
V.

C O N F O R M A T I O N A L  E Q U I L I B R I A  OF R E N I N  
I N H I B I T O R Y  P E P T I D E S  IN S O L U T I O N .

by

GKAEKE JAKES A3TDERSOBT

A thesis submitted in partial fullfillnent of the requirements 
for the degree of

DOCTOR OF PHILOSOPHY 
at the

University of London 
1989

1



ProQuest Number: U048920

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest U048920

Published by ProQuest LLC(2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106- 1346



Abstract

Linear peptides exhibit a wide range of conformations in 

solution at room temperature, all or none of which may be 
important in receptor recognition. Resolving these conformations 
may be a first step towards understanding which conformation<s) is 
important for binding to receptors, and can lead to the synthesis 
of more potent conformationally constrained analogues. 
Spectroscopic methods were used to investigate the conformations 
adopted by Renin Inhibitory Peptide <RIP), a linear inhibitor of 
the enzyme renin; renin is an important factor in the regulation 
of blood pressure, and an attractive target for antihypertensive 
therapy.

Circular dichroism spectra were recorded as a function of 
solvent polarity, pH, salt concentration and temperature. The low 
temperature spectra in particular, were useful in resolving the 
conformational equilibrium — at the lowest temperatures recorded 
cis amide Pro bonds were * frozen out'. The room temperature CD 
spectrum was found, by solvent titrations, to exist as a mixture 
of two predominant conformations, with cis and trans Pro bonds, 
the percentage of each conformational component varying as a 
function of solvent polarity.

FUR studies were used to further define the conformational 
components of RIP in solution. Assignments were made in the same
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solvents in which CD spectra were recorded, and structural and 2— 
D M R  chemical exchange information interpreted in the light of CD 
results. Low temperature spectra were recorded to attempt to 
'freeze out' cis peptide bonds.

Energy minimisation and molecular dynamics routines were used 
to further refine the structures adopted by RIP, based on M R  
distance constraints.

Overall, the results were consistent with RIP existing as two 
predominant conformations in equilibruim with one another. This 
equilibrium was slow relative to the M R  timescale which allowed 
both conformations to be resolved and the structures of each 
determined. The Id w  temperature CD studies were crucial for 

interpretation of the data and can be used quite generally for

I resolving the conformational components of small flexible
i

peptides.
i
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Chapter 1

Introduction

1.1 Hypertension and mechanisms of blood pressure controls

Research over the last few decades has elucidated the 
mechanisms by which blood pressure control is exerted via 
different neural, renal, vascular and hormonal pathways (V. H. 
Birkenhager and J.L. Reid, 1984). A number of mechanisms control 
blood pressure directly by reacting to changes in arterial
pressure. Reflex signals are then sent to the heart and 
vasculature tD return pressure to original levels. Other
mechanisms exert control by more indirect methods.

leural mechanisms of blood presure control involve several 
pathways, mostly using the autonomic nervous system. The si no 
aortic baroreceptor reflex is the most important of these neural 
pathways. Stretch-sensitive receptors detect a change in arterial 
blood pressure, which results in changes of nerve impulse firing 
patterns. This information is then transferred to the central
nervous system (CHS), where it is processed and acted upon
accordingly.
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The cardiopulmonary baroreceptor reflex, using so-called 

• low—pressure' receptors has its mode of action by sensing the 

•degree of filling* of the circulation. The chemoreceptor reflex 

detects changes in blood oxygen and carbon dioxide concentrations. 

The CITS ischemic reflex is only activated when blood flow drops to 

a critical level, and rapidly returns blood pressure to normal.

A number of hormonal mechanisms regulate blood pressure.

Adrenal catecholamines (eg. adrenalin, noradrenaline) act as 

circulating vasoconstrictor agents, and higher than normal 

concentrations have been cited in several studies of hypertensive 

agents. (R. Franco-Morselli et al, 1977).

Another endocrine mechanism is anti-diuretic hormone (ADH). 

