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ABSTRACT

The;solid Cu(II) and Co(II) éomplexes and»complex salts
of séme thiamiﬁe analogues have been prépared. Theif‘electronic
spectra, I.ﬁ. spectra ahd Magnetiq Moments are presented and
g ﬁiscgssed in fefﬁsgpf:suggested.coordiﬁatioﬁ geometriés:for_the

‘complexes. -

In addition the solution conformatiohs of thede(III)g
Dy(iII) éﬁd Ho(III) compleXes of‘somé 3',5"cyclic nucieqtides weré
.determiﬁéd1quantitétively using NMR line broadening.and,liﬁe'shift-
ing techniques. Reactions of.Mn(II) with the cyclic nucleotides |
were used‘fo:find.the #referred binding sitesJon fﬁe.iigahds'also

using line broadening techniques.
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CHAPTER 1

INTRODUCTION



1.1 Vitamin B.. and its analogues

1

“Thiamine chloride hydrochloride (vitamin Bl) plays a very

important role in biological functions.

It is a dietary requirement for’all ahimals other than
.ruminants. Janséﬁ-in Java.and later Windaus in Germany were the first
to isolate the vitamin in bure form from crude rice'poliéh extracts.
Only twenty six years later, in 1936, was the full‘isolation, character-
ization,'defermination of structure, and synthesis compléted by R. R,
Williams and ﬁis colleagues.v .in man beriberi has long beeniendemic in
those -areas where polished rice is the staple diet. Beriberi takes
two forms: thé'wet type which shows' extensive endematous swellings
of the extremities and the dry.type where muscular atrophy is extefnal—.
ly conspicuous. Lémeness, ataxia, numbness'of the extreﬁities; and
loss or exaggeration of patellaf réflexés'reveal a disturbance of
the motof aﬁd sensofy nervesl. In mény cases direct édminiéfration of
small.quantities of thiamine will alléviafe the dondifion. The outer
| layers of the éeeds of plants are especially rich ip thiamine. Whole-
wheat Bfead, therefore, is an excellent source of the vitamin as are

_ most'animal tissués;'pork products being especially rich.

Studies of the syntheéis of thiamine by extfacts of.bakerfs
yeaét have'reﬁealed'fhat‘tﬁe pyrimidine and thiazole moieties are
formed indepéndentlyz.-.The origins of the byrimidiné and thiazole
" moieties shown as stafting maferials in Fig. 1.1 haQe'not been

eStablished.
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FIGURE 1.1 - Biosynthesis of Thiamine
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It is the phosphate or the pyrophosphate of the vitamin which par-
ticipates in maﬁmalian metabolism iﬁ the following three reaction
types: (a) the decarboxylation of a-keto acids to aldehydes or
‘acyloins, (b) the decarboxylation of a-keto acids to acids (oxi-
dati?e decarboxylation), and (c) the transformation of a-keto acids

" to acyl phosphates3.

Thiamine pyrophosphate or cocarboxylase which is synthe31sed
by dlrect transfer of the pyrophosphate group from ATP is so-called
since it is the coenzyme of carboxylase in the reaction (a) above.
.The important step of the reaction is the 1onlzat10n of the proton
at the 2-position of the thiazb;ium ring. This 2-position must be
ﬁnsubstituted for bioiogicql activity. The thiazolium system

'provideS[the high'electronidensity required at the 2-carbon'.

Thiazolium ligands are, therefore, good coenzymé models,
though the amino group on the pyrlmldlne moiety is now thought to

be a second reaction centre5

Thiamine-requiring enzymes catalyze reactions in which
’carbdn-cafbon bqnds immediétely adjaéent to carbonyl groupé are cleaved'
(aftypejcleévage)...Thé major carbohydrate'metabolic cycles (fhe citric
aéid cycle and the fixation of carbqndiqxideby photosynfhesis)'are_
absoiufely'depehdent on*'fhiamine since fhey'all.depend upon q-type

" cleavages.

' ~The thiazole moiety of thiamine 5-(2~hydroxyethyl)-4-methyl

‘thiazole (=thiaz) can replace thiamine as .a nutrient for. some bacteria®



Both cleavage products of thiamine have been isolated from urine of
rats which have been dosed with large amounts of the vitamin. It
seems, therefore, that the rat is capable of cleaving thiamine7.

This thiazole moiety (thiaz) has been found to be biologically active
in that it'stimulafes growth of rats with a thiamine-deficient diet?®

and it has also been identified as a component of glycerol phosphate

‘dehydrogenase?,



1.2 Cyclic Nucleotides.

Nucleotides are comprised of three major portions: the
base (either curine or pyrimidine) the pentose or deoxypentose sugar,
| and the phosphate group; The nucleic acids which make up the
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) thread—likc
macromolecules, are chains of nucleotides. Nucleic acids are digested
iﬁ the duodenum and the liberated nucleotides are hydrolyéed to give
nucleosides (the base and'sugar portions without the phosphate group).
The purinec, adenine and guanine and the pyrimidines,'thymine and
cytosine.are found in DNA whereas in RNA upacil takes the piace of
'thymine. The biological importance of pyrimidines is not restricted
to nﬁcleic acids. Sevéfal_pyrimidine nucieofides play.impcrtant roles
in carbohydrate and lipid metabolism?, Likewise some purines are
‘escential'constituents of coenzymes and a few ﬁave shcwn definite

anti neoplastic activity3.

Cyclic nucieotides are less well-known.but ére also never-
theless importaﬁt constituents of biological sysfems. Thcy differ
fﬁom normal_monophosphates since the phosphate group is attached at
both C-3 and C-5' in the 3;;5' cyclic monophosphates and at C;2'Iand
c-3' in the 2',3! cyclic monophosphates. The 3',5' cyclic mono- |
_phosphatés are‘dealt with in this work. 3',5' cyclic adenosine
mcnophosphafe (cAMP) is the best known of the cyclic nucleotides and
has been shown to be cf great importance in.the regulation of metabolism
and functicq in a wide variety of tissues cnd species, and to mediate
~ the actiocs of many hormones. To be more specific, it has been shown

‘that the actions of cAMP in mammalian tissues as well as in tissues



of species in eight different invertebrate phyla are mediated
through activatiop of tissue-specific protein kinasesio, kinases
.beihg enzymes.fhat catalyse transfer of phosphate from ATP to an
acéépfor.: Othér cyclic nucleotides including those derived from
_inosine, guanosine; uridine, thymidine and cytosine (cIMP, cGMP,
CUMP, cTM? and cCM?) were’experimented upon. ‘The cAMP-dependent
-pfqtein kinase whiéh catalyses the phospﬁpxylation of casein,
protamine and histone by ATP was found in muscle, liver, brain, adipose-
tiséue and élso.bacferia. The effectiveness of différentvcyclic
nucleotides in stimulating protein kinasé'activity varies. The
.geﬁeral pattern, however,‘at low nucléotide concentration is

cAMP > cIMP > cGMP > cUMP > cCMP > cTMP.

Several derivatives of cAMP have been preparéd.which con-
tained alkyl residues in the N-6,and other éubstituenté in the C-2
.and C-é positions; These compounds plus cAMP itseif, ciMP and cGMP
were tested for their stimulatory effect on the release of various
pituitary‘hormonesll. The most active were 8-bromo and 8~-thio cAMP. =
cGMP and cIM? produce significant stimulation of.the syﬂthésié and

release of growth hormones in female rats.

‘Jeffer';sonvetval'12 have put forﬁard the hypothesis that the

.,effects’insulinvekerts on the mémmalian liver fo inhibit the productioh
- of glucoSé‘and ureé aﬁd_to_promote the uptake of k' ions ﬁay be.due to
a decrease in liQér cAMP. cAMP has also been found to be an important

factor in the inhibition of platelet aggregationl3.

Nature often uses a two-messenger mechanism by which hormones

" act on effector-bells. Basically the endocrine glands receive stimuli



which activate the release of a first messenger, the hormone, which
travels to other cells and interacts with specific effector cellsl",
The usual site of interaction is the cell mehbrane. At the site of
interaction a second messenger may be formed which usually functions
within the cell to modify enzyme activity and permeability barriers.
" In some cases the second messenger may stimulate a third messenger

(a steroid) which then leaves the spécialized tissue td react‘else-
where. This sﬁccession of eventsisfollowed wﬁen.tﬁe hormone epine-
phriné,is released from the eﬁdocpine gland and is subsequently eqused
to modulators which are capaﬁlé of inactivating it. Those moleculeé
‘whiéh survive, interact with adenyl cyclase systems of the effector
cell membrane, producing an increased rate of synthesis of cAMP
'ffoﬁ ATP, the presence of Mg2+ iohs enhaﬁcing'the accumﬁlation of the
heat-stable cyclié ﬁucleotide.

Tig.1l.2. THE SECOND MESSENGER SYSTEM INVOLVING ADENYL CYCLASE

Endocrine gland ‘_Modulators'\

—————3 Hormone y Inactivated
"+ stimulation . ) 1st messenger . hormone
' ' ' " (Epinephrine)® '

— = — 4 — —-3 Blockers

‘/\NM’W
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- |
.. Effector cAMP SO - I » 5' AMP
' Ccell (2nd messenger ) “Phosphodiesterase
- - (Modulator)
: v I
v o |
2nd target system(s) )
v

‘ _ % = Adrenaline
Physiological response '



Adenyl cyclase is a particulate fraction of liver homogenate which

iproducesicAMP and the substrate for the reaction is ATP.

The second messenger, in this case cAMP, is also sus-
ceptible to inactivatién by a modulator, a phosphodieéterase which is
vspecific for monénuclebtide 3',5'" bonds. ‘Methylxanthines are potent
inhibitors of the modulator phosphodiestefase. It is thought'fhat
this inhibition is the cause of the pharmaéologicaleffects of methyl
xanthines. On contact of the cAMP with enzymes of the phosphprylase
,system;_activation occurs and this is partly>responsib1e for the |

production of glycogenolysis in liver.

Various tissues including liver, heart and fat;tissues
illustrate the role of the second messenger cAMP. As previously stated
the‘specific physiological response in the liQer'is glycogenolysis
and the target system is the balance between active and inactive
phosphorylase.: The iﬁotropic response to epinepﬁrine ih the héarf
14

is under investigation

Epinephrine induces the physiological response of lipolysis

in epididymal fat pads where the target system is lipase .activation.

There are vériousjdther roles which cAMP pléys.ih bio-
lbgical systems-inclﬁding stimulation of hydroxylation.of édrenal'
stefoids; inhibition of the release 6f_histamine; involvement in
intestinal secfetion and other effectsvof‘cholera enterotoxin and

regulation of the reléaSe of thyroid hormones;:_



1.3 Metals in biological systems

During the past two decades there has been considerable
progress inrunderstanding the role of metals in biologi¢al processes,
primarilj in the field of metalloproteins. However, in the less
‘specific metal ion reactions where the metal ion is in equilibrium with

“the substraté‘thé functions of the metal are not as well known.

There are numerous possible roles for metal ions in bio-
logical systéms ranging from weak ionic effecté to highly specific
vassociatiops. Thus far the alkali metals whose major role is that of
a charge carrier, intefadtioﬁ with the prétein is slightl3, whereas the
lmétal iqns of the redox metalloenzymes are very firmly bound indeed,
usually by macrocyclic molecules of the porphyrin typé or by strongly
polarizable donors. Generally the transition metals act as catalysts

often through redoxing and this occurs in the active site of the

enzyme (Fs(II) in haemoglobin and Co(III) in the vitamin B,

coenzymel®),. The metal is removed from these metalloenzymes only
with extreme difficulty!? cauéing loss of activity implying the

severance of a specific linkage.

A second group of proteins combine revgrsibly with several
diffefeﬁt.metal-ionsvthese being called the metal-protein complexesl’.
'Thg ﬁetai is bound.loosely to.the érotein and readily dissociates
causing énly some loss of adtivit?. Different metals.may substitute
for .one another in bringing aboﬁt 'activation' of enzymatic activity.

2+ 2+ ' v

Mg~ ', Zn” , Mn2+ and Fe2+, on interaction with enolase, activate the

enzyme whilst many other ions form inactive complexes. Metal ions
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coordinated in this less specifid manner account for approximately

5% of the total heavy metal ion content of the body whilst metal ions
bound in metalloproteins account for most of the remaining percentage.
Less than 1% is coordinated to amino acids and other low molecular
weight ligands.‘ All the work in this thesis falls into this last

_category.

1.3.1 Metals and thiamine

- The yeast holoenzyme (conjugated»pfotein,'non—amino acid in
néture);_carboxylase_cdntains Mng. The action of the ‘coenzyme,.
.cocarbOXylase (thiamine pyrophosphate) is reported to fundtion by
binding the,apoehzyme'(the protein component of an enzymé) by means
of the Mg2+ ion to the pyrophosphate group“}» However,chhe.llenber'ger5
ﬁas postulated that the bonding between N-1' of cdcarboxylasé and the
~ apoenzyme takeé piace through the Mg2+ ion énd that the pyrophosphate
is bound to thé apoeﬁzymé quite independently of the métal ion in the
primary,equilibfium. This assumptioﬁ is supported by thé fact that |
unphosphofylated thiamineAhas no effect on the primapy equilibrium.

If the metal idn which is built into the enzyme complex is changed,

combination rates alter increaéing in the order Mg < Co < Mn < Ca.

Thiamine ‘is décomposed dnder ordinary heating conditions.
:Thé decomposition is accelerated by the presence of cu?? iops evén at
as low é concentfation_as 0,02'ppm1?. The. effect of Cu2+ ipns’is
greater thandothér metal ions studied. The reactions involve, amongét
others, the bfeaking of the thiazole ring to forﬁ thiaminé disulphide

(TDS) dhd the linking with the amino group to form thiochrome. It
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was found that the amounts of TDS and thiochrome varied according to

whether the thiamine solution was heated with or without Cu2+ions.

Marzotto and Galzigna19

» have reported data relating to
.the non-enzymatic hydrolysis of acetylcholine in the presence of both

thiamine and Cu(II). Acetylcholine, CHSCOQCHQCH2N+(CH3)3 is the

cﬁemical involVed in transmission of "impulses across synapses. between
_neurons outside the central nervous systeon. Oncé released the
chemical diffuses across the synapse, exerts its effect at receptérA
sites of the next céll and is fhen immediately destroyed by.an enzyme
rcalled.-acétylchoiinesterase. This destruction isrof crifical
importaﬁcé. _if the acetylcholine were not destroyed, control would
bé-lqst‘since fhe stimulatory action woﬁld then confinué indefinifely.
'Acetilcholiﬁestérase.destroys4acetylcholine by catal&sing its hydro-
lysis to acetic acid and choline. Thé latter speciés may subsequently
' combiné to regenerate the mediator. The physical data related to the
non-enzymatic hydrolytic reaction of acetylcholine in the presence of
both thiaﬁine and Cu(iI)_revealedba 1:1 thiaminé—Cu(II)'compléx

in aqueoﬁs solutién; Now previous studies show that acetylcholine
binds to a 'receptor' z§ne of the thiaﬁine molecule giying a molecular

1 and that thiamine has a catalytic effect on acetylcholine

-cor.nplex.2
.hydrolysiszz. Therefore, Marzotto et al?3 have demonstrated that
| Cu(II1) inhibits the forﬁa%ioﬁ of a thiamine-acetylcholine complex
bééause its éffinity for thiamine is.highér and thé éu—fhiamine
complex is more stable.‘kThey postulate that the ihhisition may be
~due to.severai causes, namely, (a) steric hindrénce due to Cu(II)

occupying the receptor zone of the thiamine molecule, (b) an

electronic.effeét on the pyrimidine ring possibly due to Cu(II)
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.being bound through coordination to NH, and N-3', and (c) a slowing

2
down of the C-2 carbanion formation, all of these altering the
structure of the receptor zone of the thiaminé molecule. Recently

an X-ray cryétal structufe of the Cu-thiamine complex was reported?".
showing that the complex salt [CuCluj(thiam H) forms with no direct
iﬁteraction of the thiamine with the metal. - This does not necessarily

mean that in solution there is no direct interaction of the Cu(II)

with the thiamine molecule.

1.3.2 Metals and nucleotides

Nucleic acids.ﬁlay a fuﬁdamental role in the,transmission of
genetic inforﬁation, in'fhe control of the functioningléf li&ing cells
and in the‘synthesis of proteins. All of the reactions in which nucleic
aéids participate in biological systems‘aré mediated by metal ions 25,
Nucleic acids are maéromolecules consisting of a backbone of ribose
and phosphéte moieties to which are attached the'various.bases.
important nucleotides in biological systems inélﬁde AMP, GMP, CMP;
UMP,‘TMP and IMP (the monophosphates of adenosine, guanosine, cytidine,
ufidine,thymidine and inosine) the first five of which make ﬁp the

nucleic acids the séquence of which constitute the geﬁetic'code.

DNA ié composed of two chains of polynuéleotides which exist
in a double helical structure. Each chainléonsists'of sugarvrings
'joined by 3',5' phoéphodieéter bridges. The.chaiﬂs,arg héla together
Byfhydrdgen—bénding_between a purine and.a.'pyfimidine base. Adenine

- base pairs to thymine and cytosine to guanine.
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Vertical axis of fibre

-Fig. 1.3 DNA double helix. The horizontal bars represent H-bonding,

between pairs of bases and the'two strands represent the sugar-

..phosphéte chains.

