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Abstract of Ph.D. thesis

Computational study of anticodon loops of tRNAs having modified
nucleosides
Introduction: Transfer RNA (t-RNA) has the largest number of chemicaly modified

nucleosdes. Out of nearly 100 different known modifications about 80 occur in tRNA.
Higher organized life domains - multicdlular eukaryotes (1-5) are modified to a larger
extent and upto 25% of al nucleosdes in tRNA gets modified. Many modifications
involve smple dkylaion, hydrogenation, thiolation or isomerisation of four common
ribonucleosdes (A, G, C, U) in the base and/or the 2'-hydroxyl group of the ribose,
however, some nucleosides have quite extensve chemica modifications (3-8).

Anticodon loop is specidly rich in such extensve (hyper) modifications In view
of the drategic locations of such modifications in the anticodon loop, it is of interest to
inquire into the chemicd modulation of tRNA dructure and function through post
transcriptiond enzymatic  modifications. Specidly role of tRNA  anticodon loop
modifications for accuracy and efficiency of protein biosynthess can be very important
and needs to be fully explored.

Computationa  agpproaches can  supplement experimentd  probing.  Increased
availability of high speed /large memory computers and the needed computationd -
viaudization software enables modding of complex biomolecular systems. In this way it
is possble to gan cear aomic and eectronic level understanding of large biomolecules.
Preparation - avalability of suitéble samples continues to hamper experimentd
investigations of nudleic acids and limits the available information.

Present research work was done to study conformational preferences of the
modified components present a the firg pogtion of anticodon specidly 5-methoxy
cabonyl methyl —2-thio uwridine (mcnPsUss) and queuosine (Q).  Conformational
preferences of modification threonyl carbonyl adenine (tc?Ade) and its derivatives
occurring at anticodon  3-adjacent pogtion have aso been invedtigated. Further,
anticodon loop with these modified components present, has been invedtigated for
understanding the role of these modified components to the loop sructure and Stability.



Various computationd methods like semi-empiricd molecular orbital PCILO, MNDO,
AM1, PM3 as wdl as ab-initio HF, Densty Functiond Theory DFT methods and
molecular mechanics force fidd MMFF, molecular dynamics MD approaches have been
utilized in these investigations. The thesisis divided into following chepters.

Chapter | : Introduction

The chepter gives an introduction to nucledc acd condituents, tRNA
modifications, perspective on notable developments including tRNA two dimensiond
cloverleaf sequence scheme and ‘L’ shaped three dimensiond structure. Available data is
incdluded on  dructurd  dudies of modified nucleosdes, examples  of
modified/hypermodified nucleosdes which form the subject of the thess ae dso given.
Brief information about the experimental techniques like x-ray crystalography, NMR etic
is included for providing scarce but very vauable structurd data. Role of computationa
agoproeches for closdy smulating interesting biomolecular sysems and ussfulness of
smulaion — modelling to our dudies is adso mentioned. The chepter describes the

objectives and scope of the thesis.

Chapter -1 Computational methods

The chepter describes various computationd methods utilized for  tructurd
invedigations of tRNA anticodon loop modifications. Information a&bout various
softwares  utilized for mimicking red biologica problems is included. The chapter is
manly divided into two sections.

Section A: Classical/ Statistical mechanics methods

The basic framework and procedure adopted for molecular mechanics (MM) and
molecular dynamics (MD) methods is described. These methods have been used mainly
for probing sructurd consequences of including modified nucdeosdes in anticodon loop
of some interesting tRNAS.



Section B : Quantum mechanics methods

Brief theoretical background about various quantum chemicd methods. Semi-
empiricd molecular orbitd  Perturbative  Configuration Interaction  with  Locdized
Orbitas (PCILO), Modified Neglect of Differentid Overlagp (MNDO), Augtin Modd
(AM1), Parametrized Model (PM3) methods, ab-initio saf consgent field Hartree Fock
(HF), Dendty Functional Theory (DFT) methods are dso included. The chapter dso
describes the logica procedure adopted for exploring conformational preferences of
modified tRNA components in multidimensiond conformationa space.

Chapter —I11(A) Conformational preferences of wobble nucleoside
5-methoxy car bonyl methyl —2- thiouridine (mcms”U)

Structurd investigations on menPs’U are presented . This modification is present
a 34" (1% anticodon or wobble) position of human tRNAYS. The preferred conformation
of the substituent in menPs’Uss is of specid interest and is theoretically explored. The

results on ble dternative stable conformations are a so described.

Chapter -lI11(B) Conformational preferences of another wobble

nucleoside queuosine (Q) and its analogs

Structural investigations of protonated Q(PO4 and NH2") , neutra Q (PO4 and NH ) and
zwitterionic queuosine (PO4 and NH2") molecules are presented. The predicted
preferred conformation of protonated Q is such that the subdtituent imino group linking
cyclopentane diol hydrogen bonds with O(6) of 7-deszaguanine. This is in agreement
with the observed crysta dructure of queuosine. The reported investigations show  that
this feature is not mantaned in neutrd Q and Q zwitterion. The interdependence of

torsion angles is depicted through two dimensiona isoenergy contour maps.



Chapter 1V : Effect of protonation on the conformational preferences
of threonyl carbonyl adenine (tc°Ade) system

Conformationd trangitions induced due to protonation a N(7), N(3) or N(1) sites
of tc®Ade / ms’tc®Ade are predicted. The N(3) and N(1) protonation keep undtered the
dista conformation of threonyl carbonyl subsiituent in tc®Ade/ ms’tc®Ade similar to that
for neutra base. However, N(7)-protonation results in proxima conformation becoming
preferred, alowing usud canonicd base paring for the modified nucleosde. This may
allow extended codonanticodon interactions aso involving the 3-adjacent nucleoside to
anticodon.

Chapter V: Structural consequences of anticodon loop having modified
nucleosides.

The consequences of the presence of two hypermodified nucleosides at 34" as
wel as a the 37" postions in anticodon loop of human tRNA"YS (menPs?Uss and
me’tc®As7) and tRNA® (Qas and tc®As;) are studied. Probable significance of modified
components for providing an open anticodon loop framework or dlowing dterndive
perturbed framework with new across the loop hydrogen bonding or disdlowing
otherwise plausible dternative possibilities is discussed.

Conclusions :

Although different conformations are preferred for wobble nucleoside Q and its
protonated and zwitterionic forms, nevertheless in each case prospective stes for usud
codon - anticodon base pairing remain unobstructed.

Investigations on 37" modification tc®Ade ( and its andogs) shows that the
threonyl carbonyl subgtituent restricts codon — anticodon interactions to occurr, except for
the N(7) — protonated molecule which dlows such interaction. Extended codon —
anticodon interactions permitted due to N(7)- protonation of tc®Ade may however be
prevented by further modification (methylation at N(6)) nPtc®Ade.

The open loop framework is preferred for anticodon loop of human tRNA-YY
having modification mcnPs?Uss and ms?tc®Asy) ; however, unconventional or distorted
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anticodon loop may preferred by tRNA® (Qss and tc®Ag7) due to possible hydrogen
bonding interactions between hypermodified bases Qz4 and tc®Asy.
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Chapter 1. Introduction

1.1 Genera Introduction: Nucleic acids are molecules having sugar — phosphate chains
(backbone) with each sugar linked through glycosyl bond to one of the purine or
pyrimidine heterocyclic bases (in sde chain). The sequence of the purine and pyrimidine
bases caries the genetic information. Two types of nucleic acids DNA and RNA
bascdly differ due to different kinds of pentose sugar (deoxyribose in DNA or ribose in
RNA) in the backbone. The deoxyribo - nuclec acid (DNA) usudly holds genetic
information while the ribonucleic acid (RNA), hdps in decoding this genetic information
[1-4]. Both DNA and RNA ae congructed from four man nucleotide building blocks.
Each nucleotide contains a phosphate group linked to sugar group, which, in turn, is
joined to purine and pyrimidine bases (Fig.1l), however, ddeting phosphate group from
nuclectide results nucleosde. DNA contains sugar deoxyribose (i.e. absence of oxygen a
2 podtion of pentose sugar), while in RNA, sugar is ribose (fig.1). Another difference
between DNA and RNA is the presence of 5methyl uradl (thymine) in DNA insteed of
usua unmodified base uracil in RNA. In DNA and RNA, the nuclectides are joined
together by covdent bonds (phosphodiester bond) linking the phosphate group of one
nucleotide to a hydroxyl group on the sugar of the adjacent nucleotide [1,2]. If, C2' atom
is digplaced out of plane of pentose ring toward C5 aom (fig.1), the ring puckering
becomes C2 endo. Similarly, displacing C3 atom out of plane of ring toward C5 atom
results C3'-endo ring puckering. The labding of various aom pogtions in nucectide is
shown in fig.l dong with definitions of backbone torson angles according to Holbrook
model [59].

DNA dructure usudly conssts of anti pardle double helicd gtrands. The
two DNA chains are held together by hydrogen bonding between pairs of bases on the
drands running in opposte (anti paradld) directions. This specific base paring takes
place between adenine-thymine and guanine-cytosine. Different double stranded forms of
DNA are A, B and ZDNA. A-DNA is wide and short with bases tilted to hdix axis, a
large and hollow mgor groove, and a shdlow minor groove. B-DNA is dimmer and
more eongated, with base planes essentidly perpendicular to the hdix axis, and with a

narrow minor groove and wide magor groove of comparable depth. Z-DNA iseven
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thinner and more eongated. In Z-DNA, minor groove islarge, hollow and deep, while
the mgor groove is completely flattened out on the surface of the molecule. ZDNA helix
is left handed, while the other two are right handed.

Ribonudeic acid (RNA), a nudeic acid dructurdly and functiondly
diginguished by its multiple roles in the intracdlular transmisson of genetic information
from the Ste of transcription (from DNA) to the Site of trandation (into protein). RNA
has four different bases, adenine, guanine, cytosne and uracil. RNA dructure is manly
gngle sranded A-type hdix. There ae three main vaieties of RNA found in dl living
cdlls. @ mRNA b) rRNA c) tRNA [1-4].

The mMRNA (messenger RNA) is transcribed directly from aDNA gene and
is used to encode proteins. The transcribed MRNA from the gene sequence initidly aso
contains some intervening unexpressed regions caled ‘introns. RNA is dso shown to
have the capability of catadyzing the removd of the intervening ‘intron” sequences and
joining together of the expressed sequence regions ‘exons .

The rRNA (ribosoma RNA) isaprimary constituent of ribosomes.
Ribosomes are the protein manufacturing organeles of living cdls. The assembly of
MRNA, tRNA and rRNA isinvolved in protein synthess.

The tRNA (transfer RNA) molecules are short RNA strands used for transporting
individud amino acids to ribosomes and maich them up with the corresponding three-
base codon triplet in MRNA [1-4]. Further information about this molecule is given
below.

1.2 History and Introduction to tRNA: In 1965, Holley dong with his colleagues [5]
determined, for the first time, primary sequence of tRNA molecule. The sequenced tRNA
molecule was yeast tRNAM2 Ealier years of tRNA research focused on elucidation of
the role of tRNA as an adaptor in protein biosynthess, determination of the primary
sequences of severd tRNAS, and in solving the three dimensona dructure of tRNA
[6,7,8]. Progress has been made on a broad front in the last two decades and tRNA has
remained an attractive and active area of research.

The tRNA is a rdaivdy smdl (70-80 nucleotides) and well
characterized RNA of known three dimensond sructure [9]. The tRNA plays a crucid



role in protein biosynthess, however, it ds0 interacts with various proteins including
RNA processng enzymes, tRNA-modifying enzymes, aminoacyl-tRNA  synthetase,
protein synthesis dongation factors, initigtion factors, and the ribosome [3]. Also, tRNA
paticipates in a variety of other functions in cdlular metabolisn such as cdl wal
biosynthesis, chlorophyll and heme biosynthesis [10]. Its role as primer for reverse
transcription of retroviruses is dso interesting. The desre to understand mechanism for
various functions on sructural bass has led to severd dructurd studies of tRNA. The
dructure of tRNA mug fulfil two-fold requirement @ All tRNA should be able to gt in
the P and A gtes of the ribosome and for this process the entire set must conform to a
amilar dructure. b) Enzymes (in particular, aminoacyl synthetases) that bind to tRNAS,
recognize their overal sructure and some specific identity dements rather than the entire
tRNA nucleotide sequence [11].

1.2.1 Therearethree hierarchical levels of tRNA structure.

i) Primary Structure: The nucleotide sequence nearly 80 nucleotides long, of tRNA
molecule is referred as primary dructure. The primary sructure is useful for preparing
databases and andyss of databases provides vaduable information. More than 2000
tRNAS sequences [12] have been known; but x-ray dructurd information is known for
only few tRNA molecule. Therefore, primary dructure is the only vauable information
for these tRNAs, which may aso determine the secondary and tertiary dructure for these
molecules.

ii) Secondary structure: The sequence of severa hundred tRNAs from a variety of
gpoecies have been determined. All tRNAs sequences may be aranged in similar stem
loop arrangement, resembling a cloverlesf pattern when drawn in two dimensons. The
short double hdlica four stems are stabilized by Watson-Crick base pairing fig. (2) [1-4].

The acceptor arm consists of a stem part followed by unpaired sequence of CCA
on 3-end of tRNA. The 2 or 30OH groups from 3 end CCA are amino-acylated. The
other ams consst of base pared sem and loop pat. The Ty C am is named for the
presence of this triplet sequence in its loop. The T dands for thymine, y stands for
pseudouriding, and C dands for cytosine in the Ty C triplet. The loop part contains 7
nucleosides. Thisregion isinvolved in binding to ribosomd surface.



Articodon loop

Fig.2 Clover leaf model of tRNA

As we move dong the backbone away from the 3-end, we encounter variable loop after
Ty Cam. Itsszeisvariable, and is aso cdled the extraloop.

The anticodon am as wel contains stem and loop part. The loop consists of 7 bases
including the anticodon triplet. The U-turning between 33 and 34™ nudleotide is seen. In
the loop, 2 bases are stacked on one side (5-9de) and 5 bases are partially stacked on the
other side (3-sde). Smilar U-turning isdso seen in the Ty C loop.

The next sem loop is Dihydrouridine arm, it contains 8 to 12 unpared bases and
charecteridticdly contains the modified base dihydrouracil and hence the name of the
loop is D-loop.

iii) Tertiary structure: The tetiary or three dimensond dructure can give information
about spatiad arangement of al semloops and ther interaction pettern. The X-ray
diffraction studies of tRNA crydads have provided vauable information about tertiary
structures [13,14,15,16,17]. Some good crystals of yeast phenyldanine tRNA (tRNAP™)
obtained [18,19] in severa laboratories have dlowed ducidation of its three dimensiond



(tertiary) dtructure to atomic resolution. These dudies actudly reveded A-type hdix

‘ Amino Acid
Acceptor End

character, and single stranded loop conformations.

Fig. 3. Three dimensiona structure of tRNA

TYC Loop

N
DHU L
L3S %

The hydrogen bonding interaction between D-loop and Ty C loop, adong with base
paring interactions present in dl sems, and interactions sabilizing the overal L-shaped
three dimensiond structure are aso reveded by the crystdl structure data

Some of the features of this L-shaped molecule are 1) The amino acid acceptor
CCA group is located a one end of the L, around 70A° away from anticodon, which

occurs a the other end. 2) The tertiary interactions of D-loop and Ty C loop tabilize the



L corner in tRNA. 3) Many tettiary hydrogen bonding interactions involve base pairs
different from conventiond AU and GC. 4) Stacking is equaly important factor in
dabilizing the tRNA configuration as much as the tertiary hydrogen bonds. 5) Presence
of various modifications (modified nucleosdes) a specific Stes in severd tRNAS is a
most fascinating feature.

1.3 tRNA modifications:

Tranfer RNA has the larges number of chemicdly modified
nudeosides. Out of nearly 100 different known modifications about 80 occur in tRNA.
Higher organized life domains multicdlular eukaryotes [20-24] are modified to a larger
extent and upto 25% of dl nucleosides in eukaryotic tRNA have been found modified.
Many modifications involve smple akylation, hydrogenation, thiolation or isomerisation
of four common ribonucleosides (A, G, C, U) in the base and /or the 2-hydroxyl group of
the ribose, however, some nucleosddes have quite extensve chemica modifications [22-
27]. Table 1 giveslist of some modifications and their abbreviations.

The tRNAs from three kingdoms of archaebacteria, eubacteria and
eukaryotes contain modified nucleosdes [28]. A subset of these modifications (D, v,
Um, ac*C, Cm, mtG, niG, Gm, ntA, €A, mt°A and ) is present in tRNA from al three
phylogenetic domains [29]; some modifications occur at specific tRNA dte, (y 13, Cmsa,
MGs7, t*As7, Y 38, Y 30, Y s5,8hd m*Asg) in al three kingdoms [30].

1.3.1 Conversion to modified nucleosides:

The converson to modified nucleosdes is caried out post
transcriptiondly by tRNA  modifying enzymes  Severd different  tRNA  modifying
enzymes are present in cdl to caryout various modifications. However, specific tRNA
modifying enzymes have various specific requirements on sequence dructure of ther
substrate tRNA.



Table 1 Lig of some modifications with its short form notations

Name Short form

A. Smple Nucleosdes:

1. Adenosine A
2. Guanine G
3. Cytosine C
4. Uracll U
B. Modified Nucleosides :

1. N* - acatyl cytidine a’C
2. 5-carbamoyl methyl uridine nent U
3. psuedouridine psu
4. 5-hydroxymethyl cytidine hne C
5. 5-methyl aminomethyl uridine m? U
6. N*—acetyl-2' -omethyl cytidine ac*Cm

C. Hypermodified Nucleosides :
1. N° isopentenyl adenosine i°A
2. 2-methylthio-N® —( isopentenyl) adenosine ms’i® A
3. N®—(cis-hydroxy isopentenyl ) adenosine io® A
4. 2-methylthio-N® — ( hydroxy isopentenyl ) adenosine ms’ ic® A
5. N® —methylthio —N® —threonyl carbamoy! adenosine m’ ms? t° A
6. N®—methyl-N® —threonyl carbamoyl adenosine mPt® A
7. 2-methyithio-N® —threonyl carbamoy! adenosine me” ° A
8. Queuosine Q
9. N®—threonyl carbamoyl adenosine A
10. wyosine w
11. inosne |
12. 5-methoxy carbonyl methyl-2 thiouridine men? §2 U
13. N°—glycinyl carbamoy! adencsine LA
14 7- cyano-7-deazaguanosine preQo

15. 2 — thiouridine fU




Different enzymes catayze the synthesis of the same modified nucleosdes in rRNA and
in tRNA [31,32]. But, the tRNA (nPC) methyl transferase shows activity towards rRNA
and synthetic polymers [33]. Furthermore, different enzymes produce y in the anticodon
am. Thus, these ae different enzymes catdyzing the synthess of same modified
nucleosde not only in different nucleic acids but adso in different pogtions of the tRNA.
Also, some specific tRNA enzymes have different requirement for target identifications.

1.3.2 Functions of modified nucleosides:

Presence of modified nucleosdes increases the surface area by
20% [34], suggesting that the modified nucleosides are present to be recognized by
vaious proteing nucdec acids. Also, many modified nucleosdes participate in unusud
hydrogen bonding [34] and thereby contribute to tRNA dructure.  However,
physcochemicd contribution of modified nucleosdes can be in many ways like
introduction of trandent charges dependent on protonation, ateration and redriction of
nucleosde conformation, inhibition of non canonicd base pair or disuption of canonica
base pair and enhancement of base sacking interactions [35]. But, most dynamic and
influentid role must be from the extensve (hyper) modficaions preset a fird
anticodon (34", wobble) position and 3-adjacent to anticodon position (37") position.

1.3.3 Modification at 34" position and its functional importance:

Vaious modified nucleosdes occur a wobble pogtion of tRNA. The
modifications Q, menPs?U, mnnrs?U, n*aC, €U, I, Um ec occur a wobble site. This
fird podtion anticodon dong with its modification is highly important and interesting,
because of its direct involvement in codon - anticodon interactions for protein
biosynthess. Cdl utilizes 10 times more energy in protein synthess than in DNA
gynthess [36]. Clearly, trandationd accurecy and efficiency are important to cdlular
physiology. Modified nucleosdes contribute to genetic trandation in severd ways. Base
modification a the wobble postion of tRNA can change the pattern of hydrogen bond
donors and acceptors, and thus directly change base pairing specificity. The adenosine to
inosne (1) modification dlows base pairing of C, U and A bases and extends wobbling.
Some of the modifications increese wobbling, while others redrict it [36]. The



10

modifications of interest for present study at wobble position are menPs?U and Q.
a) mem’s?U: A large variety of modified uridines occur a the wobble postion of
tRNA. Various 5-postion substituents with and without thio group a 2" position of
uridine are the generd pattern for modified uridines. The examples are menPU, mnnU,
cnrU, menPs?U, mnns’U, emnnU - ete. The unmodified uridine a wobble can indeed
read codons ending with dl four bases [37, 38]. Thus, unmodified Uss seems to dlow
extended wobbling. However, modifications of uridine are associated with restricted
wobble. The thio group (&) of modified uridine gives preference to A over G [39].
However, dl 5-methyl subditutions inhibit reading of pyrimidines [40]. The 5-postion
subdituent may hdp in gdabilizing 3'-endo conformation a the expense of 2'-endo
conformation, through interactions with 5-phosphate. The amino group of mnm® of
modified uridine (mnm°s’U) helps in stabilizing ‘U-turn’ through interacting with the 2'-
OH of 33" residue [40, 24].