Various factors Influence the release of ADH, the most important 

of which is the hypothalmic osmoreceptor (which responds to 

changes in water pressure) (R.V. Schriver et al, 1979). ADH 

increases renal tubular permeability, to water, and causes 

vascoconstriction.

The kidney is a source of several vasoactive substances, 

including the renin-angiotensin-aldosterone-system, the 

kallikrein-kinin system and prostaglandins < K . B. Vallotton, 1987).

Prostaglandins are thought to act as 'tissue hormones*, 
regulating filtration rate and the reabsorption of salt and water.

Kinlns are formed from kininogens by the action of the 

kallikrein enzymes. Kinins affect blood vessels and influence 

the reabsorption of sodium and water in the tubule.

The renin-angiotensin-system results in the formation of 
angiotensin II, which has several effects on the cardiovascular
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system. It is a potent vasoconstrictor, and also promotes sodium 

and water retention, increases permeability of blood cells and 
stimulates aldosterone synthesis and release. Aldosterone exerts 
its action by effecting sodium reabsorption in the kidney tubules.

Atrial natriuretic factor, AITF, is synthesised in the heart, 
and has an effect on active membrane transport of sodium, 
including renal tubular transport. <E.H. Blaine, 1986). It has 
been suggested that AIF provides a parallel and opposite system 
to that of the renin-angiotensin system.

Renal control of blood pressure, part of which is exerted by 
neural and hormonal mechanisms, is also directly controlled by the 
kidney itself. Small increases in perfusion pressure cause this 
renal mechanism to come into effect, which rapidly increases salt 
and water excretion. This results in a lowering of blood pressure 
via changes in blood volume.

Vascular mechanisms are exerted at the local level as well as 
by endocrine and neural systems. The kidneys, heart and brain 
regulate this flow over a range of pressure related to chemical 
factors and stretching of muscle.

1,2 Interaction of-drugs with blood pressure control mechanigra- 
Antihypertensive drugs can be divided into eight categories:

(1) Ganglion blockers - These inhibit transmission 
across synapses in nerve endings, by preventing 

acetylcholine from binding to its receptor. Examples 
are trinetaphen and pentoliniurn

(2) Adrenergic neurone blockers - Drugs such as
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bethanidine prevent tlie release of 
noradrenaline at the nerve-endings and 

produce vasodilation.
(3) a-Adrenoreceptor antagonists - These substances 

block the activation of cti receptors by 
catecholamines, causing vasodilation of the 
blood vessels (eg. prazosin).

(4) Direct vasodilators - These have a direct mode of 
action on the smooth muscle, dilating arterioles 
preferentially to veins eg.
hydralazine.

(5) ^-Blockers - These are some of the most widely used 
antihypertensive drugs (propanolol, labetolol), often 
in conjunction with other hypotensives. They 
produce a gradual decrease in blood pressure, 
although their exact mode Df action is not known.
It is postulated to Include reduction of 
cardiac output and inhibition of renin production.

(6) Centrally acting hypotensives - These circulatory 
factors act primarily on receptors in the brain 
(central regulation). The mechanism of action
is primarily through antagonism of a2 
receptors. Ifethyldopa and clonidine are the 
most widely used examples.

(7) Diuretics - The main drugs in this category are 
thiazide and frusemide. They act by direct 
vasodilation of peripheral blood vessels, and
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by promoting Ha'*' and H2 O secretion in the kidney.
(8) Renin-angiotensin systen inhibitors and antagonists - 

Interfering with this system produces 
antihypertensives. Captopril and enalapril 
inhibit angiotensin-converting enzyme (ACE), 
and thus stop the production of angiotensin II, 
a potent vasoconstrictor.

1.3 Tha..Renin-Angiotensin System.

The renin-angiotensin system is one of the most important of 
the various mechanisms implicated in the regulation of blood 
pressure (M.B. Vallotton, 1987). The end product of the system, 
the octapeptide angiotensin II, is one of the most important 
vasoconstrictor agents known.