Cytosine

| .'O th.fanil.we

To chain

To chain

“Fig. 1.4 H—bbndiggfof cytosine to guanine.
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A mefal ion can bind to two sites, the phdsphate group
and the base._ On base binding the helix unwinds due to replacement
of proﬁons involved in the base pairing by the metal ion. Bindiﬁg
of the metéi to the phosphate would obviously have a different effect.
Mg2+ ions stabiiize DNA due to phosphate binding whilst Cu2+ ions
.destabilize it through binding to the bases2®, DNA is stabilized
| by.mefai bindiﬁg to.the bhosphate since the metalAcounfers the
negative charges on the phosphate ions in solution therefofe.negating

the repulsion of charges which causes it to unwind.

Now Cu2+ ions destabilize DNA and this causes the melting
temperature to drbp. However, this dr§p in temperature only occurs
at low concentrations of electrolyte.‘ The-destabilizatibn'effect
is countered by a high concentration of salt?>, .Therefore upon heat-
ing DNA in the pbesence of Cu2+ and a low concentration of salt,
unwihding occurred and on addition of extra salt and cooling of the
éoluti§n the'doublé helix was regenerated. This was possible'since
the metal helps form the cross-links between the stfands; Zn2+ |
causes reversibility ofvthe unwinding and winding ﬁurely by heating
and cooling the solution, there being no need for addition Qf
electrolyte. This is due to Zn2+ binding léss strongly fo the bases
than Cu2+.and resulté in the double hélix reforming more easily
from the Zn2+_complex of the singie stranded DNA.than in the case of

the Cu2+'complex.

Transition metal ions are kmown to be tightly bound to
naturally occurring RNA materials.. The extreme difficulty in removing

 these metals from RNA preparations?3, and the observation that they
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stabilize the ordered structure of the RNA molecules, indicate that
they may play a significant role in the maintenance of the specific
conformation of these nucleic acids. Transfer RNA (tRNA) is one of
three different kinds of RNA which have been identified in cells. It
is so called since its role is that of transferring information involv-
iﬂg interactions_with both proteins and chef RNA molecules. In order
:tO'pefforﬁ fhese fgnctions comblex secondary and tertiary structures
have been adopted by tRNA which are believéd to be influenced by the
presence of a series of rare nucleosides, in addition tb the four
commdn ones. The rare'nuéleosides include ihosine, aikylated and
acylated nucleqsideé, pseudouridine (N-1 of ﬁridiné replaced by C),
5,6-dihydroufidine, and thip bases. Several analogous ligands to

'fhbse quoted above are studied in this work.

Finally, it has been shown!® that cAMP's stimulatory effect
R JUPRIPR a2t 2+ 2+
_on protein kinase activity is enhanced by Co”" and Mn" . Ca~ produced

no protein kinase activity.
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1.4 The theory of NMR line-broadening and line-shifting.

The basic theory_of nuclear-magnetic resonance (n.m.r.) is
dealt with in.the standafd texts?7°28, Those aspects of n.m.r. which
are effected by the presence of paramagnetic metal ions will be
discussed»here; The present work is concerned chiefly, in information,
'_ both structural and otherwise, that can be gained from.observation and
measurement of (a) the line shabe (width.at half-height) and (b) the

resonance position of n.m.r. lines.

Af'low radio frequency power the line shape is Lorenztian

" and independent of T_. The width at half height is related to the

1

spirn-spin relaxation rate by the equation

A\):_ . : -;tncoco(lol)

Thus any factors affecting‘T2 will be reflected in their effect on - .

the line width.

1.4.1 Spin-spin relaxation.

Magnetic nuclei interact amongst themselves in-addition to
interacting with the lattice. Small local magnetic fields, Hloc;
produced by each nuclear magnet act upon their heighbours, as well

" as the magnetic field H,

A magnetic dipola producea'a field of u/r3_gauss at a
distancé.r.v Therefore for a proton at a distance of 12, the field
is approximately 14 gauss. Only‘neighbours in close pfoximity have
‘much ‘effect on H R sinae as r- increases its value decreases very

loc

rapidly. Nuclei experiénce different magnetic fields which causes . -
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broadening.of the signal or absorption line. Thus if Hloc is the
spread of the local magnetic fields then the range in the Larmor

precession frequencies is

uH
Av = —20C | e (1.2)

1h

In liquids and gases where re-orientation is rapid the average local
field is small and a narrow line width is observed bﬁt in most solids

this is not so and results in a very broadened spectrum.

If the nuclei are precessing in phase at a particular instant,
then in the time (av)"1 they will be out of phase. This constitutes

part of T , the spin-spin relaxation time, also known as the transverse

9?
relaxation time. One nucleus may dephase another causing simultaneous‘
re-orientation or fliﬁ-flop of both nuclei. Since the energy comes
from the exciting ﬁucleus, the_interchange conserves the total energy '
ofvthe pair. The relative phases of the nucleivchange in a time
(Av)-lf This time required for spin exchange causes a further broad-
ehing of the signal. Only identical nuclei are cépaBle of spin

exchanging whereas unlike nuclei can contribute to H . Inhomogeneity

loc

of the applied field will result in line broadening since gradients

present will produce their own Hloc'

'1.4.2 Relaxation of nuclei in the vicinity of a paramagnetic centre??.

'The nuclear relaxation times in the solgtion of a diamagnetic
ligand are reduced ﬁarkedly on-addition of small concentrations of para-
magnétic solutés. This is becéuse magneticvmpmenfs of unpéired electrons
k_are ~103 times greater fhan the nuclear magnetic moments. The local

fields génerated»by the eleétr&n can be coupled to the nuclei by simple
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'aipole—dipole interaction, or by scalar or hyperfine coupling trans-
mitted through a chemical bond, leading to more efficient nuclear spin
,relaxafion. The relative importance of dipolar and scalar coupling -
varies with the paramagnetic ion used and the nature of the ligand.
Usﬁally for GA(III) and Mn(II) the dipolar mechanism dominates.
Similarly for Cu(II) with non-aromatic ligands the dipolar term
.dominéte§3° but with aromatic ligands this appears not to be the
case3l. ‘For other first row transition metal ions both mecﬁanisms

contribute sigﬁificantly.

The_Solomon-Bloembergen eqﬁations32’33 describe the-reiax-

ation times T, and T. of nuclei bound near a paramagnetic site.

1 2
S 2,2 +1)82 : 7
1 5 Y'E S(S+1)B . 8T, . To >
T - 715 5 ‘ 77 2 - T4wlr 2
TlM 15 T _ l+wI Tc l+wsrc
- - e s s s 0 103
+ 3-S(S+l)<‘h> (W> . _ (1.3)
s e : : .
Toy 15 rb ' c l+wI21'2 1+wit 2
. ) . C S ¢

2M

 1 A\ Te + | '
RN A —_— T _ -.
+ -3—8(»8+l)<1—'1> (“ngez e iereeeaa(lol)

" The first terms in the above expressions represent the dipole—dipole
interaction which is modulated by the correlation time T T
modulates the scalar interactions which are represented by the second

term in the equations.
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The correlation times are defined as

1. _ 1 1 1 .
.:.r-— = --r-— + --[-_ + -T—— . ........(1-5)
c s M r
: 1
-J-;— = — + -J-—— .Clc.tll(l.6)
T T T
e [ M

where T, is the rotational correlation time, Ty is the life~-time of

the nUcleus-inlthe bound state and'rs is the electronfspin relaxation

time.

The paramagnetic metals may be divided into two classes

depending upén their values of‘ts :

a) :Those.which'broaden a spectrum, which will be dealt with below

and

b) those which shift the spectrum which are discussed in 1.4.7.
“Mn(II), Cu(II) and Gd(II¥) haQe relatively long electronic relaxation
times (TS ~10° sec.), T, in equation 1.5 thereforé being dominated
by Tf (1. 2= 1010 sec., TM‘Zle—B sec.) which gives rise to broadening
of the spectrum due té large l/T2M values. On the other hand Ni(II)
aﬁd Co(II) havé very short eiectronic relaxation times (TS:;ﬁlO—lz -
10 13 sec.) and so T, will be dominated by thése, This results in

) 1/T m being two orders of magnitude less: for Ni(II) and Co(II) than

2
for Mn(II) and Cu(II).

" The two metals used for broadening experiments were_Gd(III)
‘and Mn(II) and under the ekpérimental_conditions used (i.e. 100 MHz
spectrémetér),v

W = 4 x 1011 rad. sec. !

_ s
and Wy ~ 6 x 108 fad. sec.. 1
hence w 37T 2 >>1 and w 2Tc2 << 1.

T <.
s ¢ I
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Resonance frequencies of the protons studied in the
broadening experiments showed no discernible shifts. This can be
~attributed to negligible scalar contribution tovthe relaxation rates
of nuclei not directly bonded to the paramagnetic ion. Other

workers3" confirm this. Therefore equations 1.3 and 1.4 reduce to:

2 2,2 :
1 2 Y gBTs(s+D)
-'i‘—_— = -g - . 3Tc L no.ooo--(ln7)
1M r
' 2,2n2 :

1 1 Y8 B S(Sfl) | B :
-f——- - 1—5 " e 7TC - . .....-..(1.8)
2M r '

Y12g2628(8+l)' is a constant for a given nucleus and pafamagnetic

ion.

1.4.3 Chemical exchange in paramagnetic sYstems.

Swift and'Coﬁni¢k35 have characterized the effect of
chemical gxchange on relaxation rates. Where the subscripts A énd
M denote the free and bound states of the nuclei respectively and f
is the ratio of bound ﬁuclei to free nuclei then the releQanf
équations are:;

1l - 1 £

. - —— + ————————— ‘ . .
TlOBS TJ_A T1M+TM -o'oc.--(log)
?;— 'Ti—v+'l‘ + bwy?
‘ 2M oM "M _
1 - -1 F _
and. g T oF -t T T 2
' 20BS 2A Mo/ 11 _ )
o Tt + Duy
' 24 M/

ceerreed(1.10)

If it is assumed that only one ligand is bound to each metal ion, and

if the ligand conéentration is in large excess of the metal, then
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f = CM]/[L] . .

There are several limiting cases of the above equations:

(i) If Aw 2 >> 1/T. 2, l/TM2 then

M 2M
l/T2p = f/TM ] Ii.lllii(l‘ll)
where l/T2p = l/T2OBS l/T2A ceerenaels(1.12)

Relaxation occurs through a change in the precessional

frequency and T, is controlled by Ty

2p
'(ii) : if 1/t,2  >> Aw,2 > (t,T. )-1 “then
A0 T M M 2M
- A 2 _ '
Ty, = frybuy e (1.13)

Chemical exchangé is rapid and sovT2p is controlled by the change in

the_precessiohal frequency.

ees £ 2 gm ‘2. 2 .. 1
(iii) . If l/sz >> AwM 5 l/TM then

l/T2p = £/t ' o B , A G P ')

Relaxation.by T2M is fast, i.e. exchange is slow, and so T2p'is
éontrolleé by-the rate of chemical exchange.

» : -1 -
2 ) ' ' ‘ 2, 2
(iv) If (ToyTy) >> 1/T,u%s bwy® then

| 1/T2p = f/T2M | . T ieeeeees(1.15)

Here exchange is fast and so relaxation is controlled by T2M'

Theréforé since Aw, is small for GA(III) and Mn(II); since

M

Ithése are broadening reagents rather than shift reagents, equations

1.1% and 1.15 are'applicable.. For slow chemiéal-éxchange T2P is



controlled by Ty whereas for fast chemical exchange T is controlled

2p
by Toye Experimentation was carried out under the conditions of this

latter case.

l.4.4 Temperature dependence of relaxation rates.

As seen above, equations 1.14 and 1.15 are depéndent upon
the rate of chemical exchange. Thus under conditions of slow chemical

exchange the temperature dependence of T is governed by that of 1

2p M
and under fast chemical exchange conditions by that of T2M' This is
 shown in the following Fig. 1.5.
[
-
K/T
.‘Pig. 1.5 Theoretical curve showing the temperature
| "dependence of T2p
- Region 1.is the slow—excﬁange regioh where %M controls T2p. The
temperaturé dependencevof Ty is: '
. = (kT/h)" 1 exp. (a8¥/RT - AST/R) ;.....,;(1.16)

M
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Substituted into 1.14 this gives

lnT2b = AH+7RT + constant creeneea(1.17)

Therefore on the temperature increasing, T, decreases and broadening

2p

of the specfrum line-widths occurs.

Region 2 is the intermediate region for which there is no simple

" relationship. The temperature dependence of T, 1is therefore extremely

2p

,complexband difficult to analyse.

Region 3 is that region in which the main interest lies for this

work. Fast chemical exchange takes place, T, being controlled by

2p

VT2M’ which is a function of Tar T, 1S glven by:

o . _ | | ,
T, F T, exp. (EA/RT) : : ceeeedas(1.18)

where Ey is the activation energy of rotation. Substitution of this
.equation into equation 1.8 gives:

/7

oM K exp. (E,/RT) - cereeeen(1.19)

where K. is a constant for a particular metal-ion, proton paif.
. . lnT2p = -EA/RT + congtant ’ .7....ﬂ.(l.20)
'An increase in temperature thus results in a narrowing of the spectrum

‘line-widths

1.4.5 External factors which .affect relaxétidh times.

- There are several other factofs, mainly instrumental, which
, may' affect the line shape of an n.m.r. resonance. These should, how-
_eVér, be constant during an experiment and so not affect the results.

"These factors are
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(1) Magnefic field inhomogeneity. On the Varian XL10O spectro-
meter which was used in this study, the magnetic field hombgeneity
is bettef than 0,2 Hz. |

(ii) Change in bulk susceptibility. Due to the aédition of
paramagnetic metals to the sample the bulk susceptibility may change.
Simple’calculations, however, show this to be negligible at the
metélfion concentrations used and tests with.interhal étandafds
confirm this.

(iii) ‘Viécosity of the medium. As the Viscosity of the medium
increases so_the molecular tumbling rate decfeases. This means that
the 1ocal‘magnetic fields and inhomogeneitiés will not be averaged oﬁt

 as well as at the start and so the spectral lines will become broader.

1.4.6 Determination of distances, from fhe broadening data. -

In ﬁaramagnefic metal complexes, nuclei closeét to the metai
ion dre preferentially broadened. For the metals Gd(III) and Mn(II)~
the degree of broadéning.is given by equations ;.1, 1.8 and 1;15.'
Tégether fhéée give: | .
1 £ ¥[282828(5+41)

A\) = .n.T = 15‘" | PG . 7'['c bllc')"t(l.?l)

Av is measured directly ffom the n.m.r. spectrum. Therefore if every

~ term excépt forvr were known it would be theofetically.pqssible to

.célculate this metal ion.tovproton distance. HoweVer,ithe value of
Tc.iS unknpwn ahd an accurate determination thefeof, is often difficult.

- In order to overcome this drawﬁack relative internuclear distances are

_defermined rather than the absolute distances; Broadehiﬁg Produced by

successively increasing concentrations of metal ion is measured and a

‘plot of Av versus f drawn. This should produce a straight line whose
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slope is proportional to 1/r®, Therefore
r. \® :
i . slope ii ceesenea(1.22)
?ﬁ slope 1

where i and ii denote two ligand protons. The fact that the élopes

are proportional to the sixth power of 1/r allows for a relatively
large uncertainty in the values of the slopes without sacrificing

the accuracy of the distance results.

1.4,7 Pseudo-contact shifts29?36,

The failure of the dipolar interaction between the unpaired
‘electron spin of some paramagnetic ions and a given nucleus, to average

© to zero,results in a net shift, the dipolar or pseudo-contact shift.

LaMar et al37 have shown the magnitude of this shift to be:

. 24 ' B s 2 94 . |
D <i 3Cos46-1 :>> + D Sin eCos2,‘:> evaa(1.23)
' rd av r3 av

Where 6 is the'angle between the principal symmetry axis of the

Q-
1

complexed ion and the vector r. D is constant usually of unknown value.
The average is taken over the nuclear motions of the molecule, which
_are rapid on the n.m.r. time scale. If the symmetry of the complex is

" axial then the laét'term in equation 1.23 is equal to zero.

1 For lanthanides, assuming axial symmetry, it is more convenient
tc measure ratios of the shifts of two nuclei in the same molecule

(since‘D'is unknown). Therefore

3, 3Cos26,-1 3Cos?8,-1 \ o
R = —l = —-—————];-—— . 2 - --cao---(lcQ”‘)
o % r.3 r,3 '
' 1 av 2 av’ v
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It may be noted that if the ratios, R;» of.different
lantﬁanides are the same, then it is a reasonable indication 6f axial
symmetry. It is possible to calculate the ratios of observed shifts
for any number of probable conformations of the ligand in question for
different.métal co-ordination sites (if more than one exists). A
solution may be obtained when the experimentally_observed ratios agree
with predicfed ones. This does not necessarily give a,unique answer,

so that extra parameters may be needed to limit the possibilities.

Some lanthanide ions as seen in 1.4.2 give éppreciable line
bréadgning wifh negligible shiffs whilst others with very short g
values give the reverse, e.g.,_Pr3+ and Eu3+. There are others which
vgive very large,shifts butlalso a’ certain degree of broadening; e.g.

oy, noa*_and ¥,

The use of various lanthanide ions not only verifies that
conditions of axial symmetry are obtained but also that the shifts
obtained are due to pseudo-contact interaction alone with no contact

shift contributions.

The extent and the direction of shifts of various resonance
lines of a particular ligand varies with different lanthanide ioms.
Thus the choice of lanthanides is limited when proton signals are

preéent in the vicinity of residual HOD - they must be shifted away.

A useful aspect of the lanthanide shift reagents is to shift

out a spectrum so that all the lines are eaéily'distinguishable before
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commencing a broadening experiment. This eases measurements of the

widths at half-height immensely.