The mmPs?U, which is present in various tRNAs eg. human tRNA-YS
[41], tRNA*' from bovine liver [42] etc, may restrict wobbling and stabilize U- turn and
C3-endo sugar puckering. The conformationd preferences for the individua nuclectide
is presented in the chapter 3(A). And, interaction of menPs’U in presence of
hypermodified nudeoside a 37" postion, ms’tc®Ade, in human tRNAYS is reported in
the chapter 5.
b) Queuosine (Q): Another highly complex modified nucdeosde queuosine (Q) is
present at the ¥ position of anticodon in some tRNAs (tRNAAS™ A®: NS gng tRNATY). Q
is further modified to gdQ and manQ in tRNA™Y" and tRNA*®, respectively, from higher
eukaryotes. In Q, the cyclopentenediol moiety is linked to #deazaguanine base through —
CH2-NH"2 linker [43]. Formation of the complex hypermodified queuosine a position
34 in eukaryotic tRNASs requires only one enzyme, the tRNA: guanine transglycosylase,
which exchanges the guanosne 34 with the free precursor queuine. However, in
prokaryotes, at least three enzymes are required to accomplish the stepwise formation of
the same queuosine containing tRNAs [44].

The role of this modification in changing or retaining the Watson —

Crick base paring edge of wobble nucleotide is of interest to us. The role of C(7)-
subdtituent of Q may hdp in gabilizing anticodon loop conformation through interaction
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with 339 residue of anticodon loop. We have explored various possble conformations of
this modified nucdleotide for understanding its functiond sgnificance.
1.3.4 Modification at 37" position and its functional importance:

The modification at 37" position of anticodon is highly correlated with the base
a pogtion 36 [45]. The pogtion 37 is virtudly adways a purine, and is usually modified.
Modifications often occur a more than one podtion on the base. These generdizations
hold for dl three kingdoms and subcellular organelle systems [46].

A common theme of these modifications may be to hdp in Sabilizing cognate
anticodon: codon interactions through increased base stacking. Trandationd efficiency or
reading frame maintenance may be associated with increased dability of anticodon loop.
Modification a 37" position may aso prevent extended base pairing with the mRNA and
can stop frameshift errors.

In the present study the focus is on the conformational preferences and role of tc®Ade
and its derivative ms*tc®Ade in the anticodon loop.

a) tc°Ade and derivative (ms®tc®Ade) : Virtualy al organisms use RNAs that have a
t°A derivative 3 to the anticodon to read ANN codons [46,47]. In the synthesis of PA,
threonine is used dong with bicarbonate in, in vitro, ATP dependent reaction [48,49].
Interestingly, same enzyme may aso incorporate glysne ingead of threonine A mutation
of G to Uss in tRNA®Y results in the synthesis of A [50], which strongly supports the
suggestion that the sequence Usg-Aar-Asg is one determinant for the tRNA (t°As7)
synthetase [51].

The presence of t°A drengthens the binding of tRNA to programmed
ribosomes [52], and aso the interaction with complementary tRNAs in anticodon —
anticodon association experiments [53]. The highly functiondized threonine sde chan
has the potentid to interact in unique ways with other functiond groups in the tRNA
anticodon. The proposed role of £A is for stahilizing the codon - anticodon interaction.
Also, a direct interaction between t*As; and the mnmPs’Uss nudeoside in tRNA lysine
[$4] is proposed to explain a unique characterisic about the structure and chemidry in
this specid tRNA. Smilarly, interaction between highly modified base menPs’Uss and
ms’tc®Ades; present in human tRNA lysine is invoked in Agris [54] modd of
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unconventional anticodon loop structure for tRNAMYS. We have tried to examine this
possihility of unconventionad structure in case of human tRNA-YS and tRNA*"  (which
contains Qa4 and tc®Ades; as modified bases).

1.4 Methods useful for structural studies:

a) X-ray crystallography :

In x-ray crysalography [55,56], diffracted waves from periodicaly arranged
aoms in crydas can add up in phase according to Bragg's law (i.e interplanar or
interatomic digance should be comparable to wavedength of incident light to have
interference) to give diffraction pattern. X-ray crystdlography is very useful technique,
but growing a useful crystd can be the most serious job. Getting the required high
resolution, to get accurate structural information, also poses problems.

b) NMR:

Nuclear Magnetic Resonance [57,58] (NMR) is based on the quantum
mechanicad property -spin of nudd. It determines information about aoms from the fact
that ther locd environment influences their response to goplied magnetic fidd. The kind
of informaion obtaned from NMR includes the measurement of interatomic distances,
and coupling congants that can be interpreted in terms of torsdon angles. Increasingly
larger molecular sysems ae becoming amenable to sophisticated multidimensiona
NMR techniques.
¢) Computational methods:

Computationd methods like molecular mechanics, semi-empiricd and ab-initio
molecular orbital approaches have been used for al these dructura investigations.
Computationd techniques are used for molecular modedling and smulation (i.e numerica
experiments based on theoreticd modds of rea molecular systems). Advances in fad,
efficient computing hardware and software has enhanced the scope for computationa
techniques. Vagt information databases of new sequences, new compounds have adso
become available, however, accurate sructurad information remains scarce. Although
experimentad techniques like X-ray cryddlogrgohy and NMR give vauable information
about various compounds, the preparation - avaldbility of suitable samples continues to
hamper experimentd invedtigations of biomolecules and limits the avalable information.
On the other hand, high speed / large memory computers and ability of various softwares
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prograns to handle redidic biologica/chemica problems has opened new possibilities
for computational probing. The detalled information about computationa methods is
provided in next chapter.
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Chapter 2. Computational Methods
Various computationd methods are presently available for studies of molecular
dructure and gSmuldion [numericd moddling] of bio-molecular properties. The
computation methods are broadly divided in the following two sections. Section A)
Classcd / Satistica mechanics methods, B) Quantum mechanics methods.

2.1 Section A: Classical / Statistical mechanics methods:

2.1.1 Molecular Mechanics. In this method, atoms are considered to be point mass
paticles connected with spring like bonds and both the atoms perform smple harmonic
motion about the equilibrium bond length values. Likewise, various bond angles may
adso ogtillate around their equilibrium vaues. The energy of the sysem is given by force
fidld conssing of various bonded and non-bonded interaction terms. The genera form

of force fidd is given below.

Etotal = Edtretch + Ebend + Etorsion + Enon-bonded interaction

or

Etotd=S k ; (-Teq)® + S K q (q-Geg)® + S(ENV2) [1+cos(rf - g)] +
bonds angles dihedrds

S{I(AIj/Rij ) - Bil/Rij*)]+ (i i/ € Rij)} ... (3)
Etotd is the potentid energy ofl t>rjle sydem; k  and rgq are the bond stretching constant
and the equilibrium bond distance; k ¢ and geq are the bond angle stretching constant and
the equilibrium bond angle, En, n and g are the torsond force congant, the periodicity of
the torsond term, and the phase angle; Aij and Bij are the non-bonded (Lennard-Jones)
repulson and atraction coefficients; Rij is the interatomic distances between aom i and
l; o, g ae the aomic partial charges on aom i and j; and e is the effective dielectric
condant. The generd equation (8) gets modified mainly in the trestment of non-bonded
interaction term and various parameter sets adopted by different investigators. This has
resulted in various force fidds like AMBER (Asssed Mode Building with Energy
Refinement) [1,2]; CFF (Consgtent Force Fidd) [3,4]; CHARMM (Chemistry at Harvard
Macromolecular Mechanics Force Field) [5]; MMFF (Molecular Mechanics Force Field)
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[6]; MM3 / MM4 (Molecular Mechanics) [7] etc. Molecular mechanics is easy and
powerful method applicable to complex biomolecular system.

2.1.2 Molecular Dynamics (M D) and Monte Carlo:

MD method gives time dependent evauation of molecular sysem. MD requires two
entities aforce fidd and away of integration of the equation of motions [8,9,10]

Sybyl dynamics module is utilized for molecular dynamics smulaion. Kollman (All
Atom, hybrid and United atom) and tripos type of force fidd are avalable in Sybyl
software and Verlet or Legpfrog agorithm is utilized for the integration of the equation of
motion [8,9,10].

Sybyl dynamics methodol ogy:

Operdtiondly, and a the smplest posshle levd, two entities are required in an MD
programs aforce field and away of integrating the equations of motion.

Where
m—» isthe mass of atom i

Xi(t) —»ispogdtion of aom i

Fi— isforce acing on aom i

Ni —p isagradient with respect to x;
The implementation of molecular dynamics in SYBYL dlows a choice of force fidds (
like tripos, kollman dl aom, kollman united, or kollman hybrid) and uses the verlet
method [9] dso known as the legpfrog method, for the integration of the equations of the
mation. As in any MD method implemented in a digitad computer, the caculaions of
motion are done a discrete intervas, the length of these intervas defines the time step.
The displacement of an aom over atime step Dt isgiven by:

X (t +Dt) —X(t) = -=-mmn- Dt =v(t*) Dt .......(2)

where v(t*) isvelocity & time t*
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The verlet method uses the veocity a the mid point of the time interva in equation (2),
snce the veocity is not condant through the intervd; i.e. t*=t + Dt/2 . The veocity a
the midpoint can be estimated from the previous time sep and from the accderation a,
which in turn can be caculated directed from the force equation (1).

v (t+(DU2)=v(t- (DV2)) +abt
After cdculating the new vdocity, it is submitted into eguation (2) and the cyde is
repegied. The dgorithms used in sybyl dynamics cdculaions are refinement of those
described by Berendsen [10].

MD generates a thermodynamic ensemble over time as well over space,
from which the necessary averaged quantities can be derived. However, Monte Carlo
uses a series of random moves aong wth energy based acceptance criteria to produce a
thermodynamicdly rdevant ensemble There is no formad equivdence between
individud moves in the space and time domains, so there is no rigorous way to define the
effective smulation time corresponding to a Monte Carlo smulation of a given no. of
moves. The various criterias for tRNA MD smulation are discussed in the Encyclopedia
of Computational Chemistry [11].

2.2 Section B: Quantum Mechanics M ethods
Quantum mechanics [12] describes molecule in terms of interactions

anong nucde and dectrons and molecular geometry in terms of minimum energy
arrangements of nuclel and dectrons. The equation of quantum mechanics is schrodinger
equation
Hy =By
WhereH —®istota energy operator of many electron system
y P istotd wave function of many electron system
E —» istota energy of many dectron sysem
The totd wave function is condructed through suitable combination of individud one-
electron wave functions,
y =Safi , wheeNisno. of eectrons
f; —p-one-eectron molecular orbital

and g — coefficient
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The procedure which dlows the determination of the individud molecular orbitd is the “
Sdf — Conggtent Feld” method, the main features of which are asfollows.
a) Totad Hamiltonian is

H=SHn +S Urm

where, H(n) sthe Hamiltonian for one dectron n in thefidd of dl the bare nudei
b) Totd energy for the sysemis
?y*Hy dt

?2y*y dt
expressed in terms of individud orbitas f, by usng the determinanta expresson of
y . Vaioustermsin tota energy E according to HF is
EHF — pNuclear | Core | Coulomb | pexchange
c) One sidfies the variation principle for the energy. i.e. The energy is cdculated by
the above expresson usng an goproximate wave function which dways corresponds
to energy higher than the exact energy. Carying out this procedure yidds generd
“Fock” eguation one for each individud orbita f

where F is an opeaor playing the role of an individud Hamiltonian and g is
individud energy of one dectron occupying the orbitd f;. The operator F depends on dll
the orbitals that are occupied in the system: thus each f; is given by an equation that
depends on dl the orbitals f’s. The way out of this difficulty is to choose a reasonable
dating st of ‘f's and repeat the operations again and again until the p™ set of f's
reproduces the (p-1)'" set to a good accuracy. Hence the name is“ Self-Consistent”.
The fock operator and expressng individud molecular orbita f; as combination of
atomic orbitd €; = S ¢ X , X — aomic orbitd), yieds a sysem of homogeneous linear
equations in the ¢'s, the Roothaan equation

Sq Cig (Fpq- € Spg) =0

where Syq is overlgp integral
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Foq iSpg matrix element of fock operator.

The practicd way of solving the Roothaan equation is to choose an initia set of ‘C's,

caculae Fpq's, solve the equaions for a new set, and iterate again until consstency is
ataned. This is the theory of Hartree-Fock or (SCF-LCAO-MO) abinitio method.
Practicd reasons forbid the use of complete basis sets (which may have infinite terms),
thus a finite incomplete bass st is used in dl computations. The choice of aomic bass
st fixes the limits to the accuracy of the results. Higher (more complete) basis sets dlow
gregter flexibility (redism) in presenting molecular orbitds. This dso leads to solutions
gpproaching true ground state more closdly.
221 Semi — empirical methods. In order to smplify the quantum mechanica
cdculaions, ingead of numerica evaduation of the various integrds, empirica vaues are
used in semi-empiricd cdculations, while some other integrds deemed smdl ae
neglected dtogether. Vaious semi-empiricd methods differ in the levd of
gpproximations used and the vaues used for the integrds. Semi-empiricd models am to
relate molecuar properties with one another using broadly theoreticd Hartree - Fock
model. Condderable smplification results in dl vaence eectron approaches as the inner
electrons become part of the nuclear core and are not treated explicitly. Next, the bass set
is redricted to aminimal representation.

Vaious gpproximations are useful in reducing overdl computation. The centrd
aoproximation is to ingg that atomic orbitas resding on different atomic centers do not
overlap.

? cycy dt =0...... (& cyandcy not on same atom
This is referred as Neglect of Diatomic Differentid Overlgp or NDDO gpproximation.
The AM1 [13] and PM3 [14] modds incorporate essentialy the same gpproximations but
differ in ther parameterizetion. The Zero Differentid Overlgp gpproximation is same as
that of eg.(@) , but consdering overlap on same or on different aloms. And it was initiated
by Parisr and Parr [15] in case of P -dectrons and was later generdized by Pople
et.d.[16] for any par of vaence orbitas. The Roothaan LCAO —SCF equations in the
ZDO approximation are thus smplified to
qS Cq(Fpg€ dpg) =0 where dyq isthe Kronecker symbol.

The Complete Neglect of Differentid Overlap (CNDO) method, adds to ZDO hypothess



two other fundamentd approximations. the first one concerns the vaues of the Coulomb
integras, which are al gpproximated as Coulomb integrals over s Sater atomic orbitals.

And the second fundamental hypothess of the CNDO procedure concerns the core
matrix eements. The detailed discussion is available in the references [16,17,18,19].
2.2.2 PCILO method:

Perturbative Configuration Interaction Using Localized Orbitas (PCILO) method
[19,20] is an dl vaence ectron molecular orbitd gpproach. Redizing the utility of usud
molecular sketch representation in chemidry, it is utilized for the suitable zeroth order
wavefunction of the molecule The molecular wavefunction is built from orbitas
locdized (bonding orbitds) on the chemicd bonds and lone pars of the molecule. The
method introduces the following dmplifications @ use of full ZDO hypothess b)
integral approximations based on CNDO/2, both for the coulomb integras and for the
core marix dements Empiricdl values of ionizetion potentid and dectron  dffinity
utilized for evaluation of core matrix dementsin CNDO/2 gpproximeations.

Suitable combination of atomic hybrids gives bonding orbitas as:
i=aci+bcs
And the corresponding antibonding orbitd is:
i* =-bcit+acy
Bonding orbitals form zeroth order wavefunction and antibonding orbitals are used to
build excited dates (mono-, di-excited dates). The Configuration Interaction (Cl) matrix
is constructed on such basis of configurations.

W=4a Cyyx whereWtotd resultant wave function
k

Yy k= various configurations
This Cl tekes into account the corrdaion energy, which is built-in eror in HF-SCF
model. The use of locdized molecular orbitds (MOs) for correation problem is useful to
give loca dructure to CI matrix as suggested by Sinanoglu [25]. Almost dl corrdation
energy contribution comes from loca excitaions. Rayleigh - Schrodinger perturbation
[12] technique is used to truncate Cl matrices [21]. This truncation is necessary to save
computationd time and memory, and mgor contribution to energy comes from the firs
few terms of full Cl expandon. Energy correction upto the third order is included in
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PCILO method. In the Raylegh-Schrodinger perturbation, exact hamiltonian H is
expressed as
H = H+ |V where H, is unperturbed hamiltonian (with y « egenvectors)
which differs from exact hamiltonian by a smdl perturbation term | V. Taylor expanson
in the neighbourhood of | =0 givestota energy and total wavefunction as:
E=E+|E1+12%Eo+...
W=y +1f 1+ % 5+
The energy formulae for the first, second and third order energy corrections are given as.
E1=Voo

The patid charges obtaned usng method of Del Re [26] have been utilized in
PCILO approach.

PCILO is found to be very ussful to do conformationd search for
biomolecules. The rigid-body rotation is assumed for interna rotation around exo-cydic
chemica bonds. Thus the molecular dructure problem for a molecule having N aoms
gets greatly dmplified from 3N-6 degrees of freedom to just few exocyclic torsgon
angles. Typica bond distances and bond angles are found to essentidly retain constant
vaues, across vast dructurd data encompassing a large number of molecules in different
conformations. Thus the assumption of fixed bond distance and bond angle vaues for
conformational search is valid and has great vaue for computational smplification. We
preferred PCILO to span whole conformationd space instead of molecular mechanics
based limited geometry optimization. Also, PCILO method has been tested successfully
in predicting the preferred conformational structures for alarge number of biomolecules,

2.2.3 Density Functional Theory (DFT):

Dengty Functional Models [22] provide an dternative agpproach to the treatment

of corrdation (which is difference between Hartree-Fock energy and the experimentd
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enagy) in many-dectron systems. The totd energy in DFT, is unique functiond of the
total electron density. The energy according to DFT is

EDFT — pNudlear | pCore , Coulomb Ex(p) + Ec(p)
The firgt three terms represent Hartree-Fock energy, and Hartree-Fock exchange term is
replaced by exchange functiond E*(p) and in addition a correction functiona E(p). Both
the latter terms are functions of dectron dengty p. The locad dendity or nontloca dengty
modds areincluded in DFT.
The locd densty modds will be referred to as SYWN (Sater, Vosko, Wilk, Nusair)
models. Here, the form of the exchange and corrdation functionds follows from the
exact (numerica) solution of a many-eectron gas of uniform dengty, as a function of the
density, by subtracting  E°°"® and EC®™ from the total energy (thereis no EN'“® term).

The SYWN modd would not be satisfactory for molecular system of nontuniform
electron dengty. The modd may be improved by introducing explicit dependence on the
gradient of the dectron dendty, in addition to the dendty itsdf. Such procedures are
termed gradient —correlated or non-loca dendty functiond models. An dterndive to
locad dendty modd is the so-cdled generdized gradient approximation proposed by
Becke and Perdew [23,24].

In the Becke — Perdew (BP or BP86) modd, a new potentia is used in place of
the locd potentid in the Sdf-Consigent-Field (SCF) procedure. This actuadly comprises
a loca part and a gradient correction. The latter needs to be recaculated a every SCF
iteration. An dternative, and computationdly smpler approaches, is to introduce gradient
correction only after convergence based on the loca potential done has been achieved.
This procedure is referred to as a perturbative Becke —Perdew model (or pBP).

The bass sets for DFT cdculations in spatan ae tabulated aomic  solutions,
supplemented by d-type functions on heavy atoms and p-type functions (optiondly) on
hydrogen. The numericd polarizations DN* and full polarization (DN**) are bass set for
DFT cdculations.
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Chapter —3(A): Confor mational prefer ences of wobble nucleoside
5 - methoxy car bonyl methyl — 2 thiouridine (mecm’s°U)

3(A).1 Introduction: Uridines, modified a base ring carbon5 and many times aso
thiolated at carbont2 are often found a anticodon first (wobble) postion in tRNA. All
modified uridines are syntheszed post transcriptiondly in prokaryotes and eukaryotes
[1,2]. Modification a 5-podtion of wobble uridine is varidble from short methoxy
(mo°U) group to long like methyl carboxy methyl wridine (menPU). However, 2-
thiouridine (s°U) without some sort of modification a the 5position has only been found
in only one of the anticodon out of hundreds of mature tRNASs that have been sequenced
[1]. Thiolation and the 5-posdtion subdituents have been shown to influence codon -
recognition [34] and aminoacylation [56] and thus ae of chemicd and Sructurd
importance to the tRNA function.

The 2-thio-5-uridine acetic acid methyl ester (menPs’U), modified uriding, is
present a wobble postion of anticodon in tRNA® from bovine liver [7], rat liver
tRNAMYS [8] as wdl in human tRNA"YS [9]. The esterified acetic acid side chain adds to
the biologicd interes of this nudeotide [10]. This wobble postion modified uridine
resricts the recognition to only A. The tRNA”™ from bovine liver recognizes AGA
codon [7]. The menPs’U of tRNA is involved in stahilization of a loop-loop interaction
between the anticodon loop of tRNA"YS and an A-rich loop located upstream of the
Primer Binding Ste (PBS) in the genomic RNA of HIV [11]. Thus, it is important to
study the conformationa preferences of menPs’U-modified uridine and its role in codon
recognition. Here, gructurd investigations on 5-methoxy carbonyl methyl -2-thiouridine
(menrsPU) are presented.

3(A).2: Nomenclature, Convention and Procedure:

Figure 1. illudrates the atom numbering and identifies the tordon angles for rotation
aound the acydic sngle chemicd bonds required for describing the molecular
conformation. The tordon angle a [C(6)-C(5)-C(7)-C(8)] is measured with respect to
C(6) from the cis (eclipsed, 0°) postion in the right-hand sense of rotation.