Below is shown an outline of the system as it is presently 
understood, and its interaction with the kallikrein-kinin system.

ANG IO TENSINO G EN

Renin ■

A N G IO TENSIN  I

Converting 
enzyme ~

ANG IO TEN SIN  II

ALDOSTERONE

BRADYKININOGEN

Kaliikrein

LYS BRADYKININ

Kininase I and II

I
inactive
peptides

PROSTAGLANDINS

VASOCONSTRICTION  
Ne* RETENTION

VASODILATATION
NATRIURESIS
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Beilin and kallikrein are enzymes which splint the circulating liver 

produced substrates antiotensinogen and kininogen.
Angiotensin converting enzyme (ACE) transforms the inactive 

angiotensin I, and is the same enzyme which is responsible for the 
degradation of bradykinin. The octapeptide angiotensin II and the 
nonapeptide CLysI bradykinin exert direct and opposite vasoactive 
action on vessels. They also stimulate the release of aldosterone 
and prostaglandins, which mediate sodium retention and natriuresis 
respectively.

1.3.1 Biological action of the Renin-Angiotensin System.

The active form of renin has a molecular weight Df 

approximately 36,000, and is released by the kidneys in repsonse 
to decreased renal perfusion. (J.C.S. Fray, 1980). The cleavage of 
the ot-2 globulin angiotensinogen by renin, is the rate limiting 
step in the process of angiotensin II formation. ACE then cleaves 
the C—terminal dipeptide from angiotensin I to form angiotensin
II. This short-lived peptide (it is rapidly cleaved to inactive 
fragments) acts via its receptors to constrict the blood vessels 
directly, to stimulate aldosterone release, and also to inhibit 
further renin release by a feedback loop (J.D. Swales, 1979).

1.3.2 The Enzyme Renin

Renin is a highly specific peptidase, the only known natural 
substrate for which is angiotensinogen. Although other aspartic
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proteinases have little specificity, renin will cleave only a 
single bond in angiotensinogen. The human substrate scissile 

bond is Leu-Val, while it is Leu-Leu for other mammals. Even 
this minimum substrate difference is important, in that while the 
human enzyme cleaves human and other mammallian substrates, human 
angiotensinogen is cleaved only by human renin. OLA. Ondetti and 
D.V. Cushman, 1982). Partial hydrolysis of angiotensinogen with 
trypsin releases on F-terminal tetradecapaptide which is cleaved 
to angiotensin I on incubation with renin.

Since angiotensin I has very high biological activity, 
because of its ready conversion to angiotensin II, the very first 
assays developed for renin were biological assays <A.B. OoAd et 
al, 1966). This assay was very sensitive and allowed the
measurement of very small quantities of renin normally present in 
plasma.

ffowadays, human plasma renin assays involve measuring the 
angiotensin I cleaved from angiotensinogen by renin, by 
radioimmunosassay <E. Haber et al, 1969; A.E. Freelander and T.L.
Goodfriend, 1979). Commercial kits for renin assays are now 
available.

All aspartic proteinases so far examined share the functional 
presence of carboxyl residues in the active site, have striking 
sequence homology and many common structural features. The three 
dimensional structure of renin has not yet been determined, 
although structure-activity relationships show the active-site 
aspartic acid residues centred in a long cleft which is capable of
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binding at least eight amino—acids (L.T. Skeggs et al, 1980; E. 

Haber and J. Burton, 1979).
The aspartic acids are hydrogen-bonded to each other and to 

either a water molecule or an ammonium ion (It. H. James and A.R. 
Sielecki, 1985; R. Bott et al, 1982). The ionisation state of the 
catalytic acid residues is not known, but one may remain 
protonated. Renin, like all aspartic proteinases has a flap
region which can open and close upon substrates or inhibitors. 
The unique specificity and pH optimum of renin (pH 7, as compared 
to pH 3) has yet to be explained, in spite of the sequence 
homology to other aspartic proteinases.

