energy

minimisation studies on d-ApA (108b) and d-ApApA (108c) have shown

that single-stranded dApA or d-ApApA adopt a conformation very

close to that of one strand of B-DNA (85). We therefore

constructed a Dreiding stereo model of single-stranded d(A) using

these backbone torsional angle. We positioned the hexapeptide

close to d(A)= in an extended conformation. The side chains of

alternate residues face one side of the hexapeptide shown

schematically in Fig. 3.19. The side chains of Leu and7 Pro r)e

are close to the sugar-phosphate backbone of d(A)" "so as to

satisfy the observed two intermolecular NOEs. The Lys-NH+ group

attached to ^-CH2 atom of the side chain can come close to the
phosphate group of d(A)s. The alternate residues Lys, Tyr and Leu
comprising of hydrophobic -CH /-CH groups and aromatic ring are

close to the hydrophobic region of bases of d(A) with Tyr-OH

group pointing away from base. Ser and Asn are towards the sug^r^

phosphate backbone. In the Drieding stereo model so formed

(Fig.3.20) it is observed that it is possible for Leu side chain

and Tyr aromatic ring to be positioned in the hydrophobic core of

d(A) as though the hydrophobic interactions are the way of

anchoring the hexapeptide to d(A) . This could explain the

dramatic line broadening observed in the case of Leu 6-CH and Tyr
3 J

ring proton resonances (Fig.3.16(a and b)) as though they are

completely immobilised on binding to d(A) .

It has earlier been suggested that Tyr 26 of Gene V protein stacks

with bases of ssDNA (85). It was observed that Tyr (2,6)H and Tyr

(3,5)H experience upfield shift of -0.11 to -0.18 ppm and -0.13 to

-0.23 ppm, respectively on interaction with d(pA) , d(A) and

d(pA)a (85). An intermolecular cross peak corresponding to NOE

connectivity AHl'-Tyr 26 (3,5)H was also seen (85). Our results

are in sharp contrast to earlier NMR results (2,4,85,86). We

neither get large upfield shift nor any NOE connectivity involving

Tyr protons. On the other hand we get remarkable broadening of Tyr

ring protons and Tyr /3-CH indicating immobilisation of this

*

V

A
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residue on interaction.
X

It is observed in the model that Tyr ring can be positioned close

to the hydrophobic environment of bases without destacking the

bases. This may explain the large shift in Tyr ft-CU resonance

alongwith broadening of Tyr /?-CH , Tyr (3,5)H and Tyr (2,6)H

protons. This is in accord with results published by the research

group of Prof. C.W. Hilbers (49-53,86). To facilitate the

discussion we briefly describe the structure of Gene V protein

here. Folkers et al. (51) explored the DNA binding domain of Gene

V protein encoded by bacteriophage M13 with the aid of spin-

labelled oligonucleotides by proton NMR. The nucleoprotein

structure is modelled using restrained molecular dynamics, the

schematic representation of which by Molscript programme (52) is

given in Fig.1.11(a and b, chapter I). Fig. 3.21(a) shows

schematically the topology of monomer of Gene V protein determined

by Skinner et al. (157) by X-ray diffraction method. The Gene V

protein monomer consists predominantly of a distorted five

stranded /'J-barrel from which two /3-hairpins and a large loop

protrude (using the nomenclature of Brayer and McPherson (22)).

The first hairpin comprising residues 15 to 32 is the DNA binding

loop. The amino acid sequence 16-28 is conserved best when closely

and distantly related ssDNA binding proteins are compared

(138(b)). The large loop is composed of residues 33 to 49 and is -j

termed as complex loop. It is assumed that this region is involved

in dimer-dimer interaction i.e. responsible for the cooperative

character of binding of Gene V protein to ssDNA. Mutating Tyr 41,

which is at the tip of this loop, has a pronounced effect on the

solubility of the protein, its tendency to aggregate and

cooperativity of binding (50). The second hairpin, the so called,

dyad loop runs from residue 61 to 82 and is nearest to the two

fold axis of the dimer molecule. This ^-ladder is in close contact,

with the corresponding region of the second monomer and together A

they constitute the hydrophobic core of the molecule.
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FTG. 3.20: Dreiding stereo model of d(A)i_- hexapeptide comple:
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GVP-Y41.H on binding to spin-labelled d(A) (51).
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A schematic representation of the complete secondary structure of
mutant GVP-Y41H of bacteriophage Ml 3 having same binding domain as
the corresponding wild type derived from 2D NMR data by Folkers
et al. (51), is shown in Fig,3.22 , ..It may be noted
that in the DNA binding domain, ^-ladder comprises two sides: one
side is formed by the side chains of the residues Ser 17, Val 19,
Pro 25 and Ser 27, the other side is formed by the side chains of
residues Arg 16, Glu 18, Ser 20, Lys 24, Tyr 26 and Leu 28 (Fig.

3..22 . The percentage intensity decrease in NOE cross peaks of
GVP- Y41H on binding to spin-labelled d(A)g (shown schematically
in Fig. 3.21b) is used to estimate the distance of different
residues from spin-labelled d(A)g. It is found that the distance
between the spin-label and the residues which are apart of the
surface constituting residues Arg 16, Gly 18, Ser 20, Lys 24, Tyr
26 and Leu 28 must on the average be shorter than that between the
spin-label and the opposite surface. The DNA is positioned on one
of the sides of both strands of the DNA binding loop and is not
running along one of the strands of that /3-loop as the X-ray model
suggests (51). It is observed that Ser 20, Tyr 26, Leu 28 and Phe
73 are closest to the DNA spin-label. Skinner et aJ. (157) have
also suggested that Tyr 26, Leu 28 and Phe 73 are expected to be
closest to ss DNA which wraps around the outside of protein.

Binding of oligonucleotides to Gene V protein results in
broadening of resonances of amino acids which are in close
vicinity to the spin-labelled d(A)a (52). In particular it has
been shown that this applies to residues Lys 24, Tyr 26 and Leu 28
(and some other residues). It has also been shown that Tyr 26 is
separated from bases by only 2.0 to 4.0 A (53). But the NMR data
shows (85) that complete unstacking of adenine bases does not
occur to enable Tyr ring to intercalate as suggested by Brayer and
McPherson (21,22). In fact there is a possibility that Tyr 26 may
hydrogen bond to the sugar-phosphate backbone in addition to, or
instead of stacking (86). Our results support the same to some
extent but the mode of binding appears to be hydrophobic
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interaction being in the vicinity of bases resulting in complete
immobilisation of Tyr ring and Tyr ft-CU protons.

2

Considering the role of Leu 28 in binding of gene V protein to
ssDNA, it has been shown that Leu 6-CH protons shift upfield by
-0.13 ppm (85) to -0.50 ppm (86) on binding to oligoadenylates and
polyadenylates, respectively. The Leu 6-CH protons show NOE

connectivity with adenine H2/H8/H1' protons (86). It is proposed
that Leu side chain stack on either side of a single base (86).

The Leu residue is broadened (52) on binding to spin-label led
d(A)a and is close to DNA being at a distance ~ 7.0 to 9.0 A (53).

We observe an unusually large broadening of Leu 6-CH (peak no. 23

in Fig.3.16(b)) protons followed by a significant upfield shift of

-0.26 ppm. The Leu ft-CUz and Leu y-CU are also shifted upfield
and broadened though to a lesser extent than Leu 6-CH protons

3 C '

Thus our results are in accord with those available in literature.

The surface accessibility of Leu residue is observed to be high
(52) indicating that their interaction with the hydrophobic
nucleotide bases would be energetically favourable.

The long side chains of lysines are known to lend the *-CH group
a considerable amount of motional freedom allowing the hydrophilic

NH3 group to interact with solvent. Therefore most of the Lys

£-CU2 protons are expected to resonate at the position

characteristic of a free lysyl residue. Lysines that are involved

in intermolecular interaction with other residues appear at a

different resonance position as was observed for Lys-41 in the

bovine pancreatic trypsin inhibitor which is interacting with a
tyrosine (24b).

In a NMR study of role of lysines in the binding of Gene V protein

to oligoadenylates (6), it has been shown that out of the two Lys
4E-CH2 resonating at. 3.065 ppm and 3.052 pprn, one at 3.065 ppm

shifts downfield and broadens beyond detection. The other Lys

--CHz at 3.052 remains a sharp resonance and hence mobile. We do
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not observe any significant shift (Table 3.14) or broadening in
Lys £~CU2 protons. The peak (no. 17 in Fig.3.16) remains narrow

and retains its motional freedom in the complex and is to a

considerable extent still free to move. It may interact with

solvent but is certainly not immobilised. However Lys 6-CH and

ft~CU2 experience large downfield shift on complexation. For

comparison, typical changes in chemical shift of Lys protons on

interaction of tripeptide Lys-Tyr-Lys with different oligo- and
polynucleotide systems (14-16) are shown in Table 3.14. It may be
noted that the observed shift of 0.17-0.26 ppm in Lys ft-CU and
Lys 6-CH2, respectively are significantly higher than those
observed in literature (13-16) which have generally been
attributed to electrostatic interactions. Thus apparently it seems
that lysine residue has a greater role to play in
hexapePtide-d(A)s interaction than mere electrostatic
interactions.

It is noteworthy that Gene V protein X-ray structure (21,22)
reveals that Tyr 26, Leu 28 and Phe 73 are located in the region
of electropositive cluster formed by the side chains of Arg 16,
Arg 21, Lys 24 and Lys 46. Series of fluorescence binding studies
have shown that protein-protein interactions and cooperativity of
the binding is largely ionic-strength independent. On the other
hand protein-DNA interactions are salt-dependent. Therefore the
changes in spectral parameters of Arg 6-CH2 and Lys £-CH2 protons
are attributed to electrostatic interaction (13-16). Further only
one or two lysyl residues (positions of lysine residues not

exactly identified) show broadening of Lys £-CU protons (13-16).
The spin-label (51) and chemical modification studies (41b) show
that Lys 24, Lys 46 and Lys 69 are involved in binding to ssDNA.
As such a direct evidence of Lys 24 binding through electrostatic
interactions does not exist in literature. With the aid of
spin-labelled oligonucleotides d(A)g (51), the studies on the
distance dependence of the spin-label induced relaxation in Gene V
protein- d(A)g complex show that the distance between the
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Table 3.14: Chemical shift of lysine protons at 285 K upon complex
formation, on binding of Lys-Tyr-Lys to different oligo- and
polynucleotide systems as reported in literature (13-16).

System ft-CU y-cu 6-CH £-CU a-CH
2 2 3 2

d-CpG 0.00 0.00 0.00 0.00 0.00

d-GpC 0.02 0.01 0.01 0.00 0.01
d-CCGG 0.01 0.02 0.01 0.01 0.01
d-GCGC 0.02 0.04 0.02 0.03 0.03
d-CGCG 0.03 0.01 0.03 0.03 0.02
Poly(A) 0.07 0.25 0.10 0.01 0.02
Poly(C) 0.07 0.28 0.11 0.01 0.02

d(A) * 0.17 -0.03 0.26 0.02 -

Present investigation.
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spin-label and the Lys 24 is fairly short. The relative intensity
difference in NOESY spectra is about 60 % as compared to 100 % of
Tyr 26 and Leu 28 residues (Fig.3.21b). The molecular dynamics
simulations show that the distance between Lys 24 residue and
Phosphorus atom on DNA is ~7-9 A (53). The Lys _-NHjt is also seen
to have a hydrogen bond with oxygen atom of Arg 21 residue (53).
Since we observe very sharp resonances of Lys _-CH (no
broadening) and asignificant shift of Lys ft-CU2 and Lys" 6-CH
resonances, it is suggested that Lys side chain may be present in
the hydrophobic region of d(A)= but Lys _-CH is exposed to
solvent.