Fig.l. Wobble nucleotide 5 methoxy carbonyl methyl —2 thiouridine (menTs’U)
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Likewise, the successve torson angles b[C(5)-C(7)-C(8)-O(8d)], g C(7)-C(8)-O(8a)-
C(9)] and d[C(8)-O(8a)-C(9)-H] define the 5-postion subgtituent and glycosdic torson
angle c is defined as [O1-C1'-N(1)-C(6)]. However, for torson angles in the ribose - 5'
-phosphate backbone, vaues have been adopted from Holbrook's model of tRNA [12].
The torson angles in the ribose- phosphate backbone are distinguished by the subscript b
for the backbone. Except for the above mentioned subscript, the same nomenclaure is
retained as in tRNA modd [12] for these backbone torson angles. The definitions for

these backbone torsion angles are ap [H-O3'-P-0O5'], by [O3' -P -05'-C51, g, [P-O5'-C5'-
C41, dp[ O5-C5'-C4'-C31, e,[C5'-C4'-C3-031 , zp[C4'-C3'-03'-P] and x,[C3-C2'-O2'-
H]. The trans (180) arrangement of C(5) substituent is taken as the starting structure.
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The perturbative configuration interaction using locdized orbitds
(PCILO) methods [13] was used for dl the energy caculations of the molecular
conformation. For each conformation, the polarity of the chemicd bonds was optimized
and the correction terms up to the third order are included in the cadculation of tota
ground dtate energy. The logica sdection of grid point approach [14] was used for
searching the most dable and dterndive dable dructures in the multidimensiond
conformationa space.

Full geometry optimization, for PCILO most stable and dternative
dructures, by molecular mechanics force fidd MMFF [15], parameterized modified
neglect of differentid overlap framework based PM3 [16-17] and Hartree Fock HF
[18,19] approaches has been examined. These methods are implemented in commercialy
avallable PC Spartan Pro (Verson 6.06 Wavefunction, Inc. 18401 Van Karman Ave,
Suite 370 Irvine, CA 92612) and Sybyl 6.4beta (Tripos Inc) molecular moddling

softwares.

Fig.2 The preferred base substituent orientation for ments’U by PCILO

Ofa)

o)
o)
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3(A).3: Results and discussion:

Figure 2 depicts the most stable conformation, obtained from PCILO cdculatiions on 5-
monophosphate  of menPsU.  The preferred  torson  angles are  a =330°
, b =120°, g=180°,d =180 for the C(5) subdituent orientation. The dructure is
dabilized because of intramolecular hydrogen bonding interaction of C(Q)H with the
phosphate group oxygen (Table 3a). The other C(6)H...O5' interaction can dso dtabilize
the preferred molecular structure. In this conformation, the C(5)-postion substituent
orientation does not obstruct the Watson-Crick Stes which remain accessible for codon -
anticodon interactions.

Table :1 Predicted most and dternative stable conformations for single nucleotide 5-
methoxy carbonyl methyl 2-thiouridine.

Torsion angles PCILO Rel. energy
in (°) kcal/mol
al a =180, b=180, g=180, d=180 c=3 16.5
b] a =330, b=120, g=180, d=180 c=3 0.0
c] a=330, b=300, g=330, d=180,c=3 0.3
d a=90, b=180, g=0, d=180,,c=3 25
€] a =270, b=150, g=300, d=180 c=3 53

The PCILO predicted dternative structure for 5-monophosphate menrs?U are given in
Table 1. The fird dternative is 0.3 kcd/mol higher in energy than the most dable
conformation. The torson angles describing this dterndtive are a=330°, b=300°, g=330¢,
d=180°. The next dterndive (a=90°, b=180°, g=0°, d=180°)is 2.5kcd/mol higher in
energy than the most stable Structure. This aternative structure places the C(5)-postion
ubdtituent over and perpendicular to the plane of uridine base. However, in the next
higher energy dternaive (a =270°, b=150°, g=300°, d=180°), C(5)-podtion subgtituent
is placed bdow the plane of the uridine base. The dternative dructure retains the
intramolecdar hydrogen bonding between C(9)H..O3p and C(7)H..O3p (see Table

3().
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Table3(a): Geometricad Parameters for hydrogen bonding for PCILO structures of 5'-

monophosphate ments’U
Atoms Involved Atom pair Atom pair Angle Reference
(1-2-3) (1-2 A (2-3) A (1-2-3)

C(7)H...02P 1.001 2.320 1351 Tablel[a]
O2H...03 0.97 2.110 110.0 Tablel[ab,c,d,€]
C(6)H...05 1.091 2.330 1455 Tablel[ab,c,de€]
C(9)H...02P 1.091 0.910 15903  Tablel[b]
C(9)H...03p 1.091 2.140 112.8 Tablel[€]
C(7)H...03p 1.091 2.360 1695  Tablel[e]

I nterdependence of torson angle a and b is depicted as isoenergy contour map in
fig.3. The most stable conformation is shown by cross X' mark a torson angle vaues

a=330°b=120".

Fig.3 Isoenergy contour diagram for a and b
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Another stable region within 5kca/mol energy contour is located a8 a=330° and b=300°.
The contour diagram shows sudden increase in energy when a <120° and a >330-.

Correation of rotation around bonds C(7)-C(8) and C(8)-O(8a) (torson angles
b and g) is shown as isoenergy contour map in figd4. b=120°, g=180° vaues represent
the most sable conformation denoted by 'x'. The isoenergy contour map shows grester
rotationd freedom for torson angle § ' as compared to torson angle b' with b=120°, the
accessble range for g is between 60°-210°. The dterndive sable region is located
around b=300° and g=330 in the isoenergy contour map of b and g ..
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Fig.4 lsoenergy contour diagram for b and g

The automatic full geometry optimization has been peformed, usng
MMFF, PM3 and HF methods, for al PCILO dructures in Table 1. Geometry
optimization results usng MMFF indicate that the optimized PCILO darting structure
(Table 2(1)) leads to the most stable optimized dructure amongst dl MMFF optimized
dructures in Table 2. The optimized torson angle a is dgnificantly different than the
starting PCILO geometry for this optimized structure. The C(5) substituent in menPs’U is
placed above but is perpendicular to the plane of uracil. The optimized PCILO most



gable sructureis 2.7 kca/mol higher than the optimized PCILO Sarting structure.

Table 2: Optimized values of the torsion angles by automatic optimization using MMFF, PM3, and HF
methods for menPs®U

Molecule Torsion anglesin (°) Rel. Starting

a b g d ¢ a, by, @ & @& 2z X energy geometry

A]JMMFF Results;

1] 976 -1769 1758 1788 19.1 -57.7 1767 1565 512 747 -785 -445 0 Tablel[q
2]-909 169.8-1754 170.7 20.7 -60.2 1715 1556 432 744 -743 -454 27 Tablel[b]
3]-56.6 -895 -52-1757 263 -537 -179.1 1699 486 763 -733 -41.7 159 Tablel[c]
41903 1340 -28 1749 97 -466 -1634 -1665 564 826 -77.8 -43.0 6.8 Tablel[d]
5]-101.3 1765 -52 1755 192 -614 1726 1543 469 756 -748 -443 119 Tablel|e]

B] PM3 Results:

6] 713 1305 1800 1781 673 -563 -1755 1798 415 896 -590 -543 0 Tablel[d
7)-103.3-177.6 179.1-179.2 430 -560 -168.0 -1525 233 934 -674 -583 3.0 Tablel[b]
8] -602 -91.8 -19 1760 64 -475 1766 -137.6 353 939 -760 -669 444 Tablel[c]
9] 613 1128 -29 1772 608 -46.3 -1770 -1709 476 941 -692 -574 0.3 Tablel[d]
10]-81.8 1758 -25 1767 59 -512 1568 1605 152 929 -650 -69.7 59 Tablel[e]

C]HF(Full Optimization) Results:

11]1095 160.7 1795 1754102 -150 1494 1215 474 782 -1540 -424 80 Tablel[a
12]-856 1161 1768 -179.9113 -424 -70.6 1405 436 847 -1464 -405 3.6 Tablel[h]
13]-641 -69.1 -151 1430198 274 -154.1 -129.1 50.8 895 -139.3 -39.3 4.8 Tahlel[c]
14]107.7 1226 -154 -1675159 816 1223-1002 428 852 -870 -47.2 0 Tablel[d]
15]-97.1 1694 -145 -1746150-1396 227 1099 484 751 -1542 -42.2 189 Tablel[e]

However, 5 - podtion subdituent of uridine is beow the uracil plane but is a
perpendicular inclination. The intramolecular hydrogen bonding interaction O2H...O3' is
maintained in dl MMFF optimized gructures. In al the optimized dructures, obtained
usng MMFF, PM3 and HF methods, no O2H...S(2) interaction is found. This may be
due to the influence of thio group in mantaning C3-endo ribose puckering in dl
optimized structures obtained usng MMFF, PM3 and HF methods aike. The geometrica

parameters for hydrogen bonding of dl optimized dructures obtained through MMFF,
PM3 and HF methods are included in Table 3(b).



Table3 (b): Geometrical Parameters for hydrogen bonding for optimized structures of 5'-monophosphate
menPs?U by MMFF, PM3 and HF methods

Atoms Involved Atom pair ~ Atom pair Angle Reference
(2-2-3) 1-2 A (2-3) A (1-2-3)
O2H...03 0.980 2112 1136  Table?[1,2,3/4,5]
C(9)H...0(4) 1.098 2.720 1232  Table2[3]
O3'pH...O(8b) 0.970 1.694 1524  Table2[4]
O2H...03 0.970 2407 103.8 Table2[6,7,8,9,10]
C(6)H...05' 1.097 2.586 1695  Table2[7]
C(6)H...05 1.097 2.550 1404  Table?[g]
O3pH...O(8b) 0.970 2.578 1532  Table2[9]
C(6)H...05 1.097 2.550 1417  Table2[9]
C("H...0O2P 1.098 2.610 158.3 Table2[10]
C(7)H...02P 1.098 2.168 152.1 Table2[11]
C(6)H...0O2P 1.097 2.249 143.0 Table2[11,15]
O2H..03 0.970 2.075 114.8 Table2[11,12,13,14,15]
O3'pH...0(8b) 0.970 1.597 166.9 Table2[12,13]
C(NH...01P 1.098 2.350 167.9 Table2[12]
C(6)H...05' 1.097 2.501 143.0 Table2[12]
C(6)H...03p 1.097 2.320 144.3 Table2[12]
C(6)H...05' 1.097 2.095 1618  Table2[13]
C(9H...0(4) 1.098 2.250 1710  Table2[13,14]
C3H...03p 1.097 2.367 1554  Table2[14]
C(6)H...05' 1.097 2.260 1535  Table2[14]
O3pH...O(8b) 0.970 1.550 1746  Table2[14]
C(9H...02P 1.098 2.570 1474  Table2[15]
C(7)H...O2P 1.098 2.168 144.1 Table2[15]

PM3 optimization of PCILO darting sructure (Table 2(6)) yidds most stable
optimized conformation. This optimized dable conformation has nearly perpendicular
(above the uracil plane) orientation of C(5)-subgtituent. The optimized PCILO second
dternative dructure is just 0.3 kcd/mol higher in energy to optimized PCILO darting
dructure, while, PM3 optimized



PCILO most stable dructure is 3.0 kcd/mol higher in energy. The orientation of C(5)-
subgtituent in PM3 optimized PCILO most stable structure is below uracil plane, but & at
nearly perpendicular incdination.

Fig.5 HF-Optimized second PCIL O aternative (Table 2[14])

Optimization usng HF does not give results (Table -2) smilar to those obtained
usng PM3 and MMFF. The optimized second PCILO dternative stable structure turns
out to be the most dable optimized dructure usng HF. This conformation is stabilized
due to various intramolecular hydrogen bonds like C(9H..O(4), O3IH..O1P,
C3H...03p, C(6)H...O5 (Table 3). This mogt stable optimized dructure keeps C(5)
ubdtituent orientation tilted perpendicular to but over the plane of uracil base. The
optimization of PCILO most stable structure turns out to be 3.6 kca/mal higher than the
lowest energy optimized dructure.  The relative energy and torson angle vaues ae
included in Teble 2.

All the optimized dstructures keep the C(5)-subgtituents oriented away from the
Watson -Crick base paring dtes of uracil base. The optimization of ribose-phosphate
backbone dso contributes to the stability of the optimized structure. However, optimized
torson angles of ribose-phogphate backbone aso show expected flexibility of wobble

nucleotide to enable the backbone turn and provide aternative modes for non-cognate



wobble base paring. In view of this flexibility the fully optimized dructure in Table 2
may conveniently be accommodated in the anticodon loop.
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Fig.6 The preferred most stable conformation by PCILO, for substituent of menrs®Us,

3(A).4:  Trinucleotide mem®s®U  (UssmomPs?UssUss): To model  interactions  of
hypermodified nucleosde with adjacent neighbours cdculations on the trinucleotide
segment have been made usng PCILO and MMFF methods. During PCILO
conformational search the backbone torsion angles are kept as in Holbrook's [12] data
However, full geometry optimization usng MMFF is made to dudy the sdient features
of stable conformations (Table 4).

The most dable conformation obtained by PCILO for the trinucleotide
modd segment is shown in fig. 6. The torson angles describing most stable conformation
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ae a =330°, b=180°, g=180°, d=180° for the C(5) - subdituents. The intramolecular
hydrogen bonding between C(6)Hs4...05'34, C(6)Hs4...0(8b)34 and bifurcated hydrogen
bonding O1'34...C(6)H34...0(8b)34 may provide dability to the most stable conformation

(see table 6).The C(5) subdtituent orientation is not perpendicular to the uracil plane for
the mogt stable conformation.

Table 4: PCILO resultsfor most stable and alternative stable conformations of the trinucleotide
a b g d c Rel. Reference

in ) energy

140.0 The gtarting extended
0.0 PCILO mogt stable
05 PCILO dternative-|
14 PCILO dternative-I|

a 180 180 180 180
b] 330 180 180 180
210 120 180 300
d 120 180 180 300

W W o w w

The firg dterndive (a =210°, b=120°, g=180°, d=300°) stable structure has 0.5 kca/mol
higher energy than the most sable sructure. The interaction between C(7)H group of
C(5) substituent and phosphate oxygens of 34" nucleotide (Table 6) are the stabilizing
factorsfor this conformation.

The second dternative dructure is 1.4 kca/mol higher in energy than the
most dable sructure and is described by torson angles
a =120°, b=180°, g=180°, d=300°. The intramolecular hydrogen bonding between
carboxyl oxygen O(8b) and hydroxyl O2'Hss group of ribose 33 is noteworthy (Table
6).



Table 5: Optimized torsion angles of C(5) substituent present in trinucleotide U33-menPs?U34-U35

a b g d C Rel. Reference
in(°) energy

1] 76 1385 144 1568 14.0 37.8 Tabled[a]

2]-101.1 1565 1799 1739 184 164 Tabled[b]

3]-105.8 321 1725-1752 7.6 36.4 Tabled[c]

4] 89.11594 -1774-1604 104 0.0 Tabled[d]

The results of MMFF optimization for the various conformations included in Table
4 are liged in Table 5. The optimization of the second PCILO dternative (fig.7, Table 5)
yidds the lowest energy optimized structure. The optimized PCILO dternative (Table
5(4)) keeps (fig.7) the C(5)-subgtituent oriented above and perpendicular to the plane of
uracil base. Thus it can form hydrogen bonding with the hydroxyl O2H group of ribose
33. Other hydrogen bonding interaction namely C(5)Hzas...0(8b)34 , C(9)H34...02'H33 and
C(6)H34...02P34 may dso dabilize the structure (Table 6).

Optimization of the PCILO most stable conformation leads to 16.4-
kcd/mol higher energy optimized dructure than the most dable optimized sructure
aisng from the PCILO dternative dable dructure. This conformation has C(5)
subdtituent placed down the plane of uridine. Various likely intramolecular hydrogen
bonding interactions are liged in Table 6. The hydrogen bonding of N(3)Hss with
phosphate group 35p36 is present in dl the optimized geometries and may help maintain
the U-turning feature of the anticodon loop.



Table 6: Geometrical Parameters for hydrogen bonding for trinucleotide U33-menPs?U34-U35

Atoms Involved Atom pair Atom pair Angle Reference
(2-2-3) 1-2 A (2-3) A (1-2-3)
C(6)Hss...05'34 1.097 2.456 1125  Tabled]h]
C(6)H34...0(8b) 34 1.097 1.819 1183  Tabled[b]
OL's...C(6)Has...0(8b) 34 2.140 1.819 1250  Tabled]b]
C(7)H3,...02P3, 1.098 2334 1125  Tabledc]
C(7)Hz;...03'33 1.098 2.610 1416  Tabled[c]
02'Ha33...0(8b) 34 0.980 1.499 1273  Tabled[d]
C(7)Hs,...02P3, 1.098 1934 1502 Tabled[d]
N(3)Ha;s...01P35 1.090 1.729 1529  Table5[1,3]
02'Hss...0(8b) 34 0.980 2.130 1322  Tableh[1]
C(6)Hz4...0(8b) 34 1.097 2.336 1179  Tableq1]
C(5)Hzs...02'33 1.097 2.552 141.8 Tableg[1]
O1'34...C(6)Ha,...0(8b) 34 2.270 2.336 1363  Tableg[l]
C(6)Hs4...02P3, 1.097 2.740 1543  Tables[2]
N(3)Ha;s...01P35 1.090 1.868 1564  Tables[2]
C(6)Hss...02P3, 1.098 2491 1592  Table5[3]
N(3)Hs3...01P54 1.090 2.076 1489 Table5[4]
O2'H33...0(8b) 34 0.980 1.695 161.2 Table5[4]
C(6)H34...02P3,4 1.098 2.385 153.2 Table5[4]
C(5)Hs,...0(8b) 34 1.098 2.606 148.1 Tables[4]
C(9)Hs,...02'33 1.098 2.553 1431 Table5[4]

39



Fig.7 MMFF optimized structure from the second alternative stable PCIL O structure.

3(A).5: Conclusions. The C(5) substituent is found to be oriented above or below the

plane of uracil base and is perpendicular to it in the preferred and dternative stable

conformations of menPs?U . Although, severd different conformations for C(5)-

substituent of menPs’U are indicated, but in each case prospective codon - anticodon

base pairing sites remain unobstructed.
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Chapter -3(B): Conformational Preferences of another wobble

nucleoside queuosing(Q) and its analogs.

3(B).1 Introduction:

Queuosine Q' is one of the most extensvely modified [1-3] complex nucleosides, which
naturaly occurs in the firg ‘wobble postion of anticodon [4-5] in specific tRNAs. The
7-deszaguanine of queuosine in place of unmodified guanine ring may exclude wobble
G-G base paring and eiminate the trace recognition [4] of G(codon) by G(anticodon),
but the role of cydopentenediol and aminomethyl linkage is not clear. Absence of
queuosne modification is asociaed with rapidly proliferating cdls [6] and madignant
growth.  Queuosine is synthesized in bacteria by the insertion of the base of pre Q1 by
tRNA (Q34) transglycosylase (the TGT-enzyme). This incorporated base is then
modified to Q. The bacterid enzyme only inserts the base of preQl and not queuine (the
base of Q), whereas the eukaryotic enzyme inserts queuine [7]. Temperature - jump
relaxation experiments have shown that guanosine - contaning and queuosine modified
tRNAs are equdly stable in complexes with NAU codons, however guanosine containing
tRNAs are ggnificantly more dable in complexation with NAC codons (8, 9, 10).
Therefore, it is likely that modifications a the wobble position may edtrict or enlarge the
recognition of the third codon base thus determining the synonymous codon family. The
cyclopentenediol moiety and the aminomethyl linkege to 7-deszaguanine ring in
queucsne may endble extended intramolecular interactions. Base subdituent may aso
probe molecular environment of the anticodon loop. Present study ams a understanding

the significance of wobble nucleoside modificaions aswell.

3(B).2 Nomenclature Convention and Procedure;

Fig. 1 illugrates the atom numbering and identification of the torson angles, which
determine the rdative orientation of various aoms - groupings (conformationa
preferences) in hypermodified nucleotide queuosine 5'-monophosphate, pQ. The torsion
angle a[C(8)-C(7)-C(12)-N(13)] is measured with espect to C(8) from the eclipsed (0°)
position between the termina bonds C(7)-C(8) and C(12)-N(13) in the right hand sense
of rotation around the centra bond C(7)-C(12). The other torson angles b [C(7)-C(12)-
N(13)-C3"], g[C(12)-N(13)-C3"-C2"], d [C5"-C4"-04"-H], e [C4"-C5"-0O5"-H] and



Fig.1 Complex modified nucleotide queuosine 5’-monophosphate, pQ. Identification of atoms and the torsion angles
which determine base substituent orientation. The depicted base substituent orientation is as observed in the crystal

structure of pQH+.



c [O1'-C1'-N(9)-C(8)] are likewise measured from the cis (eclipsed, 0°) pogtion in the
right hand sense of rotation. Steric arangement of the various functiona groups of the
base subgtituent as observed in the crystal structure of protonated pQH+ [11] is taken for
darting structure.  However, to represent the anticodon loop Stuation instead of free
nucleotide, pertinent values for the wobble nucleotide (34" postion) in Holbrook's
model of tRNA [12] have been taken for torsond angles in the ribose -5 -phosphate
backbone. The torson angles in the ribose - phosphate backbone are distinguished by the
subscript b to refer to the backbone. These backbone torson angles retain the same
nomenclature as in the tRNA modd [12] - referring likewise to the right hand sense of
rotation around the centrd bond, measured from the eclipsed postion of the outer bonds.
The torson angles a, [H-O3'-P-0O5'], by [O3'-P-O5'-C5'], g, [P-O5'-C5'-C4'], d, [O5'-
C5-C4'-C3], &, [C5-C4-C3-03], z, [C4-C3-03-P] and xp [C3-C2'-02'-H]
description may likewise be understood.