. A combination of the results gained from these two
techniques described, namely broadening and shifting of an n.m.r.
'spectrum can give extremely useful information on the structure and

conformation of the system under study.
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1.5 Literature survey on relevant line-broadening and line-

shifting studies.

Pioneer work on quantitative measurements of metal.binding
to nucleotides was carried out by Sternlibﬁt et al3" using 3!P NMR,
employing equations derived by Solomon3?; and Bloembergen33, and,
.Swift and Connick35 (see sections 1.2.2 and l..2.3 respectively).

Tl’-T. and shift_measurements enabled them to propose that binding of

2
Mn(II), Ni(II), Co(II)land Cu(II) to ATP (adenosine triphosphate) and
Co(II) to ITP (inosine triphosphate) occurs simultaneously on the |
purine ring at N;V and fhe phosphate chéin. thus giviﬂg an-intramoieéuiar
4 back-boﬁnd'monomer. Not all authors agree that the metal in the

vicinity of N-7 is actually bound to it. Giassman et al3® have'proposea

that an outer-sphere compléx is formed in which a water molecule in

‘the metal's inner coordination sphere is hydrogen bonded to N-%.

| A,similar type of binding is suggested by Gallb et al3? in
their sfudies on thiamine pyrophosphate with Ni(II). _Théy find broad-
ening of the C-6' proton signal is strongly temperature dependent
suggesting that there Is an equilibrium involving "félded" and
"unfolded" fqrms, witﬂ the uﬁfolded form pfedominating. ‘In the
unfolded form it is proposed that a co-ordinated water ﬁolecule
‘hidrogen?bonds to N-1' of tﬁé pyfimidine_ring.. Studies by other
workers on the same system with Co(II) and Ni(II)“0 usingIShift and
 broadening’data fromIIH and 3!P n.m.r. spectra propose the above
.'hypothesisvas‘dné possibility, the othervbeing a weak interaction of
the metal ions to N-1'. Grande et al®l HaQe shownvthaf Mn(II) binds

© to fhe phosphate groups and though they do not mention any base
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binding the conformation of the pyrophosphate chain is such that

broadening of H-6' is substantial.

Relevant to these studies are the interactions of metal ions
with nucleosides where there are no phosphate groups present to com-
pete as binding sites for the metal. ‘Qualitative studies have been
earried oution'these systems mostly using Cu(II). IneSine and
adenosine eontain “ potential ehelating groups at N-7 and 0-6, and
ﬁ-7 and N-6 (the amino nitrogen) respectively. Eichhorn et_al“z
' found that H-8 and H-2 resonances of adenosine in DMSO broadened
equally on additien of Cu(II) but the amino group was not broadened.
They attributed this to non-chelate binding of the Cu(II) at N-7 plus
an equivalent percentage_ofvbihding at N-3 and/or,N-l. However, one
.would expect some‘broadening of the anino‘group since broadening is
a funetien’of the distance, r, of the proton from the metal and bind-

- ing at N;7 would'bring Cu(II) within close proximity of‘the amino group.
It waS'thought that quantitative workvwould now be possible on these
systems with Cu(Ii) using‘the 17r6 broadening dependence but a recent
werk31 has 1odged some aoubt as to whether broadening indueed by Cu(II)
.is.completely‘due to the:dipolar mechanism. There may be a significant
.cdntribution fromvthevscalar termiwhich would -make quantitative deter- )

minations impossible.

inosine was found to bind Cu(II) at N-? and/er N-1 depend-

‘ ing upon the pH‘bf.the solution“3’““. At pH 5,6 both sites are almost
_ eéually popnlated. At elevated temperatures as well as at pHs > 7 N-1
is the preferred binding site. -methylin031ne ‘binds Cu(II) only to
N-7 whilst 7—methylin051ne binds at N-1 both showing N-3 to be an

unfavourable binding site. Other qualitative studies“5 have shown Co(II)
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‘and Mn(II) forming only weak complexes with inosine indicating chelate
binding to N-7 and 0-6. In none of these studies discussed was metal

binding to the ribose.ring of any importance except at very high pH.

Various studies have been carried out on the 5'-monophosph-
ates. 31p and 13c n.m.r. shows that Mn2+ ions bind to the phosphate
gfoups at 5'-AMP, 5'-IMP, 5'-CMP, 5'UMP and5'- TMP3%°46, 1In addition
to phosphate binding, base bindihg is found for all the 5'-pyrimidine
‘nucleotides. The metal ion binds near the carbonyl oxygen at C-2 in
5'-CMP and cytidine and near the carbonyl oxygens at C-2 and C-4 in
5'?UMP;5”~TMP and uridine. Similar line broadening is observed for
the base carbons of 5'-CMP as for cytidine and likewise 1ine broaden-
ing.observed for 5'-UMP is similar to that for uridine. It has there-
Vfore‘been proposed that inte?action of the bése appears to be independ-
ent of the bhosphate group. However, broadening of the nucleotide
resonances is‘faster than that of the nucléosides probably due to
thé additional'éffect‘df binding of_the-metal ioﬂ to the phosphate
éroup in the nucleofides. For 5'-IMP the C-5, C-6 énd c-8 resonances
abé prgferentially and nearly equally affected by the presence of Mn2+
vions indicating that the metal binds near the C-G carbonyl oxjgen as
well as near thé N-7 position of the base. It m@st be noted, however,
that the 13¢ studies were carried out in concentrated (0.5 - 0.8 M)
éoiutibns where base stacking will be pronounced. It 1s not possible
té separate the intramblecﬁlar'from the intermoleéular broadening and

‘therefore these conclusions shown here are somewhat suspect.

Cu(II) can bind to multiple sites on the adenine base with
preferénce for a given site influenced by the position of the phosphate

on the ribose*2, H-8 is.Broadened preferenfially to H-2 in 5'-AMP and
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in the cyclic nucleotides, 3',5' cyclic AMP (cAMP) and 2',3' cyclic

'AMP H-8 and H-2 are broadened equally.

Various workers36°%7 have used shift techniques in order to
find the sites of.metal binding and additional conformational inform-
ation about the ligand. They employed the pseudo-contact shift
equationl'zH derived by LaMar et al3’. Lavallée.et alL*v7 used the

_lanthanides Pr(IiI) and Ho(III)_in their investigationé of cAMP. They
foﬁﬁd thét the ribose ana phosphate groups retain the structﬁre found
iﬁ<the crystalliné state"®, namely with:the éhosphate in the»energetic—

ally favourable chair form and the ribose tending towards a T (4'-exo)

i
conformation.‘ The base at pD 5,3 is in the syn conformation with the

best agreement at by = 86°

. This is in disagreement with the results
of Barry et a136‘who find that the shift data at pD 5,5 does not give

a conclusive result as to which orientation predominateé. A mixture

of ‘the syn and anti orientations has not been proposed although this
would fit the data better. However, at pD 2,0 the shift results show

a good fit to the anti conformation with ¢CN,= -éuo., Tl and T2
meésurements from relaxations with GdA(III) gave similar results at both
ﬁD‘s. TﬁediStancesfoﬁnd for H-8 and H—2‘do not fit eifher syn or.anti
calculated distances. Thé ribose proton distances fit reasonably well
for a 3'I‘.v(3'—endo), conformation. This.also disagrees with the former

work but it must be noted that the difference in ribose conformations

_is one of degree rather'than.of kind.

'The shift results do not give a clear indication of the
syn/anti ratios and it would seem that relaxation data is more reliable

as a means of determining these values.
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It is obvious from the survey above that Qery little
quantitative work has been accomplished in this field, either on the
sites of metal binding on the ligand, or on the conforﬁations of the
" ligands thémseives, The present work, which attempts to cover these

fields, should therefore assist in clearing up many uncertainties.
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1.6 Objectives of Research

The biological importance of thiamine has been outlined
in tﬁe previous sections. The present study was undertaken in order
to investigate the.metal—ion binding sites on model thiamine analogues
with the hope that more understanding of some of the thiamine-metal

~ion interactions would result.

Complexes of thiazoles wifh.a 2-hydroxyéthyl side chain

~ were prepared to investigate whether chelate structures through
sulphur and oxygen could occur in preference to nitrogen coordiﬁation.
In addition thiazolium salts were prepared and reacted with metal ioms
to test the possibility of complex salt formation in preference to

direct coordination of the biological ligand.

.The importance of studying nucieotide'systems ié also
aﬁparentifrom the previous sections. Inferactions Qf metal-iéns
with cyclic nucleotides were undertaken not‘ohly'to determine the most
preferréd.metal binding sites on the ligands, but perhaps more
importantly, to determine-quantitatively the conformations of the
c0mpiéxes in solufion. This inyqlfed the reactions of the cyclic
nucleotides wifh | |
v(i) Gd(III) in order to fihd syn/aﬁti‘ratios of the complexes;
- (i1) Dy(IIi) and Ho(III) to find cbnformatioﬁal information;

and (iii) Mn(II) to find the preferréd binding sites on the ligands.



CHAPTER 2.

-STUDIES ON ‘THE SOLID COMPLEXES OF VITAMIN Bl AND SOME

* RELATED THTAZOLES
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‘2.1 Results and Discussion.

The formation of the complex salt [CoClu](thiam H) has
been suggested“®  when CoCl2 reacts with fhiamine chloride hydro-
chloride. Marzotto et al®0 suggested that with Cu(II) there is
di}ect coordination of a pyrimidine N to the metal. However, a crystal
strﬁcture has since been reported?" showing that fhe complex salt
[CuClu](thiam H) forms with no direct interactién-of the thiamine with
the metal. I.R. and electronic spectral data of these complex salté

have been reported for useful comparison with the new complexes.

The I.R. spectra (Table 3) suggest that the ligand (thiaz)
is monodentate, céordinated through N. Monodentate coordinétion |
through § does not seem likely, but cannot be ruled out. The I.R.
data for v(M-ligand) agrees weli with data for v(M-N) in similar
thiazole and pyridine complexes®lL?52 though values for v(M-S) in
pyridine;fhiol complexes®3 are also similar. It also seems unlikely
to be bidentafe through_thé S of the thiazole ring and the-0 of the
ethanolic group since the C-0 stretching frequency of the hydroxyl
group remainérvirtually'unchanged at ~l055_cm_1 on complexation.
Recently_crystal.structures of Co(thiaz)2Br2 (fig.2.9)'and |
[Quﬁrathiaz](thiaz H) (Fig. 2.1) were deterﬁinedS“’55 and in both
casés coordination of the thiazole ligand to the metal Qas through
N; There.seems fo,be little evidence to supﬁort coordination
through an élternative site on the thiazole in any of the other

complexes prepared here.

The'magnetic moments of all the Cu(II) complexes fall in
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the range 1,7 - 1,9 B.M. eliminating the possibility of strong
Cu - Cu interactions but otherwise giving no indication of the

stereochemistry involved.
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Table 1.

Compound

ﬁocowcuﬁﬁrme mvm
mocwww thiaz](thiaz H)
[coc1, J(thiaz H),
ﬁoow%:uAdrme H),
(CoBr,J(thiaz Me),

ocAdrmevwoww.

2
ocﬂdrmevopw

ocﬁdrmevwwm

OoﬁﬁerNvmoww

2
ooAdrvaVMHw

>mewdwnmw data

Colour

meHoz
Dark red
Blue -
Blue
Pale blue
Green
Green
wqud‘
Brown
Blue
Blue

Green/
Blue

C%

Calc.

29,2
24,4

29,5
21,6
24,2
34,2
28,3
26,0
19,7
34,6
28,5
24,0

Found

29,2
24,5
29,7
21,8
24,3
33,9
28,8
26,3
19,9
34,9
28,7
24,2

- Calc.

o

Found

4,0
3,2
4,1
3,1
3,4
4,3
3,7
3,4
2,7
4,5
3,7
3,0

Calc.

and room temperature magnetic moments of the complexes

Found

- Calc.

12,9

10,8"

15,1
12,5

Found

13,3

10,6

15,5
12,7

mmh

B.M.

1,80
1,89
4,48
3,02
4,96
1,72
1,76
1,71
1,85
4,28
4,75
4,67



Table 2. Reflectance Spectra and Electronic m@mo&dm in Nitromethane, of the complexes.

a . , .
Compound . State. . Absorption max., kK Amaowmﬁ for mowc&HObw

24,7 sh.s; 11,0 br.m; 7,6 br.m; 6,1 br.w.

24,1 sh.s; 10,8 br.s; 7,6 br.m; 6,1 br.m.

11,5 br.s (200) ,

17,6 sh.m; 16,4 sh.m; 10,1 br.s; 6,1 br.m.

16,0 s (740); 11,2 br.w. ) _

22,3 w3 19,0 w3 15,1 s; 6,3 br.m; 5,6 br.m.

22,2 w3 18,3 m; 15,4 s; 7,5 br.m; 6,0 brim. -

17,1 m (310); 15,3 s (470); 5,7 br.w. |
23,0 w3 21,5 w; 15,1 s; 14,3 s; 7,5 br.w; 5,6 br.m.
16,3 m (170); 15,1 sh.sy; 14,7 s (310); quo.vw.z.

22,2 w; 18,9 w; 15,8 s3; 14,8 s3; 6,0 br.m.

[CuCl, J(thiam H)
mocopsu@meN mvm

ﬁo:mdw.drmeuA&SMmN H)

mooowpuﬁﬁ:wma H)

ﬁooowruﬁderN mvm

moomd:uﬁdrwmw mvm

ﬁoomdruﬂdwwmu Me)

o 2 | | _ _
«™ 16,4 w (280); 15,3 m (620); 14,6 s (760); 7,0 br.w.
B Cu(thiaz),Cl, 29,0 sh.s; 14,0 s; 6,1 br.w.
21,8 sh.w (20); 12,6 s (230); 5,3 br.w.
ocﬁdrwmmvmwdm 24,7 sh.s; 14,6 s3 6,0 br.w.
_ 15,7 m (190); 12,6 s (230); 5,3 br.w.
Cu(thiaz)Cl, 23,6 s; 11,9 br.s; 6,1 br.w..
- 12,3 s (290); 5,5 br.w.
ocAdrmeVde w:umAmm.am 12,5 s; 6,1 br.w.
, 13,1 s (480); 6,1 br.w.
ooﬂdwwmwvmowm 24,1 wy mHuH.zw 19,7 m; 16,8 s; 9,2 br.m; quw.vd.sw 6,0 vﬁ.t.

ZW'_ZI'JUZ"JUZvPUZ'JUZ'JUZ'JUZW'JUZW.ZWIJ

17,5 sh.m (340); 16,5 s (530); 6,3 br.w.



Table 2 oosdwscmﬂ.

a . . .

Compound State Absorption max., wx.ﬁmaowmﬁ for solution)

ooAdrMmNVMWGM .w 23,6 wy - 16,2 s5 15,1 s; 8,8 br.m; 7,3 br.m; ,muo.vﬂ.aw 4,5 br.w.
N 15,7 s (1030); 6,7 br,w. D

Co(thiaz), I, R 25,0 m; 21,6 w3 19,7 w; 15,7 s; 8,7 br.m; 6,0 br.w; 4,5 br.w.
N 21,5 wy 1lu,5 s (730); 5,4 br.w.

mw = Diffuse Reflectance 3 N = Nitromethane .
s = strong, m = medium, w = weak, sh = shoulder, br = broad.
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Table 3.

Compound

ThiamCl HC1

[cucl, J(thiam H)
[coc1, J(thiam H)

Thiaz HC1
ﬁOCOH:uAdSMmN H),
[CoC1, J(thiaz H),
Thiaz HBr

ﬁOCde thiaz](thiaz H)

.ﬁoomd:uﬁﬁwwmu :vm

Thiaz MeBr
moowd:umﬁswmw Me),
ocﬁﬁrmevwoww
ocﬂdwwmuvwwdw
ocﬁdwmevoww
ocﬁﬁrwmuvwdw
Co(thiaz),Cl
Co(thiaz) Br
Co(thiaz)

2
2

NN

I

s = strong,

1

)

Infra red data for the complexes (200 - 400 cms

v (thiazolium salts or thiamine chloride hydrochloride)

220(s),
236(m)
228(w)
220(m)

220(m)

m

225(w)
217(s)
345(s)
217(s)
240(w)
262(m)

231(m), = 348(w)

236(m) _.w:mAsV
236(s)
258(m)

267(w)  342(m) wmpﬁsv.

387(w)

341(m)

272(s)  330(s)
293 (w)

= medium, -w = weak, sh

shoulder.

v(M-N)

285(w)

264(s)
266(s)
245(s)
251(m)
253(m)

w:mAmv
-254(m)

v(M-X)

269(m) 296(s)
302(s) 326(s)

276(sh) mwwﬁmv o
2380(sh) 30u4(s) 315(s)

238(s)
236(s) 2u45(sh)

230(s) 241(s)
338(m) 4
221(s)

- 340(w)

303(s)  329(s)
266(s) _

- 233(s)
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2.1.1 Complex Salts of Cu(II).

The thiazolium salts were found to react in a similar manner
to thiamine chloride hydrochloride giving complex salts where the
thiazole is not coordinated to the metal. The yellow complex
[CuClqj(thiaz H)2.has a reflectance spectrum very similar to that of
[cucl, J(thiam H), with broad bands in the 7-11 kK region arising from
the tetrahedral [CuClujz_ anion énd a shoulder at 24,1 kK (Table 2,
Fig. 2.2), probably a charge transfer band®®. It gives a yellow
solution in nitromethane with a spectrum that differs a little from
the reflectahcé spectrum of the solid, suggesting thaf the molecule'
does not maintain the same configuration in this solution. Most of the
I.R. bands (Table 3) found in the spectrum of thiaz HCl aré observed
in the épectrum of the complex; however, additional strong bands
occur at 276 and 292 cm”! which are found only in the complex spectrum
and argvassigned to v(Cu - Cl) vibrations in fair agreemént with values

previously reported for the [CuClujz- anion57.