The general features of cleavage of amide bonds by renin and 
related enzymes is not yet fully established. The two carboxyl 
groups and the tyrosine residue at the active site are assumed to 
play a similar role to that proposed in pepsin. The protonated 
carboxyl polarises the carbonyl group of the scissile amide bond 
(D.H. Rich, 1986). In pepsin this polarisation facilitates
attack by the carboxylate of the ionised residue either directly 
or through the action of a water molecule, forming a detectable 
tetrahedral intermediate. (D.H. Rich et al, 1982).

The tyrosine present in the active site protonates the leaving 
amino group (J. Tang, 1979).

 N H a
0‘

0 /— OH,
1 —

0
 Leu-NH, ♦ H-0-C-Val —
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1.3.3. Antihypertensive agents from inhibition of the. 

ReaiaTAagi Qteasin-Systen

The development of ACE inhibitors such as captopril, 
enalapril and lisinopril, (1C. A. Ondetti et al, 1983; M.J. Vyvratt 
and A. A. Patchett, 1985) has shown that interfering with the 
Renin-Angiotensin System can provide potent hypotensives, as well 
as providing important tools for the study of this system.

ACE inhibitors were developed by initially studying synthetic 
substrates and natural peptide inhibitors extracted and sequenced 
from snake venom. A systematic search was then made for soluble 
ACE inhibitors which were active in vivo. This approach led to 
the isolation of the nonapeptide teprotide and culminated in the 
design of clinically useful ACE Inhibitors and bradykinin
potentiators. Captopril (D.V, Cushman et al, 1977) was designed 
to bind specifically to the active site of carboxypeptidase A 
which has similar substrates specificity to ACE but whose
mechanism of action is better understood. Enalapril (J. Biollaz 
et al, 1981) is an improvement over captopril in that it has no
sulphydryl group and therefore fewer side-effects (no skin rashes
and loss of taste). An equally potent inhibitor to enalapril has 
recently become commercilaly available, lisinopril (H.H.
Rotmensch, 1984). This compound is more slowly and less
completely absorbed than enalapril, and has a longer duration of 
action. It also does not require metabolic activation, unlike
enalapril (formation of free acid from ethoxide).
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CHo 
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h s -c h2-CH-CON

Captopril

"COOH

COOEt CHo 
» F J
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Enalapril

CO OH

NH2
COOH (CH2)z> 
r F .

Ph -CH2-CH2 -C H -N H  -CH -CON

Lisinopril

COOH

The inhibition of ACE has therefore proved to be an important 
addition to hypertensive drug therapy and has aided the 
investigation investigation of the Renin-Angiotensin-System. 
However, the main disadvantage of ACE inhibitors is their 

interaction with the kallikrein-kinin system, by inhibition of 
kinase II, which stops degradation of the hypotensive agent 
bradykinin. (0. Iimura et al, 1986). Designing in vivo
inhibitors of renin may result in hypotensive agents with fewer 
side-effects than their ACE counterparts and provide more specific 
probes to investigate the role of the Renin-Angiotensin-System in 

blood pressure regulation.

1.4 Renin Inhibitors.

A knowledge of substrate sequence, mechanistic hypotheses 

based on studies of similar aspartic proteinases and the discovery 
of pepstatin ( a naturally occurring aspartic proteinase) have all 
aided the development of potent renin inhibitors. CM. A. Ondetti
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and D.V. Cushman, 1982) In recent years the trend has been 
towards the development of lower molecular weight inhibitors which 
are more likely to become useful antihypertensive agents. Renin 
inhibition has been achieved with substrate analogues, several 

types of transition state analogues, renin antibodies and 
phosphol1pids.