Conformationd energy caculations have been made usng quantum chemicd
Perturbative Configuration Interaction with Locdized Orbitds (PCILO) method [13-15].
Polarity of each bond in the molecule is optimized throughout the conformationd energy
cdculations. Energy correction terms upto the third order ae included for each
cdculation. Variation of total energy with respect to torsona angles determining the
base subdtituent orientation in the modified nucleotides pQ, pQH+ and pQH+ have been
dudied. Logicd sdection of grid points approach [16] is utilized for searching the most
dable and dtenaive dable dructures in multidimensond  conformationd  Space.
Rdative dability of sdient points has dso been examined usng automatic geometry
optimization by molecular mechanics force fidd MMFF [17], parametrized modified
neglect of differentia overlap framework based PM3 [18-19] and Hartree Fock - dengty
functiond theory HF-DFT [20, 21] approaches. These methods are implemented in
commercidly avalable PC Spatan Pro (Verson 6.06 Wavefunction, Inc. 18401 Van
Karman Ave, Suite 370 Irvine, CA 92612) software. Non locd perturbative Becke -
Perdew DFT mode for explicitly taking into account eectron inhomogeneities [20,21]
and numerical polarization bass sst DN* was used for (pBP/DN*) DFT caculations
[22]. The reported HF - DFT cdculations here refer to single point DFT cdculations
following geometry optimization a Hartree Fock (3-21G*) levd. In this manner sdient



features of the preferred and the dternaive sable conformations of queuosine 5-

monophosphate pQ, protonated form pQH+ as wdl as zwitterionic form p QH+ have
been studied.

Fig.2 The preferred base substituent orientation for pQ by PCILO.

3(B).3 Resultsand Discussion:

Besdes the PCILO mogt dable conformation, higher energy dable dternative
conformations for pQ, pQH+ and p QH+ ae liged in Table I. The results of automatic
geometry optimization for pQ, pQH+ and p QH+, darting with the base subdituent
orientation as (a) in the observed pQH+ crystal structure, or (b) as the PCILO preferred
conformation, or (C) as the dternative stable conformation are included in Table II. The
molecular mechanics force fidd MMFF, semi empirical parametrized PM3 molecular
orbital approach and Hartree- Fock -Dendty Functiond Theory HF-DFT method have



been used for this. The geometricd parameters for likely hydrogen bonding are included
inTablelll.

3(B).3.1 Neutral queuosine-5'-monophosphate(pQ): The prefered most dable
base subdituent orientation by PCILO for unprotonated queuosine-5 -monophosphate,
pQ is shown in Fig. 2. The tordon angles describing the base subgtituent orientation are
(a=31°, b=264°, g=107°, d=180°, e=300°). The glycosyl orientation is held anti €= 3°)
and the ribose ring puckering is C3'-endo, smilar to the wobble nuclectide in the
Holbrook moded for tRNA. The 5 -phosphate group orientation is likewise retained as in
Holbrook modd. The deazaguanine base in Q can participate in the usud Watson - Crick
base pairing, as no obgruction from the base subdtituent is indicated. The preferred pQ
conformation has no gtrong interaction of the base subgtituent with the ribose phosphate
chan or with the deazaguanine base. No intramolecular hydrogen bonding of N(13)H

Fig.3 The alternative base substituent orientation for pQ by PCILO.
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with the O(10) is predicted for unprotonated pQ (Figs 2,3). This is due to the absence of

the quaernary nitrogen, in the aminomethyl group of the base subdituent in pQ, for
intramolecular hydrogen bonding with O(10).

Table . Predicted most and aternative stable conformations for queuosine (pQ) ,

protonated queuosine (pQH+) and zwitterionic queuosine (P QHanalogs.

Torsion Angles in (°)

Queuosine (pQ) :
1la=121, b=174, g=167, d=90, =270, c=3
2.a=31, b=264, g=107, d=180, e=300, c=3

Alternatives of Queuosine (pQ) :

3. a=241, b=54, g=287, =180, e=300, c=3
4. a=91, b=24, g=317, d=180, =300, c=3
5. a=31, b=234, g=347, d=180, =300, c=3
6. a=61, b=234, g=77, d=180, e=300, c=3
7.a=91, b=54, g=317, d=180, e=300, c=3

Protonated Queuosine (pQH+):

1. a=121, b=174, g=167, d=90, e=270, c=3
2.a=151, b=174, g=317, d=60, e=270, c=3

Alternatives of Protonated Queuosine (pQH+):

3.a=151, b=2%, g=17, =60, e=270, c=3
4. a=31, h=264, =107, d=60, =270, c=3
5.a=61, b=234, g=77, d=60, =270, c=3
6.a=211, b=84, g=77, d=60, =270, c=3
7.a=241, b=54, g=287, =60, =270, c=3

Zwitterion Queuosine (p QH") :

1. a=121, b=174, g=167, d=90, e=270, c=3
2.a=61, b=174, g=47, d=60, =240, c=3

No suitable alternative for Zwitterion Queuosine (p QH™).

PCILO  Fig.

Rel. Energy Ref.
(kcal/moal)

9.50 1
0.00 2

324
3.66
3.06 3
3.09
4.20

10.20 1
0.00 7

017 8
136
335
4.23
4.25

220 1
0.0 12

Alternative stable structure by PCILO having 3.1 kca/mal higher energy then the most

dtable Structure for unprotonated queuosine is shown in Fig. 3. The torson angles



describing the subdtituent orientation are (a=31°, b=234°, g=347°, d=180°, e=300°).
This structure has no intramolecular hard contacts as the various chemica groups are

3l |
|
|

7R

Fig.4 Isoenergy contour map of torson anglea and b Fig.5 Isoenergy contour map for
torson anglebandg

well spread out. Hydrogen bonding interaction between the hydroxyl group O4’H in

cyclopentenediol moiety and the phosphate group O2P  (Table 1ll) may provide
dabilizetion to this conformation. This dternative dructure dso permits unhindered

access to dl the usud Watson - Crick Stesfor base pairing.

The other comparable higher energy dternative stable structures for pQ and
pQH+ are included in Table |I. An dternative stable dructure for pQ, aso having about
3.1 kcd/mol higher energy as compared to the most stable structure, is predicted by
PCILO for (a=61°, b=234°, g=77°, d=180° e=300°). Next higher energy dable
gructure at 3.2 kca/mol is predicted for (a=241°, b=54°, g=287°, d=180°, e=300°).
Another gtable conformation a 3.7 kca/mol is predicted for (a=91°, b=24°, g=317°,
d=180°, e=300°). Next higher energy dternative conformation a 4.2 kcd/mol is
predicted for @=91°, b=54°, g=317°, d=180°, e=300°). These dternative conformations

arise from different combinations of torson anglesa, b, and g.
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Interdependence of the tordond angles a and b is shown as isoenergy contour
map in Fg. 4. It is clear that there is a unique combinaion @=30°, b=270°) favored for
these torson angles and the conformationa energy rises rapidy on moving away from
the preferred most stable structure.

Interdependence with respect to torson angles b and g is shown as isoenergy
contour map in Fig. 5. A unique preferred combination is seen for b=270°, g=105°. The
conformationd energy rises quickly on moving away from this lowest energy
conformation. Another stable conformation having higher energy occurs  around
b=240°, g=345°. Energy variation is steep around this aternative conformation as well.
Reative energies of the fully optimized pQ dructures have been cdculated (Table I1)
usng MMFF, PM3 and Hartree Fock - densty functiona theory HF-DFT (pBPF/DN*)
methods starting from structuresin Fig. 1, Fig. 2 and Fig. 3. These structures correspond
to the prefered pQ conformation by PCILO (fig. 2), the dternative stable PCILO

Fig.6 HF-DFT optimized PCILO most stable conformation for pQ



conformation (fig. 3) and with the base subdtituent orientation as observed in the crysta
dructure conformation (fig. 1).  lrrespective of the optimization method employed,
garting from the PCILO preferred base subgtituent conformation results in lowest energy
optimized dsructure. MMFF optimized dructures garting from the dternative Stable
PCILO dructure as wel as from the observed base subgtituent orientation in crystd
dructure are equdly dable at 6.3 kca/mol higher energy over the more stable optimized
dructure arisng from the preferred PCILO conformation. However, PM3 optimized
dructure from the base subgtituent orientation as in crysta Structure turns out to be closer
than the higher energy optimized dructure yieded from the PCILO dternative stable
conformation. This may be contrasted with the opposite trend shown by HF-DFT
cdculations. The DFT reaults ingead prefer the optimized most dsable PCILO
conformation compared to the optimized PCILO dternative structure by 2.1 kcal/mol and
by even more 22.8 kca/mol compared to the optimized crystad structure conformation.
The overdl geometry optimization results indicate that intramolecular hydrogen bonding
interactions involving the cyclopentenediol hydroxyl group, O4’H and O(10) or O2P
(Table I11) may provide conformational <tabilization. The N(13)H group in the base
subgtituent is cgpable of hydrogen bond donor acceptor role and may aso interact with
the phosphate group. However, the ribose - phosphate backbone orientation in the
anticodon loop is cealy condraned and thus can limit the interactions between the
phosphate group and the base subgtituent. As compared to pQH+, stronger interaction of
the base subgtituent with the 5'-phospate is indicated (Table [11) for pQ.

3(B).3.2 Protonated queuosine-5-monophosphate (pQH+) : The most stable PCILO
gructure for protonated queuosine-5-monophosphate, pQH+, specified by torson angles
(a=151°, b=174°, g=317°, d=60°, e=270°) isshown in Fg. 7.



Fig. 7 The PCILO preferred base substituent orientation for pQH+.
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The base subgtituent spreads aong the direction nearly pardlel to C(6)-O(10). This
leaves access to Watson - Crick base pairing sites unobstructed. Other than HN(13)'H---
O(10) hydrogen bonding, no drong intramolecular interaction is indicated at
mononuclectide level. The PCILO preferred torson angles for protonated queuosine-5'-
monophosphate, pQH+, (a=151°, b=174°, g=317°, d=60°, e=270°) may be compared
with the observed vdues in crystd dructure (a=121°, b=174°, g=167°, d=90°, e=270°).
The preferred vaue for g is substantidly different in the crystd sructure, and the vaues
of a and d differ by 30°, but b agrees with the preferred vaue. In the crysta structure the
HN(13)"H group besides interacting with the O(10) aso interacts with the phosphate
group. Crysta structure orientation of the ribose phosphate backbone and a=121° enable
this. The predicted change in a to 151° instead of the observed 121° results in improved
geometry for HN(13)"H---O(10) hydrogen bonding as evident from parameters in Table
[1l. The chosen modd for wobble nucleotide backbone orientation [32] keeps the base
substituent and the backbone apart, thus reducing interaction between HN(13)'H and 5 -

phosphate.
Fig.8 The alternative stable base substituent orientatic
for pQH+ by PCILO.




The dtenaive gable conformation (a=151°, b=294°, g=17°, d=60°, e=270°)
having 0.2 kcd/mol higher energy for pQH+ is shown in Fg. 8. Although the hydrogen
bonding between HN(13)"H---O(10) is maintained, noteworthy difference as compared to
Fig. 6 is that the base subgtituent folds back towards the 5'-phosphate group instead of
goreading father adong padld to C(6)-O(10). Such an orientation may dlow for
interaction of the base substituent with the ribose phosphate backbone.

The other dternative dable conformations of higher energy for pQH+ are
included in Table I. Next higher energy stable dructure for pQH+ a 1.4 kca/mal is
predicted for (a=31°, b=264°, g=107°, d=60°, e=270°). The next stable structure at 3.3
kca/mol arises for @=61°, b=234°, g=77°, d=60°, e=270°). Another higher energy sable
dructure at 4.2 kcal/mol is predicted for (a=211°, b=84°, g=77°, d=60°, e=270°). The
next stable structure at 4.2 kcal/mol has @=241°, b=54°, g=287°, d=60°, e=270°). These
dternative sructures arise through different combinations of torson anglesa, b, and g.

Interdependence of torson angles a and b is shown as isoenergy contour map in
Fig. 9. A unique combination a& a= 150° and b= 180° is didtinctly favored. However,
higher energy dternative conformaions are indicated around (a=90°, b=60°) and aso
around @=210°, b=180°). The area ingde the 3 kca/mol contour is not much - sgnifying
limted conformationa freedom. Nevertheless, as compared to pQ in Fig. 4, somewhat
larger flexibility is evident in Hg. 9.

Corrdation of rotation around bonds C(12)-N(13) and N(13)-C’3 (torson angles
b and g) is shown as isoenergy contour map in Fig. 10. The most stable Structure occurs
for b= 180° and g=315°. Ancther dternaive Sructure having energy within 1 kca/mol
of the most sable structure is predicted for b= 180° and g= 165°. Ancther higher energy
dternative within 2 kcd/mal is indicated around b=300° and g= 15°. In Fig. 10, for
b=180°, dl vadues of g are within 5 kca/mol contour. Considerably gregter range for gis
thus permissible when b istrans (180°).

Table II. Optimized values of the torson angles by automatic geometry optimization using
MMFF, PM3 and HFDFT methods



Molecule Torsion Anglesin (°) Rdl. Starting
a b g d e c ap by [0} d e Xp Xp Energy Geometry

1) MMFF Results :

Queuosine (pQ)

a 979 -179.7 150.8 1726 -23.2 54 -96.8 1666 1532 413 825 -884 -408 6.3 fig.1

b. -32 -990 509 1693 -231 0.8 -109.0 1731 1411 221 706 -86.0 -49.7 0.0 fig.2

C. 9.9 -106.6 -50.9 1789 -15.7 -4.1 -1035 175.6 1400 370 76.8 -93.8 -43.0 6.3 fig.3

Protonated Queuosine (pQH+)

d. 978 -1744 1731 76.7 -41.7 -1.1 -103.1 1615 152.6 43.6 800 -81.3 -427 213 fig.1

e 1235 -143.7 -250 -56 -173.0 16.6 -105.6 -178.3 -138.8 -225 782 -689 -43.8 0.0 fig.7

f. 1320 -851 359 -7.8 1789 119 -974 1623 1472 427 77.6 -79.4 -438 10.0 fig.8

Zwitterionic Queuosing(p QH")

g. 90.6 1525 1642 1424 -36.1 -23 -1158 759 1555 46.7 90.6 -75.7 -37.2 04 fig.1

h. 39.1 1714 593 1272 -38.7 -25 -803-121.8 1171 116 86.0 -71.3 -383 0.0 fig.12

2) PM3 Results :

Queuosine (pQ)

i. 1034 161.3 163.2 125.8 -1.1 795 -578 1761 1615 253 939 -537 -79.1 17.8 fig.l

j- -34 -759 1249 -585 -614 -288 -58.6 -161.8 1659 227 98.7 -851 -88.7 0.0 fig.2

k. 324 -1284 -27.8 1783 -13.2 33 -57.8 1755 161.6 220 923 -458 -945 740 fig.3

Protonated Queuosine (pQH+)

l. 1153 1712 1665 720 -69.1 -36 -585 1784 160.8 225 828 -37.8 -80.1 6.1 fig.l

m. 1452 1781 -54.1 23.0 -121.6 10.0 -56.9 1765 1625 243 954 -60.0 -83.9 0.0 fig.7

n. 1505 -86.1 368 574 -70.3 9.0 -57.7 1755 161.7 24.61079 -58.6 -83.6 59 fig.8

Zwitterionic Queuosine(p QH™)

0. 63.7 162.9-1695 67.0 640 -30 -743 1407 1335 41.7 885 -554 -49.2 28 fig.l

p. 553 1740 734 -33 950 -7.2 -722 1529 1295 470 858 -541 -52.0 0.0 fig.12

3) HF(full optimization) — DFT(single point) :

Queuosine (pQ)

g. 98.3 1432 159.2 147.7 -285 6.9 -111 1518 1254 441 834 -101.6 -45.7 228 fig.l

r. -584 -614 -16.7 1273 -29.0 37.3 1048 -1485 1423 448 91.1 -140.0 -32.6 0.0 fig.2

S. 70.7 -1452 -551 1410 -21.8 -124 1052 -160.9 139.2 40.1 93.3 -138.7 -35.0 21 fig.3

Protonated Queuosine (pQH+)

t. 1399 1639 1701 89.9 -36.3 46 -466 1305 1396 439 86.2-151.0 -380 21 fig.1

u. 132.3 -170.5 -40.6 -27.5 -178.6 19 -406 1222 1471 445 86.8-1552 -37.9 0.0 fig.7

V. 150.0 -875 477 -26.1-1775 -26 -495 1307 1344 398 88.0-1075 -459 5.8 fig.8

Zwitterionic Queuosing(p QH")

W. 97.1 1516 1605 143.6 -39.3 -15-1481 635 1414 342 949 -845 -398 0.0 fig.1

X. 486 1724 395 1252 -34.8 45 -89.8 -110.8 106.6 0.9 86.1 -74.2 -424 5.2 fig.12
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Fig. 11 HF-DFT optimized PCILO most stable conformation for pQH+



Rdative energies of full geometry optimized pQH+ usng MMFF, PM3 and HF - DFT
(pBP/DN*) methods, darting with the PCILO preferred dructure (Fig. 7), dternatve
gtable structure (Fig. 8), or from the crysta structure base substituent orientation (Fig. 1)

have been caculated (Table Il). The optimization starting from the PCILO preferred
conformation turns out to remain dabler irrespective of the utilized optimization method.
However, the reaive dability of optimized dructures dating from the dterndive dable
dructure or darting from the base subdtituent orientation as in crysta sructure depends
upon the utilized optimization mehod. While the dtenative dable dructure
comparatively yields lower energy (stabler) optimized sructures, by MMFF and PM3
methods, than the optimization dtarting from the base subdituent orientation taken as in
the crystd structure [11], the reverse comparative sability order is indicated by HF-DFT
method. Besides the HN(13)"H---O(10) interaction in pQH+, stabilization may dso arise
from possble O4"H---O(10) interaction or by O4’H---O2P hydrogen bonding interaction
(Table I11). However, in the anticodon loop stuetion the ribose - phosphate backbone
orientation is likely to be condrained by loop closure consderations and this may dso
limit the interactions between the base subgtituent and the 5' - phosphate group.

3(B).3.3 Zwitterionic queuosine 5'-monophosphate (p QH+ ):

Fig. 12 The preferred base substituent orientation for p"QH+ by PCILO.
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Fig.12 shows the preferred most dtable base subdtituent orientation by PCILO for
zwitterionic queucsine 5-monophosphate (pQH+). The torson angles favoured for the
most stable Structure of base subgtituent are (@=60°, b=174°, g=47°, d=60°, e=240°). No
intramolecular hydrogen bonding of N*(13)H with the O(10) is predicted for zwitterionic
pQH+ (fig.12). But, the weak intramolecular hydrogen bonding of N*(13)H with the
O2P is preferred. This structure does not affect the participation of Q in usud Watson —
Crick base pairing.

No dternative stable sructure by PCILO is obtained within 6 kcal/mol
higher energy than the most stable structure for zwitterionic queuosine. Interdependence
of the torgon angles a and b as isoenergy contour map (fig.13) also suggests redtricted
conformational freedom for these torson angles. Unique combination (a=60°, b=180) is
favoured for these torson angles and the conformationad energy rises quickly on moving
away from the preferred most stable structure.

Interdependence of the torson angles b and gas isoenergy contour map shown in
fig.14 has some conformationa freedom for torson angle gbut no dternaive sable
region within 6kca/mol of the most stable structure for zwitterion queuosine molecule is

seen.
Fig.13 Isoenergy contour map of a and b Fig.14 Isoenergy contour map of b and g
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Rddive energies of full geometry optimized p QH+ usng MMFF, PM3 and HF-
DFT (pBP/DN*) methods, darting with the crysta structure base substituent orientation
(fig.1) and the PCILO preferred dructure (fig.12) have been caculated (Table-11). The
optimization sarting from the PCILO preferred conformation turns out to remain stabler
foo MMFF and PM3 optimization methods, while reverse trend is noticed for HF-DFT
optimization method. The gtabilization may aise from the N(13)'H...O2P intramolecular
hydrogen bonding, (Table I1), additiondly supplemented by interaction of O4"H donor
group with elther phosphate group or O(10) of the deazaguanosine.

Table I11. Geometrical parameters for hydrogen bonding in the preferred conformations of
queuosine (pQ), protonated queuosine (pQH+) and Zwitterionic queuosine (PQH™) molecules.

Atoms Distance Distance Angle Figure
Involved atom pair atom pair 1-2-3 References
(1-2-3) 1-2(A°) 2-3 (A°) (deg.)