Considering the role of proline residue in binding of hexapeptide
to d(A)=, we observe a large downfield shift of Pro ft-CU a 0.29
ppm, broadening of Pro 6-CH2 resonance and intermolecular NOF
connectivity Pro 6-CH2-AlH2'. Pro residue is therefore certainly

jin proximity of d(A>s in the complex and it is more likely near
<. //the hydrophobic region encompassed by the aromatic bases. We have

for the first time shown that Pro residue has a definite role in
these interactions. So far not a single study by NMR or other
methods have shown the possibility of any role of Pro 25 in Gene V
protein-ssDNA interaction. However it is important to note that a
secondary structure investigation of Gene V protein encoded by the
filamentous bacteriophage IKe (138b) by 2D NMR techniques has
shown that there is homology between M13 and IKe Gene V protein.
Their secondary structure as well as spatial folding is same so
that their ssDNA binding properties can be passed on to the
protein- ssDNA interaction model (131). It was observed (138a)
that the amino acid sequences which make up the turns formed by
residues 21-24 and '39-42 in the IKe Gene V protein end with a.
proline residue. The sequential NOE contacts indicate that these
proline residues adopt a trans conformation. Further these Pro
residues and their trans conformations are conserved in M13 Gene V
L" <"<•". (49). This indicates that these residues probably have a
function in stabilising the structures of the turns in these
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regions. It has already been shown that Pro 25 residue of Gene V
Pr°"ein 1S ^ a'-diStanCe °f 9to " A from DNA (53) and can

' Participate in binding to DNA n.,».y lo una. Our experimental results
corroborate these predictions.

As yet attests at direct visualisation of Gene s proteln_DNA
complex in solution, has aot been vetJ succesful. thou9h lot 0

™: rrrbeencarriedout' °n ms •'•*-• «~
With these probes, researchers faced difficulty in interpreting
eNMR data in te„s of specific nucleotide-pept,de interac

TO avoi these problem. we carried out the present

proton Part °f ^ ' Pr°tein rath" tha" ^ «•« »

Acomparison of present investigations with the x-ray structure
nd earlier solution studies suggests that the hexapeptide model
.i-FUfl.. the problem of studying the interaction of Qene *
Protein wit, Dm. Eaoh ___ ^ ^

n°w" "-V' LyS'' Pr°' ^ and T^ ".'"" is e.tabliahed: Thetys-NH and Tyr-OH group may be exposed to solvent while rest of
hydrophobic chemical groups of Lys and Tyr as well as Leu and Pro
residues particlpate in hydrophobic interaction with the
nucleotide bases (52,. „e do not see any direct evidence of
participate of Ser and Asn residue in complex formation although
'" be e""^"«Hy favourable if their srde chain could
interact wtth hydrophilic sugar-phosphate backbone. Tn particular,
there is evidence in literature ,53. to show that Ser 27 is within
6.5 to 9.0 A of DNA in the complex.



CHAPTER IV

INTERACTION OF d-(GACTCGTC) WITH HEXAPEPTIDE, Lys-Pro-Tyr-Ser-

Leu-Asn

The binding of DNA binding loop of Gene V Protein (GVP) comprising
24 29m of residues, Lys -Pro-Tyr-Ser-Leu-Asn , with a double-stranded

DNA segment, d-(GACTCGTC) have been investigated using 500 MHz

proton NMR. The following spectra of octamer system have been

investigated: (a) One-dimensional NMR spectra of d-(GACTCGTC) as

a function of temperature in the range 275-335 K, (b) ID NMR

spectra of the complex of d-(GACTCGTC)2 with hexapeptide at a
concentration ratio = 0.08 as a function of temperature, (c) One

dimensional NMR spectra of complex of octanucleotide with

hexapeptide (KPYSLN) at P/N ratio varyi-ng in the range 0 to 0.08

at room temperature and (d) Two - dimensional NMR spectra of a

mixture of d-(GACTCGTC)% and KPYSLN at P/N - 0.08 at room
temperature: phase-sensitive COSY and NOESY. Conformation of

peptide has already been discussed in previous chapter (Chapter

III). In the following we describe spectral assignment of nucleic

acid followed by conformational analysis in unbound and bound

form, the changes in chemical shift due to binding and hence the

structural implications.

A) Spectral Assignment in deoxyoctanucleotide d-(GACTCGTC )•
2

The bases of d- (GACTCGTC >2 shown schematically in Fig. 4.1" have
been numbered as follows:

5' d

1 2 3 4 5 6 7 8

G A C T C G T C

C T G C T C A G

8 7 6 5 4 3 2 1

3'

The octamer has' a] mismatch in the centre involving residue T4 C5
which is discussed later (Section D).

USER
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USER
Typewritten Text

USER
Typewritten Text

USER
Typewritten Text

USER
Typewritten Text
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FIG. 4.1: Schematic representation of octamer d-(GACTCGTC) . The Intra

-residue and Inter-residue NOE connectivities are shown as < > and
•>, respectively.
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Fig.4.2 shows the one-dimensional NMR spectrum of the octamer in

DO at 297 K at pH = 7.2. The region between 7.2 and 8.3 ppm shows

resonances due to the aromatic protons, that is, the AH8, AH2, GH8

appearing as singlets, CH6 resonances as doublets (peaks marked as

e,f,g in Fig.4.2(a)) and TH6 as quartets (peak h, quartet is seen

in expansion not shown here). The region between 5.4 and 6.4 ppm

consists of three doublets of CH5 (peaks q,r,s) and eight triplets

of sugar HI' protons of 8 residues of the octamer (peaks i to n,

p, o) some of which overlap with each other. The resonances

between 4.0 and 5.1 ppm are due to sugar H3', H4', H5' and H5"

protons. The sugar H2' and H2" protons resonate between 1.75 and

3.1 ppm. The doublet of methyl group at fifth position of thymine

appears around ~ 1.5 ppm. The assignment of a base/Hi'/H2'/H2"

etc. proton to a specific residue of octamer is made by using

results of two-dimensional NMR experiments. The strategies used

for assignment are those available in literature for right-handed

DNA structures having primarily sugar in S-conformational state

(48,63,78,125, also discussed in Section C of Chapter III)." The

chemical shift of all protons thus ascertained from ID and 2D NMR

experiments are given in Table 4.1a.

The steps involved in spectral assignment from results of 2D NMR

experiments are as follows:

Fig.4.3(a) and 4.4(a) show the phase-sensitive COSY and NOESY

spectra of 10 mM d-(GACTCGTC) , respectively at 297 K while the

Figs. 4.3(b-i) and 4.4(b-g) are the expansions of certain portions

of the corresponding spectra to highlight specific connectivities.

The cross peaks in COSY and NOESY spectra are numbered serialy as

per scheme given in Table 4.2.

The three doublets of cytosine H6 protons are J-coupled to their

corresponding H5 proton resonances and being close to each other

in space, show NOE cross peaks (cross peak no. 25 to 27 in

Fig. 4.4(c) ). Therefore, the CH6 protons resonating at 7.75, 7.56

and 7.50 ppm have the corresponding CH5 protons resonating at

5.92, 5.56 and 5.49 ppm, respectively. The geminal coupling
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(a)

8.0 7.0 S. 0 5.a

PPM
4.0 3.0 2.0

FIG. 4.2: ID NMR spectra of d-(
region and (b) 1.2 to 5.0

GACTCGTC)2 at 297 K in (a) 5.0 to 8.3
ppm

, q~C5H5, r-C8H5, 8-C3H5, t-T4CH
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Table 4.1a: Chemical shift (in ppm) of various protons of 10 mM
d-(GACTCGTC) in unbound form at 297 K.

2

Gl A2 C3 T4 C5 G6 T7 C8

H8/H6 7.99 8.27 7.50 7.41 7.75 7.84 7.41 7.56

HI' 6.19 6.20 6.04 5.66 6.36 6.32 6.26 5.64

H2' 2.90 2.75 2.04 2.38 2.02 2.24 2.06 1.72

H2" 3.02 2.82 2.42 2.58 2.30 2.5 9 2.28 2.20

H3' - 5.06 - 4.60 4.60 4.92 4.60 -

H4' - - - - 4.14 - 4.14 -

H5VH5" - - - - 3.71 - 3.71 -

CH5 - - 5.49 - 5.92 - 5.56

TCH
3

- - - 1.50 - - 1.50 -

H2 - 8.08 - - - - - -

Table 4.1 b: Chemical shift of four sets of H3', H4' and H5'/H5'
protons of octamer at 297 K from Fig.4.4(g).

II III IV

H3' 4.60 4.82 4.66 4.46

H4' 4.42 4.17 4.32 4.20

H5'/H5" 4.16 3.71 4.08 3.92
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Table 4.2: Numbering scheme of cross peaks observed in COSY and
NOESY spectrum of d-(GACTCGTC)2(Figs. 4.3, 4.4, 4.6 and 4.7).

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

G1H1' - G1H2' 31.

G1H1' - G1H2" 32.

A2H1' - A2H2' 33.

A2H1' - A2H2" 34.

C3H1' - C3H2' 35.

C3H1' - C3H2" 36

T4H1' - T4H2' 37.

T4H1' - T4H2" 38

C5H1' - C5H2' 39

C5H1' - C5H2" 40

G6H1' - G6H2' 41

G6H1' - G6H2" 42

T7H1' - T7H2' 43

T7H1' - T7H2" 44

C8H1' - C8H2' 45

C8H1' - C8H2" 46

G1H2' - G1H2" 47

A2H2' - A2H2" 48

C3H2' - C3H2" 49

T4H2' - T4H2" 50

C5H2' - C5H2" 51

G6H2' - G6H2" 52

T7H2' - T7H2" 53

C8H2' - C8H2" 54

C3H6 - C3H5 55

C5H6 - C5H5 56

C8H6 - C8H5 57

G1H2' - G1H3' 58

A2H2' - A2H3' 59

C3H2' - C3H3' 60

T4H2' - T4H3'

C5H2' - C5H3'

G6H2' - G6H3'

T7H2' - T7H3'

C8H2' - C8H3'

G1H3' - G.1H4'

A2H3' - A2H4'

C3H3' - C3H4'

T4H3' - T4H4'

C5H3' - C5H4'

G6H3' - G6H4'

T7H3' - T7H4'

C8H3" - C8H4'

G1HB •••• G.1H2'

G1H8 - G1H2"

A2H8 - A2H2'

A2H8 - A2H2"

C3H6 - C3H2'

C3H6 - C3H2"

T4H6 - T4H2'

T4H6 - T4H2"

C5H6 - C5H2'

C5H6 - C5H2"

G6H8 - G6H2'

G6H8 - G6H2"

T7H6 - T7H2'

T7H6 - T7H2"

C8H6 - C8H2'

C8H6 - C8H2'

C5H2" - C5H3'

X
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between H2' and H2" protons give rise to intense COSY cross peaks

in Fig. 4.3(a) in the range 1.75-3.10 ppm for all the eight

residues. The expansion of some of H2'-H2" cross peak regions are

shown in Fig.4.3(c and d). Since they are close in space the

corresponding NOE connectivities are easily seen in Fig.4.4(b) and

(g). These 8 pairs of H2'-H2" protons give COSY cross peak

patterns with their corresponding HI' protons. Fig.4.3(b) shows

five such sets of patterns of Hl'-H2' and Hl'-H2" (cross peak

numbered 3-4, 5-6, 7-8, 11-12 and 13-14) as well as H1V-H2'

pattern of one residue (cross peak no. 1) and Hl'-H2" patterns of

2 residues (cross peak no. 10 and 16).