The complex formed from CuBr2 and thiaz HBr has the empirical
formula (CuBrathiazvthiaz H). The reflectance spectrum is alike in._
genefal shape and band positions to the tetrahedral tetrahal§ Cu(II)
complek’salﬁs (Table. 2,and Fig. 2.2) but has additional shoulder bands
in fhe'l7‘~:19 kK range. This corresponds to a disforted tetrahedral

vanipn [CuBrsthiaz]- with an uncoordinatéd thiazolium qationr(thiaz .
'The crystal structure has been determined®>: (Fig. 2.1) confirming this.

! and

The I.R. spectrum (Table 3) gives a very strong band at 238 .cm’
'a band at 285 cm” 1 which are tentatively assigned to v(Cu - Br) and

v(Cu - N) vibrations respectively. There is evidently considerable
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loss of the solid complex structure upon dissolution in nitromethane
since the dark red solid gives a green solution, the spectrum of which

has a .strong peak at 16,0 kK.
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Fig. 2.2 Reflectance Spectra of (A) ﬁocow:m_@rwmw, mvm. (B) mocowzu:rwm; H) and (C) mocwdm thiaz J(thiaz H).
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2.1.2  Complex Salts of Co(II).

Talbert et al“? suggest that [CoClqj(thiam H) is a complex
éalt with a tetrahedrally coordinated tetrachloro anion. Similarly,
it is suggested that cobalt forms the blue complex salts [Coxuj(thiaz R),
(X =¢Cl, R=H; X-= Br, R = Me) the halogens being fetrahedrally
coo#dinatea. [CdClqj(thiaz H), has a magnetic moment of 4,48 B.M.
which is well within the range for tetrahedral Co(II).wﬁilst,ueff for
[Coﬁrqj(thiaz Me)2iis 4,96 B.M. which is ﬁigh and falls in the range
repprtedvfor an.ocfahedral stereochemistry®>8, However, its reflectance .
" spectrum (Table 2, Fig. 2.3) is typical of the tetrahedral'[Coqujz-
anion®?. Its spectfum in ﬁitromethane»is very similar to the reflect-
ance spectrum suggesting the molecule retains its‘configuration in
this solution; the extinction coefficient of 760 being too high for
an octahedral structure but suitable for a tetrahedral stfucture. Sd
.eveh though its magnetic moment is higﬁ (bromo complexes do generélly
" have higher mégnetic moments than chloro complexes®?), its stéreo-
dheﬁistry seems té be tetrahedral, probably distorted to some extent.
| [CoCluj(thiam H) and [CoCl,](thiaz H), have extremely similar reflect-
‘ance spectra (Figs. 2.3, 2.4) in good aqcordénce with reported- tetra-
hedral tetrachloro cobalt complexéssg.

. [Coquj(thiaz H)é is proposed to have a distofted tetrahedral
,stereoghemistry. Its magnetic moment is 3?02 B.M. whiéh.is well below
the région recorded for tetrahedral Co(II)®0 and almost that expected
for square plénar Co(II)GO; However, its reflectance spectrum (Table 2,

5

Fig. 2.&)'is typical of the tetrahedral [Coqujz- anion ° and unlike

that reported for a Co(II) square planar complexb! which lacked bands

“in the 14 - 16 kK region.
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The far I.R. spectra of these three Co(II) complex salts
show most of the bands visible in the thiazolium salts spectra plus
additional v(Co - X) (X = Cl,Br) bands, (Table 3)'in excellent

agreement with values quoted for tetrahedral tetrahalo Co(II)>7.



Cup -

‘Fig. 2.3

Reflectance Spectra of (A) _.n.ooowﬁm_hd:wmav and (B) _Hoowu,:m_::w.mm Me).,.
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He 2.0 Reflectance Spectra of (A) [CoCl J(thiaz H), and (B) [CoBr, J(thiaz H),
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2.1.3 Cu(II) Complexes

The reflectance spectra (Table 2,.Figs. 2.6, 2.7) of the
green Cu(thiaz)2X2 (X = C1, Br) complexes both have strong absorption
bands in the 12 - 15 kK range. Two limiting structures are possible,
,némely, a six coordinate complex where the copper atom is in a tetfa—
‘gonally distortpdvpseudo-octahedral environment, the halogens of one
molecﬁle.axially interécting with an adjacent copﬁerlatom, and a square
plénar complex with no axial intefaction. As the tetragonal distortion
inérgases from a regular octahedron to the limiting sqﬁare planar
structure So the energy of the absorption band on the electronic
specfrUm.increases from 12 to 22 kK51’52’62;6“. Both complexes
Cu(thiaz)éX2 (X = Cl, Br) have reflectance spectra characteristic of
;ik qoordinate polymeric halogen bridged structures,'Cu(thiaz)zBr2
beihg slightly more axially distorted with absorptiOn‘bands at higher’
energy values. ‘Néithervcomplex,can be considered to have a dimeric
Square pyramidal structure since this is effeétively remoying one
axial bond complefely) thus increasing the tetragonal distorfion and

absorption values of ‘16 - 19 kK would be expected52?65,

The electronic and I.R. spécfra of these Complexes‘show a
.'stfpng resemblancevto_the spectra of CuX, (pyridine)Q'(X = Cl, Br)SZ.
Thé Crystal structure of CuCi2 (pyridine)266lshows if to be a tetra-
gbnally distorted octahedron with four short planar bonds (two Cu-N
Iand twb Cu-Cl). These Cu—Ci bonds are effectiQely terminal.cﬁ—ci

bonds with respect to I.R. strefching frequencies. The remaining bohds
aré two'lénger Cu-Clvbonds (Cu's‘and Cl's from adjacent molecules) at

2

Cu(thiaz)QBr2_3h0w strong'bénds at 264 and 266 cm ! respectively,

right angles to the plane. The I.R. specfra of Cu(thiaz)2Cl and
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which are attributable to v(Cu-N) vibrations (Fig. 2.5). Bands at
338 and 221 cm ! have been assigned to terminal v(Cu-Cl) and v(Cu-Br)
modesbrespectively (Fig. 2.5). Bridging metal to halogen bands which
.occur at lower wave numbérs were not observedlbrobably due to weak
axial interactions between the copper and the halogen. The ratio
v(Cu-Br) /v(Cu-Cl) = 0,65 is consistent with other chloro and bromo

species of fhiS'fype67.

, Cu(thla'z)QCl2 A
Cu(thlaz)QBr2 v - ‘

Cu(thiaz)C-l2

,Cu(thiaz)BrQ , | ' /A\

Y T — Y —
350 300 250 200

cm

Fig. 2.5 The I.R. spectra of the Cu(II) complexes showing bands

due to v(M-X) vibrations (shaded peaks) and v(M-N) -

vibrations (unshaded peaks)

. Dimeric square planar structures have been postulated for
the brown compiexeé Cu(thiaz)X2 (X = Cl, Br). Their reflectance spectra
are characferistic of this Structufe53’68’53'wifh-bands_in the 20kK
!région in acqoraance with maximum tetragonal distoftioﬁ (Figs. 2.6, 2.7).

The I.R. spectra show strong bands at 245 and 251 em™! (Fig. 2.5) which
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are attributable to v(Cu-N) vibrations whilst a band at 340 em™! is
assigned to the (Cu-Cl) terminal modé, no bridging mode being found.
The electronic spectra of these Cu(II) complexes in nitromethane are
similar to the reflectance spectra inferfing no great change in stereo-

chemistry in this solution (Table 2).



_.51_

25 17 125 85 60 a5
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Fig. 2.7

Reflectance Spectra of (A) Cu(thiaz),B

T

and (B) OCﬁﬁrMvame

| \N N
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2.1.4  Co(II) Complexes.

'Tae complexes Co(thiaz)2X2 (X = Cl, Br or I) seem to be
straightforward. Their reflectance spectra (Table 2, Fig. 2.10) are
~typical of Co(II) tetrahedral stereochemistry31°69270, The electronic
spectra in aitromethane showed very little change from the reflectance
epectrum,'implyiné.fetenfion of the tetrahedral_stereochemistry in
_this solution. The complexes Co(thiaz),X, (X = Br, I) have magnetic
moments which fall well within the 4,4 - 4;8 B.M. range for tetra-
hedral Co(II) but Co(thiaz),Cl, has M_gp = 4,28 B.M. which is low
and could be due to diatortion of the tetrahedron. The far I.R.
spectra were'similar to those of tetrahedral Co(II) complexes of
'u—methylithiazoleel, v(Co-N) vibrations.remaining fairly consistent

~in the region of 250 ecm ! (Table 3, Fig. 2;8).

Co-('1:hiaz)2Cl2 . | ‘ A g /\

Co(th1az)2Br2

Co(thiaz),I, v v /\ ‘
| : — ] T — 1 )
300 L 20

350

Pig. 2.8 The I.R. spectra of the Co(II) complexes showing bands

due to v(M-X) vibrations (shaded peaks) and v(M- N)

_ v1brat10ns (unshaded peaks)
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Fig. 2.10 Reflectance Spectra of (A) Co(thiaz),I,, (B) Co(thiaz).Br, and (C) Co(thiaz),Cl,.
3= LRSS € 9P : 222, ‘ 272 2772
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The Co-X bands were assigned giving v(Co-Br) /v(Co-C1) and
v(Co-I)/v(Co—Cl) ratios of 0,81 and 0,71 respectively in good

accordance with those reported by Clark’!.
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2.2 Experimental.

2.2.1 Preparation of ligands.

5-(2-hydroxyethyl)-4-methyl thiazole hydrochloride
(= thiaz HC1) was prepared by the bisulphite cleavage of thiamine

‘chloride hydrochloride®’72, 1g vitamin was dissolved in excess

3

ing the solution, the pyrimidine cleavage product precipitated out

2,6 M NaHSO,. and kept at a temperature of 50°C for 1 hour. On cool-
and was removed by filtration. The mother liguor was brought up to
pH 10 with NaOH and extracted several times with chloroform. The

- chloroform extracts were extracted with dilute HCl, the acid aqueous
extract evaporated in vacuo and the residue was extracted with

-absolute alcohol.

5-(2-hydrquethyl)-u—methyl thiazole hydrobromide
(= thiaz’HBr) was preparedjby brominating a sélutiOn of thiaz HCl.
0,5 g KOH Qas added:to a solution.Qf 1,6 g of thiaz HCl in MeOH.
The Qolﬁmé was reduced and tﬁe precipitated KC1 was femo?ed by filtr'
ation. 1,4 g HBr (excess) wés added, thé volume furtﬁer redﬁced under
vacuum and a iittlé EtOH.added. A thfe‘precipitate of thiaz HBr came

out of the solution,

.5—(2~hydroxyethyl);4~methyl‘thiazole methylbromide
(=-thiaz MeBr) was prepared by the above'procedure using MeBr in
place of HBr."Affer filtration of the KC1l the solutiop was cooled to
-5°K to facilitate the addition of én excess of MeBr. The solution
‘was refluxed forlseveral hours before the volume being reduced in vacuo

and the.thiaz MeBr precipitating out.
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5-(2—hYdroxyethy1)-4—methyl thiazole (= thiaz) was obtained

‘from Merck and used without further purification.

2.2.2 Preparation of complexes

Cu(t_hiaz)2X2 (X = C1, Br) and Co(thiaz2x2) (X = C1, Br or I);
Solﬁtions of the énhydrous metal salt and 5—(thydroxyethyl)-u-mefhyl
‘thiazole in anhydrous méthénolwwere mixed in é.l : 6 mole ratio and
heated. ' The mixture was evaporated to a small volume aﬁd a little
lfbropanol added. Thg cpystals formed slowly, were filtered off,
| washed with l—pfo?anol and dried in vacuo. In the casé of Cu(thiaz)2C12
it was found that.brown'cryétals of Cu(thiaz)Cl2 precipitated in the
same solution aé the green Cu(thiaz)2Cl2 crystals. Cu(thiaz)2C12 can
bé formed exclusively when the proportion of l-propancl is raised in

' the mixture of solvents.

Cu('tﬁiaz)X2 (X_=:Cl, Br). These complexes were prepared as
above.With the addition Qf solid KOH in a 1 : 1 mole ratio with
5f(24hydr0xyethyl)—4—methyl'thiazole. NaOH may also be used, instead

~of KOH. .Care must be taken to avoid contamination by water which

would‘giVé hydrated complexes.

[quj (thiaz R), (M= Cu, X=CL, R =H); (M=Co, X =1,
_Br, R = H); _(M = Co, X =”Bp, R = Me) and [CuBrs thiaz](thiaz.H).
| Solﬁtions of the.anhydrous metal salts and thiazolium salfs in an-
hydrous mefhanol were mixed in a 1 : 6 mole ratio for ail complexes
except the latfer which was mixed in a 1: 4 mole rétio. .The‘solutipns

- were refluxed for several hours, then evaporated to small volume and
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1-propanol added. In the cases of [CuBr thiaz](thiaz H) and

3
[CoBr#](thiaz Me)2 aﬁ 0il formed which only crystéllized after_addition
of ether. Solutions of all the remaining complexes precipitated
crystals which were filtered, washed with l-propanol and dried in
vacuo. After collecting the yellow flaky crystals of [CuCluj(thiaz H)2

a further precipitation of green Cu(thiaz)2cl2 appeared in the same

mother liqudr.

[CuCluj(thiam H) and [CoCluj(thiam H). These were prepared
by procedures of Marzotto et al1%0 and Talbert et alt9 respectively
_be reaétions of thiamine chloride hydrochloride with éither CuCl2 or

CoCl2.

Electronic spectra were measured on a Beckman DK2A‘Spectro~
photometer with an attachﬁent for diffuse reflectance spectra.
'Solution spectra were run in nitromethane. Magnetic moments were
. measured at room femperafure on a Standard Gouy balance which was
calibrated with Hg[Cé(SCN)qj. I.R. spectra were measured on a Beckman

I.R. 12 spectrophotometer using CsI plates and Nujol mulls.



CHAPTER 3

* NUCLEAR MAGNETIC RESONANCE STUDIES.
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3.1 - Introduction.

The assumptions made in the theory of paramagnetic ion-proton
interaction have been tested by previous workers30 using model com-

pounds of increasing complexity, with Cu(II).

It has been shown that the scalar contribution to T, is
negligible in some cases though it has been rep’or'tedé1 that this is not
always true for Cu(II). There is no evidence of any scalar~éontribution
to.T2 measurements‘in this work using Mn(II).or‘Gd(III) as the para-

magnetic ions.

The first group of ligands investigated were relevant bases
and nucleosides. These provide useful information for the study of the
pyrimidine cyclic nucleotides and the purine cyclic nucleotides which

follow.,

3.2 Nucleotide nomenclature.

An;important parameter in nucleoside and nucleotide conforﬁ—
“ations is the relétive orientétion of the eséentiaily planar base ring
with fespect'tp the ribose. 1In the absence of steric hindrance rotation
of the base about the glycosidic bond ( (N-9) - (C-1') for a purine
base, (N-1) - (C-1') for a pyrimidine base) can ocﬁur; If N-3 of a
pgrine,'or 0-2 of a pyrimidine lie above the plane of the ribose then
thebconformation is designated "syn"; if N;3 or 0-2 point away from

the ribose then the conformafion is designated "anti". The position of
theibase is given by the dihedral énglg, ¢CN’ which is defined as the

.angie between the trace of the plane of the base and the projection of
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the (C-1') - (0-1') bond of the ribose ring when viewed along the

bglyéosidic bond?“_ dox ié positive if the purine or pyrimidine plane
is rotated anfidlockwise with réspect to the (C-1') -~ (0-1') bond
when viewed with the ribose group in front, provided that the

(C-1') - (0-1') bond is coplanar with the base and in the anti

_conformation when ¢CN =v09. Similar rotation clockwise gives a neg-

“ative ¢, . This is illustrated in Fig. 3.1.

—— — = pyrimidine

-. purine

| ¢CN z 91 (negative)

¢CN = 62 (positive)

Fig. 3.1 Thevtorsioniangle,-¢CN

When the (C-1') - (0-1') bond is coplanar with the base and the
molecule.in a syn conformation ¢CN = # 1800, vThis in general gives
hegative'¢CN values for anti conformations and poSitive ¢CN values

for .syn conformations.

With common nucleotides it is usual to describe the deviat-

ions of the atoms of the furanose ring from the least-squares plane
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as endo or egoAdepending on whether they are on the same side or
.opéo#ite §ide, respectively, of . C-5'. in 3';5'_cyclic nucleotides,
h0wevér, the_marked puckering of C-u4' brings C-5' into the equatorial
plane of the ring. This means that the deviations relative to C-5'
are unsuitable and so for this group of compounds the deviations are
. described relative to the glycosyl nitrogen, N-9 (fof purines) or

N-1 (for pyrimidines)75. That is, erndo and exo, mean thé deviation
is on the same’éidé‘or_OPPOSite side, respectively, of N-3 or N-1.

(Fig. 3.2).

The puckering in the cyclic nucleotides ranges frém the
3'feﬁdo (3T) férm where C-1', C-2', C-4' and 0-1' are coplanar to
the 4';exo (QT) form where C—l',‘C—Q',vCFB' and.O—i' are all éoplahar.
The symmetrical twist form 3T is where C-3' and C-4' are equally
deViété@ from the plane of the.othér three furanose ring atoms
(Fig. 3.2). 3T4'and'qT3 forms ére whefé_c-s' and C-4' respectively

are predominantly deviated from the plane of Cc-1', C-2' and 0-1'.
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Fig. 3.2 The puckering in cyclic nucleotides

(b)

 (c) . ' o : 37
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The phosphate ring of cyclic nucleotides has two conform-
ational possibilities; the chair and the boat forms. All the cyclic
nucleotides studied here have been reported to exist in the chair

conformation (Fig. 3.3).