N (13)H...0(10) 1.009 2.388 136.2 1
C4'H...0(10) 1.010 2.580 140.6 1
O4’H...02P 0.950 1.640 154.9 3

N*(13)H...0(10) 1.009 1.610 150.0 6

C2'H...03'p 1.010 1.860 141.2 7
C4’H...0(10) 1.010 2.240 132.6 7

N*(13)H...0(10) 1.009 1.610 158.0 7

N*(13)H...02P 1.009 2.703 160.5 10

N(13)H...0(10) 1.037 2.595 124.3 Table-11(a)

O4’H...02P 0.977 2.100 170.6 Table-11(c)

N*(13)H...0(10) 1.037 2.330 1295 Table-11(d)

N*(13)H...0(10) 1.037 2.250 120.8 Table-11(e)

N*(13)H...0(10) 1.037 1.650 152.3 Table-lI(f)

N*(13)H...02P 1.037 1.355 161.6 Table-11(g)

O4'H...0(10) 0.977 1.860 159.6 Table-11(g)

N*(13)H...02P 1.037 1.539 140.3 Table-11(h)

N*(13)H...03p 1.037 1.785 152.1 Table-11(h)

O4'H...01P 0.977 1.700 158.8 Table-11(h)

O4'H...02P 0.977 1.743 167.11 Table-11(k)

N*(13)H...0(10) 1.009 2.300 1375 Table-I(l)

C(12H...04 1.098 2.500 119.2 Table-11(l)




N'(13)H...0(10) 1.009 1758 1563  Table-l(m)
N*(13)H...0(10) 1.009 1.770 1649  Table-lI(n)
C(8)H...02P 1.099 2.750 1500  Table-lI(n)
N*(13)H...02P 1.037 1.705 1566  Table-l1(0)
N*(13)H...02P 1.037 1.680 1643  Table-lI(p)
O4’H...0(10) 0.970 1.760 1582  Table-lI(q)
C(8)H...02P 1.098 2150 1588  Table-11(g)
O4’H...02P 0977 1.600 1652  Table-lI(r)
O4’H...02P 0977 1.590 1600  Table-ll ()
N*(13)H...0(10) 1.037 1.700 1642  Table-ll (f)
C(12)H...02P 1.099 2220 1460  Tablel (t)
C4'H...0(10) 1.098 2540 1389  Table-ll (t)
N*(13)H...0(10) 1.037 1.770 1559  Table-ll (U)
C(12)H...02P 1.098 2120 1492  Table-ll (u)
C4’H...02P 1.098 2580 1692  Table-ll (u)
N*(13)H...0(10) 1.037 1.640 1702 Table-ll (v)
C(12)H...02P 1.098 2.240 1429  Table-ll (v)
C2'H...02P 1.098 2.680 1372 Table-ll (v)
C4'H...0(10) 1.098 2.680 1360  Tablel (t)
N*(13)H...02P 1.037 1.401 1756  Table-lI(w)
O4’H...0(10) 0.970 1.784 1566  Table-ll(w)
N*(13)H...02P 1.037 1.607 1571 Table-lI(X)
O4’H...02P 0977 1.713 1585  Table-ll (x)
N*(13)H...03p 1.037 2130 1306  Tadle-ll(x)

3(B).4 Trinucleotide (U33Q34U3s):

PCILO enegy cdculdtions have been made to find preferred most dable
conformation of protonated trinucleotide (U33Q34Uss). Also interaction of base substituent
of queuosne with adjacent nucleotides is studied. For these cdculation backbone is
maintained throughout the cdculation as in Holbrook [12] data. The 3 and 5 ends of
molecule have been methylated for termination. MMFF full optimizations have been
done for the sdected stable structures obtained through PCILO cdculdions, just to
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compare the sdient features concerning the preferred and the dternative dable
conformations of protonated trinucleotide queuosine.

3(B).4.1 Protonated trinucleotide queuosine (U33Q34U35)



Fig.15 PCIL O most stable structure for
U33Q34U3s

Fig.16 MMFF optimized PCILO most stable structure

!

o

o2
. = 5"
" Ngow. 06
Y S
p<c . ——
-

o R

T e

aerm



61

The most dable base sudituent orientation (fig.15) by PCILO for protonated
trinuclectide angle
a =151°, b =174°, g=317°, d =330°, e =210°. Except for remarkable differencesin d and

gueucsine segment 5 for torson vaues

e torson angles, this is amilar to that of protonated queuosine 5-monophosphate. The
intramolecular hydrogen bonding between the base subgtituent imino group with O(10) of
7-deazaguanine is maintained. This is in agreement with the observed crysd sructure of
queuosine (see Table V).

MMFF geomelry optimization prefers optimized dternative PCILO
dructure as more stable then the optimized PCILO mogt sable structure (fig.16). The
hydrogen bonding geometricd parameters for these optimized dructures are given in

Table(V).
Table 1V (1): PCILO results for protonated trinucleotide queuosine

Torsion anglesin (°) Rel. Reference
a b ¢ d e energy

a 121 174 167 90 270 91 starting

b) 151 174 317 330 210 0.0 mogt stable

c) 151 264 197 330 210 3.0 alternative

Table 1V (2): Optimized values of the torsion angles for base substituent orientation of queuosine
by automatic geometry optimization usng MMFF method.

Torsion anglesin (°) Rel. starting
a b g d e energy
d) 1338 177.0-1689 664 -40.4 49 TableIV(1)[d]
€ 1138 1745 -419 -184 1699 3.7 TablelV(2)[b]
f) 1187 -859 1716 -51.2 -157.8 0.0 TableIV(1)[c]
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Table V: Geometrical Parameters for hydrogen bonding in the preferred PCILO as well as for

MMFF optimized conformations of the trinucleotide queuos ne segment.

Atoms Involved Atompair  Atom pair Angle Reference
(1-2-3) (1-2) A (2-3) A (1-2-3)
N*(13)Hs4...0(10)34 1.010 1642 1618 TableIV(1)[b]
N*(13)Hs4...0(10)34 1.010 1.695 1504 TableIV(1)[c]
N*(13)Hs4...0(4)ss 1.010 2.308 135.7 TableIV(1)[c]
0O4"Hzg...03 P34 0.970 1.893 122.7 TableIV(1)[c]
N(3)Hz3...01P34 1.008 1920 1388 TablelV(2)[a
N*(13)Hz...0253 1.009 1.942 1563 Table!V(2)[d]
N*(13)Ha4...0(10)34 1.009 1.740 1500 TablelV(2)[d]
O2H33..0(4)35 0.977 2.270 1269 TablelV(2)[d]
N(3)Has...05Pss 1.008 2.100 1626 TableIV(2)[b]
N*(13)H34...0(10)34 1.009 2190 130.2 TableIV(2)[b]
N*(13)Hs4..0253 1.009 1.730 1602 TableIV(2)[b]
N*(13)Hz34...0(4)3s5 1.009 1.838 134.3 TableIV(2)[b]
O2Hgz3...04" 34 0.970 1.679 146.0 TableIV(2)[b]
N(3)Hs3...01P34 1.008 1730 1637 TablelV(2)[c]
N*(13)Ha4...0(10)34 1.009 2240 1215 TablelV(2)[d]
N*(13)Hay...0(4)35 1.009 1.999 151.1 TablelIV(2)[c]
04"Hg,...0253 0.970 2074 1450 TablelV(9[c]
O2Hz3...05" 34 0.970 1.660 144.6 TableIV(2)[c]

Interresidue hydrogen bonding between N(13)"H group of base substituent of
queuosine with hydroxyl group (O2H) of 33 nucleotide ribose is seen. The N(13)"H
group aso participates in H-bonding interaction with O(4)35 (Table V).

The hydrogen bonding N(3)Hss...01P55 is retained in MMFF optimization and
clealy indicaes well mantaned backbone conformation in the trinucleotide segment.
The interaction of cyclopentenediol group of queuosine with O2Hss group may dabilize
the optimized PCIL O aternative structure.



3(B).5 Conclusion:

The presence of severd polar functiond groups in modified nuclectide pQ dlows
interesting posshilities for intranuclectide interactions as wdl as interactions with the
other nucleotides in the anticodon loop. In pQ and p'QH", the aminomethyl group may
have dronger hydrogen bond donor - acceptor interactions with the 5'-phosphate. On
protonation, stabilization is provided by HN(13)"H---O(10) interaction in pQH-+.

The queuosne trinuclectide segment shows not only intramolecular interaction of
HN(13)"H with O(10) but also interresidue interaction with O2'Hsz and / or O(4)3s.

In each case, prospective sStes for usua codon - anticodon base paring reman
unobstructed.
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Chapter 4. Effect of protonation on the conformational preferences
of threonyl carbonyl adenine (tc’Ade) system.

4.1 Introduction: Extensvely (hyper) modified nucleic acid bases are found to naturdly
occur a drategic locations in the anticodon loop of tRNAs [1-5]. Hypermodification is
gpecidly associated with the first pogtion of the anticodon and the anticodon 3-adjacent
postion [4-7]. The nature of the chemicd modification of the nucdec acid base
occurring 3'-adjacent to the anticodon correlaes with the nature of the termind base of
the anticodon [1-5,8,9]. In tRNA molecules with the anticodon ending in adenosine (A),
the hydrophobic modified base N6- (D?-isopententenyl) adenine, i°Ade, or its derivative
2-methyl  -thio-N6-(D?-isopententenyl) adenine , ms%i°Ade, occurs 3-adjacent to it
[6,89]. In contrast to this in tRNAs with anticodon terminating in uridine (U), the 3-
adjacent hypermodified base is hydrophilic subgtituted N6-(N-glycyl carbonyl) adenine,
oc®Ade, or N6-(N-threonyl carbonyl) adenine, tc°Ade, or its methyl derivatives,
mPtc®Ade, or 2-methyl thio derivative, ms’tc®Ade [7-9]. The orientation of the N(6)
aubgtituent in i®Ade, ms?i®Ade, gc®Ade, tc®Ade, nftc®Ade and ms’tc®Ade is found to be
"digd" (the subgtituent soreads away from the five membered imidazole moiety of
adenine ring) in the crysta dructure observations [10-15] and  is dso preferred
theoreticaly [16-18]. Consequent to the dista orientation, N(6)H becomes inaccessible
for participation in the usua WatsonCrick base pairing with the codon and thus can help
define the proper reading frame during trandation. The anticodon 3-adjacent
modifications are ds0 implicated in moduation of codon - anticodon interactions for
accurate and efficient smooth in-phase protein biosynthesis [19-21] and may adso be
important for celular regulation [25]. The conformationd flipping required for the
functioning of tRNA may be triggered by changes in intermolecular hydrogen bond
donor-acceptor interactions, which may be smulated by protonation atus changes at
appropriate Stes[14,15].

In nucleoside adenosne N(1), N(3), and N(7) ae the possble dtes of
protonation (fig.2). The dkylation studies of nuclec acids and condituents [22] has
shown that the reactivity order of the N(1), N(3), and N(7) Stes of adenine can be quite
different depending upon the molecular environment and association of these molecules



in solutions. In the context of MRNA codons associating with the tRNA anticodon
forming double grand, the N(1) and N(7) Stes may be approached from the magor
groove sde. The N(1) and N(7) Stes are well known to, respectively, participate in the
Watson -Crick and the Hoosteen base pairing [1-3]. The interaction of the 2-OH with the
N(3) is hed respongble for the preferred ribose ring puckering and the RNA A form
gructurgf3]. The crysd dructure data shows that these dStes dso participate in
intermolecular  hydrogen bond  donor-acceptor  interactions  with  the neighboring

OH OH

FIGURE 1. Identification of the hypermodified
nucleoside N {Nahreonylcarbonyl) adenosine to®4

1Ry = H and R, = H), excluding the ribose sugar part the
maodified base is denoted as te®4de and likewise other
related modified bases are m®tc"Ade (R, = Hand R, =
CHa) and mS*te®Ade (By = mS® and B = H). Arows
indizate the potential hydrogen bonds donor or acceptor
groups for canonical base pairing. The ureido linkage is
shown encircled.

molecules packed in the cryddline environment [14-15]. The effect of such
intermolecular  hydrogen bond donor-acceptor interactions could be smulated through
protonation of acceptor site in tc®Ade [14,23]. The protonation status changes of modified
bases in tRNA may trigger conformational trandtions required for the functioning of
tRNA and its chemica modulation.

Conformationd flipping induced by diprotonation of gc®Ade has been
reported from crysta dructure invesigation as well as theoreticdly [15,26]. Earlier
probings for smulaing the hydrogen bond donor-acceptor interactions through
protonation a the appropriate site on gc®Ade system [23,24,25,26] has prompted the
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current study on singly and doubly protonated tc?Ade and ms’tc®Ade. Since in these
molecules, quite often, more than one acceptor dte gets involved in hydrogen bond
donor-acceptor interactions with the surrounding molecules, diprotonation is required to
gmulate such a dStudtion. As far as the present investigation is concerned, protonation
need not imply physiologicd pH change. The results of the present investigation should
be rdevant to biomolecular function as sngle dte and multiple Ste hydrogen bond
donor-acceptor interactions take place under norma physiologica condition as well.

Presently, the protonation induced conformationd flipping in N(7), N(3)
or N(1) protonated tc®Ade and ms’tc®Ade dong with preferred conformation of
(N(D),N(3)), (N(3),N(7)), and (N(1),N(7)) diprotonated tc?Ade and ms’tc®Ade is reported.

Implications of such protonations on codon-anticodon interactions are also discussed.

4.2 Nomenclatur e, Convention and procedure:

Fg.2 depicts the atom numbering and the identification of the torson angles (which
goecify the rotation around the vaious acyclic sngle chemicd bonds determining the
molecular conformation in ms”tc®Ade. Besides the 2-methylthio group, which is present
only in ms’tc®Ade, Fig.2 do illustrates the atoms and the torsion angles which are dso
present in tc®Ade. The orientation of 2-methylthio group in ms’tc®Ade is defined by the
tordon angle c[N(3)-C(2)-S(2)-C(16)], which specifies the rotation of C(16) about the
bond C(2)-S(2) and is measured with reference to the eclipsing of the C(2)-N(3) bond by
the $2)-C(16) bond, and the torson angle y[C(2)-S(2)-C(16)-H], which likewise
specifies the placement of one of the three identica hydrogen atoms of the methyl group.
In the N(6) substituent the torson angle a[N(1)-C(6)-N(6)-C(10)] denotes the rotation of
C(10) around bond C(6)-N(6) and is measured with respect to N(1) from the cis
(eclipsed, 0°) pogtion in the right-hand sense of rotation. Likewise, the successve
chemica bonds dong the main extenson of the subgituent define the subsequent torsion
aglesb,g,d, e q,x, h,f.



For dl the energy cdculations of the various molecular conformeations, the quantum
chemica perturbative configuration interaction with localized orbitals (PCILO) method
has been used [27]. The most dable structure and the dternative stable conformations
have been searched in the multidimensonad conformational space using the logica
sdlection of grid points approach [28]. The observed bond lengths and bond angles vaues
in the crystd structure of tc?Ade have been utilized [14]. Full geometry optimization
cdculations with variation of dl the bond distances, bond angles dong with the torson
angles, have been made using Molecular Mechanics Force Fidd (MMFF)[29],
Parameterized Method (PM3) [30,31] and Hartree- Fock (HF)-Density Functiond Theory
(DFT) [32,33] methods for a few sdected conformations. These methods are
implemented in commercidly available PC Spartan Pro software.

4.3 Results and Discussion:
A] Singly protonated tc®Ade and ms?tc®Ade:
1] N(7) protonated tc®Ade and ms?tc®Ade:

The predicted most sable conformation based on PCILO caculations for the
N(7)-protonated ms’tc°Ade is depicted in Figure 2. Ignoring the 2-methylthio group,
which is not present in tc®Ade, in Figure 2, suffices to represent the most steble
conformation for tc®Ade as well. The preferred conformation is stabilized by hydrogen
bonding between N(7)H and O(10). The preferred orientation of the N(6) substituent in
the N(7)-protonated tc®Ade , as well as in N(7) protonated ms’tc®Ade ,are dike and have
been influenced by the N(7) protonation in a Smilar way. The preferred orientation of the
N(6) substituent in N(7) protonated tc®Ade and N(7)-protonated ms’tc®Ade is dike
described by torson angles a =180r,
b=210°, g=180°, d=300°, e=180°, q=180°, x=330°, h=180¢, f =180° . However, as
compared to the prefered N(6) substituent orientation in unprotonated tc°Ade,
mPtc®Adeand ms*tc®Ade]17,18], the results for N(7) protonated tc?Ade and ms’tc®Ade
ae dggnificantly different. Ingead of the indicated vadues in paentheses for the
unprotonated form, the corresponding torsion angles for the N(7)-protonated tc®Ade and
me’tc®Ade ae the following a =180(0).
b=210(0), g=180(180), d=300(0), e=180(90), g=180(180), x=330(60), h=180(60), f=
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180 (180). Thus the marked contrast is evident. Although, for N(7) protonated gc®Ade,
changes were redtricted to torson angles a and b and thus reative orientation of carboxyl
group with respect to the carbonyl group in the uriedo (HN-CO-NH) linkage remained
unaffected [24,28]. However, sharp changes are not limited to a and b torson angles in
tc®Ade and ms’tc®Ade.

The predicted extended orientation of 2-methylthio group in N(7)-
protonated ms’tc’Ade (torson angles ¢=180°, y =180°) is dso substantidly different
than the eclipsed orientation, which is preferred for the unprotonated ms®tc®Ade (torsion
agles c¢=0°, y=180°) [18]. The eclipsed conformation is about 0.7kca/mol higher in
energy, and thus is adso quite accessible for the N(7)-protonated ms®tc®Ade. The extended
orientation of the 2-methylthio group in N(7)-protonated ms’tc®Ade may hinder close
goproach by uracil for canonica base paring; however, canonicd base paring is
redizeble for  N(7)-protonated ms’tc®Ade in view of the smdl 0.7kca/mol energy
difference for the dternative eclipsed (c=0°) orientation of the 2-methylthio group.
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FIGURE 3. Predicted alternative stable structure for the
M (7)-protonated mS*tc®4de. The torsion angle values

are u=180°, B=210°, y=C°, 6= 300, &= 180", # =

180°, £ = 330°, n=180°, & = 180°, y = 1807, and & =

180,

The dternative conformations, usng PCILO energy caculation, for both N(7)
protonated tc?Ade and ms’tc®’Ade ae given in Table 1(al). In the dternative
conformation (Fig.3), the preferred trans arrangement of torson angle g (180°) is flipped
to cs (g=0°) orientation. This dternative dructure is 1.3 kcd/mol higher than the
prefered most stable conformation (fig.2) for both N(7) protonated tc®Ade and
me’tc®Ade molecules. The intramolecular hydrogen bonding N(7)H...O(10) is retained, as
wel, in the dternative conformation. However, another intramolecular hydrogen bonding
between N(6)H and O(13b) may be stronger in dternative structure. A weaker stabilizing
interaction between N(11)H and O(14) may aso be present in this conformation (see
Table 4).



Table 1: Torson anglesin (°) obtained through PCILO energy caculations for all protonated
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tc®Ade systems.

molecule a b g d e g x h f ¢ y Re.enegy Structure
information

a N(7)-tc®Ade 180 210 180 300 180 180 330 180 180 0 most stable
al] 180 210 0 300 180 180 330 180 180 13 dternative
bl N(7)- 180 210 180 300 180 180 330 180 180 180 180 0 mogt steble
b1] ms?tc®Ade 180 210 0O 300 180 180 330 180 180 180 180 1.3 dternative
c] N(3)-tc®Ade 0 180 180 300 180 180 330 180 180 0 most stable
cl] 0 180 0O 300 180 180 330 180 180 0.2 dternative
dl N(3)-ms’tc®Ade 0 180 180 300 180 180 330 180 180 180 180 O most stable
di] 0 180 O 300 180 180 330 180 180 180 180 0.3 dternative
€] N(2)-tc®Ade 0 180 180 300 180 180 330 180 180 0 most stable
el] 0180 O 300 180 180 330 180 180 0.04 dternative
fl N(1)-ms’tc®Ade 0 180 180 300 180 180 330 180 180 180 180 O most stable
1] 0 180 O 300 180 180 330 180 180 180 180 0.05 dternaive
gl N(D)-N(7) 180 210 0 300 270 180 60 150 180 0 most stable
g1] tc®Ade 180 210180 330 150 180 60 150 180 29 dternative
h] N(1)-N(7) 180 210 0 300 270 180 60 150 180 180 180 O most stable
hl]msthGAde 180 210180 330 150 180 60 150 180 180 180 32 dternative
i N(1)-N(3) 0180 0 300 240 180 60 150 180 0 most stable
i1] tc®Ade 0 180180 300 240 180 60 150 180 6.0 aternative
il N(D-N(3) 0180 O 300 270 180 60 150 180 180 180 O most stable
jlJms?tc®Ade 0 180180 300 270 180 60 150 180 180 180 6.1 aternative
K] N(7)-N(3) 180 210 180 300 180 180 330 180 180 0 most stable
k1] tc°Ade 180 180 0O 300 180 180 330 180 180 0.3 dternative
1 N@)-NE) 180 210 180 300 180 180 330 180 180 180 180 O most stable
1] ms’tc®Ade 180 180 0 300 180 180 330 180 180 180 180 05 aternative
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Table 2: Results for PM3 optimized PCILO most stable and alternative structures

molecule a b g d e q X h f c y Rel.energy Starting
1] N(7)-tc®Ade 171.6-160.1-171.8-84.2 1694 179.1 -22.7-1785-177.3 0.7 Tablel[q
2] -174.2 1701 37.2 -835 -124.4-179.0-34.2 178.2-179.0 0 Tablel[al]

3 N@- 168.7-158.6-171.5-85.7 1685 1791 -22.6-1774-177.3-1799-179.7 2.3 Tablel[b]

4 ms’tc®Ade -1728 1694 34.3-85.7 -107.6 1794 -486 -869 177.0 -179.6 1785 0 Tablel[bi]

5] N(@3)-tc’Ade 8.0 -611 1728-827 1438 1789 -464 -78.2 176.6 0 Tablel[c]
6] 54 781 301-1210 -811 1794 -57.4-1749-179.1 8.4 Tablel[cl]
7IN@)- 114 -959-177.9 -781 1460 1790 -44.7 -78.7 1762 1796 1786 6.9 Tablel[d]

8 ms’tcPAde 1.4-1438 -27.2-1214 1265 1788 -64.4-1785-1794 177.1-1783 0  Tablel[d1]

9 N(1)-tc’Ade -86-1655-174.4 -86.7 167.8 179.8 -21.4-176.3-177.2 12 Tablel[€
10] 45 1708 264 -97.3 -95.7 179.7 -554-1730 179.1 0 Tablelfel]
11] N(D- -92 -165.1-1732-862 1669 1793 -21.6-176.7-1769 -1783 1796 35 Tablel[f]