Depending upon the pseudorotation angle adopted by the deoxyribose

sugar, the H2'/H2" protons are coupled to their corresponding H3'

proton. Some of these patterns are easily identified and shown in

Fig.4.3 (e, f and g). The H3' proton is not coupled to H4' in the

standard B-DNA having sugar pucker in S-conformational state, that

is, close to C21 endo .geometry. However one set of this coupling

is observed as shown in Fig.4.3(h) for which further H4'-H5*/H5"

J-coupling is shown in Fig.4.3d) (T.ible 4.1b).

The assignment of a specific base and sugar proton to a specific

nucleotide residue has been done using following 3 facts:

i) Within a nucleotide residue the base proton H6/H8 is closer

to its corresponding H2' proton (distance 2.0-2.3 A) than its

corresponding H2" proton (distance ~ 3.3 A) (150). Therefore base

to H2' NOE cross peak is expected to be much more intense than

base to H2" NOE cross peak (often not seen).

ii) The reverse is true for sugar Hi' proton. Within a nucleotide

residue Hi' proton is closer to its corresponding H2" proton

(distance 2.1-2.2 A) than its corresponding H2' proton (distance

2.6-2.8 A) (150). Therefore Hl'-H2" NOE cross peak is expected to

be more intense than HI'-H2' NOE cross peak (often seen as weak

peaks).
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iii) If n is the position of a nucleotide residue in 5'-3'
direction of octamer the base (CH5/TH6/GH8/AH8) is closer to the
sugar (H2")n_1 proton of the preceeding residue and is referred to
as sequential connectivity. The base proton is also close to
(H1,)n-l thou9h this distance is greater than that for (H2")
proton. Fig.4.4(c), (d), (e) and (f) are expansions of NOESY
spectra showing base-H2'/H2" and Hl'-H2'/H2" connectivities. The
following sequential NOE connectivities are seen in Fig.4.4(c),
(d), (e) and (f):

NOE connectivity marked as
C3H6 - A2H1' si
G6H8 - C5H1' S2
A2H8 - G1H2" s3
C3H6 - A2H2" s4
C5H6 - T4H2" s5
G6H8 - C5H2" s6
T7H6 - G6H2" s7
C8H6 - T7H2" s8

These lead to unambiguous assignment of all base protons and sugar
HI', H2', H2" protons. Now using the COSY cross peak patterns in
Fig.4.3(e), (f), (g) and (h), the H3' protons resonating at 5.06,
4.92 and 4.60 ppm get assigned to A2, G6 and T4/C5/T7 residues,
respectively. From Fig.4.3(h) and (i), the H4', H5'/H5" protons
resonating at 4.14 and 3.71 ppm get assigned to C5/T7 residues.
From the NOESY spectra shown in Fig.4.4(g), four sets of H3', H4'
and H5'/H5" protons are identified as shown in Table 4.1b. One of
these i.e. set I is assigned to T4 residue as its Hi' proton
resonates at 4.60 ppm as ascertained from COSY pattern in.
Fig.4.3(f). Other 3 sets could not be assigned to specific
residues due to noise in the region where H2'/H2"-H3' NOE cross
peaks are expected to be seen.

B) Conformation of octamer in unbound state

Conformation of deoxyribose sugar

The strategy used for determining conformation of deoxyribose
sugar is already discussed in Chapter III (section C). It is

observed that the distance between outer peaks of HI' triplet in

V
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r i i i i i i ,

FIG. 4.3(a): Phase-sensitive COSY of 10 mM d-(GACTCGTC) at 297 Kexpansi
1?! ^ff^V^f?" to highlight specific connectivitiesFig.4.3(b) to 4.3(i) !8 are given in



FIG. 4.3(b): Hl'-H2' and Hl'-H2" COSY
C3(no. 13,14)
octamer. HI'
10) and C8 (
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(d)
-t-io
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Fig 4.3(c): H2'-H2" nncv

T4 (no. 20), G6 (no.^I InT^no ^Te ?S M(no- 19)< « (no. 21)COSY cross peak pattern of A2 (no 29) restdutTf °f °ct— H2'-H3'
residue of octamer is also shown
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FIG. 4.4(a): Phase-sensitive NOESY of d-(GACTCGTC)2 at 297 K. Expansion of
certain regions to highlight specific connectivities are given in Fiq.4.4(b
to Fig.4.4(g).
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C5 In' >):^°fY CrOS8 Peak of H2--H2C5 (no.21), G6 (no.22), T7 (no.23) and
NOE cross peak of cytosine H6 - H5

(no.27) residues of octamer.

- 1 . B
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ked as s2)-

inten-se NOE connectivity of C3H6-C3H1* ** are lntra resi
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the ID NMR spectrum (Fig.4.2(a)) as well as distance between outer

contours along ^z axis in COSY spectrum (Fig.4.3(b)) (say cross

peak pattern no. 1, 5, 6, 7, 8, 10, 12, etc.) lie in the range
14.2 to 15.5 Hz. This distance corresponds to El' = J(H1'-H2') +

J(H1'-H2") (Refer to Table 3.3. Chapter III) and hence rules out.

the presence of a predominant C3' endo or C2' exo sugar geometries

for which Zl' is expected to be ~ 7.5 Hz (Table 3.3). Fig.4.5
shows the calculated Hl'-H2', Hl'-H2" cross peak patterns for flip
angle of rt/4 for C3' endo, C2' endo and 01' endo sugar geometries.

It has been shown (77) that it offers certain advantages over that

with 4> - n/2. In the latter, the components on the central two

lines of multiplet crosspeak pattern are close and because of the

opposite phases, tend to cancel their intensities. As a result the

Hl'-H2' and Hl'-H2" coupling constants cannot be measured directly

along the same axis. In contrast, the situation with 4> =rx/4 is

different. Both Hl'-H2' and Hl'-H2" coupling constants can be

directly measured along the same axis in cross peak (Fig.4.5). We

have used a flip angle of n/4 in phase-sensitive COSY spectrum. "

Comparing the cross peak pattern Hl'-H2" of C3 and T4 lesidues

(pattern marked as no. 6 and 8 in Fig.4.3(b)) with that in

Fig. 4.5, it is easily inferred that sugar geometry is

predominantly C2'endo. Further the cross peak pattern HI -H2' of

C3 and T4 residues (no. 5 and 7 in Fig.4.3(b)) compare well with

the corresponding patterns expected for C2' endo geometry ^
(Fig.4.5). A close look at expansions of all cross peak patterns

of Fig.4.3(b) revealed that Gl, A2, C3, T4, G6 and C8 (not seen in

Fig.4.3(b) but seen in other expansions available) residueH have

C2' endo geometry. Comparison of the Hl'-H2" cross peak pattern of

C5 and T7 residues (no. 10 and 14 in Fig.4.3(b)) with the

corresponding patterns for other residues (for example pattern no.

'6 and 8 in Fig.4.3(b)) reveals distinct difference between the two

sets. It is not possible to infer straightaway if C3' endo or 01'

endo are predominant sugar forms as the observed pattern no. 10

and 14 do not exactly match with corresponding ones in Fig.4.5.

More realistically, it appears to be a mixture of these so that

one may infer that sugar geometry in C5 and T7 residues has other

*
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puckers existing besides C2' endo. This is in accord with other v

results obtained from COSY spectra and is discussed later.

An estimate of coupling constant was made from the blow ups of the

observed HI'-H2' and Hl'-H2" cross peak patterns of Fig.4.3(b). By
comparing them with calculated patterns shown in Fig.4.'i, the peak

separations revealed that for Gl, A2, C3, T4, G6, C8, residues the

corresponding J values are Hl'-H2' ~ 5 ± 0.5 Hz, HI *-11 ?" ~ 10 ±

0.5 Hz, H2'-H2" ~ 15 ± 0.5 Hz, Zl« = 14.2 to 15.5 Hz, Z?' = 28.8

to 29.4 Hz, Z2" = 24 to 25 Hz. Comparing these with the standard

values given in Table 3.3 (Chapter III), it is confirmed that in

all these residues C2' endo sugar is the predominant sugar V

geometry. It is possible that 10-20 % of N-conformer is present

(column 7 Table 3.3) the exact quantitative estimate of which is

not attempted due to low resolution of spectra.

Typical cross peak patterns expected for H2'-H3' J-coupled protons

in C2' endo sugar geometry are observed for A2, T4 and G6 residues

shown in Fig.4.3(e, f and g), respectively. This enables us to

estimate J(H2'-H3'), J(Hl'-H2'), J(H2,-H2") and T2' from

separation of peaks using Fig.3.10 described earlier in Chapter

III. The observed coupling constants for these residues are

J(H2'-H3') - 4.4 ± 0.5 Hz, J(H1'-H2') ~ 10.7 ± 0.5 Hz, J(H2*-H2")

14.3 ± 0.5 Hz and Z2' = 29.4 ± 0.5 Hz, which are in accord with

the standard values for C2' endo geometry (Table 3.3). ^

It is observed that weak cross peak patterns of H2"-H3' J-coupled

connectivity exist for C5 and T7 residue (Fig.4.3(f))(Table 4.3).

Comparing this pattern with that for J(H2"-H3') pattern expected

for C3' endo geometry (Fig.3 . 10), a very rough estimate of

J(H2"-H3') ~ 9-10 Hz and J(Hl'-H2") ~ 7.8 Hz was made. This H3'

resonance gives a COSY cross peak pattern with H4' seen clearly in

Fig.4.3(a) and expanded in Fig.4.3(h). The H4' is further

J-coupled to its corresponding H5', shown as expansion in -*

Fig.4.3(i) and hence gets assigned to C5/T7 residues from the

results of COSY spectra.
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The existence of a clear H3'-H4' J-coupled cross peak indicates

the presence of C3' endo/01' endo sugar geometry in C5/T7 residues

besides a predominant S-conformer. This is in accord with the fact

that Hl'-H2' and Hl'-H2" cross peak pattern for these residues

(no. 1.0, 13 and 14 in Fig.4.3(b)) are significantly different from

the corresponding patterns for other residues (say no. 5-6, 7-8 in

Fig.4.3(b)). In fact HI'-H2' cross peak pattern is not observed

for C5 residue while that for T7 residue is weak in intensity.
Thus we conclude that C5 sugar has more N-conformer than that of

T7 while deoxyribose sugar of all other nucleotide residues are

primarily in S-conformational state.