1.4.1 Substrate Analogues

The minimum sequence required for an efficient renin 
substrate was defined by Skeggs et al (196®) and this laid down 
the basis of specific substrate analogue inhibitors capable of 
interacting with the renin active site. The minimal sequence 
octapeptide, H-His-Pro-Phe-His-Leu-Leu-Val-Tyr-OH, was studied and 
a number of analogues prepared (J. Burton et al, 1980; R.J. Cody 
et al, 1980). Problems were initially encountered with lack of 
solubility at neutral pH; increasing solubility by replacing 
hydrophobic groups with hydrophi lie residues led to much reduced 
binding to renin. The central residues were increased in
lipophilicity and a Pro added to the IT-terminal to increase 
solubility. The analogue with best activity was H-Pro-His-Pro- 

Phe-His-Phe-Phe-Val-Tyr-OH. The further addition of a Lys
residue reduced clearance from circulation in vivo, by up to a 
factor of ten. This decapeptide, H-Pro-His-Pro-Phe-His-Phe-Phe- 

Val-Tyr-Lys-OH, called renin inhibitory peptide (RIP), had a Ki of 
2pM. Its hypotensive effect in vivo (J. Burton et al, 1980) has 
been tested in monkeys, and found to block the hypertensive effect
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of infused human renin without affecting responses to angiotensins 

I and II.
A similar approach the to above has led to a shorter 

sequence,H-Phe-Phe-(4,I)-Val-Tyr-Lys-OH, with patency comparable 
to RIP <J. Burton et al, 1983>.

1.4.2 Transit!onzState Analogue

Pepstatin is a naturally occurring acyl pentapeptide which 
inhibits a number of aspartyl proteinases, including renin.
Pepstatin inhibits pepsin by virtue of its action as a transition-
state analogue, since the carbon bearing the hydroxyl group in the 
4 (S>-anrtno-3(S)-hydroxyl-6-nethyl heptanoic acid residue (statine, 
Sta> in position three, mimics the transition-state form of the 
amide carbonyl during peptide hydrolysis (See 1.3.2). The 3 (S) 
configuration is very important for binding, as demonstrated by 
1000-fold drop in potency upon changing to the 3<R> form (J. Boger 
et al, 1983). It has been proposed that the enzyme-bound water 
molecule is displaced by the hydroxyl group Df statine upon
binding of the inhibitor (D.H. Rich, 1985).

Derivatives of pepstatin with increased solubility have been 
prepared as inhibitors of human renin, the most potent being
pepstatin-Glu with an inhibitory constant of 5.8pH CM. Eid et al, 
1981).

Since renin is such a highly specific enzyme, Boger et al 

(1983) incorporated statine into the angiotensinogen sequence 
hoping to find more potent inhibitors. By noting similarities
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between pepstatin and substrates of aspartic proteinases, it has 
been suggested (J.Powers et al, 1977) that statine replaces both 
amino-acids around the cleavage site. Peptides which were 
synthesised according to this hypothesis are potent inhibitors, 
and were selective for human renin over other aspartic proteinases 
(J. Boger et al, 1983). ICso's of InM can be obtained (J.H. Vood 
et al, 1985) using statine analogues eg. Z-Arg-Arg-Pro-Phe-His- 
Sta-lle-His-Lys-(Boc)-OCE3.

An analogue of statine in which the hydroxyl group is 
replaced by an andno group (aminostatine) has been synthesised 
and tested (K. Jones et al, 1985; R.J. Arrowsmith et al, 1986). 
The amino group was expected to interact favourably with the 
acidic groups in the active site; however no increase in potency 
over statine inhibitors was found. The favourable interaction 
with the active site aspartic acids may be balanced by the energy 
required to desolvate the ammonium ion when the inhibitor binds to 
renin. Also, the fact that the 3 (R) isomer is slightly more 
potent than the 3(S) form (cf statine) is suggestive of a 
different mode of binding (R.J. Arrowsmith et al,1986).

By fitting theoretical inhibitors into a proposed active site 
model, Iizufce et al (1988) synthesised a statine analogue 
(norstatine, 3(S)-amino 2(R)-hydroxy-5-methylhexanoic acid) with 
one less carbon in the backbone, which had a better fit to their 
model. Inhibitors with a K* of 8nM were obtained.