12] ms*tc®’Ade -74 1792 256-1534 1222 1796 -584-1720-177.0 1799-1799 0  Tablel[f1]

13] N()-N(7) -1724 1700 281 -736-1294-1789 512 1739-1748 0 Tablel[q]

14]t°Ade  -1788-1443 1589 -540-1718 1786 559 177.1-1745 104 Tablel[gl]

15] N(D)-N(7) -170.8 1675 326 -76.8-1289-179.3 513 174.0-1745 -1788179.2 0 Tablel[h]

16lms?tc®Ade -177.9-1455 1589 -54.3-172.1 1784 56.3 176.7-1748 179.9179.910.2 Tablel[hi]

17]N(1)-N@) 23 1772 203 -663-134.7-1788523 1733-174.4 0 Tablel]i]

18] tc®Ade -46-169.0 1534 -59.7-1753 178.654.2 177.3-1754 4.7 Tablelfi1]

19 N()-N@) 27 1779 180 -66.1-1346-178952.1 1736-1747 1788-1792 0 Tablel[j]

20jms’tc®Ade  -44-1714 1572 -61.3 -176.3 177.954.7 177.2-1752 -1795-179.7 2.7 Tablel[j1]

2] N(7)-N@3) 179.1-1452 1590 -513 -174.4 178.930.3-167.1-179.2 41 Teblel]K]

22] tc°Ade -1785 1619 116 -731 -141.2-1789-249-176.9-178.1 0 Tablel[k1]

23] N(7)-N(3) -179.8-13841696 -621 -171.1 179.8 -84-146.1 -177.0 -1799 179.7 7.6 Tablel[l]

24 ms’tc®Ade -1784 1752 333 -77.7 -1255-1782-31.9-179.1 1788 -179.0179.7 0 Tablel[l1]




Table 3: HF(full optimized)-DFT(single pt.) results for PCILO most stable and
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alternative structures
molecule a b g d e q X h f c y Rel.energy Starting
1] N(7)-tc®Ade-179.2-178.9 177.0-62.4 175.4 178.3 -27.8-174.0-176.5 0.1 Tablel[a]
2] 179.0-1741 26.3 -77.5-127.6-179.0-38.0 178.2-178.6 0 Tablel[al]

3] N(7)- -179.2-179.1 177.0-62.4 1751 178.4 -28.0-173.7-176.5 179.6-179.9 2.2 Tablel[b]

4] mstcPAde 179.4-174.4 263 -78.1 -124.5 -179.5 -39.1-178.0-178.1-179.7 179.3 0 Tablel[b]]

5] N(3)-tc’Ade -9.8 165.1 172.6 -63.3 172.3 -179.7 -32.5-171.9-176.4 0.6 Tablel[c]

6] 14.9-157.3 27.0

-80.2 -142.3 -179.2 -34.0 -

179.6 -178.4 0 Tablel[c]

7] N(3)- -45 1737 175.0

-62.5 170.1 1794 -32.9-

173.1-1759-178.2 1264 0 Tablel[d]

8] ms’tc®Ade 9.8-162.2 283

-81.5 -137.9 -179.3 -35.6-179.6 -178.3 177.5-141.8 0.2 Tablel[d1]

9] N(1)-tc’Ade  -0.1-179.0 176.0

-61.9 1748 179.2 -27.7-174.0-176.0 3.1 Tablel[¢]

10] -1.0-170.8 21.9

-80.1-141.2 -178.6 46.6

171.3 176.8 0 Tablel[el]

11] N(D)- 0.0 -179.0176.0

-62.1 1756 1785 -27.3-

175.0-176.3-177.8 178.4 2.3 Tablel[f]

12] mstc®Ade -1.2 -174.0 26.0

-74.2 -133.5-1785 -36.1-

178.7-178.1-179.2 179.2 0 Tablel[f1]

13] N(1)-N(7) -177.3-174.6 24.7

-76.2 -131.5-178.8 421

170.8 176.9 0.3 Tablel[q]

14] tcAde -154.8 -144.0 168.8

-65.9 -167.1-179.1 485

1742 1764 0 Tablel[gl]

15] N(1)-N(7) -177.3-174.8 24.8

-76.9 -130.3-179.2 419

171.0 1765-179.5179.7 0 Tablel[h]

16)ms’tcAde -154.9-143.9 168.8

-66.0-167.0 -179.1 48.9

1744 1771 -1.3 179.3 1.4 Tablel[hl]

17]N(1)-N@3) -0.6-1736 19.3

-73.3-134.1 -1783 40.8

1716 177.2 0 Tablel[i]

18] tc*Ade -1.8-174.7162.8

-68.8-169.7 -179.8 43.9

1715 174.8 6.3 Tablel[il]

19 N(1)-N(3) -0.7-1734 19.3

-73.9-135.0 -177.9 41.0

1701 175.6179.7-179.9 0 Tablel(j]

20|ms’tc®Ade  -1.1-176.1 164.0

-70.6-168.9 1799 45.0

1709 176.4-179.2-179.9 3.1 Tablel[j1]

21] N(7)-N(3) 179.8-175.2 173.0

-59.9-177.8 178.3 -22.0

-170.7-177.0 3.1 Tablel[K]

221 tPAde  -179.7-1744 229

-64.9-140.2 -177.4 -32.1

-176.8-178.3 0 Table1[k1]

23] N(7)-N(3) -178.3-172.4 175.0

-57.0 176.1 177.4 -25.4

-168.7 -176.4 -179.4 -178.9 5.0 Tablel[l]

24] ms’tc®Ade-179.2-175.0 23.7

-67.0-136.7 -177.9 -33.2

-177.1-178.4-179.9 1788 0 Tablel[l1]




Table 4:Hydrogen bonding geometrica parameters for al protonated tc®Ade systems

AtomsInvolved Atompair Atompar Angle Reference
(1-2-3 12 A 23y A (123
A]_PCILO structures
N(7)H...O0(10) 1.000 1618 1204 Tablellab,al,blk,l]
N(12)H...0(14) 1.010 2141 104.0 Tablel(ab,al,cdef,el,flk,lk1,l1)
N(6)H...0(13b) 1.010 2.037 127.9 Tablel(al,bl)
N(1)..N(6)H...O(13b) 2480 2.037 144.3 Tablel(al,bl)
0(10)..N(11)H...0(14) 2.140 2510 1585 Tablel(al,bl)
N(DH...0(10) 1.000 2.036 120.8 Tablel(ef,el,f1)
N(7)H...0(10) 1.000 1.639 126.0 Tablel(g,h,gl,h1)
N(6)H...0(13b) 1.010 1.690 167.8 Tablel(g,h)
N(7)H...0(13b) 1.000 2.613 153.3 Tablel(gl,hl)
N(D)H...O(10) 1.000 2.085 1232 Tablel(i,j,il,j1)
N(6)H...O(13h) 1.010 1.769 1205 Tablel(i)
N(6)H...O(13h) 1.010 1.860 136.7 Tablel(j)
B] PM3 structures
N(7)H...0(10) 1.024 1.780 1320 Tablel(ab,al,bl,gh,glhlk,| k1,11
N(6)H...0(13b) 1.036 1.792 152.1 Tablel(al,bl,gh,I1)
N(2)...N(6)H...0(13b) 2.430 1.790 134.4 Tablel(al,bl,11)
0(10)..N(1)H...0(14) 2.420 1910 143.7 Tablel(al)
0(10)...N(11)H...0(14) 2.400 2401 1332 Tablel(b)
N(1DH...N(2) 0.998 2.560 110.9 Tablel(c)
C(16)H...0(13h) 1.097 2570 124.7 Tablel(d)
N(DH...O0(10) 1.020 1.808 128.3 Tablel(eel f,f1,i,j,il,j1)
N(6)H...O(13b) 1.036 2505 132.8 Tablel(e)
N(1D)H...0(14) 0.998 1.8% 1135 Tablel(f k,k1,,11)
N(6)H...O(13b) 1.036 1734 142.0 Tablel(i,j)
0(10)..N(11)H..0(14) 2.420 2450 163.0 Tablel(g,h)
N(7)H...0(13b) 1.024 2.583 118.3 Tablel(gl,hl)
0(10)..N(1)H..0(14) 2469 1861 156.3 Tablel(kl)
0(10)..N(1)H..0(14) 2445 1875 1489 Tablel(I1)
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C] . HE-DFET structures

N(7)H...0(10)
N(L1)H...0(14)
N(1)H...O(10)
N(6)H...O(13b)
N(6)H...O(13b)
N(6)H...0(13b)
N(7)...N(6)H...0(13b)
N(7)H...0(10)
N(6)H...O(13b)
N(7)H...0(13b)
N(L1)H...O(14)
N(1)H...O(10)
N(6)H...0(13b)
N(6)H...0(13b)
N(7)H...0(10)
N(11)H...O0(14)
N(6)H...0(13b)

1.029
0.998
1021
1.020
1.020
1.020
2747
1.029
1.020
1.029
0.99
1021
1.020
1.020
1.029
0.99
1.020

N(2)...N(6)H...O(13b) 2.380
0O(10).N(1)H..O(14) 2.421

1.650
1.90
1.747
1.783
1.828
1.735
1.735
1.686
1.592
1621
1.999
1.555
1.643
1672
1.584
1789
1621
1621
1.787

136.9 Tablel(ab,al,bl)
113.0 Tablel(acdeff1,jl,il)
132.6 Tablel(ef,elf1)
151.6 Tablel(al,bl,cl,dl)
145.4 Tablel(el)

150.0 Tablel(f1)

1122 Tablel(f1)

133.3 Tablel(g,h)

160.2 Tablel(g,h)

170.9 Tablel(gl,hl)
110.0 Tablel(gl,hl)
138.7 Tablel(i,j,ilj1)
149.9 Tablel(i,j)

149.2 Tablel(j)

137.3 Tablel(k,,k1,11)
117.2 Tablel(k,l,11)

154.1 Tablel(k1,11)

1339 Tablel(k1,1)

1585 Tablel(k1,1)
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Full geometry optimization for PCILO prefered most sable and PCILO
dternative conformation has been made, usng PM3 and HF-DFT methods. In case of
HF-DFT full optimization by HF (bass set 3-21G*) method is followed by single point
energy caculations uang DFT (pBP*/DN*) method. The results obtained using these two
optimization methods (PM3, HF-DFT) for both the N(7)-protonated tc®Ade and
me’tc®Ade molecules show that optimized PCILO dternative structure turns out to be

Fig. 4 HF-DFT optimized PCILO most stable

conformation for N(7) - protonated ms?tc®Ade

5{8)

more stable than the optimization of the PCILO preferred sructure (see figd and 5).
However, for N(7)-tc®Ade molecule, the energy difference between optimization of
PCILO dternative and optimization of PCILO most dable structure usng HF-DFT
method is just 0.1kca/mol and with PM3 method this difference is 0.7 kcd/mol (see
Table 2 and 3). All optimized torsion angles of N(6) substituent in tc°®Ade and ms’tc®Ade
are in good agreement with PCIL O predicted stable structures (see Table 1, 2 and 3). The



Fig. 5 HF-DFT optimized PCILO aternative stable
conformation for N(7) protonated - ms*tc®Ade

improved geometricadl parameters for hydrogen bonding indicste more dability to
optimized PCILO dternative structures (Table 4). Sight change in preference of e torson
angle vadue caused improved intramolecular hydrogen bonding between N(6)H and
O(13Db) (see Table 2, 3and 4).

2] N(3) protonated tc®Ade and ms?tc®Ade:

The preferred most stable conformation for N(3)-protonated mstc®’Ade is
depicted in Figure 6. The preferred orientation of the threonyl carbonyl subgtituent is
dike in N(3) protonated ms’tc®Ade and tc®Ade, thus the same figure is dso representative
of preferred most stable conformation for N(3)-protonated tc®Ade ignoring the presence
of the 2-methylthio group. The dructure is dabilized by wesk intramolecular hydrogen
bonding between N(11)H and O(14). The N(6) substituent orientation takes distd @=0°)
conformation described by dihedrd angles a=0°, b=180°, g=180°, d=300°, e=180r,
g=180°,x=330°,h=180°,f =180¢.
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Fig.6 PCILO most stable structure for
N(3) protonated tc°Ade and ms?tc®Ade

The orientation of N(6)substituent in N(3)-protonated tc°Ade is significantly different
then the favored orientation in unprotonated tc®Ade [18]. Although N(3)-protonated
oc®Ade dso prefers the dista (a=0°) conformation, significant differences are found in
the preferred base substituent orientations between N(3)-protonated tc®Ade and gc®Ade
[23]. The vaues for torson angle g, d, e,qg, X, h,f,candy are dike for N(3) and N(7)
protonated tc®Ade and ms’tc®Ade.

The orientation of 2-methylthio group is extended in the preferred most dable
conformation of N(3) - protonated ms’tc®Ade. This extended orientation of 2-methylthio
group is different from the eclipsed orientation observed for unprotonated ms’tc®Ade
[18]. The distal conformation of both N(3) protonated tc®Ade and ms’tc®Ade blocks the
access to N(1) for Watson-Crick base pairing.
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The dternative stable structures for N(3)-protonated tc®Ade and ms’tc®Ade are
dike in torson angles but energeticdly 0.2 kca/mol higher and 0.3 kca/mal higher than
the respective preferred most stable structure of N(3)-protonated tc®Ade and ms’tc®Ade.
The torson angle g has been flipped from trans (g=180°) conformation to cis (g=0°)
conformation, in the dtenative dructure. Same intramolecular  hydrogen bonding

Fig. 7 HF-DFT optimized PCIL O dternative stable
conformation for N(3) protonated -ms’tc®Ade

between N(11)H and O(14) isfavoured in the dternative conformation (Table 4).

The automated full geometry optimization of PCILO most sable and
dternative stable structures have been made usng PM3 and HF-DFT methods. These two
methods give different trends for stable Structure, while PM3 method shows optimized
PCILO most stable structure to be more stable than optimized PCILO dternative stable
structure for N(3) protonated tc®Ade ; for N(3) protonated ms®tc®Ade the opposite trend is
shown (see Table 2). In case of HF-DFT method, optimized PCILO mogt stable structure
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for N(3) protonated ms’tc’Ade is more stable than the optimized PCILO dternative
gructure (fig.7), but the reverse is true for optimized sructures for N(3) protonated
tc’Ade. The energy difference between optimized PCILO most stable and optimized
PCILO dternative dructures is dgnificantly less in HF-DFT results as compared to much
higher energy differences shown by PM3 results (see Table 2 and 3) .

The torson angles for HF-DFT optimized structures for both N(3)-protonated
tc?’Ade and ms’tc®Ade are in close agreement with PCILO results. However, significant
changes in tordon angles b, eand h are seen for PM3 optimized structures. The HF-DFT
optimization of PCILO most stable structure results in improved bond angle parameters
(see Table 4) for hydrogen bonding of N(11)H and O(14). Also, the intramolecular
hydrogen bonding between N(6)H and O(13b) is seen in optimized PCILO dternative
sructure. All these optimized N(3)-protonated tc®Ade and ms’tc®Ade structures show
restricted accessbility to N(1). This may disdlow extended Watson-Crick base pairing
with mRNA on anticodon 3'-adjacent side.

3] N(2)-protonated tc®Ade and ms?tc®Ade:

s
Fig.8 PCILO most stable conformation for N(1)
protonated tc®Ade and ms?tc®Ade
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The PCILO most stable conformation for N(1) protonated tc®Ade and ms’tc®Ade
is dike, except for the presence of 2-methylthio group in ms’tc®Ade, and is shown in
figure 8. The N(6) subdtituent orientation is diga (a=0°). The torson angle vaues are
a=0°, b=180°, g=180°, d=300°, e=180°, g=180°, x=330°, h=180°, f =180°, c=180°,
y =180°. The effect of N(1) protonation on the N(6)subdituent orientation is Smilar in
N(1) protonated tc®Ade and ms’tc®Ade The preferred most stable conformation is
dabilized by intramolecular hydrogen bonding between N(1)H and O(10). Hydrogen
bonding between N(11)H and O(14) may adso be a dabilizing factor for this preferred
most stable conformation. The N(6) substituent orientation of N(1) protonated tc®Ade and
me’tc®Ade is similar to that of N(6) substituent orientation in N(3) protonated tc°Ade and
me’tc®Ade .

The higher energy dternatives to both N(1) protonated tc®Ade and ms’tc®Ade are
dike in torson angles but somewhat different in relative energy. The higher energy
PCILO dternative is just 0.04 kca/mol higher and 0.05 kca/mol higher to preferred
PCILO most stable conformations for N(1) protonated tc®Ade and mstc®Ade
respectively. Similar hydrogen bonding is seen in dternative Structures as that seen in the
PCILO most stable conformations for N(1) protonated tc®Ade and ms’tc®Ade This
dterndive is very much comparable to the preferred PCILO most stable structure of N(1)
protonated gc®Ade [25]. The torsion angles a, b, g, d, g of N(1) protonated tc®Ade are
same as that of N(1) protonated gc®Ade. The preference for e=270° in N(1) protonated
oc®Ade has given additional intramolecular hydrogen bonding between N(6)H and
carboxyl O(13b). The distal conformation of N(1)-protonated tc®Ade and ms’tc®Ade may
be helpful in maintaining reading frame for codon - anticodon interactions.

PM3 a wdl as HF-DFT geometry optimization results prefer the optimized
PCILO dternative dructure to be more dable than the optimized PCILO most stable
structure for both N(1)-protonated tc®Ade and ms’tc®Ade .The intramolecular hydrogen
bonding between N(1)H and carbonyl oxygen O(10) & wel mantained in dl PM3 and
HF-DFT optimized structures. Another, intramolecular hydrogen bonding between N(6)H
and carboxyl oxygen O(13b) is redized by dight adjusment of e torson angle in dl
optimized PCILO dternative dructures. The energy differences between various

optimized structures as well as the geometrical parameters for possible hydrogen bonding
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Fig. 9 HF-DFT optimized PCILO aternative stable
conformation for N(1) protonated -ms’tc®Ade

interactions is given in Table (23and 4). In HF-DFT optimized PCILO dternative
structure for N(1)-protonated ms’tc®Ade, the intramolecular bifurcated hydrogen bonding
is noticeable between N(7), N(6)H and carboxyl O(13b) sites (Table 4).

The effect of single protonation a each of N(7), N(1), and N(3) sites in tc?Ade
and ms’tc®Ade is dike. This dearly suggests that orientation of carbonyl oxygen O(10) is
towards N(7) or N(1) sSte depending upon whichever of these dtes is protonated. The
effect of single protonation a N(3) site in both tc®Ade and ms’tc®Ade orients the N(6)
substituent in amanner similar to that in N(1) protonated tc®Ade and ms?tc®Ade.

B] Diprotonated tc°Ade and ms?tc®Ade:
1] (N(1), N(7)) diprotonated tc®Ade and ms?tc®Ade:
The preferred most stable conformation for (N(1), N(7)) diprotonated tc®Ade and
ms’tc®’Ade, based on PCILO energy caculations, is depicted in figure 10. The torsion
angles for the preferred mogt stable conformation are a=180°, b=210°, g=0°, d=300°,



e=270°, g=180°, x=60°, h=150°, f =180°, and the extended orientation (c=180°, y =180°)
is favoured for the methylthio substituent in ms’tc®Ade. The acceptor carbonyl oxygen
0O(10) is suitably placed, towards the donor N(7)H side instead of the donor N(1)H side
for associating through the seven membered (O(10)C(10)N(6)C(6)C(5)N(7)H) hydrogen
bond. Additiondly, the carboxyl oxygen O(13b) is favorably placed for participating in
the saven membered (O(13b)C(13)C(12)N(11)C(10)N(6)H) hydrogen  bonding
interaction with the N(6)H. This most dable conformation is closdy comparable to

Fig.10 PCILO most stable conformation for N(1)-
N(7) diprotonated tc®Ade and ms®tc®Ade

5{2

PCILO dternatives of N(7) protonated tc?Ade and ms’tc®Ade. The torsion angles e, x of
(N(1), N(7)) diprotonated tc®Ade and ms’tc®Ade are changed to 270° and 60°
respectively from 180° and 330° of N(7)-protonated tc®Ade and ms’tc®Ade PCILO
dterndives. The change in torson angles e, X improves the geometrica parameters for

stronger hydrogen bonding between N(6)H and carboxyl oxygen O(13b).



The dternative conformation, based on PCILO energy cdculations, for (N(1),
N(7)) diprotonated tc®Ade and ms’tc®Ade is unaffected by the presence of 2-
methylthiolation and is given in Table 1. The torson angle vadues for the PCILO
dternative for both (N(1),N(7)) diprotonated tc®’Ade and ms’tc®Ade are  a=180°,
b=210°, g=180°, d=330°, e=150°, q=180°, x=60°, h=150°, f =180°, andc=180°, y =180°
for the 2-methylthio subdtituent in ms“tc®Ade. Although, torsion angle preference is same
in both dternatives of diprotonated (N(1), N(7)) tc®Ade and ms’tc®Ade; the energy
differences are not the same.(see Table 1). The intramolecular hydrogen bonding between
N(7)H and O(10) is dso present in these dternative conformations. Additiondly, N(7)H
dte is adso paticipating in intramolecular hydrogen bonding with carboxyl oxygen
O(13b) (see Table 4).

PM3 optimized geometries arived from PCILO most stable conformations of
diprotonated (N(1), N(7)) tc®Ade and ms’tc®Ade are found to be more stable than PM3
optimized geometries arived from PCILO dternative conformations. Thus PM3 results
have trend smilar to PCILO results. The geometricad parameters for hydrogen bonding
and energy differences for PM3 optimized diprotonated (N(1), N(7)) diprotonated tc®Ade

Fig. 11 HF-DFT optimized PCILO alternative stable
conformation for N(1)-N(7)-diprotonated ms*tc®Ade
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and ms’tc®Ade PCILO most stable and adternative structures are included in Table 4 and
2.