As described in Chapter III (section C), the relative intensities

of intrasugar NOE connectivities may be used to ascertain sugar

conformation since the intrasugar distances vary with

psuedorotation and are independent of glycosidic bond rotation

(Table 3.5 Chapter III). Table 4.4 gives the relative intensities

of cross peaks seen in Fig.4.4(d-g). The distance Hl'-H2" being
minimum and about 2.1-2.2 A for all sugar geometries (Table 3.5)

gives the most intense cross peak. The Hl'-H2' distance of 2.6-2.8

A yields relatively weakly intense NOE cross peaks for all

residues, The intensities of H2'-H3' and H2"-H3' NOE cross peak

could not be ascertained due to noise in NOESY spectra in the

corresponding regions. The H3'-H4' and H4'-H5'/H5" NOE

connectivities are seen for several residues. But the H3'

resonance of C5/T7 residue at 4.60 ppm does not give NOE

connectivity with its corresponding H4' proton resonating at 4.14

ppm (Table 4.4) (Fig.4.4(g)) which further shows NOE cross peak
with its corresponding H5'/H5" protons resonating at 3.71 ppm.
Therefore the H3'-H4' peaks which are J-coupled for C5/T7 residues

do not give NOE cross peak. Since H2"-H4', Hl'-H4' are not seen

for any residue due to noise in that region, sugar geometry could
not be ascertained from relative intensities of intrasugar NOE
connectivities.
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Table 4.3: Presence (marked as +) or absence (marked as -) of J-coupled
intrasugar connectivities in phase-sensitive COSY spectra (Fig.4.3 (a-i))
of octamer in unbound form.

Hl'-H2'

HI'-H2"

H2'-H3'

H2"-H3'

H3'-H4'

Gl- A2 C3 T4 C5 G6 T7 C8

+

Table 4.4: Intensity of cross peaks of intrasugar NOE connectivities in
octamer in unbound state from NOESY spectra (Fig.4.4(d-g)).

Hl'-H2'

Hl'-H2"

H3'-H4'

Gl A2

w w

ss ss

ss o

C3

w

ss

ss

T4

w

ss

ss

C5 G6

w

ss

X

w

ss

o

T7

w

ss

X

C8

ss

ss

# ss - very strong; s - strong; w - weak; x - not seen; o - overlap

V
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#Table 4.5 : Intensity of cross peaks of base H6/II8 to sugar NOE
connectivities in octamer in unbound state from Fig.4.4 <(l-g).

Gl A2 C3 T4 C5 G6 T7 C8

Base - HI' X X w X X x X X

Base - H2' ss ss ss ss ss ss ss ss

Base - H2" w w X X s X w s

I ss - very stron g; s -- strong; w -- weak; x - no t seen
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Glycosidic bond rotation

The glycosidic bond rotation x = 01'-Cl'-N9-C8 (purines) or
01'-C1'-N1-C6 (pyrimidines) may be estimated from the knowledge of

intranucleotide distances between base CH6/TH6/GH8/AH8 proton and
their co-responding sugar protons (Table 3.7, Chapter III). The
observed relative intensities of corresponding cross peaks in
octamer, as seen in Fig.4.4 (d-g), are given in Table 4.5. The

base to H2* distance being the minimum and about 2.2 A gives very
strong intensity of. cross peak for all residues. On the other

hand, base to H2" NOE connectivities are relatively much weaker as
expected for P = 162° (major S-conformer of deoxyribose) and x
=-105°, for Cl, A2, C3, T4, G6, T7 residues. For C5 and C8
residues, the base to H2" NOE connectivity was relatively strong
and^ certainly does not reflect distance as large as ~ 3.6 A. V
Lesser distance is possible only if x is 'varied from -105° to

higher values of say x = -90° (150). Since a variation of x in the
opposite sense, that is, a decrease to say x = 130° results in a

further increase in distance to a value of 4.0 A contrary to the
observed results. Thus we infer that glycosidic bond rotation is

in anti conformational state for all residues except C5 and C8 for
which it is likely to be high anti.

C) Conformation of octamer d-(GACTCGTC)2 bound to hexapeptide
Fig.4.6(a-f) and Fig. 4.7(a-d) show the phase-sensitive COSY and

NOESY spectra of 8.60 mM octamer d-(GACTCGTC) bound to 0.69 mM

hexapeptide KPYSLN in D20 at 297 K. Table 4.6 gives the chemical
shift values of various protons of octamer in complexed form at "•*.

297 K ascertained from these 2D COSY and NOESY spectra as well as

1 D NMR spectra (Fig. 4.10, shown later while discussing the

changes in chemical shift). The resonance peaks of various protons

of octamer as well as that of peptide in all NMR spectra are

easily recognisable by comparing the spectra with the

corresponding spectra in unbound form (Fig.4.2 and Fig.3.1(b)).

The cross peaks in COSY and NOESY spectra are numbered as in

corresponding spectra of unbound form (Table 4.2). The strategies

used in spectral assignment are same as that described in section
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Table 4.6a: Chemical shift values (in ppm) of various protons of
d-(GAC

297 K.

d-(GACTCGTC) in the mixture of 8.60 mM d-(GACTCGTC) and 0.69 mM KPYSLN at
2 2

Gl A2 C3 T4 C5 G6 T7 C8

H8/H6 - 8.26 7.50 7.40 7.70 7.71 7.40 7.54

HI' 6.18 6.23 6.10 5.73 6.32 6.32 6.25 5.75

H2' 2.87 2.76 2.08 2.38 2.00 2.24 2.08 1.82

H2" 2.98 2.81 2.42 2.58 2.35 2.59 2.27 2.20

H3' - - - 4.72 4.56 - - -

H4' - - - 4.22 4.20 - - -

H5'/H5" - - -
- 3.68 - - -

CH5 -
- 5.55 - 5.91 - - 5.61

TCH
3

- - - 1.50 - - 1.50 -

H2 — 8.14 - - - -
- -
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B for unbound octamer.

In order to determine the conformation of deoxyribose sugar, the
distance betv sen the outer peaks of HI' proton along u axis is
measured in Fig.4.6(b). For the various cross peak patterns e.g.
5,6,7,8,13,14,11,12, this distance is found to lie in the range
14.2 to 15.| H*. Since it corresponds to Cl' = J(H1'-H2') v
J(H1'-H2"), the presence of a predominant -C3' endo or C2' exo
sugar geometry i. ruled out. A flip angle, +, of n/2 is used in
getting COSY spectra. A close look at blow ups of the cross peak
patterns of Fig.4.6(b) shows that Hl'-H2' patterns of all residues
are similar (no. 1,3,5,7,11,13,15). The corresponding pattern for
C5 residue (no.9) is not observed. Comparing the various Hl'-H2"
patterns with each other it is noted that patterns for C3, T4, G6, V
T7, C8 (no. 6,8,12,14,16) are exactly same but are significantly
different from the corresponding pattern for C5 residue (no. 10).
Hl'-H2" pattern of A2, Gl residue (no. 2,4) are also same as that
for most of the residues (no. 6, 8, 12, etc.) although they are
merged in Fig.4.6 (b) with their corresponding Hl'-H2' patterns.
Therefore the sugar conformation of C5 residue is apparently
different from that of a]1 other residues.

The cross peak patterns of Fig.4.6(b) are compared with the
expected pattern shown in Fig.3.10 particularly with that for C2'
endo geometry, the major S-conformer. For the Hl'-H2' pattern
(Fig. 3.10) the pattern [--++] expected along ^ axis is seen
as [- +] with wide positive and negative peak due to merging of ~*
two [- -] and two [+ +] peaks as one each [-] and [+] peak. This
is clear in all patterns e.g. no. 11, 13, 5, 7 etc. The Hl'-H2'
pattern along ^ axis (Fig.3.10) expected as [+ + - + - -] looks
like [+ -] in the cross peak pattern no. 11,13,5,7, etc. due to
merging of two [+ +] and two [ - - ] peaks on left hand and right
hand corners. The active coupling Hl'-H2' is easily read along u
axis as 9.9 ± 0.5 Hz (varies between 9.4 and 10.4 Hz in various
cross peak patterns (no. 8,12,6, etc.) and the H2"-H3' coupling is
buried within the width of peaks.
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Fig. 4.6(a): Phase-sensitive COSY sneetr-a ^f , • *
CGTC, and 0.69 mM hexapeptrde^TlwVf 0. olff'ffVo aV "7^ ."" """^
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(b)

Fig. 4.6(b) :An expansion of Fig.4.6(a) to highlight specific connectivities
no. 1, 2, 3, 4, f>, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15 and 16 (Table 4.2).
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(c)

m

5.3

£?
j'W
'.-P<i

m
XI?

•' I ' ' ' ' ' '
5.6

-i—i—i—i—f"

S.5

Fig. 4.6(c):An expansion of Fig.4.6(a) to highlight specific connectivities
no. 25, 26 and 27 (Table 4.2) (d): Expansion shows specific connectivities

no.(A)Tyr a-CH - Tyr^-CH (B)Asn a-CH - Asn ft'-CU (C) Asn a-CH - Asn ft-CU
2 2 2

(D) Pro a-CH - Pro ft-CU2 (E) Pro y-CU2 - Pro <5-CH2<F)Pro r~CH - Pro S'-CU
(G) Lys a-CH » Ly* ft-CU (H) Leu a-CH - Leu ft-CU .

2 2
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A TV .c T7 Fl9-4-6<a> t0 hi9hlight 8PeCl"C•(A. Tyr .-CH -Tyr „-CH, ,B)Asn .-CH -Asn ^-CHj(c)Asn a-CH -Asn „-CH
Pro .-CH -Pro ,-CH, ,G, Lys a-CH -Lys „-C[1= ,., Leu a.CH .Leu f^
.Expansion shows specific connectivities no. (o) Lys 6-CH -LyB C.CH'
,Pro ,-CH, - Pro 6-CH3<F> Pro r-CH - Pro 6•-CH ' '

>
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Z .0

3 .0

4.0

S.0

6 .0

7 .0

8 .0

PPM

Fig. 4.7(a):Phase - sensitive NOESY spectra of a mixture of 8.60 mM
mM hexapeptide KPYSLN (P/N- 0.08) in D O at 297 K.d-(GACTCGTC)2 and 0.69
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J W. : ffS
- 1.0

'-">.0_ C_

3.0

4-.0

5.0

Fig. 4.7(c): An expansion of Fiq 4 6(a) +-^ k- wi- L
vities.of H2'-H2" protons of all residues » l^^ -Pacific connect!-
Expansion shows H4'- H5'/H5» NOE ZrnlT P ^ ^ * 19' 2°' 22' 23'24 (d):
residues of octamer. Cr°aS peak Pattern of at least three
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The pattern along u axis therefore, expected as [++--++-

] looks like [+-+-] whereas that along u axis expected as [- +
- +] looks like [- +] with the central two merging together due to
width of peakM. The average values of J(Hi' -H2 ')„„ J( HI '-H2" ),
J(H2'-H2") ami XI' read from the expansions of crosspeaks are 9.9,
5.6, 15.0 and 14.7 Hz, respectively to an accuracy of ± 0.5 Hz.

The analysis of Hl'-H2" cross peak pattern (no. 10) of C5 residue

reveals that the observed pattern is more close to that expected
for 01' endo geometry than that for C3' endo geometry (Fig.3.10).
The active coupling is 6.6 while Zl' ~ 15 Hz to an accuracy of ±
0.5 Hz. Comparing these values with the spin-spin coupling for
standard sugar geometries (Table 3.3), we can infer ""that either

01' endo or a mixture of C3' endo and C2' endo (say for example in
ratio 20:80) geometries exist for C5 residue.