Fig. 3.3 _ Chair. conformation of the phosphate ring
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3.3 Binding of Mn(II) to some bases and ribosides.

Mﬁ(II) uéuaily binds preferentially to the phosphate proup
in nucleotides3"?7® but in the absence of phosphates for both bases
and nucleosides the metal ion must find alternative binding sites on
either the baéé or the furanose ring. It has been deménstrated that

.tﬁe Mn(Ii) ions interact with the base in prefgrence to the ribose
region of the molecule. Anderson et'af7report little or no.Broadening
of the H-8, H-2 and H-i"resonénces for adenoéine and deoXyadenosine
in the presence of Mn(II) ions. However, this result differs from
results obtained here from the‘interaction of Mn(II) with adenosine.
Qualitative results showed differential broadeniﬁg of the proton
'resonanges, implying weak bﬁt definite binding of the Mn(II) to the

‘nitrogen binding sites.

Broadenihg experimentslwere carried out on l-methyl hypox-
‘anthine, l"methyl inosine, 9-metﬁyl hypoxanthine and 2},3'-O-isopro—
pylideﬁé inésine. All these ligands have oxygen in the 6-position on
“the purine ring which is likely to be involved in binding'due_to Mn(II)'s
~affinity for ﬁinding‘oxygen. However, it has been reported’” that in
}the Mn(II) - éATP’)2 complex the metal simultaneously binas to the
* phosphate group of one nucleofide and to the N-7 of the second nucleo-
tide for éoiufions with a vefy large ratio of ATP molecules to Mn(II)
ioné, Therefore, N?7lalso sééms to be a likely contender as a binding

site.

Quahtitative internuclear distance determinations between the

metal ion and a:prOton’are only possible if the condition of fast
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- chemical exchange is satisfied. Spectra at increasing temperatures
show a decrease in line width30 and a linear relationship between

(fT2p)_l and T—l, confirming rapid chemical exchange.

3.3.1  1l-methyl hygoxanfhine and l-methyl inosine with Mn(II).

The spectra of l-methyl hypoxanthine and l-methyl inosine
are shown in Figs. 3.4(a) and 3.5(a) respectively, together with thé
proton aséignments; H-2 and H-8 are virtually coincident apd therefore
very difficult to assign. Hydrogen exchange work by Maeda et al’8 has
alleviated this~problem; They have‘found-that purine defivatives,
"inc¢luding natural nucleic.acids, undergo hydrogen exchange at their
C-8.position. Therefore sampie solutiops of the ligands in question
were heated at 100°C for one hour and then the n.m.r. spectra run.
Thése were compared with the original specfra of these ligands before
heating and onelpeak was found to be considerably reduced in size.
This was then assignéd to H-8. The size reduction is due to the
enhanced hydrogen exchange at C-8 at the-rai;ed temperature. All the
ﬁ—2 and H-8 pdrine_assignments were made using this technique. The
ébectra after addition of 6,3 x leuM>Mn(II)'and 7,0 x_lO_uM Mn(II)

are shown in Figs. 3.4(b) and 3:5(b) respectively.

" Qualitatively it éan be seen that the H-8 resénénce in both
~cases is far broader than that of H-2.. This means that the Mn(II) on
aVerage lies much éloser.fo H-8 than H-2. Since the broadening for
bofh ligands is very similar, it is probable that they bind the Mn(II)
at fhe same site(s); fhat is either bidentate to 0-6 and N—% or a

.combination of monodentate binding to 0-6 and N-7 separately. This
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| Fig. 3.4 The effect of Mn(II) on the NMR spectrum of l-methyl

-hypoxanthine

5 Hz

(a) 0,04M ligand - () (a) + 6,3 x 10 M Mn(II)
pH 6,6, 23°C | |

Fig. 3.5 The effect of Mn(II) on the NMR spectrum of l-methyl inosine

H-8

" (a) 0,04M ligand " (b) (a) + 7,0 x 10" *M Mn(II)
pH 6,3, 23°C

(Intensity not to scale)
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latter case does not seem as likely as the former but it would be
impossible to eliminate this possibility as the time averaged position
of the Mn(II) due to these separate monodentate.bindings would be

extremely close to the bidentate position and so not differentiable.

The results of the broadening observed during the metal
titrations are shown in Figs 3.6 and 3.7 in the form of plots of
sz_; vs £f. From the relative slqpes‘of these p;ots fhe.relative
metal-proton internuclear distances can be calculated. These are com-
pared to thé internuélear distances measured from Drieding models of
Ithe complexes in Table 3.1. Binding of Mn(II) to 0-6 in the alter-
ﬁnative binding site above N-1 is not possible for either of these
'ligands'due to steric hindranée of the methyl group at N-1. N-3 is
considerea'as.an unlikely binding site especiallj_for the nucleoside
where the ribose.ring would hinder any Binding at that site. There-
fore in Table 3.1 the meaSufed distances from Mn(II) to .the protons
are thosé where Mn(II) is bound to N-7 and 0-6.

TABLE 3.1

 Comparison of measured and experimentally determined proton-metal

‘distances for l-methyl hypoxanthine - Mn(II) and l-methyl inosine - Mn(II)

Complex - : Proton- Measured (R) 'Experimental (R)
1-methyl hypoxanthine H-8 4,15 4,25
- Mn(II) | H-2 5,95 5,75
l1-methyl inosine : H-8 14,15 4,25

- Mn(II) H-2 - 5,95 5,85

Table 3.1 shows a low error in the values of r. However, even if the

error in the relative slopes is as large aS.BO%, due to the sixth power
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Tz“p_ 1 (HZ)

L [ 1
8 . 12 ' 16

-br-'

10°f

Fig., 3.6 Measured values of T2p for 1-methyl hypoxanthine - Mn(II)

as a function of F. pH 6,6, 23°%




- 70 -

Tp' (He)

4 .8 12 16

10°f

Fig. 3.7 Measured values of T2P for 1-methyl inosine - Mn(II) as a

function of £, pH 6,3, 23°C.
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of r in equation 1.22, the error in the relative slopes will only be

10%.

The agreement between experiment and theory in Table 3.1 shows
"that Mn(II) binds in the vicinity of N-7 and 0-6, and is probably
bidentate. It also lends confidence to the assumptions made in thé
derivations in section 1.4 and the use of Mn(II) as a‘papamagnetic ion

probe to determine internuclear distances in this type of system.

3.3.2 . g-methyl hypoxanthine énd 2',3'—O?isopropylidene inosine with
Mn(II)

The spectra of 9-methyl hypoxanthine and 2',3'-0-isopropylidéne
inosine are shown in Figs. 3.8(a) and 3.9(a) reépectively togetﬁer with
the'préton assighments. It can be seen that the H-8 resonance is nét always
upfield from H-2 as shqwn in the 2',3'-0O-isopropylidene inosine spéctrum.
This was also assigned using the results- of the work.of Maeda et al’8,

The spectra, after additions of 2,9 x 10-4M and 5,0 x lOfuM Mn(II) to
the Solutions; respectively are sthn in Figs. 3.8(b) and 3.9(b).
Again-as with the previous twé ligandé, broadéning of H-8 is far greater
than H-évanavin the case of 9—methyl hypoxanthine H-2 broadens faster

than the methyl resonance.

o One WOuld:again expect.a major binding site to be in the
vicinity-of 0-6 and N—7; However, these two ligands do not have a
methyl groﬁp attached to N;l and so binding of 0-6 above N-1 is now a
distinct pbssibility. Bidentate binding of Mn(II) to N-1 and 0-6 is

probably not feasible due to the strain encountered in a four membered
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Fig, 3.8 The effect of Mn(II) on the NMR spectrum of 9-methyl

hypoxanthine

P 8Hz

CHaq

H-8

gl Wl VT gy

(a) 0O,0uM ligand'_ _ (b) (a) + 2,9 x lO_uM Mn(II)
pH 6,3, u0°¢C '

Fig. 3.9 The effect of Mn(II) on the NMR spectrum of
2',3'-0-isopropylidene inosine -

(a) 0,08M ligand () (a) + 5,0 x 107 M Mn(II)
pH 5,5, 50°C

(Intensity not to scale)




_73_

ring. Binding at N-3 is not likely due to the presence of the methyl

or the ribose group at N-9 which would_steriéally-hinder.éﬁch an

attachment.

The results of the broadening observed during the metal
titrations of these ligands are plotted (Figs. é.lO and 3.11) ih a
similar manner to those of the ligands in 3.3.1, the relative proton=-
hetal internuclear distances then being calculated. Internuélear
distances were ﬁeasured on the Drieding models for Mn(II) bidentately_
bound to 0-6 and N-7 and for Mn(II) monodentately bound to 0-6 in

. the position abové N-1l. For both ligands the data indicates that Mn(II)

only occuﬁies the site in the viecinity of N-7 and 0-6. Table 3.2
compares the measured distances from Mn(II) in fhié preferred binding

.site to the protons in question, to the experiméntally determined-

distances.

TABLE 3.2

Comparison of the measured and experimentally determined proton-metal

distanqes for 9—mefhyl.hypoxanthine - Mn(II) and 2',3'~0O-isopropylidene

~inosine - Mn(II).

‘Complex Proton Measuréd (R) Experimental (X) @
9-methyl hypoxanthine H-8 4,15 4,15
- Mn(II) , H-2 5,95 5,95
CH, 6,50 6,55
2',3'-O-isopfopylidéne H-8 - 4,15 3,95
inosine - Mn(II) H-2 6,20

5,95

a Relative to H~2.

Table 3.2 shows very géod agreement between experimental and
theoretical data and suggests the importance of the 0-6, N-7 binding

site in preference to any other on the base or ribose ring.
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102§

Fig. 3.10 Measured values of T

25 for 9-methyl hypoxanthine - Mn(II)

as a function of £, pH 6,3, 40°C.
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10°f

Fig. 3.11 Measured values of sz for 2',3'-O—isopropylidene inosine -

Mn(II) as a function of £, DPH 5,5, 50°¢C.




3.4 Conformational studies of some pyrimidine cyclic nucleotides.

Previous Studies‘on all three pyrimidine cyclic nucleotides
discussed here (cUMP, cCMP and cTMP) show them to be in‘the anti con-
formation. Haschmeyer and Rich’? have shown by consideration of close
contact interaction between base and ribose moiéties that the syn
" conformation is unlikely. Schweizer et a189 nave predicted anti con-
.formations by meésuring functional group magnetic anisétropic effecté
'upbn furanose proton chemical shifts. Finally, similar potential' |
energy work81582 shows that the anti conformation is some 3-4 kcals/
moie lower in energy fhan the syn conformation. cUMP is the ohly
ligand of the three whose X-ray crystal structure has been determined®3.
Two slightly different anti conformers were found, the torsion angles,
¢CN’ being -77° and -58°. Howevér, the solid state conformation of
" this molécule is not necessarily that which is found in solution.
The ribose conformation is 4T in the crystal and here the solution
' kopk sharply contrasts this value. 3T conformations have been
determined for cUMP and cCMP.using coupling.constants datasq, A qT
conformation has been.determined for cTMP8%485 the difference being
: attribﬁted»to the*effeét of‘the abS¢ncé of the C-2' hydroxy group on

the sugar ring. . -

'_In this work, both shifting and broadening techniques have
been used in order to obtain information pertaining to the ligand

conformation in solution.
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3.4.1 Shift techniques using Dy(III) and Ho(III) with cUMP,

c¢CMP and cTMP.

Data obtained from shifting experiments can be used to
determine both syn/anti conformations and ribose conformations. It was
hoped that substitution of the shift data into equation 1.29 would
:easily enable.determination of the ribose conformation. However,
on inspection of Table 3.3 it can be seen that even though the two
extreme ribose éonformations are shown,_the relative changes of r
~and 9 befween the lanthénide ion and the protons in question in the
, differepf qonforﬁafibné are slight and hence the alternative § values
are.nét differéhtiable. |

TABLE 3.3

Theoretical, lanthanide ion induced, relative shift values for the ribose

~ protons of 3', 5' cyclic nucleotides.

. : a .
édi%?;;:tion Proton (§) ' Gb 6?3
' v x10
,T H-1' 7,85 15° 3,7
37 H-1! 8,05 19° 3,2
vT . H=2' 8,25 3y° 4,3
37 CUH-2' 6,30 o 3s° | 4,0
WT  H-3' 4,55 29,5° 13,5
37 o HA3' 4,55 . 30,5° 13,0
yT Hen 6,05 - 0° 9,0
39 H-#' - 6,05 . 0° 9,0
4T ©OH-5'u 4,75 30° 11,6
37 CH-5'u 4,75 | 30° 11,6
LT H-5'd 5,70 . 22,5° 8,4
3y H-5'd 5,75 - 22,5° 8,2
r = Distance from Ln3+ to. the proton _
8 = Angle between the principal syﬁmetry axis of the complexed

- i [ . N +
ion and the distance vector r

§ =  3Cos2p -1
3

r



- 78 -

Some recent studies of the calculation of the symmetry axis:
vhave demonstrated that it is directed along thé metal-ligand bond in
honodentatejsystem836’87- For complexes in which the lanthanide ioﬁ
‘binds to more than one oxygen atom, as in phosphate binding here,
the symmetry axis lies along the resultant of the metal-oxygen88 honds

(Fig. 3.12).

Principal
symmetry
axis

to base

Fig. 3.12 Illustration of the principal symmetry axis, 6 and r for

cyclic nucleotides.
The lanthanide ions best suited to shift experiméhts are
those which produce the greatest shifts and the least broadening. The
lanthanides chosen were dysprosium and holmium. Although Pr(IIIl) was

quite sufficient to shift out a spectrum in a broadening experiment,

Dy(III) and Ho(III) which produce shifts of 9 times and 3,5 times that
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of Pr(III) reépectively, are needed to obtain the best results. This
is due to inconsistancies appearihg when the shift is small. 1In each
case thé relative shifts were measured for the base protons relative

to H-1'.

cUMP. The spectrum of cUMP with the proton assignments is shown
_Fig. 3.13(a). Figs.3.13(b,c) show the spectrum after additionvof_Dy(III).
'.Fig; 3.14 shows the psegdo-Contact shift, &8, plotted against the total
| added dysprésium concentration. The shift ratios relative to H-1' are
then plotted against lanthanide concentration, Fig. 3.15. There is a
linear variation which is due'fo the ionic strength effect of the addea
lanthanide solutién. 'To remove this effect the ratios are eitrapolated
té zZero métal concentration. The ratio values, R, at zero metal con-
‘ vcentration are sden in Téblebs.u together with results from Ho(III)
shift experiments. The similarity of the results indicates axial
. symmetry of the complex. |

TABLE 3.4

Ratios. of pseudo-contact shifts to that of H-1' at zero metal concentration

' for cUMP

1n®* R (H-8) R (H-5)
ot | 0,57 -0,11
Hoot 0,46 ~0,13

- cCMP. The spectrum of cCMP with the proton aSéignments is shown

in Fig. 3.16(a) whilst Figs.3.16(b,c) shasrthe shifts after addition of
" Dy(III). The pseudo-contact shift versus added dysprosium concentration

plot and shift ratio versus dysprosium concentration plot are shown in
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Fig. 3.13 Shifting of the cUMP NMR spectrum with Dy(III)

HOD

. Ribose
H;S protons

S| - ~— J\/L\“\*//

(a) cUMP 0,02M ©pH 5,5, 23C

HOD

(b)  (a) + upl Dy(III) satd. solution.

HOD

(c) '(a) + 8p1 Dy(III) satd. solution.‘

DSS

DSS .
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1 | 1

2 4 : 6
pl Dy(I11)3

Fig. 3.14 Titration curve for cUMP with Dy(III), ph 5,5, 23°%¢.

2 4 a
pl Dy(III)

Fig. 3.15 Shift ratios relative to H-1'

a Saturated solution of Dy(III)

075
O; ) '
- O O—0 O O— H-6
1 0,25=

0 1 | : 1 1
Y A———h— A A A— H-5

~0,25~ R — l 1
8
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Fig. 3.16 Shifting of the cCMP NMR spectrum with Dy(III).

HOD

DSS

Ribose
protons

(a) cCMP. 0,02M, pH 5,0, 23°C

HOD

DSS

74

(b) . (a) + 3,5 ul DY(III)» satd. solution

H-6 ' H-1!

(¢) (a) + 8ul Dy(III) satd. solution
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Figs. 3.17 and.3.lé respectively. The ratio values, R, at zero
lanthanide cbnceﬁtration are shown in Table 3.5 and are féirly'similarv
to . those of cUMP;

TABLE 3.5

Ratios of pseudo-contact shifts to that of H-1' at zero metal concentration

for cCMP.
3+ '
Ln R (H-6) R (H-5)
oyt 0,88 -0,10
<TMP, The spectrum of c¢TMP with the proton assignments is shown in

Fig. 3.19(a) and Figs.3.19(b,c) show the shifts aftgr addition of Dy(III).
The pseudo-cqntact sﬁift and shift ratio versus dysprosium concentration
are shown in Figs. 3.20 and 3.21 respectively.‘ Even though a methyl
group replaces3the proton at C-5 very little change is found in the
_results. Hé(IiI) once again gives very simiiap results, the ratio
values being'éhown in Table 3.6 as weilvas the Dy(III) results.