Boger et al, (1985a) used molecular modelling to predict that 
statine analogues containing a cyclohexyl side-chain (ACPHA, 5- 
cyclohexyl-4 (S)-amino-3(S)-hydroxy pentanoic acid) would be more
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potent than statine analogues. This was found to be the case and 
many recently reported renin inhibitors have included this 
cyclohexyl addition (J. Boger et al, 1985b; H. Shan et al, 1986).

Analogues of statine or ACFHA with 2(B) or 2(S) alkyl 
substituents have been synthesised, to replace the Si' side-chain 
which is absent when statine or ACPHA is used as a dipeptide 
mimic. This has been found to increase potency in some cases (H. 
Stein et al 1986) but not in others (D.F. Veber et al, 1984).

Inhibition of renin by a peptide containing a ketone analogue 
of statine ('statone'> has been synthesized (S. Thaisrivongs et 
al, 1986).

The binding of similar analogues to pepsin was studied, and 
the ketone found to bind in the ketal form, by enzyme catalysed 
addition of water. The statone analogue was found to be 20 times 
less potent than the corresponding statine analogue, which may be 
a reflection of the energy required to hydrate the ketone. Di- 
fluoroketone analogues which exist predominantly in the hydrated 
form ('difluorostatone') are 65 times more potent than the statone 
analogues (K. Fearon et al, 1987).

Phosphostatine analogues (J.F. Dellaria, Jr and R.G. Xaki, 
1986), in which the hydroxyl group is replaced by a phosphinic 
acid moiety were potent inhibitors of pepsin (P.A. Bartlett and 
V. B. Kezer, 1984), but were not active for human renin. It has 
been suggested that at the higher pH's at which inhibitor binding 
to renin is tested the acidic group is completely ionised , which 
may be unfavourable for binding.
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Szelke et al (1983) have designed transition-state analogue 
inhibitors of renin which are not based an statine-like compounds. 
The sclssile amide bond of substrate analogues has been replaced 
by a ’reduced peptide' isostere.

Peptide Seduced peptide

This was intended a mimic the tetrahedral intermediate for
amide bond hydrolysis and presumed to approximate the structure of
the transition-state. Although the 'reduced peptide' isostere has
tetrahedral geometry, it lacks both hydroxyl groups; the high
potency observed for inhibitors of this type may be due to an
electrostatic interaction between the active site aspartic acids

oand the basic amine. H-142, H-Pro-His-Pro-Phe-His-Leu-Val-lle-His- 
Lys-OH is 30,000 times more potent <B.J. Leckie et al, 1985), 
than the human octapeptide substrate on which it was based. The 
peptide Boc-Phe-His-Vral-Val-HH-2(S)-methylbutyl (J.J. Plattner et 
al, 1986), ICeo=8.6hM, shows the effectiveness of the reduced 
peptide bond in the design of low molecular weight inhibitors.
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A second transition-state design which Szelke and co-workers 
have introduced is the 'hydroxy* isostere of the Leu-Val bond (H. 

Szelke et al, 1983).

peptide 1 hydroxy1 isostere

The Leu-Val side-chains are correctly orientated to interact
with the enzyme subsites, while the hydroxy groups might mimic the
tetrahedral intermediate which is formed during hydrolysis of the

CHamide bond. Boc-Pro-Phe-(B‘-He)His-Leu-Val-lle-BH-CH2(2PyT>
(ICso=0,39hK) and the 'dipeptide' tBuOXCHiPlDCO-His-Val-Cal-Val- 
IH-CHa CICso = 2nM) show that small molecular weight inhibitors 
with this modification have high potency. The former has been 
tested in vivo and found to be orally active <D. T. Pals et al, 
1986).

Several reports have appeared in which peptides, with the 
'hydroxy' isostere, served as the basis for the introduction of 
conformational constraints.