The HF-DFT optimization method has given same trend as that of PCILO results
for the (N(1), N(7)) diprotonated ms’tc®Ade; but, optimized PCILO dternaive is
favoured over the optimized PCILO mogt dable structure in (N(1),N(7)) diprotonated
tc®Ade. The energy difference is however, just 0.3 kca/mol between the optimized
PCILO dternative structure and the optimized PCILO most dstable structure of (N(2),
N(7)) diprotonated tc®Ade. The interesting festure is that eclipsed orientation is
favoured by methyl thio subdituent in the optimized PCILO dterndive dructure of
(N(1), N(7)) diprotonated ~ ms®tc®Ade. The intramolecular hydrogen bonding of N(7)H
with carbonyl oxygen O(10) has become wesker but it becomes stronger and linear with
carboxyl oxygen O(13b) in the optimized PCILO dternatives of both (N(1), N(7))
diprotonated tc°Ade and ms®tc®Ade (see Table 4). The decisive role of N(7) protonation
on the orientation of N(6) subgtituent is clear from these results.

2] (N(2), N(3)) diprotonated tc®’Ade and ms?tc®Ade

Fig.12 PCILO most stable conformation
for N(1)-N(3) diprotonated tc®?Ade
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The most stable conformation for (N(1),N(3)) diprotonated tc®Ade by PCILO is
shown in figure 12. The torson angle vdues ae a=0°, b=180°, g=0°, d=300°, e=240°,
0=180°, x=60°, h=150°, f =180°. Except for e, which is 270° for (N(1),N(3)) diprotonated
me’tc®Ade, dl other above torsion angle values of the N(6) substituent aso represent the
preferred values for most stable conformation of (N(1),N(3)) diprotonated ms?tc®Ade.
The extended orientation (c=180°, y =180°) is preferred in the most stable conformation
of (N(1),N(3)) diprotonated ms’tc®Ade. The acceptor carbonyl oxygen O(10) is placed on
the same dde of HN(1) and dabilizes the most dable dructures through the six
membered (O(10)C(10)N(6)C(6)N(1)H) hydrogen bonding. Additiondly, the N(6)H
donor dte participates in hydrogen bonding with the carboxyl oxygen O(13b) through
seven membered (O(13b)C(13)C(12)N(11)C(10)N(6)H) ring. The preference for e=240°
in (N(1),N(3)) diprotonated tc®Ade shortens the distance between the N(6)H and O(13b)
hydrogen bond donor-acceptor sites.

Alternative conformation for (N(1),N(3)) diprotonated tc°®Ade and ms*tc®Ade are
nearly 6.0 kca/mol higher than the preferred most stable conformation. The PCILO
dternative is arived by flipping of torson angle g from cis orientaion to trans

Fig. 13 HF-DFT optimized PCILO dternative
stable conformation for N(1)-N(3) diprotonated
ms’tc®Ade

q
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orientation in both (N(1),N(3)) diprotonated tc®’Ade and ms’tc®Ade (see Table 1). This
dternative is dabilized by participation of donor N(1)H and acceptor O(10) sites in
intramolecular hydrogen bonding.

The full geometry optimization results usng PM3 and HF-DFT method, for
(N(1),N(3)) diprotonated tc°Ade and ms’tc®Ade, show that the optimized PCILO most
gdable conformation is more stable than optimized PCILO dternative dructure (see Table
1). All the torson angles are in good agreement with PCILO results. These optimized
structures  of (N(1),N(3)) diprotonated tc®Ade and ms’tc®Ade retain intramolecular
hydrogen bonding interactions smilar to in PCILO most stable and dternative structures.
Full geometry optimization improves the hydrogen bonding parameters for greeter
Sabilization.

3] (N(3),N(7)) diprotonated tc®Ade and mstc®Ade::

The prefered most stable conformation, based on PCILO energy
caculations, for (N(3),N(7)) diprotonated tc®Ade and ms’tc®Ade is shown in fig.14. The
torson angles describing orientation of N(6) substituent are a=180°, b=210°, g=180°,

Fig.14 PCIL O most stable conformation for N(3)-
N(7) diprotonated tc®Ade and ms?tc®Ade




d=300°, e=180°, gq=180°, x=330°, h=180°, f=180° for both (N(3),N(7)) diprotonated
tc’Ade and ms’tc®Ade. The extended orientation (c=180°, y =180°) is favoured for
methyl thio substituent in ms?tc®Ade most stable conformation. The acceptor site O(10)
participates with N(7)H donor dte through seven membered
(HN(7)C(5)C(6)N(6)C(10)O(10)) hydrogen bond. The weak intramolecular hydrogen
bonding between donor N(11)H and acceptor hydroxyl oxygen O(14) dabilizes the
preferred most stable corformation of (N(3),N(7)) diprotonated tc®Ade and ms’tc®Ade.
The PCILO preferred most stable conformations of both (N(3),N(7)) diprotonated tc®Ade
and ms’tc®Ade are exactly similar to that of PCILO preferred most stable conformations
of both N(7)-protonated tc?Ade and ms’tc®Ade This dearly shows the predominant
influence of N(7)-protonation on the orientation of N(6) substituent in tc®Ade and
ms’tc®Ade.

The dternative conformation, based on PCILO results, has been given in
Table 1. The intramolecular hydrogen bonding N(7)H..O(10) is the common feature
between PCILO dternative and most stable conformations of (N(3),N(7)) diprotonated
tc?Ade and ms’tc®Ade. The dternative conformation for (N(3),N(7)) diprotonated tc®Ade
and ms’tc®Ade are easily accessible since energy difference between them and the most
dable gtructure is not much.

The full geometry optimization of PCILO mogt stable and PCILO dterndtive
conformations for both (N(3),N(7)) diprotonated tc®Ade and ms’tc®Ade, using PM3 and
HF-DFT methods, shows trend similar to N(7)-protonated tc®Ade and ms’tc®Ade . The
optimized PCILO dternative sructures (fig.15) ae favoured in both diprotonated
(N(3),N(7)) tc®Ade and ms’tc®Ade because of much improved geometrical parameters
for hydrogen bonding. The intramolecular bifurcated hydrogen bondings like
N(2)...N(6)H...O(13b) and O(10)...N(11)H...0(14) (see Table 4) are additional factors for
gabilizing the optimized PCILO dternative structures.

The PCILO conformationd energy caculaions for dngly protonated molecules
show clear preference (see Table 5A) for the tc®Ade N(1) protonation. The PCILO
dternative for N(1) protonated tc®Ade is aso equaly accessble However, PM3
optimization results gives preference for optimized PCILO dternative of N(7)-protonated
tc®Ade. The N(1) protonated tc®Ade optimized PCILO most stable conformation is 4.2
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Fig. 15 HF-DFT optimized PCILO
alternative stable conformation for N(3)-N(7)
diprotonated ms?tc®Ade

kcad/mal higher in energy than the optimized PCILO dternative dtructure. The relative
energies for N(1), N(3) and N(7) singly protonated tc®Ade are summarized in Table 5A.
The HF-DFT optimization of PCILO dternative structure for N(1) protonated tc®Ade is
most stable.

For the singly protonated ms’tc®Ade structures, the trend is similar to that of
tc?Ade in dl PCILO, PM3 and HF-DFT methods. But HF-DFT optimization shows that
PCILO dlternative for N(7)-ms’tc®Ade is equally favoured to PCILO dternaive of N(1)-
me’tc®Ade (see Table 5B).

The (N(1),N(7)) diprotonated tc®Ade is preferred over other diprotonated t°Ade
gructures (Table 5C) usng PCILO and PM3 methods. However HF-DFT optimization
shows that, this diprotonated tc®Ade is 0.8 kca/mol higher in energy than (N(3),N(7))
diprotonated PCILO dternative, which is most preferred by HF-DFT method.

The diprotonated ms’tc®Ade structures follow the same trend for the most
preferred structure as described for diprotonated tc®Ade structure using PCILO and HF-
DFT methods. However, PM3 optimization shows greater stability for PCILO dternative



of (N(3),N(7)) diprotonated ms’tc®’Ade.

Table 5:Rdative stability of various single and diprotonated tc®Ade and ms*tc®Ade structures in
Table 1 and on full geometry optimization usng PM3 and HFDFT.

A] Singly protonated tc°’Ade

Specifics
probed PCILO PM3 HF-DFT Reference
-i) N(7)-tc®Ade 19.9 0.7 55 Tablel,2,and 3[d]
ii) 212 0 5.4 Tablel,2,and 3[al]
iy N(3)-tc’Ade 443 137 165 Tablel,2,and 3[c]
iv) 445 222 15.9 Tablel,2,and 3[cl]
v) N(1)-tc®Ade 0 4.2 31 Tablel,2,and 3[€]
vi) 0.04 26 0 Tablel,2,and 3[el]

B]Single site protonated ms?tc®ade

Specifics
probed PCILO PM3 HF-DFT Reference
i) N(7)-ms’tc®’Ade  17.0 2.3 2.2 Tablel,2,and 3[b]
i) 183 0 0.0 Tablel,2,and 3[b1]
iii) N(3)-ms’tc®Ade  25.8 20.3 130 Tablel,2,and 3[d]
iv) 26.1 134 132 Tablel,2,and 3[d1]
v) N(1)-ms’tc’Ade 0 83 2.3 Tablel,2,and 3[f]

vi) 0.05 5.9 0.01 Tablel,2,and 3[f1]
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inegtigations is  limited,

C] diprotonated tc°’Ade
Specifics
probed PCILO PM3 HF-DFT Reference
i) N(2), N(7) 0 0 0.8 Tablel,2,and 3[g]
i) -tc®Ade 29 10.4 0.5 Tablel,2,and 3[g1]
iiiN(1), N(3) 370 118 25 Tablel,2,and 3[i]
iv) -tc®Ade 430 16.2 6.8 Tablel,2,and 3[i1]
V) N(3).N(7) 4538 71 31 Tablel,2,and 3[K]
vi) -tc®Ade 461 30 00 Tablel,2,and 3[k1]
D] diprotonated ms?tc’Ade
Specifics
probed PCILO PM3 HF-DFT Reference
i) N(1), N(7) 0 6.8 0.3 Tablel,2,and 3[h]
i) -ms’tc®Ade 32 17.0 1.9 Tablel,2,and 3[h1]
iii)N(1), N(3) 126 136 75 Tablel,2,and 3[j]
iv) -ms’tc®Ade 19.1 17.6 10.6 Tablel,2,and 3[j1]
V) N3)N(?) 206 76 5.0 Tablel,2,and 3[l]
vi) -ms’tcAde 211 0 0 Tablel,2,and 3[11]
Although direct experimenta evidence for comparison with the present

nevethdess, crystd sructures of tc®Ade [14,15] provides

vauable data on the possbilities of partid protonaion or digribution of protonation at

two stesaswell as sngle or multiple site hydrogen bond donor-acceptor interactions.

The proxima conformation is preferred for (N(3),N(7)) diprotonated as well as
for (N(1),N(7)) diprotonated tc®Ade and ms’tc®Ade. Such protonation may thus alow
paticipation of modified tc®Ade in extended Watson-Crick base pairing with mRNA on
anticodon 3'-adjacent Sde. This may dter the reading frame definition.
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4.4 Conclusions. The comparison of the preferred and the dternative conformations of
N(7)-protonated and (N(3),N(7)) , (N(1),N(7)) diprotonated tc®’Ade with the N(7)-
protonated and  (N(3),N(7)) , (N(1),N(7)) diprotonated mstc’Ade reveds, that, while the
N(7))-protonated and diprotonated  (N(3),N(7)) , (N(1)N(7)) tc®Ade can essly
participate in canonicdl WC base pairing , the reorientation of the 2-methylthio group to
c=0 dternative is required to enable WC base pairing for ms’tc®Ade aso. The predicted
prefered  orientation of 2-methylthio group in  unprotonated ms’tc®Ade  indeed
corresponds to ¢=0 [18]. WC base pairing of anticodon 3-adjacent base with mRNA may
result in quadruplet (four nucleic acid bases) reading indead of the triplet genetic code
for amino acids Thus a possble dteration of the reading frame definition may result
from the N(7)-singly and doubly protonated tc®Ade. The 2-methylthio group orientation
with ¢=180 ,in N(7)-singly and doubly protonated ms’tc®Ade, however, obstructs the
extended WC base pairing. Likewise methylation of the N(6) of tc®Ade eiminates the
hydrogen bond donor ste involved in WC base paring. Thus further modifications of
tc?Ade through 2-methylthiolation into ms’tc®Ade, as well as through N(6)-methylation
into nPtc®Ade, serves to enhance the maintenance of the reading frame.
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Chapter 5: Structural consequences of anticodon loop having modified

nucleosides

5.1 Introduction: Structurd invedtigations of individua modified nucleosdes present a
srategic postions (34™", 37™") of anticodon loop have been described in earlier chapters.
The smultaneous presence of modified nucleosides a 34™ (wobble) and 37" (anticodon
J'adjacent) postions, in anticodon loop of tRNAs may lead to very interesting structurd
consequences. The anticodon stem loop (ASL) of human tRNAYS having modifications
(MonPs’U34 and ms?tc®A37) and tRNAAT (Qsq and tc®Agy) are invedtigated using semii-
empiricd PCILO, Monte Carlo conformational search (molecular mechanics levd) and
Molecular Dynamics methods.

Human tRNAYS acts as a primer for HIV replication; with its 3 end
eighteen resdues (nucleotides) being complementary to the primer binding ste (PBS) on
the vird RNA. Additionaly, UUU anticodon of tRNA"Y® has been found to interact with
‘A" rich region 10 resdues upstream of PBS of vird RNA [1-3]. The modified U34
(menPs?U) has been recognized to be a stabilizing factor for these interactions [3-4].
Probable interactions between another hypermodified nucleoside ms?tc®As; and muodified
uridine (menPsU) at 34" position may result in an unusud tRNA™YS anticodon structure
[58]. The tendency of frameshifting in bacterid and mammalian tRNA™YS besides HIV
primer activity may conceivably be the consequences of some unusud anticodon loop
sructure. However, usua canonica anticodon loop structure has recently been observed
in the crysd dructure investigation [6]. Based on NMR invedtigations of Ecoli-tRNA
lysine, smilar open anticodon loop framework for human tRNAYS [7] is dso suggested.
Present dructurd investigations have been made to understand anticodon loop
conformations besides probing the role of modified nucleosdes present init.

The agparaginyl tRNA is found in Ra liver, Ecoli, Bovine liver and human
liver [9,10,11]. The anticodon loop sequence is sSmilar to human tRNA"YS, but Q occurs
at 34" nucleoside position and tc®A occurs instead at 37" position of anticodon loop. The
preferred orientation of N(6) substituent in tc®Ade is probed when modified base (Qsy) is
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also present at 34™ position in the anticodon loop.

5.2 Nomenclature, Convention, and Procedure:

For PCILO energy cdculations and preferred conformation search also made at
the level of molecular mechanics usng Monte Carlo technique, anticodon loops having
sequences Gao-Uzs-monPs?Usg-Uss-Use-ms’tc®Agz-Aszg and Cap-Uss-Qsa-Uss-Uzs-tc®Ass-
Azg were terminated with methyl phosphate groups at both (5 and 3) ends. The Holbrook
data [12] for ribose -phosphate backbone, has been utilized to build both the anticodon
loops. The crystalographic data has been utilized for tc®Ade, ms’tc®Ade and Q as
described in earlier chapters. However, trans orientation of C(5) substituent of mens?Uss
is preferred (see chapter 111(A)). The results of multidimensiond conformationd search
for the preferred orientations of substituents in 34"  and 37" bases have been obtained
usng PCILO and logicd sdection of grid points gpproach as described in earlier
chapters. The crysta structure moded for the anticodon loop ribose-phosphate backbone is
retained throughout.

Another technigue Monte Calo sSmulation usng molecular mechanics
goproach has been utilized for conformational search on these crystd structure modd
based anticodon loops. This, conformational search follows two steps 1) Monte Carlo
conformational search on the substituent of 34™ and 37" bases of anticodon loop with
frozen backbone. 2) Minimization by molecular mechanics for sdected dtructures from
stepl, with unfrozen backbone but retaining distance constraint between 32" and 38"
ribose C1' atoms. The procedure may be repested for obtaining lower energy (more
gtable) conformations.

To dudy dynamics of anticodon stem loop with respect to time, the third
technique, Molecular Dynamics (MD) has been used. The procedure adopted for MD is
as follows. The coordinates for anticodon stem loop (ASL) for tRNAMYS and tRNAA
have been taken from protein data bank molecule no. (1FIR) [6]. The sequence of
tRNAA [10] is built usng SYBYL biopolymer module, keeping ribose-phosphate
backbone as that of 1FIR. Adding hydrogen atom to phosphate group of each residue
neutrdizes the molecule. In ASL of tRNA*™", positively charged Q resulted in overal +1
charge on the molecule. Distance condraint is applied between 27-43 and 28-42 residues



to keep the sem rigid. The cadculaions were peformed on Slicon Graphics Indy
Workgation (R5000) with 64 MB RAM. The commercid software 'Sybyl6.5 from
Tripos Inc.(st.LouisMO) is utilized for the purpose.

The trgectories of Molecular Dynamics Smulation are obtaned for partidly
solvated (600 water molecules) ASL of tRNA-YS for the time length of 250ps and of
tRNAA ASL for 109ps duration. The constant temperature (canonica ensemble)
gmulation has been done with 8A° nonbonded cutoff, keeping dieectric function
‘congtant’ and consdering didectric congant to be 1 with minima periodic boundary
condition (cube of length 41.4 A°). The water dengty of the system is 0.39. Kollman All
atom Force Fidd (1986) with Gaeiger-Marsilli charges has been used with TIP3P water
type for MD simulation.

The equilibration protocol conssts of 2000 cycles of Steegpest descent
minimizetion gpplied to the whole sysem in order to rdax deic dashes. This was
followed by temperature ramp for dructure from 50°K to 300°K usng 50°K, 1ps
temperature step up to 200°K and 25°K, 1ps temperature step up to 300°K. This was
followed by 240ps time length MD for tRNA-Y® and 100ps time length MD for tRNAAS
a congant temp of 300°K. The data were recorded a 250fs interva during initid
temperature ramp and subsequently a 1000fs till completion of MD smulation. Various
other conditions used for MD smulation ae, 1fs time dep, initid-Boltzmann veodlty
digribution, 10fs non-bonded update with scaled velocities, 5fs temperature coupling
time and SHAKE dgorithm for anticodon stem hydrogens.

The definitions of torson angles for ribose-phosphate backbone as well as
substituents sidechains of modified bases (a 34" ,37™" positions) are as described in
earlier chepters The torsion angles of N(6) substituent in ms’tc®Ade and tc®Ade are
subscriped by 't', however, in Qs, it is subscripted by ‘g and in menPs?Us, subscripted by

u.

5.3 Results and Discussions:
A] PCILO reaults:

i) tRNA-YS: The most stable conformation obtained from PCILO energy caculations
for anticodon loop of tRNA-Y®is given in Fig.1[ab)]. The preferred orientation of N(6)
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Fig.1la Preferred conformation for anticodon loop of
tRNAYSusing PCILO energy calculations
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aubgituent of ms’tc®Ades; is described by torson angles a=90°, b=300°, g=30°,



di=270°, =210°, q:=180°, x;=60°, h;=60°, f (=300° [Tablel(b)]. Although the substituent
orientation is not exactly dista @:=0°), but keeps N(6)Hs; Ste away from participation in
Watson-Crick base pairing. Interesdue hydrogen bondings, like N(6)Hs7...0(2)32;
N(11)H3z7...01'33 and N(1)s2...N(6)Hsz7; abilize this conformetion (see Table 2). The 2-
methylthio group of ms’tc®Ade (c;=240°, y=180°) orients not in the edipsed
conformation but the methyl group istilted from the plane of adenine.

The C(5)-postion  substituent of menPs’Uss orients with non-planar vaue of
torson angle a,=240° and planar vdues for b,=180°,g,~180°, d,=180°. Geometrica
parameters indicate week (see Table 2) intramolecular hydrogen bonding interactions
between C(7)H'34...02P34 and C(7)H?%34...02Ps,. The C(5) - subdtituent in monmPs?Uss
does not interact with any other residue, including the 37" modified base. Both modified
bases at 34" and 37" sites do not show any unusual festure.

Table 1: Torsion angles in ms’tc®Ade and menTs’U of tRNAY

a by a d & G % h¢ fy Ct Yt ay b @ d Re.

g 60 O 180 300 330 180 60 180 180 180 180 180 180 180 180 PCILO
Starting

b 90300 30 270 210 180 60 60 300 60 30 240 180 180 180 PCILO
most
stable

] -8981.4-15.2-107.3148.8-171.139.3 1555 177.2-1339-1789-101.9-177.1-171.2 172.0 MMFF
optimized

The MMFF minimized PCILO mogt dable conformation is included in Table
1(c)[fig.2ab]. The dructue is rdaxed through optimizaion of dl the internd
coordinates. The disd (a; =-8.9°) conformation is preferred for N(6) subgtituent of
me’tc®’Ades; in MMFF minimized PCILO most stable sructure. However, similar
conformation is retained by C(5) substituent of menPs’Uss. The discontinuity of stacking
is present in 36" and 37" bases. Various hydrogen bondings (Teble 2) help in stabilizing




the anticodon loop which shows usua U-turning a 34th residue.

Fig.2a MMFF optimized PCILO most stable

conformation of anticodon loop of tRNAYS

Fig.2b MMFF optimized structure with only 34, 35, 36,

37, 38 residues of anticodon loop of tRNAYS
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The N(11)Hs7...01'33 interesdue hydrogen bonding is retaned in minimized
PCILO most dable dructure. The interresdue interaction N(6)Hss...S(2)37 may explan
thetilted 37" base adenine ring.