The relative intensities of intra residue NOE connectivities in

octamer in complexed form as seen in Fig.4.7 are given in Table

4.7. Intense peaks are seen for Hl'-H2" NOE connectivities for

which distances lie in the range 2.1-2.2 A irrespective of sugar

geometry. The NOE connectivity Hl'-H2' is not observed, so that

distance > 2.8 A do not yield NOE cross peak. Base H6/H8 to H2'

NOE connectivities are found to be very intense while the base to

H2" NOE connectivities are not observed at all. Using the standard

values of base-H2'/H2" distances for various sugar geometries and

glycosidic bond rotation (Table 3.5 and 3.7), we conclude that ^

deoxyribose sugar is present in a major S-conformationa1 state and

glycosidic bond rotation is in anti conformation for all residues.

D) Changes in chemical shift and structure of complex

Figs. 4.8 and 4.9 show the proton NMR spectra at different

temperatures and the temperature profile, respectively of various

oligonucleotide protons in the temperature range 275-335 K (Table

4.8). The change in chemical shift with temperature is ascribed to

opening of the helix (14) into single strands. The various base

X
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Table 4.6b: Change in chemical shift values (in ppm) of various protons of
octamer in a mixture of 8.60 mM d-(GACTCGTC) and 0.69 mM KPYSLN at 297 K.
Upfield shifts are taken as negative.

Gl A2 C3 T4 C5 G6 T7 C8

H8/H6 - -0.0.1 0.00 -0.01 0.05 -0.13 0.01 -0.02

HI ' -0.01 0.03 0.06 0.07 -0.04 0.00 -0.01 0.11

H2* -0.03 -0.01 0.04 0.00 -0.02 0.00 0.02 0.10

H2" -0.04 -0.01 0.00 0.00 0.05 0.00 -0.01 0.00

H3' - - - 0.12 -0.04 -
- -

H4' - - - - 0.06 -
- -

H5'/H5" - - - - -0.03 - - -

CH5 - - 0.06 - -0.01 -
- 0.05

TCH
3

- - - 0.00 -
- 0.00 -

H2 — 0.06 - - - - -'
i
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T^bJe^*6c: ,cl?emical shift values of various peptide protons in a mixture
of 8.60 mM d-(GACTCGTC) and 0.69 mM KPYSLN in D 0 at 297 K.

Lys Pro Tyr Ser Leu Asn

ot_CH 4.45 4.45 4.50 4.40 4.32 4.45

ft-CU
2

1.86 2.28 3.00 3.77 1.62

(ft

2.64

•2.77)

r-cu2 1.43 1.96 -
- 1.62 -

6-CH
z

1.68 3.56

1*5' 3.74)

—
-

-
-

6-CH
3

-
-

-
- 0.94 -

£-CU
2

3.02 -
-

i

- _

(3,,5)H 6.87

(2,6)H 7.15

Table 4.6d: Change in chemical shift values (A&) of various peptide protons
in a mixture of 8.60 mM d-(GACTCGTC)2 and 0.69 mM KPYSLN in D 0 at 297 K.
Upfield shifts are taken as negative.

Lys Pro Tyr Ser Leu Asn

«-CH 0.00 0.00 0.00 0.00 0.00 0.02

ft-cuz 0.03 0.02 0.06 0.02 0.01 0.01

(,?'0.02)

y-cuz 0.04 0.00 -
- 0.00 -

6-CH
2

0.02 0.00

(6-0.02)

— —
-

-

6-CH
3

-
- - - 0.03 -

•e-CH
z

0.04 -
- - — _

(3,5)H 0.00

(2,6)H 0.00

>

^
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Table 4.7: Intensities of some of the intraresidue NOE connectivities as
observed in NOESY spectrum (Fig.4.7(a-d)) of a mixture of 8.6 mM
d-(GACTCGTC) and 0.69 mM KPYSLN in D O at 297 K.

Gl A2 C3 T4 C5 G6 T7 C8

HI' -H2' x X X X X X X X

HI' -H2" X X ss ss ss ss X ss

H8/H6-H2 'x s ss X X ss ss s

H8/H6-H2''X X X X X X X X

ss- very Si] onei; s--strong; x-not seen

Table 4.8: Chemical shift values (in ppm) of various protons of 10 mM
d-(GACTCGTC) In DO (pH 7.2) at different temperatures.

G1H8 A2H8 A2H2 C3H6 T4H6 C5H6 G6H8 T7H6 C8H6
Temp.(K)

275 7.82 8.05 7.86 7.32 7.18 7.61 7.68 7.18 7.48
285 7.91 8.16 7.98 7.43 7.29 7.69 7.75 7.29 7.60
295 7.99 8.27 8.08 7.50 7.41 7.75 7.84 7.41 7.56
305 8.07 8.38 8.17 7.68 7.54 7.89 7.80 7.54 7.72
315 8.14 8.49 8.25 7.80 7.67 8.02 7.97 7.67 7.84
335 8.26 8.63 8.40 7.97 7.84 8.17 8.09 7.84 8.06

G1H1' A2H1' C3H1' T4H1' C5H1' G6H1' T7H1' C8H1'
Temp.(K)

275 mm

5.97 5.77 5.41 6.07 6.17 6.12 5.29
285 - 6.09 5.91 5.53 6.18 6.26 6.23 5.44
295 6.19 6.20 6.04 5.66 6.36 6.32 6.26 5.64
305 6.25 6.26 5.88 5.84 6.38 6.43 6.39 5.82
315 6.35 6.44 6.15 6.08 6.46 6.48 _ 6.08
335 6.51 6.55 6.41 6.27 6.57 6.63 - 6.24
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fig. 4.9(a): Chemical shift of HI'
sugar protons of d-(GACTCGTC) as

function of temp*lature (275 -335 k)
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Fig. 4.9(b): Chemical shift of various base protons of d-(GACTCGTC) as a
function of temperature (275 -335 K). 2
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protons shift downfield with temperature.' The total change in
chemical shift with temperature , that is, A6 = S (335 r)-6 (275
K) lies in the range 0.41-0.66 ppm.

The HI' protons being close to the aromatic rings of the bases too

experience the effect of magnetic anisotropy due to ring currents
and shift downfield with temperature by 0.46-0.95 ppm. The melting
temperature, Tm, is measured from the temperature profiles of
various protons as the temperature at which half the total change
in chemical shift i.e. A6 = 6(335 K)-6(275 K) occurs. The values of

Tm, measured to an accuracy of ± IK for various base protons are
as follows:

Base G1H8 A2H8 C3H6 T4H6 C5H6 G6H8 T7H6 C8H6
Protons

Tm 302 K 301 K 302 K 307 K 303 K 301 K 304 K 301 K

A long range NOE between C3H6-C5H6 protons is seen. In the normal

double-stranded DNA, existence of' this NOE cannot be explained
anyway. The T4 and C5 of 8 mer do not have a matching base-pair in
duplex. Due to this, there is a bulge in the centre of

d-(GACTCGTC)2 which bring C3H6 close to C5H6 in the structure.
GACT^GTC
CTG?CTCAG

Presence of such long range NOE's have been observed in

d-GAATTCCCGAATTC (79). fc_,

GAATT?^GAATTC
CTTAA—GCTTAAG

CC

NOE cross peaks C6H6-G9H6, C6H6-C8H6 and C7H5-TCH3 indicated above
were seen.

Figs. 4.10 and 4.11 shows a part of the proton NMR spectra in the

range 5.4-9.0 ppm of a mixture of d-(GACTCGTC) and KPYSLN
z

(P/N=0.08) at different temperatures (275-335 K). Fig.4.11 shows

the plots of chemical shift positions of various protons of

1
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octamer as a function of temperature (Table 4.9). It is found that

most of the base protons and HI' protons shift downfield with

temperature as in the case for unbound octamer. The T of various
m

protons is as follows:

Base Protons A2H8 C3H6 T4H6 C5H6 G6H8 T7H6 C8H6

Tm 310 K 305 K 305 K 300 K 300 K 305 K 303 K

There is no significant change in T or AS =6(335 K)-6(275 K) on
5—• m __

interaction of octamer with hexapeptide.

••'

Fig.4.11 shows the ID NMR spectra of mixtures of octamer and

KPYSLN at four different concentrations ratios P/N= 0.02, 0.04,

0.06 and 0.08. Tables 4.10a and 4.10b show the chemical shift and

change in chemical shift of several protons on increasing P/N

ratio from 0.Q2 to 0.08, respectively. For reference, the chemical

shift of unbound octamer and KPYSLN are also shown against the P/N
value of 0 in Table 4.10a.?It is observed that the change in,
several nucleotide protons is insignificant except for shift of

0.06, -0.05 and -0.13 ppm in A2H2, C5H6 and G6III) protons,

respectively. Even at P/N=0.08, most of the octamer is likely to

be present in free form as its concentration is nearly <;en times
greater than that of peptide. Therefore change in nucleotide

protons with P/N is not^expected. From. Table 4.6b, it may be noted

some of the sugar protons of C3, T4, C5 residues are also shifted

in the range -0.04 to,>,.(). 12 ppm. From Tables 4.6d and 4.1l)a and b

it is seen that there is no significant change in cheminal shift

of any of the peptide protons. It may be noted that G1H8 broadens

on complexation and is not observable. Also G6H8 is broadened to a

significant extent. Among the peptide peaks Tyr ring proton,

Pro<5-CH , Leu/3-CH , Leur-CH are somewhat broadened. Further,
2 2 2 '

Leu<5-CH are very sharp peak in contrast to that observed
3

on

complexation of KPYSLN with d(A) .

Comparing all these results with that observed in case of binding

of KPYSLN with d(A) , we find that the interaction with octamer is

*

*
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Table 4.9: Chemical shift values of various protons of d-(GACTCGTC) 'in the
mixture of 8.60 mM d-(GACTCGTC), and 0.69 mM KPYSLN at different
temperatures.