TABLE 3.6

Ratios of pseudo-contact shifts to that of H-1' at zero metal concentration

~ for cTMP.

Ln3+‘-_ L | R (H-6) - R (CHy)
py>* ’ - 0,59  -0,16
oot , 0,54 - -0,19

The results in Tables 3.4 - 3.6, inclusive, can be used to
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1

H-1"

Fig. 3.17 Titration curve for cCMP with Dy(III), pH 5,0, 23°C.

2 4 6
ul Dy(111)9

1,0
v SN ‘
| o V———— H-6
" 0.5p-
0 1 : L 1 1 1
| ® Y —— o 2 s
—@®———@— H-5
2 ) . 4 6 8 10

| . pl Dy(111)®
Fig. 3.18 Shift ratios relative to H-1"'. .

Saturated solution of Dy(III).’
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Fig. 3.19 Shifting of the cTMP NMR spectrum with Dy(III)

CHy

HOD

Ribose
H-6 protons

DSS

(a) cTMP 0,02M, pH 5,4, 23°C

CH3

HOD

74

(b)  (a) + 8ul Dy(III) satd. solution

CHjs

DSS

%

(c) (a) + 20ul Dy(III) satd. solution
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L B

H-1"

10 20
pl Dpy(111)?

30

Fig. 3.20 Titration curve for cTMP with Dy(IIT), pH 5,4, 23%¢,

10 20

ul Dy(II1)®

Fig. 3.21 . Shift ratios relative to H-1'.

2 saturated solution of Dy(III).

.0.76

H-6

o T (O o) —O—0—

0,25

0 I L !

T W v ‘ CHs
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predict the syn/anti conformations of the complexes and the ribose

conformations.

Theoretical data was compiled and is presented in Tables 3.7
and 3.8, The X-ray crystal structure of cUMP has been determined83 and
shows the molecule to be in an anti conformation, ¢CN = -680. There-
fore this torsion angle was used in the theoretical calculations for
- cUMP. ' Since crystal structures of cCMP and ¢TMP have not been determined
the anti'ﬁorsion éngle used for the theoretical calculations.was the
value found for the bottom df fhe potential energy well‘for these ligands,
calculated by Yathindra et a18! and is -50°. No pyrimidine cyclic
nucleotides, other thanlthOSe with large substitﬁents at C-6, have been
reported in the syn conformation. Neyertheless, theoreficai data is
.necessary invorder<to’sée if it differs substantially from anti data
and hence whetﬁer the ﬁethod is sensifive to differentiating betweén
_ the tko. The syn torsion angles used, were also fognd from potential
energy weils81 the value being 135°. Drieding models were used to
measure r and 6 and then the 6 values were calculated. Tables 3.7 and
3.8 differ due to slight chénges in conformation of the model when
.meésuring the pérameters. In Table 3.7 the angles (C-2) - (ﬁji) - (c-1")
= ll'?O and (C—6).-(ﬁj1) - (C¥l;) = 121‘0 are used, these being the angles
found in the cUMP crystal structure83.. However, in Table 3.8 calculations
inQolving the complex in the anti conformétion used (C-6) - (ﬁfl) - (c-1")"
= 135° and calculations involving the coﬁple# in fhe syn conformation

A .
used (C-1) - (N-1) - (c-1') = 131°. This is effectively moving the

base away from the ribose ring in order to reduce steric effects. This
is analogous to the crystal structure of cAMP%8, If this movement can

- occur in the crystalline form it is reasonable to expect it in solution
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TABLE 3.7

Theoretical values® for the ratios of the pseudo-contact shifts of the

base protons relative to that of H-1'.

Anti Syn
cup” H-6 s H-6 Hes
Ribose Conf.
3 | o 1,32 -0,16 0,42 0,15
T, | 1,07 -0,13 0,4l 0,21
,T | 0,87 0,15 0,51 0,26
cCMP®
Ribose Conf.
3T | 1,12 -0,16 | 0,40 0,14
it ' 0,90 0,01 'o;u7 0,23
,T | 0,77 0,17 0,51 0,26
cTMPS - CH, o CH
-3 -3
Ribose Conf.
37 - i .1,16 -0,39 0,41 o,ia
ET : 0,84 -0,13 © 0,48 0,24
I 0,81 0,03 0,51 0,26
2 (c-2) - (i) — (C-l%).= 117%;  (c-6) - (ﬁfi) - (c-1") = 121°
Planti gy = ~68°; * syn boy - 135°
anti by = 5075 syn goy = 135°
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. TABLE 3.8

Theoretical_valuesa for the ratios of the pseudo-contact shifts of the

base protons relative to that of H-1'.

Anti Syn
Ribose Conf.
sp | 0,54 '-o,is B 0,41 0,17
37, | o.48  -0,08 4 o,si 0,18
4T 0,50 0,10 0,50 0,28
ccMp®
Ribose Conf.
37 , 0,74 ~ -0,09 0,39 0,17
3T 0,62 0,15 0,49 0,17
T 0,66 . 0,18 - . 0,u8 0,25
cTmp’ - | | CH, CH,
Ribose Conf. o T
37 | 0,77 - -0,39 0,40 . 0,17
3 - . 0,67 | -0,19 0,50 - 0,18
T o 0,76 0,03 0,51 | 0,23

. A o A o
anti (C-6) - (N-1) - (c-1') = 135°: syn (C-2) - (N-1) - (c-1') = 131

it

anti' ¢y -68°;  syn boy = 135°

anti ¢y = -50°,  syn by = 195
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where the frecdom of movement is not restricted by packing factors.

Combarison of the experimental data for cUMP, Table 3.4,
with that in Table 3.7 shows no fit at all, for either the syn or anti
conformations or a combination of the two. However, comparison with
data in Table 3.8 shows a good fit for an anti conformation of the
complex and a 3T ribose conformation. This is in agreement with all .
Previousvsolution'studies on cUMP81982’8“.> In the same manner cCMP
experimental data does not correspond well with the aata in Table 3.7
though a mixture of syn and anti'conformations could give the correct
agreément. However cCMP is reported to be in the anti conformation8ls82
in solution andvsince the data in Table 3;8 for cCMP in this con-E
vfofmation, agrees with the experimental data, it seems the likeiy
solution. The ribose conformation which best fits the experimental
data is also 3T which again corresponds to' previous workS”._.cTMP
follows the pattern of the other two ligands, whereby'the'less steric-
ally hindered conformations of the complex in which the base is
pushed.away from the ribose ring, give data corresponding to that
fOUnd_experiﬁentally. The data again fits the anti conformation but
thé ribose preferred conformation is 4T3. Kainosho et a18”_find cTMP
.to. be in a uT:conformafion which is almost the same as qT3 since even
N the movement of the ring from oné extreme to the other is féirly small

- due to the restrictions imposed by the cyclic phosphate.

Siﬁce the ¢CN valﬁes used were only the central vaiues of
a fairly wide'potential energy . well, further calculations were made
using valueé 200I0n either side of thoséused in order to ascertain the
‘possible error in the results. Table 3.9 shqws.that the differences

are negligible.
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TABLE 3.9

Theoretical values for the ratios of the pseudo-contact shifts showing

the effects of changing ¢CN

a
cUMP® don H-6 H-5
(o] .
-48 1,18 -0,13
] .
-68 \ 1,32 -0,16
o : : :
-88 1,15 -0,13
a

Anti conformation, Ribose conformation. 3T.
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3.4.2  Broadening techniques using Gd(III) and Mn(II) with cUMP,

cCMP and <TMP

Data obtained from broadening the proton resonances with
GA(III) may be used to confirm the syn/anti populations of the ligands
whilst the Mn(II) broadening data, in combination with the results
obtained froﬁ the‘previous experiments, may be used to detefmine binding

sites and percentage 6ccupation times of these sites by the Mn(II).

cUMP - GdA(III)

The spectrum of cUMP is shown in Figure 3,22(a). Since H-5
and H-1' overlap, Pr(III) was added in order to shift the resonances
andvso separate them, Fig. 3.22(b). H-5 and H-6 are coupled and so
to facilitate width at half height measurements they were decoupied
froﬁ each other, Fig. 3.22(c). Wifh the spectrum in this form the
.broadenipg experiments were carried.out. The spectrum éfter addition
‘of 2.9 x 107 M Gd(III) is shown' in Fig. 3.22(d). Qualitatively the
H-6 resonance is broader than that of H-5 but since H-6 is closer to
Gd(III) in both syn and anti cénfprmafions quantitativevdeterminations

are necessary. -

The results of the broadening observed dufing the metal
titration are sﬁoWn in Fig. 3.23 in the fofm of a plot of TQP—l versus f.
Gd(III) cén bind to the base portion of cUMP as shown by the differential
broadening of the proton resonances of uridine on addition of the metal.

Thﬁs corrections have been made to the relative slopes measured on the .

pldts'iﬂ Fig. 3.23. This corrected data is reported in Table 3.10.
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Fig. 3.22 Broadening of the cUMP NMR spectrum with Gd(III)

HOD

Hey |—100 Hz I

H—6 H-5

(o]

(a) cuMP O0,04M, pH 5,3, 23°C

HOD'
H~1"

| ..

(b) (a) + 20ul ~3M, Pr(III)

7l

4-'(c)‘__Thé proton resonances H-6 and H-5 after decoupling

(@) (o) +‘2,9 X 10'”M,'Gd(III)_



—911--

1 (Hz)

YT"'

1,0

0.5
10%f

Fig. 3.23 Measured values of 'I_‘2p for cUMP - Gd(III) as a func_tion

of £, pH 5,3, 23°C.
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TABLE 3.10

Relative slopes of H-5 and H-6 in terms of 1/f TQP after corrections

for base binding.

Proton Slope
H-5 725
H-6 2286

~ From these relative slopes the‘relative metal-proton internuclear
distances can be calculated and compared to the relative internuclear
distances measured on a Drieding model of the complex in the anti con-
formation with the sugar ring in the 3T conformation, and doy = -680,
(Table ’3".11). ]

TABLE 3.1l

Comparison of measured and experimentally determined relative proton-

metal distances for. cUMP - GA(III).

Proton Measured Experimental
H-5 1,32 - ' 1,21
H-6 1 1

There is fairvagreement here between experiment and fheory.

:'Howeﬁer,'due to the relative proton-metal disfances of H-5 and H-6 to

Gd(III) in the syn conformation, being fairly similar to fhose in the

anfi conformafion for pyrimidine cyclic nﬁcleotides, this experihental
procedure is,ﬁot very sensitive for syn/aﬁti'determinafions for this

group of complexéé .
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cCMP - GA(III)

The speétrum of c¢CMP is very similar to that of cUMP but
H-5 and H-1' do not overlap and therefore no shift reagent was
necessary. The broadening follows a similar pattern to that_of cUMP,
the relative siopes after correction for base binding being shown in
Table 3.12.
TABLE 3.12

Relative slopes of H-5 and H-6 in terms of 1/f T2P after corrections

_for base binding.

Proton . Slope
" H-5 742
H-6 . o 1103

The relative metal-proton internuclear distances are again
compared with the relative internuclear distances measured on a
Dfieding‘model of the complex in an anti conformation, the sugar ring

in 3T conformation and<¢CN = -50° (Table 3.13).

TABLE 3.13
Proton : Measured Experimental
H-5 1,3 1,1
H-6 1 1

~ ¢TMP - GAd(III)

The‘spéctrum of cTMP differs from the previous two cases in
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‘that the methyl resonance in place of H-5, occurs upfield of the HOD
resonance. However, the broadenihg is very similar, on addition of
Gd(III)7 ‘The gorrected relative slopes of CHy and H-6 are shown in
Table 3.14.

TABLE 3.1u4

Relative slopes of CH3 and H-6 in terms of 1/f szrafter corrections

for'base bindingf

Proton Slope
CH3 | | 628
H-6 1646

The relative metal-proton internuclear distances are compared with the
relative. internuclear distances measured on a Drieding model of the

complex in the anti conformation, this time with thévsugar ring in

a QT3 conformation, and ¢CN = —50o (Table‘3.15).

TABLE 3.15

Comparison of the measured and experimentally determined relative

prbton—metal distances for cTMP_4 GdA(III). .

Proton Measured - Experimental
CH, 1,17 . 1,17
H-6 1 1

The experimental results here agree perféctly with the theory and so

confirm the shift results and other workers' results8072,
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. ¢TMP - Mn(II)

Assumiﬁg that the cTMP - Mn(II) complex retains the same anti
conformation and the same MT3 sugar conformation as the cTMP-GA(III)
complex further calculations have been made in order to establish the
binding sites and the percentage binding times of Mn(II) at each

specific site.

The spectrum of c¢TMP is shown in Fig. 3.24(a> and the»spectfum v
after H-1' and H-2' have been decoupled one from the other in Fig. 3.24(b).
This spectrum was then‘broadenéd with Mn(II). Fig. 3.24(c) shdwing the
resonances after the addition of 1,6 x 10;3M Mn(II). The results of the

broadening observed during the metal titration are shown in Fig 3.25.

There are several possible binding sites for Mn(II) on cTMP

and these are illustrated in Fig. 3.26.

'._Fig..3.26.‘ Possible binding sites for Mn(II) on cTMP.
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Fig. 3.24 . Broadening of the c¢TMP NMR spectrum with Mn(II)

h . HOD

(a) cTMP, 0,04M, pH 6,2, 23°C

H-6

HOD

CHg

(c)  (B) + 1,5 % 10 °M Ma(II)
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10°f

Fig. 3.25 Measured values of T2P for ¢TMP - Mn(II) as a function of

£, pH 6,2, 23°C.
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The alternafive binding sites on 0-4 and 0-2 are sterically

- hindered by the CH, group and H-1' respectively.

3

On a Dreiding model of the ¢TMP - Mn(II) complex the metal-
proton distances were measured for each different possible binding site.
With this information and the relative slopes of the protons, a computer-
_programme found the best fit to be as follows in Table 3.16.

TABLE 3.16.

Percentage binding times for Mn(II) with cTMP.

Mn(II) binding site % Time for metal at site
n(2) _ 10
MH(S) | 0
Mn 3
(4)
Mn(phos) 87

The K values for each proton for the above solution were very ciose
indicating a very good fit for the data. The possibility of Mn(II)
bindihg bidéntétely to 0-4 and N-3 for some time and bidentatel& to
,d-2 and N-3 at otﬁer times must be considered. it is probably not as
_likely as the mbnodéntate binding already described since four membered
rings of this nature are likely to be stréinéda However, since these
positions are Vvery close to Mn(II) monodentately bound to O-4% and 0-2
the computer programme would not be able to'differentiate between the

two.

cUMP - Mn(II)

. -Thé'assumptions made for the cUMP - Mn(II) complex are that
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. the ligand is in the anti conformation and that the ribose is in the
3T conformation. The Mn(II) titration with cUMP caused broadening, the

‘resultant relative slopes in terms of 1/f T, for the observed protons

_ 2p
are shown in Table 3.17.

TABLE 3.17

Relative slopeé for H-5, H-6, H-1' and H-5'u in terms of 1/f T2P

_Proton : Slope
H-5 ' 289
H-6 ‘ 316
H-1! ‘ 131
H-5'y ' 5572

& H-5'u is a corrected value for the slope, due to a different T

value (see section 3.5.2).

There are several different possible binding sites for
Mn(II) on cUMP and these are illustrated in Fig. 3.27.
- Mng,
P A

\\ /

Fig., 3.27 Possiblé binding sites for Mn(II) on cUMP .
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Since there was no Mn(II) binding at site.Mn(Si (bonded to N-3) in
.éTMP there is no reason why there shéuld be binding there for cUMP

and so this site has been excluded from the possibilities. Site

Mn(l) is not vefy likely since the distance from Mn(II) to H-5 is
slightly less than the sum of the van der Waals radii, but nevertheless
it is used in the calculations as a possible site. The best fif
_found by the cbmputer programme using the experimental slopes and the

theoretical metal-proton distances is shown in Table 3.18.

TABLE 3.18.

Percentage binding‘times for Mn(II) with cUMP

Mn(II) binding site % Time for metal at site
] 0
"ne1) |
Mn(Q) _ | 27
Mn(u) .5
Mn(phos) 68

The K values for each proton in the above solution were the same which

‘lends confidence to the method used and the resultant data.

Again as with cTMP bidentate bindihg_of Mn(II) to O-4 and
N-3, and to 0-2 and N-3 could not be easily differentiated from the

monodentate binding considered.

cCMP - Mn(II)

The assumptioﬁs made for the cCMP - Mn(II) compiex are the
same as for cUMP - Mn(II), namely, an anti conformation and the ribose

in the 3T conformation.
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The resultant reiative slopes in terms of 1/f T2p determined
from the broadening during the Mn(II) titration with the ligand, are
shown in Table 3f19.

TABLE 3.19

Relative slopes for H-5, H-6 and H-1' in terms of 1/f T2P

Proton Slope
H-5 285
H-6 " 675
H-1' ‘ 801

cCMP has an amine gfoup at C-4 in contrast to the oxygen in both cTMP
and cUMP. Nitrogen does not tend to bind Mn(II) as well as oxygen but
sites where Mn(II) is bonded to N-4 must be considered as possibilities.

The possible binding sites on cCMP are shown in Fig. 3.28.