Table 2: Geometrical Parameters for hydrogen bonding in the preferred PCILO as well as MMFF
optimized conformations of tRNA"Y®

Atoms Involved Atompair  Atom pair Angle Reference
(1-2-3) 12 A (2-3)A (1-2-3)
N(11)Hs7...01'33 1.091 1.448 1293 Tablel[b]
N(6)Hz7...N(D)32 1.091 1.950 1465 Table1[b]
N(6)H37...0(2)32 1.091 0.907 958 Tahlel[b]
C(7)Hz4...02P34 1.097 1.602 88.7 Tablel[h]
C(7)Hz4...02P34 1.097 1.564 906 Tablel[b]
C(7)Hz4...02'33 1.098 2378 1289 Tablelc]
C(6)Hz4...05pz4 1.098 2648 1569 Tablel[c]
O2Hs3...0(14)37 0.980 1750 1709 Tablel|c]
N(11)Hs7...01'33 1.090 1.967 1330 Tablel]c]
N(6)Hss...S(2)37 1.090 2.543 1524 Tablelc]
N(3)H33...05p3s 1.090 1644 1521 Tablel[c]
N(4)H3;...02P37 1.090 1.852 1452 Tablel[c]

i) tRNAAS" (Qs4 and tc®As;) : The preferred PCILO conformation for N(6) substituent in
tc?Ade is given (Fig.3[ab], Table 3[b]) . The N(6) substituent orientation is smilar to
preferred orientation of ms’tc®Ade in tRNAYYS. The N(6) substituent of tc®Ade is
interacting with 32" and 33" residues. The stebilization of the preferred orientation of
N(6) substituent of tc®Ade may occur through interresidue hydrogen bonding interactions
like N(6)H37...N(1)32, N(11)Hs7...01'33 and N(6)Hs7...0(2)32 asgivenin Table 4.

The proximd (towards the sx membered ring) orientation is preferred by C(7)-
subgtituent of Qss. The hydrogen bonding N*H2(34)...0(10)34 observed in crysta structure
has been disrupted; instead, the imino group N*H2z4) paticipates in hydrogen bonding
interaction with hydroxyl (O2Hss) group of 33 ribose. Theimino group aso



=1 Fig.3a The preferred PCILO conformation of anticodon
loop of tRNAAS"
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N(13) Fig.3b PCILO stable conformation with only 34, 35,
36. 37. 38 residues.
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interacts with phophate oxygen of 34"  residue(Table 4). Torson angles and geometrical
parameters for likely H-bonding interactions are included in Table 3 and 4. The preferred
orientation of C(7)-subdtituent of Qss does not interact with the N(6)-subgtituent of
tcAde.

Table 3: Torsion anglesin tc®Ade;; and in Qx4 of tRNAA"

a b g d e d % h ft as by @ d g Ref

g 60 0O 180 300 330 180 60 180 180 121 174 167 90 270 PCILO
Starting

b 90300 0 210 18 180 180 180 180 90 234 47 90 270 PCILOmost
stable

] 57.6-57.7-9.8-122.7 149.8-174.6 1724 50.8 -1765 385-121.2 87.0 709 -41.6 MMFF
optimized

Table 4: Geometrica Parameters for hydrogen bonding in the preferred PCILO as well as MMFF
optimized conformations

Atoms Involved Atompair  Atom pair Angle Reference
(1-2-3 12 A (2-3) A (1-2-3)
N(11)Hz7..01'33 1.001 1.339 142.8 Table 3[b]
N(6)Hz7...N(1)32 1.001 1.950 1465 Table 3[b]
N(6)Hz7...0(2)32 1.001 0.907 958 Table3[b]
HN"Ha,...0253 1.001 2.984 1437 Table3[b]
HN*Hs,...03p33 1.096 2.549 149.2 Table3[b]
C4"Hag...03p33 1.098 2.289 1548 Table3[b]
HNHag...0233 1.012 1.755 1516 Table3[c]
C(15)H37...04"34 1.097 2571 1185 Table3[c]
N(11)Hz7...01'33 1.001 2154 1659 Table3[c]
C(14)Hz4...N(D)37 1.097 2.346 117.3 Table3[c]
O2Hs;...0(13b)s7 0.98 2.245 1332 Table3[c]
N(6)Hss...O(2)32 1.013 1712 1646 Table3[c]
N(3)Hss...03p3s 1.013 1.665 1546 Table3[]




Fig.4a MM FF optimized PCILO most stable conformation for
anticodon loop of tRNAA"
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3 N(13) o4 36, 37, 38 residues.
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The MMFF optimized PCILO mogt dable conformation (Table3(c), fig.4[ab])
retains dista conformation for the N(6) substituent in tc®Ade. However, orientation of the
C(7)-subdtituent in Qa4 takes it away from the sSx membered ring. The interresdue
hydrogen bondings, N(11)Hs7...01's3, N'H2(34)...02'33 and N(6)Hss...O(2)3. are retained
with improved geometricd parameters (Table 4). The interresidue interaction between
C(15)H37...0"34 is noticegble and occurs without disrupting base stacking or dtering
anticodon loop conformation. The hydrogen bonding parameters are given in Table 4.

B] Monte Carlo conformational search :
i) tRNALYS:

The torson angle values and relative energy differences for the sdected
conformers from Monte Carlo conformational search are included in Table(5d). The
lower energy conformation (Table 541], Fig.5[ab] ) shows proxima orientation for
N(6)-substituent in ms’tc®Ade. The 37" base has come out of stacking to interact with
the 34" modified base (fig.3). The 34™, 35" and 36" bases are partialy stacked; but 36"
nuclectide prefers syn conformation (the glycosydic angle for 36" is -146.7°) for
hydrogen bonding interaction with N(7) site of the 37" adenine Strong interresidue
hydrogen bonding O(13a8)H37...0(2)34 is indicated in this conformation. Usud U-turning
is redized through interresidue interaction  N(3)Has...05'Ps. The 37" modified base
participates in hydrogen bonding interaction with 33% 34", 36™ and 38" residues. The
geometrica parameters for hydrogen bonding are given in Table (5b). The O(8b) of C(5)-
subgtituent in menPs’Us, is placed above the plane of uridine base and interacts with the
hydroxyl group of 339 ribose. The interresidue hydrogen bonding N(3)Hass...O05'pss is
present for usud U-turning in the anticodon loop. The intereting feature of this
conformation is that, modified bases a 34™ and 37" locations participate in hydrogen
bonding interactions without disturbing the entire anticodon loop conformation; only
stacking of the 37" base is affected. With its extended orientation of N(6)-substituent
ms’tc®Ades; reaches to 34™ residue (O(2)34 site) for hydrogen bonding interactions.

The dternative dable conformation obtained  (fig.6[ab] ,Table 54ll]) is
3.8kcad/mol  higher than the previoudy described dructure (fig5). The orientation of
N(6)-subsiituent  in  ms’tc®Ade  of this dternaive sructure  resembles  with



crystalographic as well as the preferred

Fig.5a Lowest energy conformation obtained through
Monte Carlo conformational search for tRNAY®

Fig.5b Anticodon loop of tRNA VS with 34, 35, 36, 37
residues
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Table5a. Structures obtained through Monte Carlo conformational search for tRNA"Y®

a by g

& O X

he  fi

Rdl.
Energy

Ct Yt ay by

a d

11142.6 157.7 -172.9-165.5 164.2 168.7 35.2-52.4 -1585-139.2 1674 776 1671 1771 1719 O

1 0.1 91 1632-107.7 -224 1751595 47.8-179.7-1786 1738 75.1-172.8 168.3-141.1

38

Table 5b: Geometrical parameters for H-bonding

AtomsInvolved Atompair  Atom pair Angle Reference
(1-2-3) (12 A (23 A (123

O2Hgs...0(8b)ss 0.980 1703 1732 Table5dl]
O(133)Hz7...0(2)34 0.97 1610 1689 Table5ql]
N(11)Hg7...02'33 1.011 1870 1448 Table5dl]
N(6)Ha7...02'33 1.011 2040 1279 Table5ql]
N(3)Hzs.-.N(7)37 1.013 2260 1740 Table5ql]
N(3)Ha3...05p36 1.090 1650 1346 Table5dl]
N(6)Hag...S(2)s7 1.090 2400 1598 Table5dl]
O2Hgs...0(8b)ss 0.980 1820 1557 Table5dll]
O(133)Hz7...0(4)35 0.97 1920 1557 Table5dll]
C(10)Hz4...0(13b)s7 1.098 2390 1588 Table5qll]
C(5)Hss...O(13b)s7 1.098 2320 1281 Table5qll]
N(11)Hz7...N(1)37 1.013 1910 1310 Table5dll]
N(1)z7. N(11)Hz7_ O(13a)Hz; 1.910 2380 1279 Table5qll]
O(14)H37...0(133)37 0.97 2500 1272 Table5dll]
N(6)Ha7...0(2)32 1.011 1.770 166.8 Table54l1]
O2Hz7...0(10)37 0.980 1.690 1636 Table5dl]
O2Hz7..01'38 0.980 1.920 1463 Teble54l1]
theoreticd  results [1314]. The bifurcated intramolecular  hydrogen  bonding

N(1)37...N(11)Hs7...0(13a8)3; Stabilizes the dista orientation of the N(6)-subdituent. This
well stacked anticodon loop aso shows interaction between 34™ and 37" modified bases
(C(10)Has...0(13b)37). The C(5)-substituent in menPs?Usg interacts with 33 and 371"



Fig.6a Alternative structure obtained through

Monte Carlo conformational search for tRNAYS

mcm szl

Fig.6b Alternative structure with only 34, 35,
36, 37 residues
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nucleosides. The interaction between 34" and 37" residues occurs without disturbing
base stacking or anticodon loop conformation. These none too strong interactions may
not perss for long time in molecular dynamics smulaions. However, this type of
conformational search shows possble arangements of modified bases for their
interactions in the anticodon loop. The hydrogen bonding parameters are included in
Table 5b.

ii) tRNAAS™:

The conformation obtained through Monte Carlo conformationd search is
depicted in Fig.7[ab] (Table 64[1]). The anticodon loop bases are well stacked; however,
discontinuity of base stacking is seen between 37" and 38" residues. Interesting feature
of this conformation is that, N(6)-subgtituent is oriented proxima and interacts with
adenine ring through intramolecular hydrogen bonding of O(14)Hs7...N(7)37 (see Table
6b). The N(6) substituent in tc®Ades; interacts with various H-bond donor-acceptor sites
in nudeosides 32"¢ 34™ and 38" for interresidue hydroden bonding. The proximd
orientation of N(6)-substituent may aso play a role in codon - anticodon interactions as
discussed in chapter (1V).

Table 6a: Torsion angles and relative energy of selected conformations of tRNA**" (tc®Ades; and
Qs4 ) from Monte Carlo comformational search.

aa by g d =& % ht fy aqg Dbyg % d & Rel.

Energy

11139.0 64.8-178.9-69.0 -13.3-8.7-327 140 -1760 923 -1741 775 465 -1614 0

Il 45 -12-1620 87.1-111.1 83 739 -729 1780 941 -1750 718 553 -530 620

The C(7)-subgtituent in queuosine has preferred trans (Spreads away from the Sx
membered ring) conformation and participates in interresdue hydrogen bondings like
N+H234...O(4)35, N+H234...02'33 ad O4"H34...O(4)36. A|S), strong (based on geometricd
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parameters)  interaction O5'Hs4...0(10)37 (see table 6b) is present between both
hypermodified bases. The conformation of queuosne however does not influence
accesshility of dtes for codon - anticodon base pairing. The observed hydrogen bonding

,N"H234...0(10)34 in queuosine crystal [15] is not found in the anticodon loop.
Table 6b: Geometrical parameters for H-bonding

Atoms Involved Atom pair  Atom pair Angle Reference
(1-2-3) (12 A (23)A  (1-2-3)
HN*Haa...0(4)ss 1.011 1669 1573 Table6dl]
HN"Hay...0233 1013 1821 1610 Table6dl]
O4"H34...0(4)36 0.980 2292 1202 Table6dl]
0O5"H34...0(10)37 0.980 1.663 1531 Table6dl]
N(14)H37...N(7)37 1013 1744 1552 Table6a[l]
O(13a)Hsz7...N(7)3g 0.980 2.003 136.7 Table6dl]
O2H32...0(130)37 0.970 1.823 1494 Table6d]l]
N(3)Hs3...05ps36 1.013 1.778 1359 Table6dl]
N(6)Hsg...0(138)s7 1012 1.809 1469 Table6d[l]
HN*Has...O(4)35 1.012 1.633 157.6 Table6dll]
HN*Hay...0233 1013 1.792 160.1 Table6d[ll]
04"H34...0(4)36 0.980 1.941 1355 Table6dll]
05"H34... O(4)36 0.970 1.728 150.8 Table64Il]
C(15)H37..05"34 1.097 2.583 1256 Table6dll]
N(11)H37..N(1)37 1.013 1.832 1370 Table6qll]
O(14)H37..0(10)37 0.970 1.633 1437 Table6qll]
O2H32..0(10)37 0.970 2414 137.8 Table6dll]
O(13a)H37...0(14)37 0.980 1.693 1458 Table6d[ll]
N(3)H33...05p36 1.012 1.744 1445 Table6dll]
O2H32..0(2)32 0.970 1782 137.8 Table6qll]

The second conformation from Table 6411] (fig.8[ab]) is 62 kca/mol higher
than the firsd conformation. The anticodon loop has expected base stacking and dista
orientation is preferred for base substituent in tc®Ade. The intramolecular interaction
N(1)37..N(11)Hs; dabilizes the digd conformetion. The queuosne substituent

orientation is dmilar to that of the previoudy discussed conformation. However, wesk
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Fig.7b Preferred conformation obtai ned through
Monte Carlo conformational search for tRNAAS"

Fig.7b Preferred conformation with
only 34, 35, 36, 37 residues

Q34



Fig.8a Second conformation obtained through
Monte Carlo conformation search for tRNA”S"
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Fig.8b Anticodon loop of tRNA*" with
only 34, 35, 36, 37 residues
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C(15)Hs7...05"4, is present between two hypermodified bases at 34" and 37" sites. The
geometrica parameters for hydrogen bonding are included in Table 6b.

Scarce experimental data on these systems redricts direct comparison,
Neverthdess plausble intramolecular interactions ae brought out by the present
investigations which may have structurd - functiona significance for tRNA.

C] Molecular Dynamics Smulation :

The Molecular Dynamics (MD) method, is used to explore time dependent
behaviour of anticodon loop conformations. The first anticodon stem loop (ASL) sudied
is human tRNAMYS with the presence of extensve modifications ms’tc®Ades; and
manPs’Us, in the anticodon loop.

i) tRNAMYS:

Figure 9 represents a) starting structure at Ops and b) snap shot at 66ps. Another,
average picture is presented in fig.10. The anticodon loop has proper base stacking as
35", 36" and 37" bases are stacked over the 34™ base. Also, 32" base stacks over 34"
base. But, 33" base is inclined to the plane of 34™ base. The A-hdix character is
mantained, showing anti conformation of nucleosdes and C3-endo character for Al
riboses except 33", which prefers C2-endo puckering. The helix shows dight bend or
appears to condense, over the length of the MD smulation run.

The dl heavy aom root mean sgquare (RMS) devidion from the darting crystd
dructure is shown in Fig.11a The 125ps to 175ps region shows lower rms (around 5A°)
as compared to other time zones. The trgectory shows dabilization of sysem away from
the reference crysalographic dructure. However, equilibration of system is evident, as
interna  temperature of solute cdosdy matches with internd or loca temperature of
solvent. This criteria of equilibration is discussed in sybyl force fidld manud [16].
Fig.11b shows locd temperature plot for solute and solvent with time. The system seems
to be well equilibrated for time span of 125ps to 155ps and rms is as well lower in this
part. The improvement in the qudity of MD trgectory can be achieved through improved
trestment for long-range interactions [17].

The N(6) substituent orientation in ms’tc®Adeisdista (a { =0°) asshownin



Fig.9a Human tRNA'"Y*atOps

Fig. 9b snapshot at 66ps
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Fig.10a Anticodon loop of human tRNA"Y®

(average structure between 155 to 175ps)

Wz i

Fig.10b 34" and 37" residues of tRNAYS Fig.10c Average Structure between 155 to 175ps
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6}%:-" :}-.—'\ .-:3"'_'_ L . ‘\.‘ '-II-\,-- ) *
A L’-w ' % SN Fig.10d A icture of h tRNALYS
P LR RS ) ig. verage picture of hyman
et [ Sl (ASL) between 50psto 250ps

fig?12. The other time dependent plots of torson angles by, g, d;, €, G, Xt, ht @eshownin
fig12. The time behavior of dl torson angles indicates manly three festures a)
trangtions to +g(60°), -g(-60°) and t(180°) domains. b) dow varigion to near domain and
ohigh amplitude of fluctugtions. Only torson angle a;, and x; show low amplitude of
fluctuation as compared to others. The torson angles by, Q;, X; prefer two regions of
torson angle vaues through trandtions (see fig.12). The metylthio group orientation is
aso highly changegble and dynamic.

The C(5)-substituent of menPs’Uss dso has changesble - dynamic orientation (fig.12).
The a, torgon angle exhibits high amplitude of fluctuation and trangtion to dternative
orientation as well. The two zones of torson angle a, [-100, 100] clearly keep C(5)-
substituent positioned below or above the plane of uridine base.

In the time course of MD smulaion, N(6) substituent of ms’tc®Ade does not
uniformly maintain interresidue hydrogen bonding with C(5)-substituent of menPs’Usg.
However, Watson- Crick edge of 32" base participates in hydrogen bonding with
Hoogsteen edge of 37" adenine. The Uturn featured hydrogen bonding N (3)Hss...02Ps6
perssts after 130ps; but may be weakened due to competing interaction of N (3)Hs3 Ste
with phosphate group of 30" nudeotide The intraresidue hydrogen bonding
0O(13a)H37...0(10)37 is maintained just for 30ps (see fig.13).
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These results are helpful in explaining the generd conclusons about the presence of
U-turn feature, A-RNA character and orientation of modified bases.
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i) tRNAAS" ;

The dl heavy aom root mean square (rms) deviaion is given in fig.14[ab],
adong with loca temperature graph for solute and solvent. The rms is stable around 4.5 to
5A° for nearly 30 to 70ps time span and theresfter increases progressively. Fig.14b
cdealy shows equilibration of sysem in the time zone of 30ps to 70ps. For the
equilibrated system, rmsis found to be stable.

The molecule overdl shows A-type hdix character for anticodon stem loop,
snce C3-endo puckering and glycosyl anti conformation of nucleotides are preferred. U
turn feature for the anticodon loop is disrupted by different stacking arrangement. (see
fig.16 and Fig.19). The 32" 33" bases are stacked on 34" phosphate group and partia
stacking of 34" |, 35" and 36th bases is found to be somewhat disturbed. However, after
75ps, 35" base comes dowly out of stacking and stacking is noticed between 37" 36"
and 34" bases. The 32" and 38" bases are stacked with stem part. Helix bending is
observed. The preference for different stacking arrangements of anticodon loop has
provided occasiond interresidue interaction between modified bases Qa4 and tc®Adesr.
However, distal @ ; = 0°) arrangement of N(6) substituent in tc®Ade has not been affected
by interresidue interactions with 34™ modified nudeoside. Similarly, orientation of C(7)-
substituent in Qs4 is not much altered due to interaction with 37" base (see fig.17)

The N(6) substituent orientation in tc°Ade retains unique stable torsion angles
atand x; vaues in the course of time variaion. All other torson angles prefer trangtions,
high amplitude of fluctuations and dow varidion with respect to time. The C(7)-
subgtituent in Q34 base exhibits highly dynamic orientation (see fig. 15). The intraresdue
hydrogen bonding interaction N*H234...0(10)3; (observed in crysta structure) is well
maintained up to 60ps and weekly maintained between 80ps to 95ps;, occasiondly it is
disturbed. Interresidue hydrogen bonding interaction of diol group of Qgz4 with carbonyl
group of urddo linkage from tc®Ade is well maintained after 50ps (see fig.18). The
Hoogsteen edge of 37" adenine base participates h hydrogen bonding with Watson-Crick
edge of 33 base These other interactions besides interaction between 34" and 371"
residue lead to an unusua anticodon loop conformation.

The unconventional structure for anticodon loop, anticipated for human tRNA-YS

by Agrisand co-workers[5] isnot found in our MD results. The results of
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Fig.16a Average between 50 to 70ps for asperaginyl tRNA

Fig.16b Anticodonin tRNA

asperaginyl
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|
Fig.19 [ab] Average for last 15ps Fig.19b Interaction of Qs and tc®Ades,

present study, however, agree with NMR sudy on E-coli tRNA lysne [7] with
modification (mNMPs?Uss and tc®Ades;) which shows an open conventiond anticodon
loop and dso suggests smilar reslts for human tRNAMYS with (menPsUss and
ms’tc®’Ades7). Neverthdess, the present results show an unconventiona festure for
tRNA*" due to interactions between hypermodified bases Qa4 and tc®Adesy.

5.4 Conclusions:

The preference for an open conventiond anticodon loop is consstently indicated.
This is ds0 required for accuracy and efficiency of protein biosynthess. Unconventiona
dructure of anticodon loop may confer specificity. The role of modified nucleosides in
the anticodon loop may result in distinct structurd features for specific tRNA molecules,
tha may dso be functiondly useful, specidly 0 snce tRNA is a multifunctiond
molecule involved in many other cdlular processes besides trandation.
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