2

Temp.(K)
G1H8 A2H8 A2H2 C3H6 T4H6 C5H6 G6H8 T7H6 C8H6

275 - - 8.04 7.31 7.15 7.60 7.60 7.15 7.43
285 - - 8.14 7.33 7.25 7.66 7.66 7.25 7.45
295 8.06 8.26 8.14 7.50 7.40 7.70 7.71 7.40 7.54
305 - 8.37 - 7.66 7.52 8.15 8.15 7.52 7.86
315

- 8.50 - 7.80 7.66 8.25 8.25 7.66 8.02
3 35 8.63 *— 8.03 7.90 8.46 8.46 7.90 8.21



.Xj^J

Fig.4.12; Series of one dimensional spectrum recorded at varying concen
tration ratio of peptide:oligonucleotide (P/N). Peaks are labelled as (1)
Tyr (2,6>H, (2) Tyr (3,5>H <3>Ser/?-CH2 (4)Proo-CH2 (5)Asn ,5-C^ (6) Pro
,-?-CH2 (7) Pro >--CH2, Lys .'J-CH^, Lys 6-CH^ (3)Leu ,/?-CHa , Leu ?-CH2 (9) Lys
r-CH (10) Leu 6-CH

P/N
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Table 4

protons
•10a: Chemical shift

in the mixture of
values of various
d-(GACTCGTC) and

2

nucleoti

KPYSLN

de and

at di

peptide
fferent

concentration ratios
•

P/N A2H8 \2U2 C3H6 T4H6 C5H6 T7H6 C8H6

0

0.02

0.04

0.06

0.08

8.27

8.27

8.27

8.26

8.26

8

8

8

8

8

.06

.06

.06

.06

.14

7.50

7.53

7.51

7.50

7.50

7.41

7.38

7.40

7.40

7.40

7.75

7.71

7.70

7.70

7.70

7.41

7.38

7.40

7.40

7.40

7.56

7.57

7.55

7.55

7.54

P/N Leu6-CH
3

Lys^-CH Liauft-CU
2

Lys6-CH Asn/? 1-CH
2

*

0 0.91 1.47 1 .61 1.70 2.7 5
0.02 0.94 1.43 1 .62 1.68 2.77

0.04 0.94 1.43 1 .62 1.68 2.77
0.06 0.94 1.43 1 .62 1.68 2.77
0.08 0.94 1.43 1 .62 1 .68 2.77

P/N Lys-c-CH
2

Ser/?-•CH
2

Pro6-CH
2

\

*

0 2.98 3.75 3.56

0.0 2 3.01 3.77 3.58

0.04 3.01 3.77 3.58

0.06 3.02 3.77 3.56

0.0 8 3.77 3.77 3.56

10 mM d-GACTCGTC alone.
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Table 4.10b: Changes in chemical shift values of various nucleotide *nA
peptide protons in the mixture of d- (GACTCGTC) and KPYSLN at deferent
concentration ratios

P/N A2H8 A2H2 C3H6 T4H6 C5H6 T7H6 ~c~8~uJ
°^ ^ ~^~2 oTol TJi Xol :^ 0T0T
0.04 0.00 -0.02 0.01 -0.01 -0 05
0.06 -0.01 0.00 0.00 -0.01 -0 05
°-08 -0.01 0.06 0.00 -0.01 -0 05

-0 .01 -0 01
-0 .01 -0 .02
-0 01 -0 .02

P/N Leu6-CHa Lya^-CH, Leu/3-CH, LyaS-CH Asnft'-CU
2 2

0.0 2

0.04

0.06

0.08

0.03

0.03

0.03

0.03

-0.04

-0.04

-0.04

-0.04

0

0

0

0

.01

01

01

01

-o.o:'

-0.02

-o.o;1

-0.0/

0.02

0.02

0.02

0.0 2

P/N Lys-c- CH
2

Ser/1-•CH
2

Pro6-CH
2

0.02

0.04

0.06

0.08

0.03

0.03

0.04

0.04

0.02

0.02

0.02

0.02

0.02

0.02

0.00

0.00

-*
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rather weak. Relatively small changes seen in Gl, C3, T4, C5 and

G6 residues may be due to a nonspecific binding to KPYSLN wherein

some of the hydrophobic groups- Tyr ring, Prcx5-CH , Leuft-CU ,
Leuy-CH come close to these bases.
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CHAPTER V

POTENTIAL ENERGY CALCULATIONS ON THE STACKING OF AROMATIC AMINO
ACIDS WITH BASES AND BASE PAIRS

Stacking energies have been computed using second order
perturbation method. The stacking of aromatic amino acids Trp,
Tyr, Phe and His with nucleic acid bases A, T, G, C and base-pairs
AT and GC have been looked into. The structure of nucleic acid

bases and base-pairs have been taken from the results of single
crystal X-ray diffraction studies (141) . The geometries of amino
acids have been taken from the published data (45,54). The charge
distributions of these molecules have been calculated by the
Complete Neglect of Differential Overlap (CNDO) method (112). The
charges on various atoms of aromatic amino acids, bases and
base-pairs have been shown in Figs.5.1 and 5.2 ( a & b). The

formulae used for the calculation of interaction energy are given
in chapter II.

A Minimum energy configuration

In order to find the minimum energy and hence the most stable

geometry of two stacked molecules, the relative orientation of

molecules is represented in Fig.5.3. In the orthogonal coordinate

system XYZ, the base moiety/base-pair is held rigid such that the

planar base ring is in the X-Y plane with Z axis passing

approximately through the centre of the base moiety. Initially

aromatic amino acid is oriented parallel to the X, Y plane at a

distance of 3.0 A and then is optimised by varying separation of

molecule along Z axis by an interval of 0.2 A. The configurational

space 1« scanned by rotating the aromatic amino acid about Z axis

(angle 0") at an interval of 10° and sliding it along X and Y axis
for each orientation by a displacement of 0.1 A. Further

refinement of rotation of aromatic amino acids about Z-axis at an

interval of 1 is done and interaction energy of each step is
calculated.

B Stacking with bases and base-pairs

Table 5.1 summarises the calculated stacking energy values for
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(a)

FIG. 5.3 Schematic representation of the relat i«
base/base-pairs with r^r.J-+ * relative orientationpairs with respect to aromatic amino acids



245

TABLE 5.1 : Summary of stacking energies (Kcal/mole)

Trp Tyr Phe His

W Pi -9.2 -7.7 -6.3 -8.6
T -12.1 -8.4 -7.3 -11.2
G -10.8 -10.1 -7.8 -13.2
C -11.5 -9.5 -6.3 -12.5

AT -12.4 -9.7 -7.7 -12.0
CG -16.1 -10.8 -8.4 -12.4
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complexes of aromatic amino acids Trp, Tyr, Phe and His with

nucleic acid bases (A, G, C, T) and base-pairs (AT, CG). Table 5.2
gives the partitioning of total interaction energies into various
components for these complexes. It is observed that the maximum

contribution to stacking interactions comes from the dispersion
term. The results are in agreement with those reported in the
literature (90). The energy values associated with the complexes
of bases show variation which is of the order of 1-1.5 Kcal/mole.

Comparison of stacking energies of the complexes of aromatic amino

acids with bases reveal that His and Trp are involved in more

efficient stacking than Tyr and Phe. Generally, His complexes
appear to have minimum energy. It may be noted that stacked

complexes of His with G and C are associated with stronger binding
energies than that with A and T. The electrostatic term seems to

be responsible for such behaviour. Complexes of Tyr with bases are
more stable than the corresponding complexes of Phe. The relative

order of binding energies of the complexes of aromatic amino acid

with bases, generally, follows the pattern His > Trp > Tyr > Phe.

The interaction energies of base-pairs AT and CG with aromatic

amino acids decrease in the order Trp! > His > Tyr > Phe (Table 5.1
and Table 5.2). The difference in stacking energies has been
observed to be 2 Kcal/mole between His and Tyr complexes. Same is

true for Tyr and Phe complexes. Among base-pairs, CG complexes are

always associated with lower energies. Overlap geometries of

aromatic amino acids with bases are shown in Fig.5.4. These

geometries correspond to the minimum energies (Table 5.1). Fig.5.4
shows that among bases, the overlapping decreases in the order His

> Trp > Tyr > Phe. It may be noted that the overlapping is more

for His complexes. Overlap geometries of base-pairs with aromatic

amino acids are shown in Fig.5.5. It is found that the overlap
geometries of the stacks involving base-pairs are different from

those of component bases. With CG base-pair, the overlap of
aromatic ring with G is relatively greater than C except for Trp.
While for AT base-pair, the overlap of amino acid is more with A
than T.
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TABLE 5.2 : Partitioning of stacking energy (Kcal/mole) into
various components. D is the optimised distance between the base
and aromatic amino acid in A

D E ,a L
E , E,. E Epol diap r <sp t ot

A-Trp 3.4 -1.7 -0.7 -11.7 4.9 -9.2
A-Tyr 3.3 -2.5 -0.6 -9.6 4.9 -7.7
A-Phe 3.4 -1.2 -0.5 -8.8 4.2 -6.3
A-His 3.2 -3.5 -1.0 -9.8 5.7 -8.6

T-Trp 3.3 -3.6 -1.7 -13.1 6.3 -12.1
T-Tyr 3.2 -3.1 -1.0 -10.0 5.7 -8.4
T-Phe 3.3 -1.7 -1.0 -9.5 5.0 -7.3
T-His 3.0 -6.3 -1.9 -9.6 6.6 -11.2

G-Trp 3.4 -1.6 -1.4 -15.2 7.5 -10.8
G-Tyr 3. . -3.6 -1.6 -1.0.2 5.4 -10.1
G-Phe 3.4 -1.8 -1.2 -9.0 4.2 -7.8
G-His 3.3 -6.8 -1.4 -11.1 6.0 -13.2

C-Trp 3.2 -2.8 -2.9 -14.7 8.9 -11.5
C-Tyr 3.2 -4.3 -1.3 -9.0 5.1 -9.5
C-Phe 3.3 -0.7 -1.6 -8.3 4.3 -6.3
C-His 3.0 -7.7 -2.1 -9.1 6.3 -12.5

AT-Trp 3.4 -2.7 -1.1 -15.7 7.1 -12.4
AT-Tyr 3.2 -2.8 -0.6 -12.2 5.9 -9.7
AT-Phe 3.3 -0.9 -0.4 -10.5 4.2 -7.7
AT-His 3.2 -3.4 -1.1 -14.0 6.5 -12.0

CG-Trp 3.? -4.7 -2.3 -17.1 8.0 -16.1
CG-Tyr 3.2 -3.1 -0.6 -12.9 5.7 -10.8
CG-Phe 3.2 -0.9 -0.8 -12.0 5.2 -8.4
CG-His 3.2 -4.6 -1.2 -13.5 6.5 -12.9
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5.4 Overlap geometries of A, T, G and C with Trp, Tyr,
and His. Phe
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FIG. 5.5 Overlap geometries of AT and GC base-pairs with Tro
Tyr, Phe and His. P'

1
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The experimental results available in the literature support our
findings. It has been shown that solubility enhancement of
guanosine in presence of aromatic amino acid decreases in the

order Trp > Tyr > Phe (10). The binding behaviour of 5'GMP with

polymer containing aromatic amino acid has been studied which

suggests that the contribution of the aromatic residues to the

binding affinity of nucleotide decreases in the order Trp >
Tyr > Phe (11).

The stacking energy is the sum of electrostatic, dispersion and
repulsion energies. Contributions of these energy terms to the
total energy has been given for the optimized conformations in

Table 5.2. The predominant contributions to the total interaction

energy comes from dispersion energy. This energy is greater than

the total energy in all the complexes. The electrostatic and

polarisation energies are smaller and lesser than the repulsion
energy.

These studies on the stacking of nucleic acid bases and base-pairs
have important implications. Among base-pairs, CG base-pair forms

more stable complex than AT base-pair. Among aromatic amino acids,

tryptophan and histidine form minimum energy configurations which

have en rgy lower than the corresponding minimum energy
configurations for tyrosine and phenylalanine. Thus specificity in
protein nucleic acid associations can be explained on the basis of
these results .



CHAPTER VI

THEORETICAL STUDIES ON THE INTERCALATION OF AROMATIC AMINO ACIDS
BETWEEN BASE-PAIRS OF DINUCLEOTIDE MODEL SYSTEMS

The present chapter deals with the interaction of Trp, Tyr, Phe
and His when placed between two CG, CC, AT and AA base-pairs.
Interaction energies have been calculated using the formulae
described elsewhere (Chapter II).

A Minimum energy configuration

The search for minimum energy configuration was made by varying
the relative orientation of amino acids with respect to base-pair,
that is, angle 9 and space coordinates X and Y without considering
the phosphate backbone.