Mg,
-

Fig. 3.28 Possible binding sites for Mn(II) on cCMP
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'_Mn(l) site here, is not taken into account in the calcglations since
due to N-4 having sp3 hybridizatidn as opposed to the sp? hybridization.
éf O-4, the Mn(II) is brought even closer to H-5, well within the sum
of the van der Waals radii. Since nitrogen does not bind Mn(II) to the
safme extent as oxygen Mn(z) might well bind bidentately to N-4 and N-3
for extra stability, though the foﬁr membered ring may ﬁfevent this.
Dué to the uncertainty of mono- or bideniate binding here the sites
reported in Table 3.20 are for the range of mono to bi&entate binding
positions and the percentage times are also quoted within a small
range. .

TABLE 3.20.

Percentage binding times for Mn(II) with cCMP.

Mn(II) binding site % Time for metal at site
4 - 10
Mn(2) | '
o - 21
Mn(q) 13
75 - 77
Mn(phos)

Of interest in the above table is the relative rise in binding time

at the Mn site. This is probably due to 0-2 being a better Mn(II)

()

binder than the nitrogens available.

In all the systems studied here with Mn(II), the phosphate
: gfoup has been the favoured binding site and this is to be expected
since the possibility of binding to two oxygens is offered, the four

A

‘membered fing not being strained due to the tetrahedral angle O - P - O.
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‘3.4.3 " ‘General Discussion

The results put forward in the previous sections 3.4.1 and
3.4.2 show that both shifting and broadening techniques are reliable
methods in conformational studies. The anti conformation found for
all the complexes, and the ribose conformations of 3T for cUMP and
cCMP and gTa for cTMP agree vefy well with results found using totally
different metﬁods. This shows that the presence of the metal does not

affectively alter the conformation of the ligand under study.

All the theoretical measurements were made where the base
and ribose ring were moved away ffom each other giving a more
énergetically favourable conformation of the ligand. This variable
parameter is not mentioned by any of the previous workers and it seems
therefore that it has not been taken into account. This present study
shows that it is an important factor and should be taken into careful
" consideration when attempting conformational work with this type of

ligand.
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3.5 Conformational studies of some purine cyclic nucleotides.

Recent studies on purine cyclic nucleotides have dealt mainly
with cAMP (adenosine 3',5' cyclic phosphate) and to a lesser extent with
cIMP (inosine 3',5' cyclic phosphate). The purine cyclic nucleotides
“under study here are cIMP, 8-methylthioadenosine 3',5' cyclic phosphate
(an analogue of cAMP) and 6-chloropurine riboside 3',5' cyclic phosphate.
Conformational work reported on this type of ligand is both limited and

~conflicting.

Studies on cAMP have also been undertaken in these laboratories.
Gd(III) broadening experiments have indicated that cAMP exists approx-
imately 40% of the time in a syn conformation and the other 60% in an

anti conformation?0,

Potential enefgy studies by Yathindra et al®l oncIMP and cAMP
predict that the former favours a syn conformafidn to an anti by 70:30,
whilst the latter shows a preference for an anti conformation rather than
a syn conformation by 70230. Saran et al82 report a global energy minimum
at ¢¢N = 90° and a local one at ¢CN = -90° for purine cyclic nucleotides,
both beiﬁg borderline between syn and anti conformations. Using lanthanide
shift techniques on cAMP Lavaliee et al'7 report that there is only one
copformgtionél_s#ate of the‘molecule at pD-S;B and this is where ¢CN= 86°
(in the syn conformafion)._ Klee and Mudd®9 have suggested on the basis
of large differences in ORD amplitudes between adenosiné and cAMP, that
the latter is predominantly syn. However, Séhweizer and Robins80 inter-
pret their PMR and fourier Trapsform 31p spectra results as indicating

the existence of an anti conformation for cAMP. Their work on some

8-substituted cAMPs is applicable to the present study. They predict
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preference for a syn conformation for both 8-thioadenosine 3',5' cyclic
phosphate and 8-methylaminoadenosine 3',5' cyclic phosphate. Finally,
¢IMP is proposed to be primarily anti since a significant deshielding
was seen at H-2' and H-3'. All the above work by Schweizer and Robins
is, however, open to some degree of doubt as the solutions used were
0.25M, at whiéh concentration significant stacking effects would come

into play.

Blackbﬁrﬁ et a185 using coupling constant data have shown the
-fﬁpanose ring of cAMP td be 3T. They also conclude that the cyclic
thsphate ring is-locked in the chair conformation and not in the more
flexible boat conformation. .Kainoshd‘et al8* predict slightly different
ribose conformations also from coupling constant data finding 3T con-
fqrmations for both cAMP and cIMP. Barry et al36.suggest a 3T ribose
conformation using shift data as well as predictiﬁg an anti coﬁformation,
= -340 for cAMP at pH 2,0,' Their relaxation data on cAMP gave no

SN

conclusive results.

Finally, crystal structures have been determined‘for botﬁ
cAMP*8 and cIMPél. cAMP shows two molecules in the asymmetric unit
which have different conformations about tﬁe glycosidic bond, one being
syn with_¢CN ; 102° and the other anti with ¢CN = -50°. The other
structural details_of the molecules are the samé, namely ﬁith a7
.ribose'conforﬁation and -the phosphate ring in the chair configuration;
cIMP is in the anti: conformation with ¢CN‘: _220;' The ribose is in a 3Tq
confofmatipn. This iﬁformation, while béing valuable is not necessarily

that which is found in solution.

The present study involves percentage syn/anti determinations
and then with the aid of these results Mn(II) binding sites and their

percentage occupations will be treated.
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3.5.1 Broadening technigues using Gd(III) with cIMP, 6-chloropurine

riboside 3',5' cyclic phosphate and 8-methylthiocadenosine 3',5!

cyclic phosphate.

GA(III) is used here.as the broadening agent in order to study
the syn/ariti conformations of these purine cyclic nucleotides quantitatively.
Thg assumption is made that the molecule spends nearly all its time in
either a syn or an anti conformation and negligible time in any inter-
mediary conformation. The ésSumption is based on potential energy
calculationsel. ‘The adaptation of equation 1.21 to suit this assumption

‘is'shown in the experimental section 3.6.

cIMP - Gd(III)

The spectrum of cIMP is shown in Fig. 3.29(a) and after addition
‘of Pr(III) in Fig. 3.29(b). Thisrshifted spectrum, which enables the
fibose'proton resonances to be differentiated, was used for the broadening
experimerts, Fig. 3.29(c) showing the spectrum affer addition of 6,3 x 16—4
M GA(III). The results of the‘broadeﬁing observed during the metal
titration are shbwh in Fig. 3.30 in the form of a plot of '1“2p_l vs. f.
Since cIMP has an oxygen donor site on the base it is possible that there
is somelbase binding of the GA(III). This is verified by the differential
bfoadening of inosine proton resonances caused by GA(III). Therefore a
correction has been made to tﬁe slopes of the piots shown in Fig. 3.30
the results for'the base protons being shown in Table 3.21. |

| TABLE 3.21

Slopes, in terms of 1/f T, , for the cIMP base protons after correction for

2p

base binding

Proton Slope

H-2 ' 1uy
H-8 , 1296
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Fig. 3.29 Broadening of the cIMP NMR spectrum with GJ(III)
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fo 3’4

(a) cIMP, O,0uM, pH 5,5, 23°C

HOD

(b) (a) + 50u1 ~3,3M Pr(III)

HOD

(c) (b) +'5,3 g 107" Gd(1IT)
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Fig.43.30 Measured values of T2P for cIMP - GA(III) as a function

of £, pH 5,5, 23°C.
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From these slope values the relative metal-proton internuclear time-
»;veraged distaﬁces can be calculated. Measurements of the broadehing
caused by GA(III) on the H-2 and H-8 resonances of cIMP, in the absence

of Pr(III), gave final slope values in terms of l/fTQP’ in the same

ratio as those values found in the presence of a substantial concentration
of Pr(III). This means thaf ahy effect the ?r(III) might have on the
system is negligible in terms of changing the conformation of the complex.
in solufion. '‘Since the cIMP - Gd(III) complex is not in a rigid conform-
ation but in a rapid syn/anti equilibrium, the Gd(III), with respect to
the base, can occupy two alternative positions, one whilst the molecule

is in a syn éonformatioﬁ, and the other whilst it is in an anti conform-
ation. Thus GA(III), although it is bound only to the phosphate oxygens,
can have two binding sites or positions in space with respect to the

YH-2 and H-8 base protons. These theoretical distances from GA(III) to

the protons were measured on a Dreiding model of the complex for chosen
¢CN values and ribose conformations. The ¢CN valges selected were those
values corresponding to the centre of the potential energy wells reported
Sy Yathindra et al8l and they are -60° (anti) and 120° (syn). Values

20° on either side of these were also used to test the errors involved in
sﬁall rotations about the glchsidié bond. In addition ¢CN (anti) values

_ v - o v °
corresponding to the cIMP crystal structure®® and ~20° less were used,

namely ¢CN —220 and ¢CN = 0°. The ribose conformation was aiso varied
from ,T to‘ET throughvto-sT. The computer analyses of the percentage
time GA(III) spends at each of the two sites, (which are effectively the

percentage syn and anti times for the cqmplex) are shown in Table 3.22

for all .the possible combinations of conformations.
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TABLE 3.22

7
L

The experimentally determined percentage times cIMP - Gd(III) spends

in the syn and anti conformations.

Ribose Conf. iyﬂ Ag#i % syn % anti
CN N
T 140° -80° 5,0 | 95,0
120° -80° 3,5 96,5
100° -80° 3,5 ' 96,5
140° -60° ' 6,2 ; 93,8
120° -60° 4,3 95,7
100° -60° 4,3 95,7
140° . -u0° 4,1 _ 95,9
120° -40° 2,9 97,1
100° -40° 2,9 97,1
140° ~22% 1,7 | 98,2
120° -22° 1,2 98,8
100° —22° 1,2 98,8
140° 0° | No fit
120° 0° No fit
100° 0% No fit
37 140° -80° 5,7 9y, 3
1 120° -80° 3,0 97,0
100° -g0° 3,1 96,9
10°  -s0° 6,0 94,0
120° -60° 3,2 96,8
100° -60° 3,3 96,7
140° -40° | 4,8 | 95,2
120° -40° 2,5 97,5
100° -40° 2,7 97,3
140° -22° 3,9 96,1
120° -22° 2,0 98,0
- 100° -22° 2,2 . 97,7
110° o° - No fit
120° 0° No fit
100°  0° No fit
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TABLE 3.22 (Contd.)

Ribose Conf. iyn Azti % syn %anti

CN CN
31 1140° -80° 7,9 92,1

120° -80° 5,3 9y ,7
100° -80° | 5,3 9y, 7
140° -60° 7,9 92,1
120° -60° 5,3 94,7
100° -60° 5,3 9y ,7
140° ~40° B,k 93,6
120° -40° 4,2 95,8
100° -40° 4,2 95,8
140° -22° 2,9 97,1
120° -22° 1,9 98,1
100° -22° 1,9 98,1
wo® - 0° No fit
120° 0° No fit
100° 0° No fit

Table 3.22 shows a reﬁarkably small range in syn.and anti values over a
fairly wide range of cOnformational variables. Hence even if the ribose

- conformation is not known exactly nor the torsibn angles exactly very
iittle’accuracy is lost as a result. The most generally reporfed ribose
conformatioﬁ.reported for cIMP is 3T and this would, on average, mean that
for 96,5% of the time the moleculé Qould be in an antiICOanrmation and

" the remaining 3,5% in a syn conformation. -

'All the previous measurements were made on Dreiding models of
thevcomplex,“where (C-H) - (ﬁtg)'; (c-1') = 137° for the syn conformation
aﬁd (C—8)v- (ﬁsg) - (Cc-1'") = 138° for the anti conformation. These angles
are those reported in the crystal.structure of cAMP_“8 and for the same
reasons stated in 3.4.1 it is a reasonable assumption to expect their

. existence in solution.
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6~ chloropurine riboside 3',5"' cyclic phosphate - Gd(III).

Gd(III)vbroadening was carried out on the ligand proton
‘resonances in the same way as the cIMP -~ Gd(III) experiment. A small
amount of ethyienediaminetetraacetic acid (EDTA) was added to the
solution to prevent precipitation. Pr(III) was again used to shift
the spectrum so that ribose proton resonances could be observed. The

slopes in terms of l’/fT2p measured from the T -1 vs. f plot are shown

2p
in Table 3.23.
TABLE 3.23

Slopes in terms of l/fT2p, for the 6-chloropurine riboside 3',5'

cyclic phosphate protons.

~ Proton Slope
H-2 8u45
H-8 885
H-1" - 463
H-2' | - 928
H~-3' 6286

H-5"u _ . 4u485

pH 1,7, 23°C

'_SinCe ﬁo experimentation in the fofm‘of either potential
enefgy work on a érystal structure has been.dohe on this ligand; ¢CN
values corresponding to the cAMP crystal structure"*® have been used.
Thﬁs With the use of'the H-2 and H;8 slépe values -and the variohs
distance measurements the percenfage'times in the syn and anti con-

formations have been calculated (Table 3.24).
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TABLE 3.24

The experimentally determined percentage times 6-chloropurine riboside

3',5' cyclice phosphate - Gd(III) spends in the syn and anti conformations.

Ribose Conf. jyn , Aiti % Syn % Anti

CN CN

T - 122° -70° | 56,4 . 43,6

C102° -70° 55,4 4y, 6

82° -70° 64,7 35,3

122° -50° 56,3 | 43,7

102° -50° 55,3 - 4,7

82° -50° 64,6 35,4

122° -30° 50,4 49,6

102° -30° 49,4 " 50,6

82° -30° 59,0 41,0

37 122° -70° 35,7 64,3

102° -70° 35,8 64,2

82° -70° 53,0 47,0

122° -50° 36,9 63,1

102° -50° 36,9 63,1

g2° -50° 54,2 45,8

122° -30° 31,2 68,8

102° -30° 31,3 68,7

82° ~30° 47,9 52,1

i | 122° -70° 42,3 « 57,7

102° -70° 41,1 58,9

g2° -70° | 54,1 45,9

122° -50° 41,2 ‘ 58,8

102° -50° 40,0 60,0

82° -50° 52,9 47,1

122° -30° 35,6 BU 4

102° -30° | 52,9 47,1

g2° -30° 35,6 6L,

- The above results indicate the need in this case to know the
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ribose conformation since the percentages change by approximately 15%

- as fhe riﬁose changes from a 4T conformation to a 37 conformation.
There is a gfeater‘range‘of percentage values witﬁin a set of results
for one particular ribose conformation than for the previous results
for cIMP - GA(III). 1In each case the results which differ the.most are
when considering the ¢CN syn value of 82°. On the potential energy
diagram8! for cAMP this value is just out of the energy well range and
fails atva very high energy value. It is therefore a very unlikely
conformation for the molecule and these results should not be taken
into account. If a 3T coﬁformation which has been found to be prefer-

4 is equally so for

able for several other ﬁurine cyelic n_uc.'].eotides8
this ligand then the average percentage syn and anti times are 34;6%

and 65?4% respectively. Although.the anti conformer still dominates
it is much reduced, tﬁe results being very similar to those found for
813

"cAMP which has also been investigated in our laboratories

Angles where (C-4) - (ﬁté) - (c-1') = 137° for the syn

. conformation and (C;8) - (ﬁfé) - (c-1') = 138° for the anti conformation
were again used. In these experiments the GA(III) and Pr(III) will be
bound not only to the phosphate group but to EDTA with water molecules
taking up any remaining vacant sites. This obviously forms a fairly
bulky complex but studies on the Dreiding models show that at these
angles where the ribdse is pushed awéy fromvthé.base no additional
steric hindrance is encountered. In addition Dobson et al92_report

no effects othef than solubility factors produced by the addition of
EDTA to their experiments with cytidine 5'-monophoéphate aﬁd Ln(III)

ions.
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8-methylthioadenosine 3',5' cyclic phosphate - Gd(1I1).

Gd(III) was used to broaden the spectrum of.8—methyl-
thioadenosine 3',5' cyclic phosphate after Pr(III) had been added to
sﬁift the spectrum. The slope for each proton in terms of l/fTQé was
measured from the plot of 'I‘Qp‘-l vs. f. No correction to the slopes
is necessary for base binding, since the addition of Gd(III) to
édenosine gave no differential broadéning of the protons. This is
e#pected since adenosing has no suitable oxygen binding sites. Table
3.25‘shows the measufed slope values for each observable proton.

TABLE- 3.25

Slopes in terms of l/fT2P for the 8-methylthioadenosine 3',s5'

cyclic phosphate protons.

Proton : Slope -

Hy 2786
- CH, 573
!
H' 986
1
Hy , 11264
H.'u 16292

pH 5,4, 23°C

Due to the largé methylthio group attached to the adenine
ring at C-8 there are severe conformational restrictions‘to the
" complex in both syn and.anti conformations. Firstly,the only ribose
éonformatibh possible due to steric factors is the ,T conformation.

- For any other conformation there is a large base - ribose interaction.
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. ‘ A
Secondly, in the 'anti conformation (C-8) - (N-9) - (c-1')
o . - .
= 138 1is used but in the syn conformation no movement of the base away
from the ribose is possible since it causes H-1' to interact with the

methylthio group. values used are the same as in the previous

¢CN
éxperiment. In connection with the S-Me proton time averaged distance
meésubements, the S5-Me group was allowed pestricted rotation only. No
atoms were permitted closer than the sum of their van der Waals radii.
The percehtage syn and anti times were calculated by a computer
progfamme usiﬁé the above data, the results being reported in Table
3.26. |

| TABLE 3.26

The experimentally determined percentage times 8-methylthioadenosine

3‘,5' cyclic phosphate - Gd(III) spends in the Syn and anti

conformations.
Eiigzimatioﬁl iyn Aiti % Syn % Anti
CN ) CN
WT - 122° -70° 77,4 22,6
- 102° -70° 75,3 ou,7
82° -70° 87,6 12,4
C122° - -50° 77,4 22,6
1102° ~50° . 75,3 24,7
82° -50° . | 87,6 12,4
122° -30° 75,8 24,2
102°  -30° 73,6 26,4
82° -30° 86,6 13,4

Again the results where ¢CN(syn) = 829 are substantially different and
thesé may be disrégarded for the same reasons as stated in the previous

experiment. The above results are calculated quantitatively but due
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to the multiple restrictions which have been imposed on the system
they should only be regarded qualitatively. That is, this complex
can be considered as mainly ‘in the syn conformation but not: totally,

this being expected due to the large substituent at C-8.