The following algorithm was used. The distance between two

base-pairs (Z) was increased from 6.0 to 6.8 A in steps of 0.2 A.
For the optimum distance, the configurational space was scanned by
varying 9 by 10° and sliding it along X and Y-axis for each
orientation by a displacement of 0.1 A and calculating interaction

energy of each step. For the energy minimum thus obtained, global

search for unwinding angle, Aa, is carried out in a range of +180*

to -180 in steps of 20°. Local refinement of unwinding angle
value is done in steps of 1°.

B Interaction energies on intercalation of aromatic amino acids
between two base-pairs

Fig.6.1 shows the schematic representation of aromatic ring of
amino acid, X, (X = Trp, Tyr, Phe and His) positioned exactly

midway between the two base-pairs having a relative orientation,

a, of 36 . Minimum energy of -28.8 Kcal/mole is observed for Trp

for a distance of 6.6 A between the base-pairs, CG and CG. For

Tyr. Phe and His the minimum potential energy values are found to

be -22.0, -19.0 and -29.2 Kcal/mole, corresponding to a distance

of 6.4 A, 6.4 A and 6.2 A, respectively (Table 6.1). Such a result
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TABLE 6.1 : Summary of stacking energies (Kcal/mole)

Trp Tyr Phe His

CG, -29.0 -22.0 -19.0 -29.2

CG'

AT. -20.7 -18.9 -14.8 -20.6

TA'

AT. -22.5 -19.9 -15.5 -20.1

AT'

CG. -21.9 -18.3 -13.9 -16.7

GC'

TABLE 6.2 : Summary of unwinding angles (degree)

Trp Tyr Phe His

CG.

CG'

-22 -41 -35 -43

AT.

TA'

-30 36 34 28

AT.

AT'

-24 -40 -33 -43

CG.

GC^
-6 36 -34 7
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is consistent with expectation, that in order to accommodate an
aromatic amino acid moiety, the nucleic acid base-pairs must
reorganize by opening out from their usual stacking distance of
2.9-3.4 A to 6.2-6.8 A in order to penetrate an intercalation site
(110) .

Fig.6.2 shows the effect of translating the amino acid with
respect to the two base-pairs held rigidly at a distance of

optimum Z (as obtained in Fig. 6.1(a)) with relative orientation
among themselves to be 36*(a). For each amino acid, it is seen
that the interaction energy increases rapidly as the aromatic ring
of amino acid moves away from the centre of nucleic acid
base-pairs in either X or Y direction. This is understandable as >
the energy is expected to be minimum in the orientation in which
the overlap of aromatic amino acid is maximum with base-pairs.

Another parr.it.eter involved in intercalation is the change in
angular disposition of the bases on either side (unwinding angle).
Fig.6.3 shows the results of a global search for the best
unwinding angle for Trp, Tyr, Phe and His intercalated between
different sets of base-pairs. For example for Tyr intercalated
between CG =md CG base-pairs, minimum energy configurations are
observed for three sets of unwinding angles i.e. -41°, 80° and
-140 . Of the three values, the minima at -140°and +80° are
sterically fctbidden in presence of phosphate backbone. Further a
large change Ir» the overlap angles may cause long range disorders
in double-af: landed nucleic acids. Thus the configuration A
corresponding to an angle of -4l" with a total potential energy of
-22 Kcal/mole is the optimised minima. In a similar way for Trp,
Phe and His, the values of best unwinding angle Aa, are found to
be -22 ,-35' and -43°, respectively.

It is found that the angles vary in range -43° to 36°(Table 6.2).
It may be emphasised here that the results obtained are the first
attempt to study these types of interactions with aromatic amino

acids on the basis of classical potential functions. Reports on
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interaction of antibiotic drugs and aromatic dyes with
oligonucleotides by X-ray and theoretical studies exist in the
literature (30,90,100,105). Unwinding of DNA helix in the range
20 to 30 have been observed on intercalation of drugs by X-ray
techniques (130) and conformation of intercalation sites thus
generated has been obtained.

The total potential energy corresponding to the best unwinding
angle for different sets of base-pairs are given in Table 6.3. The
results show that the total interaction energy on intercalation
decreases in the order Trp > Tyr > Phe for all base-pair systems.
For His, the stacking energy is practically same as that for Trp.

This is consistent with the existing experimental results. It
was found that the effect of different aromatic amines on the CD
spectrum of Poly (A) follows the order Trp > Tyr > His (44).
Recent studies on the interaction of oligopeptides Lys-Tyr-Lys,
Lys-Trp-Gly-Lys OtBu and Lys-Phe-Lys with deoxynucleotides d-CpG
and d-GpC by NMR show that binding decreases in the order Trp >
Tyr > Phe (13,14,15) .

It is also clear from our results that intercalation between two
identical base-pairs is energetically more favourable than that
for corresponding alternative base sequence, that is:

,CG CG . ,AT AT
CG GC lAT TA

Further for amino acids, Tyr and Phe, the stability of
intercalated complex in different base-pair systems decreases in
the following order:

{CG AT AT CG
CG *AT > • {TA > {GC

For amino acids Trp and His, the results are only marginally
different.

The stacking energy is sum of electrostatic, dispersion and
repulsion energies. Contributions of these terms to the total

energy have been given for optimised conformations in Table 6.3.
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TABLE 6.3 i Partitioning of stacking energies (Kcal/mole) into
various components.

E.l poL
E,. E

r »»p
E
total

Trp -6.3 -4.9 -30.1 12.3 -28.8

CG,
CG'

Tyr -6.1 -1.5 -25.8 11.4 -22.0

"Phe -1 .7 -6.0 -24.6. 13.2 -19.0

His -13.3 -4.7 -23.8 12.5 -29.2

Trp -1.1 -3.5 -32.3 16.2 -20.7

AT,

TA«

Tyr -4.2 -1.9 -23.9 11.1 -18.9

Phe -1.0 -2.3 -21.3 9.8 -14.8

His -7.7 -1.6 -20.6 9.3 -20.6

Trp -3.4 -3.9 -34.9 19.7 -22.5

AT,

AT'

Tyr -5.5 -1.7 -24.4 1.1.8 -19.9

Phe -1.7 -1.1 -21.0 8.3 -15.5

His -8.4 -1.7 -18.2 8.1 -20.2

Trp -3.3 -2.5 -28.1 12.1 -21.9

CG.

GC'

Tyr -3.7 -0.9 -25.5 11.8 -18.3

Phe -0.4 -0.8 -22.3 9.6 -13.9

His -2.8 -1.7 -23.5 11.2 -16.7

A
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The predominant contribution to the total interaction energy comes
from dispersion term. This term is greater than the total energy
in all complexes. The electrostatic and polarisation terms are

smaller and lesser than the repulsion term.

Fig.6.4 shows the overlap geometries of amino acids with different

base-pair systems corresponding to optimised energy values. These
structures indicate the diverse nature of the stacking geometries.

It can be seen that Trp and His intercalate with some base-pairs
only partially, in agreement with results obtained by Gabbay et
al., 1976 (56). The stacking patterns support the selective

bookmark hypothesis which states that the nucleotide sequences can
Ibe recognized by amino acid side chains acting like bookmarks.

Unfortunately crystallographic data on such protein-nucleic acid
complexes are not available. It may be seen that the trend in

extent of overlap for different amino acids does not necessarily
follow the trend in values of minimum energies. Such a variation

may result from marginal differences in corresponding stacking
energies. In fact there may be many other configurations which are
associated with binding energies within 0.5 Kcal/mole of the

optimised structure. Such conformational freedom of intercalated

complexes has important implications, since a variety of active
site geometries, either inherent or induced, can facilitate the
binding of protein with nucleic acids.

An important question that arises at this stage is the preference
of aromatic amino acids for intercalation in nucleic acid duplex
as against stacking at the ends of DNA or RNA duplexes. For CG

baae-pair, the binding energy for Trp due to stacking interaction
is calculated to be -16.1 Kcal/mole. For intercalation the

following terms are to be considered:

(i) Dentacking of nucleic acid base from their usual distances in

DNA/RNA of 3-3.4 A leading to a destablisation of 14 Kcal/mole
(109) .

(ii) Changes in sugar-phosphate angles leading to a small but
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Unwinding angle = 36°
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FIG. 6.4 Overlap geometries of aromatic amino acids intercalated
in model dinucleotide duplex of d-CG, d-CC, d-AT and
d—AA.
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finite destablisation energy.

(iii) Stab)isation due to stacking interactions of Trp with, say

for example, CG and CG base-pairs at its two ends (-21.9

Kcal/mole).

The sum of (i) and (iii) is about -8 Kcal/mole which is lower

bound for interaction energies for intercalation. Comparing it

with the stacking energies at either ends of nucleic acids (-16.1

Kcal/mole), it is obvious that Trp will show preference for end

stacking as compared to intercalation in the middle of DNA/RNA

duplex. It is clear from energy values in Table 5.2 that all amino

acids would prefer end stacking. The same has been observed on

binding of tripeptide Lys-Tyr-Lys to deoxytetranucleotides

d-GpCpGpC by proton 2D-NMR (14).

The present calculations yield changes in unwinding angle on

intercalation in the range -43°(unwinding) to +36°(winding). This
apparently large range of variation of unwinding angle may only be

taken as a rough estimate of range due to simplification in our

DNA such as neglect of phosphate backbone. But the fact that these

results are in similiar range as those reported for drugs, is

encouraging. A significant result is the winding of DNA helix on

intercalation, that is, Aot=36fl in case of Tyr. The winding of DNA

helix on intercalation has also been reported in literature

(111,123).

Through simple geometrical representations and model building

studies (111), it has been shown that winding of DNA helix upto an

angle of +16° is possible on intercalation when stretching of
phosphate b. kbone occurs above and below the intercalation sites.

A model in which the purine pyrimidine base-pairs are at their

normal hydrogen bonded configuration at their normal displacement

from the helix axis, perpendicular to the helix axis and the

backbone continues distorsion free to the nucleotide above and

below the separated pair at the normal internucleotide spacing was

proposed. Panletti and Le Pecq (111) proposed a modified version

A
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of above intercalation model which permits stretching of backbone
above and below the intercalation site. This backbone stretching
permits a positive change of torsion of DNA helix that is winding
of 4°. Achange of 2A in the diameter of helix would permit to
reach winding angle as large as 16°. This model permits either an
unwinding of the helix included between 15° and 0° or a winding of
the helix upto 16°. It was observed by viscometric measurements
that unwinding of helix takes place upon intercalation of various
drugs in DNA from PM2 bacteriophage. However by resonance energy
transfer experiments, it was found that ethidium bromide
intercalation leads to winding of DNA helix.

Table 6.4 tabulates the total energy which is required to open up
the helix and then intercalate the moiety between two base-pairs,
that is,

E = E + F
total ca stack

where EBiack is the total energy due to stacking interaction
calculated by potential energy calculations in present study and
Eca is the energy required for opening the base-pairs of double
helix. The value of Eca has been taken from literature (110). It
has been found that Eca is always positive whereas B-l is
negative. From the results obtained, it can be inferred that* the
interaction energy for copolymer system follows the order:

fCG > { GC > I TA s i ATCG { GC > { TA > f AT
for all aromatic amino acids. As is clearly seen that the
combination ?£ Rj form more stable complexes than Pa fy. it is
noted that poly AT and poly GC forms more stable complexes. The
opening of helix followed by intercalation is the most preferred
mode of binding when aromatic amino acids bind to DNA.