Experimental data showing the differences in K values for the protons

of the purine cyclic nucleotides being studied.

Equation 1.21 in section 1.4.6 can be shortened to give:

'I;(-,I-,-J;—)— = K——J:-— ' '......3.1
S2p’i ri6

for a proton Hi’ where T, is a component of the constant K. As T, is
normally determined by the overall tumbling of the molecule it should

be the same for all protons in the ligand.

In the GdA(III) broadening expériments the slopes in terms
of.;/fT2p for protons H-2 and H-8 were used in order to calcu;ate the
syn/anti ratios in the complex. The resultant K value corresponding
to H-2 and H-8 was.calculated. This value is shown in Table 3.27
together with the K values for the ribose protons, which are easily
calculated by substituting their slopes in terms of l/fT2p and fheir
~ fixed diétances, r, from the Gd(IIi).on the.phospﬁate, into

equation 3.1.
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TABLE 3.27.

K values for the protons in the Gd(III) broadening experiments.

Complex | Proton X = 10_7

¢ CIMP - GA(III) H-2 12
H-8 12
H-1' _ 10

H-2' 4,6

H-3! 2,6

H-5'u 2,8
a 6—chloropuriﬁe. ‘ - | H-2 16
riboside 3',5' cyclic H-8 16
phosphate - Gd(III) H-1' : 12

- ‘ H-2' 5,8

H-3! 5,6

H-5'u 4,8
D 8_methylthio- - H-2 ' 27
adenosine 3',5" CH3 27
cyclic phosphate - Gd(III) H-1' 24
H-3' le
H-5"'u 18

Ribose conformation %T

Ribose conformation qT

The relevance of the results shown above wiil_be given in

section 3.5.2.
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3.5.2  Broadening techniques using Mn(II) with cIMP, 6-chloropurine’

riboside 3',5' cyclic phosphate and 8—methylthioadenosinev

3',5’,cyclic‘phdsphate.

The Broadening of the ligand profon resonances with Mn(II)
enables the binding sites and the percentage times the metal occupies
these sites, to be found for the above nucleotides provided that the
syn/anti ratios calculated in the previous section 3.5.1 are‘assﬁméd
to remain the same in these systems. 'The ribose conformations found

by other workers must also be assumed.

Since there are now muitiple binding sites to be considered
for the Mn(iI) ion there must be at least an equal number of protons
obéerved'in each case to enable the computer programme to calculate the
results. ‘This means that some of the ribose proton data must be con-
sidered. In section 3.5;1 even though the ribose protons were not
requiréd their.slope values in terms of l’/fT2p were recorded. In addition,
from these.Values their K values were calculated and compared with the
K vélue found for the base protons. This data is sﬁown in Table 3.27.
The K values fof H-1' afe the same as the base‘proton values within the
limits of experimental érror. However, the other ribose protons have
'K'values which give consistently lowvreadingé. This is effgctiyely '
sayinérthaf‘the broadening of the riboée protons (excépt H-1') is too
slow or that the broadening»bf the base protons and H-1' is too fast.
'The possible source for this de?iation from what is‘expeﬁted is in the
value of To» the dipolaf éofrelation time, which is considered as a

constant in equation 1.21 for all the protons. This correlation time
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is determined by.TP which is the rotational correlation time or
'tdmbling' time for the molecule and one would expect it to be the same
for all the protons. However, in éll the molecules studied here,
éxcept 8-methylthioadenosine 3',5' cyclic phosphate, there is a ribose
ring which is free to flip between the 3T conformation and the T con-
formation with little energy barrier. This flipping can, therefore, be
very rapid and wéuid mové all the ribose protons with respect to the
base except H-1'. This would effectively change the COfrelation times
for these protons with respect to the base protons and H-1'. Syn/anti
flipping would not give this effect since there is a large potential
energy barrier between the two conformations thereby.prevenfing rapid

enough flipping to alter correlation times.

In the case of 8-methylthiocadenosine 3',5' cyclic phosphate
the K values for the ribose prbtons H-3' and H-5'u are only slightly
lower than tﬁe value for the base protons and H-1'. This is probably
dﬁe to the restricted flipping of the ribose ring in fhis molecule

as described in section 3.5.1.°

To calculate the populations of Mn(II) at the various
pdstulated binding sites, it is necessary to provide theoretical data
for binding wholly at each site. Cleérly this must now take into
aCcounf the two observed correlation fimes in the.molecule. The
theoretical values of l/fT2p are deriQed by measuring internuclear
distahces from the models which should then be weighted according to
the differences in correlation times observed in the GA(III) experi-
ments. This correction ié done more simply by édjusting the observed
i/fT2p data for the pibose protons (except H;l')'and is tbe»method

employed for the following experiments.
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cIMP - Mn(II)

The assumptions made for the ¢IMP - Mn(II) complex are that
the ligand is 96,5% of the time in an anti conformation and the remainder
in the syn conformation. The ribose is considered to be in a 3T con-

formation.

The spectrum of cIMP was shifted with Pr(III) and then Mn(II)
added. The results_of the Mn(II) titration with cIMP are shown in Fig.
~3.31 in the férm of a plet of sz_l vs. f. The values of the slopes
of‘the plots in Fig. 3.31 are shown in Table 3.28, the H-3' and H-5'u
values having been corrected.

TABLE 3.28

Slopes in terms of l/fT2p, for the cIMP protons.
Protoﬁ ‘ Slope

H-2 _ 120

H-8 1328

H-1' 112
H-3" 1638°
H-5'u 14572

-a Value corrected for different T, value.

There are several potential binding sites for Mn(II) on

cIMP and these are shown in Fig. 3.32.
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10f

Fig. 3.31 Measured values of T2P for ¢IMP - Mn(II) as a function

of £, pH 5,3, 23°C.
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Fig. 3.32 Possihle binding sites for Mn(II) on éIMP

The sites Mn(Q)’ (3), (1) are not considered as likely due

to the results obtained from the binding of Mn(II) to 9-methylhypoxanthine
and 2',3'-0-isopropylidene inosine in section 3.3.2. There oply binding
at site Mp(l) was found. However, the binding site Mn(Q) was used as a
potential site in the calculations here as an additional test. Distances
from the metal at each bindiﬁg site to the protons were measured on
Dreiding ﬁodels of the complex and a computer programme was used to find
the best fit for the bindiﬁg site and percentage binding time determin-

ations; The results are reported in Table 3.29.
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TABLE 3.29.

The experimentally determined binding sites and percentage binding times

at each site for ¢IMP - Mn(II).

Site % binding time
Mn(phos) 71
M

(1) 29

Mn(2) 0

As expected there is no binding of Mn(II) in the vicinity
of N-1 and 0-6 (the Mn(2) site). The K values for all the fiQe protons.
used to obtain the above results, agree very well indicating a good fit.
The gfeater percentage of Mn(II) bound to the phosphate is as expected
dué to the favourable bidentate bonding to the two oxygens which forms

a non-strained four membered ring.

6-chloropurine riboside 3',5' cyclic phosphate - Mn{II).

The assumptions made for the 6-chloropurine riboside 3',5'
cyclic phosphate - Mn(II) complex are that the ligand is 65,4% of the
time in an anti conformation and the remainder in the syn conformation.

The ribose is considered to be in a 3T conformation.

Thé ligand spectfum was shifted with Pr(III) and the
resultant spectrum used for the Mn(Ii) titration, the results of which
were plotfed in the'form of T2p-l vs. f'(fig. 3.33). The.slopes of the
plots were measured and these are shown in Table 3.30 together with the

Slopes_in terms of l/_fT2p for the Gd(III) experiment. The ratios of
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Fig. 3.33 Measured values of T2P for 6-chloropurine riboside

3',5' cyclic phosphate - Mn(II) as a function of f,

pH, 1,7, 23°%.
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the relative slope values are also given.
TABLE 3.30.

Comparison of the relative slopes in terms of ljf?gp for the GA(III)

and Mn(II) experiments with 6-chloropurine riboside 3',5' cyclic

phosphate.
Gd(III) experiment " Mn(II) experiment
Proton Slope Slope ratios" Slope Slope ratios”
H-2 85 0,95 181 0,90
H-8 885 ' 1,00 211 1,05
H-1' 463 0,52 101 0,50
. b | b |
H-5"u 14800 16,72 3195 15,90
a L
Relative to H-8

Corrected for different T, values.,

The data shown in Table 3.30 implies that the binding sites
for Mn(II).are the same as for Gd(iII) assuming extremely little
experimental error. This means that Mn(II) binds totally to the
phosphate groﬁp, there being no base binding. This is not unexpected
since, from the previous experiments involving binding of Mn(II) to
the bases in section 3.3.2, the site in the vicinity of N-7 was found
to be the most favourable. Binding here can be staﬁiiized by either

the oxygen substituents at C-6 or the nitrogen substituent ét C-6
in the molecules considered so far. However, in this case chiorine
is the C-6 substituent and since it does not bipd Mn(II) the site in

this vicinity is not as favourable as was previously the case.

8-methylthioadenosine 3',5' cyclic phosphate - Mn(II).

The assumptions made here are that the complex spends
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approximately 75% of the time in a syn conformation and the remainder
in an anti conformation. The ribose is still restricted to a , T con-

formation.

The results of the Mn(II) titration with the ligand were re-
corded in the form of plots of TQP-l VS, ff The slopes of these plots
‘are shown in Table 3.31.
TABLE 3.31.

Slopes in terms of l/fT2p for the 8-methylthiocadenosine 3',5' cyclic

phosphafe protons.

Proton Slope
H-2 2395
CH3 312
H-1' 629

o

pH 5,u.  23°C.

Due to the large number of restrictions and assumptions made

for this system, the results will only be treated qualitatively.

The slope values in Table 3.31 differ from those in the
Gd(III) experiment Table 3.25 which indicates that the same base
binding is present here. A comparison of the relative slope. values

for the two experiments is shown in Table 3.32,
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TABLE 3.32

Comparison of reélative slope values for the Gd(III) and Mn(II)

experiments.

Gd(III) Mn(II)
Proton Slope ratios® Slope ratios
H-2 1 1
CH3 0,21 0,13
H"'l' 0’35 0,26

a Relative to H-2

Fig. 3.34 shows the possible binding sites for Mn(II) on

the ligand.
“\\I‘F\
Al
,\
(!
/ !
,l
S|
\ {
\, |
\ /
v
i \
A
| L0
-
hAnG;OQ

Fig..3.34 Possible binding sites for Mn(II) on 8-methylthioadenosine

3',5' cyclic phosphate.
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The Mn(l) site seems unlikely due to the steric.hindrance of the
-SMe group and since binding there would cause the slope for CH3 to
increase, the resulfé obviously show no binding in that vicinity.

The slope value for H-2 rises a little relative to the other protons.:

Since the Mn( ) site (either monodentate to N-1 or bidentate to (N-1)

2
and (N-6)) is very close to H-2 only a small percentage of Mn(II)

need bind there to give this alteration in the slope values, the

dominant binding site, therefore, still being on the phosphate group.
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3.5.3 General discussion

The results put forward in the previous sections 3.5.1 and
3.5.2 are the first quantitative determinations of these cyclic nucleo-
tide conformations. Generally it seems that purine cyclic nucleotide
complexes exiét in an anti conformation for the greater part of their
life times as seen for cIMP - GA(III) ~96%, 6-chloropurine riboside
3',5' cyclic phosphate - GA(III) ~65% and cAMP - GA(III) ~60%20.
However, why the percentages vary so much between these very similar
molecules (they only differ in their substituents at C-6) is not

easily explicable.

" Again in this section 3.5 all measurements were made on models
where the base and ribose rings were moved away froﬁ each other.
Especially in these systems where a more bulky purinevring replaces a
pyrimidine ring as base, this important parameter should be.taken

into account.
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3.6 Experimental

The l-methyl hypoxanthine and the cIMP were obtained from
Sigma Chehical Co., 9-methyl hypoxanthine, 2',3'—b—isopropylidene
inosine, and l-methyl inosine from Cyclo Chemicals and all the reméin«
ing ligands from P-I Bibchemicals, Inc. These ligands were used

without further purification.

Analar MnCl,.6H,0 (1M, 1 x 10 Mand 1 x 1072 M) and
Gd(NO3)3.6H20 (1M, 1 x lO—l'Mand 1 x lO—2 M) solutions were prepared
in D20 and adjusted to the relevant pH values for each experiment

with NaOD or DCl. These solutions were the metal-ion sources for all

the broadening experiments.

The lanthanide oxides (Ln = Pr, Dy and Ho) in D,0 were
treated with HNO3 and evaporated to dryness. The Ln(NOa)a.GHQO
formed was dissolved in D2O and evaporated to dryness under reduced
pressure. This was repeated several times in order to substitute
the H2O molecules with D2O. Finally, saturated solutions were made
up in D2O and altered to the pHs required for the shift experiments:

It was not possible to raise their pH values much above pH 4-5 since

the Ln(OH)3 precipitated out.

The broadening metal-ion titrations wére carried out on
0,0u4M solufions of the ligand in DQO, small volumes of the metal-ion
being added using a miéro syringe. Experimentation using 0,015M
ligand gave the same results as the 0,04M solutions, within experi-
mental error, indicating that base stacking is not akmajor source

of error.



- 135 -

The shifting metal-ion titrations were carried out on 0,02M

solutions of the ligand in D.0, DSS (3(trimethylsilyl)-propanesulphonic

2
acid-Na salt)being added as an internal reference. The metal-ion

solutions were added using a micro syringe.

The spectra were recorded on a Varian XL-100 spectrometer at
a probe temperature of 23°c. Care was taken to avoid saturation
effects and samples were kept in the probe for 5 minutes to attain
thermal equilibrium before spectra were recorded. The pHs at which
the various experimenté were carried out are shown in Table 3.33.
TABLE 3.33

pHs at which experiments were carried out.

Ligand pH broadening pH shifting
experiment experiment
GA(III) Mn(II) Dy(III) Ho(1II)

l-methyl hypoxanthine - 6,6 ' - -
l-methyl inosine ' - 6,3 = _ -
9-methyl hypoxanthine = 6,3 - -
2',?'—Otisopropylidine _ 5,5 _ _

inosine
cUMP | 5,3 5,1 5,5 5,6
cCMP 5,3 5,5 5,0 -
cTMP ‘ 6,0 6,2 5, 6,0
cIMP 5,5 5,3 - -

6-chloropurine riboside
3',5' cyclic phosphate

8-methyl thioadenosine
3',5' ecyclic phosphate

[}

The transverse relaxation times, TQS, were estimated from the

line widths (Av) at half peak height.
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Equation 1.24 in section 1.4.7 can be shortened as shown in section

3.5.1 to give
1 1
£(1, ). rb
2p’1 i

for a proton Hi’ wheref is the mole ratio of total metal ion to total

ligand. Equation 3.1 can be adapted to give
1 1. T2 . “n
— + . . . . + " »
6 6 6
f(sz)i (r))3 (r,)3 (r )3

t
~

for a proton Hi’ where T is the fraction of time spent by the metal
at position M(n) and r is the distance from the metal at M(n) to the
proton Hi‘ In addition Ty Tt e e e o T S 1. This equation
3.2 is that which is solved by the computer programme. The various
metal-proton distances plus the experimental slopé values were fed
into this pfogrammé, which, given a series of different starting
values, found by reiteration a best fif for the fraction of time

the metal ion spends at each binding site. The programme uses a

SIMPLEX hill-climbing sub-routine.

In the GA(III) experiments where the syn/anti ratios were

found,equation 3.2 would be adapted to:

1 = K Tanti l_Tanti e v e e e e e 3.3
i 6 6
£(Ty0)5 (Canti)i (royn’i
Here Tonti is the fraction of time spent in the anti conformation
and r . and r are the distances from the Gd(III) in the anti and
anti syn

syn conformations to H, respecfively.
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The methyl protons average distance to the metal ion was
calculated by measuring the distances from each of the three protdns
at a particular setting, to the metal ion and using the following

equation
i=] :
1
Z i:3 L] . L] . . . . 3.”‘

r 6 r.6
av 1

wf

For the SMe‘groﬁp multiple bositions for the methyl were
used due to fotation about the (C-8)-S bond and at each position the
above methyl proton distances were measured and the L found. The
series of révs calculated were then avéraged in the same wéy for the

final distance value.

The models used for all the distance measurements were
comprised of planar metal boards on to which weré drawn the essentially
planar base portion of the molecule and to which were attached
Dreiding models of the ribose and phosphate ring structures. This
structural set up eased the changing of torsion angles and conform-
ations considérably. The base portions were drawn to scale from
crystal structure data, the following structures being used cUMP82
for itself, cytidine93 for céMP, thymidinegu for ¢TMP, inosine3%
for cIMP and all the bases, and 5'-AMP?® for 6—chlor0puriné riboside
3',5' eyclic phosphate and 8-mefhylthioadenosine 3',5' ¢yclic phos-
phafe, since the cAMP crystal structure gives no detailed bond lengths

and angles.
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