From Table 6.4, it is seen that E^ is not related to Aa,
unwinding angle. We expect Eca only to be relai.-d to a as
unwinding is opening of helix to accommodate aromatic rings. So
for greater value of Eca,more will be the opening and hence large
unwinding of the helix are expected. B is only destacking of
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TABLE 6.4 : Total interaction energy (E ,. calculated usinq
total J

E„„ (*»») ttnd E , , <pr«B*r.l caleulati.o*-«Q>. \
C.A stack

TrP Tyr Phe His

Eca Eatack Etotal a Eatack EtotaL a Estack EtotaL a Eatack EtotaL a

^T 3.5 -20.7 -17.2 .. -22.0 -18.5 .. -19.0 -15.5 .. -29.2 -23.7 ..
TA

TA 16.7 -20.7 -4.0 30 -22.0 -5.3 36 -19.0 -2.3 34 -29.2 -12.5 28
AT

AT 12.2 -22.5 -10.3 -24 -18.9 -6.7 -40 -14.8 -2.6 -33 -20.6 -8.4 -43
AT

V

TA 12.0 -22.5 -10.5 .. -18.9 -6.9 .. -14.8 -2.8 .. -20.6 -8.6 ..
TA

CG 14.9 -21.9 -7.0 -6 -19.9 -5.0 36 -15.5 -0.6 -34 -20.1 -5.2 7
GC

GC 3.9 -21.9 -18.0 .. -19.9 -16.0 .. -15.5 -11.6 .. -20.1 -16.2 ..
CG

CG 6.0 -28.8 -22.8 -22 -18.3 -12.3 -41 -13.9 -7.9 -35 -16.7 -10.7 -43
CG

GC 6.5 -28.8 -22.3 .. -18.3 -11.8 .. -13.9 -7.4 .. -16.7 -10.2 ..
GC

. A
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base-pairs followed by stacking of aromatic ring of amino acids

residues. This part of interaction involves only base-pairs and
not the backbone of DNA. Variation of E with different

atack

base-pair sequences is not directly related to variation in Aa.

Our aim to carry out the present study was to reflect the

significance of stacking interactions, their variation with

different aromatic rings of amino acids and their relation with Aoi

and stacking configurations. These orders of variation with

different base-pairs do not necessarily reflect total energies of
interaction in complete system as Eca varies in an altogether
different way for different sequences as it involves

conformational adjustment of nucleic acid. Nevertheless the

present study established the significant role and gives a further

insight of stacking interactions.

In conclusion, we note that unlike drugs, intercalation of

aromatic amino acids in between DNA/RNA may be partial and give

rise to several configurations having energy differences of only
about 0.5 Kcal/mole. Unwinding or winding of helix on

intercalation occurs to different extent for different amino acids

depending upon the base-pairs involved. The observed large extent

of flexibility may be due to comparatively small size of aromatic

rings of these amino acids with respect to base-pairs. However,

different configurations in each of these intercalated complexes

exhibit selectivity of interactions and has important implications

in recognition of nucleic acids by proteins.

We carried out theoretical calculations to understand the stacking

of aromatic acids, in particular, tyrosine. We observe that the

theoretical results support our experimental finding*-*.
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CHAPTER VII

THEORETICAL ENERGY CALCULATIONS ON THE STACKING OF AROMATIC
AMINO ACIDS BETWEEN TWO BASES.

A Minimum energy configuration

In order to calculate the minimum energy configuration
corresponding to the most stable complex, the relative orientation
of aromatic amino acid with respect to the two bases was exactly
done in a manner described elsewhere (chapter VI).

B Intercalation of aromatic amino acids between two bases

Fig.7.1(a) shows the interaction energy of aromatic amino acid X
(X - Trp, Tyr, Phe and His) positioned exactly midway between two
bases (A, T, G, C) having a relative orientation, a, of 36° as a
function of distance between two bases. Minimum interaction energy
of -17.9 Kcal/mole is observed for Trp for a distance of 6.6 A
between two T bases. However for Tyr, Phe and His, the minimum
potential energy values are found to be -13.6, -12.0 and -14.5
Kcal/mole corresponding to a distance of 6.4, 6.6 and 6.4 A,
respectively. This result is consistent with the findings that
single-stranded DNA adopts extended forms on binding to proteins
(129) .

Figw.7.1(h) and 7.1(c) show the effect of translating the aromatic
„ amino acid with respect to the two bases in X-Y plane at an

optimised Z distance. It may be noted that the interaction energy
decreases as the aromatic ring of amino acid is displaced from
centre in either X or Y direction. This is understandable as the

energy is expected to be minimum when there is more overlap.
However this is not found to be always true. Fig.7.1(d) shows the

effect of rotation of amino acid (A©) after optimising translation
along X and Y direction. Minima are observed at an angle of 40°
and 220° in case of Trp when placed between two G bases. In most
of the cases, two values of A9 are 180° apart corresponding to
maximum overlap geometry.
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Fig.7.2 shows the overlap geometries of aromatic amino acids

placed between two bases corresponding to the minimum interaction

energies. The extent of overlapping is more with the lower base in

all the cases however His in general shows less overlap with the

two bases. Thus the trend in extent of overlap does not follow the

trend in values of minimum energies. Such a variation may result

from the marginal differences in corresponding stacking energies.

In fact there may be many other configurations which are

associated with binding energies within ± 0.5 Kcal/mole of that

of the optimised structure. Such conformational freedom is very

significant from the biological point of view.

Table 7.1 tabulates the optimised stacking energy values for

complex of aromatic amino acid Trp, Tyr, Phe and His when placed

midway between two bases. Table 7.2 gives the partitioning of

total stacking energies into various components for these

complexes. It is observed that maximum contribution to stacking

energies comes from dispersion term. Comparison of stacking

energies of the complexes of aromatic amino acids between two

bases shows variation which is of the order of 1-7 Kr. 1/mole.

Complexes of Trp are involved in more efficient stacking than

complexes of other aromatic amino acids. The relative interaction

energy, in general decreases in the order:

A T C G

amino acid - > > >

A T C G

Among aromatic amino acids the stability of the complexes follows

the trend:

Trp > His > Tyr > Phe.

It is found that the double-stranded DNA (Table 6.1 and Table 7.1)

form stabler complex than single-stranded DNA. These results are

consistent with those reported in literature (65). Further, the

complex of aromatic amino acid with two bases is more stable than

that with a base. This suggests that more energy is required to

>

\
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TABLE 7.1 : Summary of stacking energies (Kcal/mole)

Trp Tyr Phe His

AA -16.67 -13.17 -9.58 -14.87

TT -17.89 -13.63 -12.00 -14.54

GG -16.49 -13.46 -11.18 -15.90

CC -16.30 -13.36 -9.55 -13.28
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TABLE 7.2 : Partitioning of stacking energies (Kcal/mole) into
various components.

D E .
at poL aigp

E E
total

Trp 6.2 -4.5 -3.1 -28.0 18.9 -16.7

AA

Tyr

Phe

6.4

6.4

-4.1

-0.5

-1.6

-2.5

-17.5

-18.2

10.0

11.7

-13.2

-9.6

His 6.4 -6.1 -1.4 -16.7 9.3 -14.9

Trp 6.6 -3.6 -2.0 -25.6 13.3 -17.9

TT

Tyr

Phe

6.4

6.6

-3.9

-1.9

-1.3

-1.7

-18.9

-16.5

10.5

8.1

-13.6

-12.0

His 6.4 -4.8 -1.9 -15.2 7.3 -14.5

Trp 6.8 -1.7 -1.9 -23.3 10.4 -16.5

GG

Tyr

Phe

6.6

6.6

-2.4

-0.7

-1.5

-1.4

-17.9

-17.9

8.4

8.8

-13.5

-11.2

His 6.6 -3.2 -2.2 -19.3 8.8 -15.9

Trp 6.8 -3.2 -2.3 -19.8 8.9 -16.3

CC

Tyr

Phe

6.6

6.8

-4.0

-0.9

-1.4

-1.1

-15.1

-13.2

7.2

5.6

-13.4

-9.6

His 6.6 -4.0 -1.9 -.14.7 7.2 -13.3

^
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bring the base closer to aromatic amino acid. This is found to be

true in all the cases.

The present. study has been undertaken to understand the

specificity of binding of aromatic amino acids to nucleic acid

constituents. This has important implications. A special class of

proteins called "DNA binding proteins' binds to DNA specifically.

One such protein is Gene V protein of bacteriophage fd. This

protein has the unique property of identifying strandedness of

DNA. Thus energetically speaking, it is easy to compare the

minimum energies of the complexes and determine the most suitable

conformation. The present results indicate preference to double-

stranded DNA than single-stranded DNA which is consistent with

that reported in literature (65). This can be explained by the

unwinding property of these DNA binding proteins. It may be

possible that this class of proteins binds to double-stranded DNA,

opens it up and finally binds to single-stranded DNA.

?



CHAPTER VIII

CONCLUSIONS

The detailed ID and 2D NMR analysis based on spin-spin coupling
and interproton distances show that d(A>s is present as a right
handed B-DNA with glycosidic bond angle as high anti and sugar in
S-conformational state. A minor N-conformer is present in
deoxyribose sugar of A4 and A5 residue. On interaction with
hexapeptide Lys-Pro-Tyr-Ser-Leu-Asn, it does not undergo any major
change in conformation. The Leu *5-CH , Tyr(3,5)H, Tyr(2,6)H and
Tyr /^-CH2 are broadened remarkably on interaction of d(A) with

KPYSLN. The Pro 6-CH2, Lys ft-CU2 and Lys ?--CH2 are also broadened
significantly. Large changes in chemical shift " 0.17 to 0.29 ppm
are observed in Lys ft-CU Lys 6-CH , Pro ft-CU and Leu 6-CH

* z 2 3

proton due to binding. The base protons of d(A) shift

downfield/upfield upto 0.14 ppm while some of the sugar protons of
A2, A3 residue shift upto 0.24 ppm. NOE connectivities Pro 6-CH2 -
A1H2' and Leu a-CH - A2H2' reflect proximity of Pro and Leu

residues to d(A)s in the complex. A direct evidence of
participation of Ser and Asn residue is not observed. The

d(A)s-KPYSLN complex appears to be stabilised by hydrophobic
interactions. Complete unstacking of adenine bases to intercalate

Tyr aromatic ring seems to be highly unlikely. The interaction of

KPYSLN with octamer d-(GACTCGTC>2 is relatively very weak and
nonspecific. The present study on model systems has thus shown the

role of each peptide residue of KPYSLN.

The energy calculations on stacking of aromatic amino acids Trp,
Tyr, Phe and His with nucleic bases (A,T,G,C), base-pairs (AT,CG)
show that G and C form stabler complexes with aromatic amino acids

than A and T. CG forms a more stable complex than AT base-pair.
Further among the model dinucleotide systems, d-CC and d-AA form
stabler complexes with aromatic amino acids than d-CG and d-AT. In

the energetically optimized configuration, the constituent
aromatic moiety overlaps only partially. Unwinding/winding of the
DNA helix have been observed. The optimised unwinding angle for
all systems varies within a range similar to that reported for
drugs. The energies for intercalation of aromatic amino acids
between two bases have been computed. Among bases, Trp forms more
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stable complexes. These calculations were performed to understand

the relative stacking of aromatic acids with nucleic acid

constituents and the results suggest that stacking contribute to

specific recognition.

A
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