In one case, the introduction of a-methylproline in place of 
a Pro residue resulted in the peptide having stability to various 
degrading enzymes in vivo, and furnished an inhibitor of ICso = 
1.6nl (S. Thaisrivongs et al, 1987).
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Another study used the proposed enzyme-bound inhibitor 
conformation to suggest the possibility of a Y-lactam restriction 
at the P2-F3 site (S. Thaisrivongs et al, 1988). A peptide with 
this lactam constraint and a hydroxy ethylene isostere at the 
cleavage site inhibited renin with an ICso of 6.5nM.

Several types of inhibitors which use binding sites only 
towards the amino-terminal end of the cleavage site have been 
reported.

Peptide glycols, such as

Boc-Phe-His-N
I

H

CH-»OH <ICso= 2,600nK)

OH

bind to these sites and position a metabolically stable diol group 
which interacts with the catalytic site aspartic acids (G.J. 
Hanson et al, 1985). Diols which have an additional alkyl 
substituent in the subsite toward the C-terminal end of the 
cleavage site have been patented (J.R. Luly et al, 1986).

Peptide aldehydes are another class of potent inhibitors 
activity which bind only to IT-terminal portions of the active site 
(J.A. Fehrentz et al, 1984; T. Kobuka et al, 1984). These
aldehydes were the first low molecular weight inhibitors to be 
reported in the literature. They may bind in the hydrated form, 
and as such mimic the transition-state, although they are not
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expected to have any potential as in vivo inhibitors because the 

aldehyde function is rapidly metabolised.

Renin inhibitors which contain a ketone function have been 
reported CB.J. Leckie et al, 1985), and many axe more potent than 
the corresponding aldehyde, reflecting the fact that they are able 

to make binding interactions on both sides of the cleavage site.

Several classes of inhibitor have incorporated non-peptide C- 
teminal elements. Inhibitors such as

NHCOCHXH-,Ph

(J.R. Luly et al, 1987)

with a thiol linkage and retroamides (S.H. Rosenberg et al, 1987).

N H -C O (C H2)2CH(CH3):
Boc-(p-O M e)Phe-H is-N ‘

OH

derive their potency by positioning the side-chain groups in the 
Sa* and/or S&' subsites of renin.

Inhibitors in which sulphide and sulphoxide groups mimic the 
amide bond have been studied (C. V. Smith et al, 1988), but were
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found to be less potent than corresponding statlne analogues, 

presumably because of the removal of the hydrogen-bonding

capabilities.
Olefinic compounds which replace the amide bond of the 

cleavage site have been synthesised and are extremely potent and 

specific inhibitors of renin (R.L. Johnson, 1984). 
Dehydrostatine analogues have also been prepared (C.Y. Smith et 

al, 1988).
Ether linkages, where the amide bond is replaced by a -CH2 O- 

moiety, are disappointing as renin inhibitors presumably because 
the fit of the peptide to the enzyme is destroyed. However,
replacing the P4-P3 amide bond of a peptide based on the
angiotensinogen sequence with the 'ether peptide' linkage afforded 
a peptide <a hydroxy isostere) with an ICso of 1.6nM (R.E.
Tenbrink et al, 1988).

1.4.3 Renin Antibodies

Inhibitory renin antibodies provided the first evidence that 

interfering with the Renin-Angiotensin-System had therapeutic 
potential <G.E. Vakerlin, 1958). Wore recently, mono and
polyclonal antibodies, prepared using purified renins, have shown 
potent inhibition in vitro (V. J. Dzau et al, 1984; J.H. Vood et 
al, 1986; J. Bouhnik et al, 1987), and hypotensive effects in 
vivo.

Antibodies have also been prepared against specific regions 
of renin, to investigate the structures of the flap region (C.F.
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Liu et al, 1988) and the prorenin prosegnent <1. Gaillard et al,

1986).

1.4.4 Phospholipids

A number of investigations have reported the renin inhibitory 
effects of phospholipids, lysophospholipids and analogues (X.A. 
Ondetti and D.V. Cushman, 1978).

Sen et al C1967, 1968), first isolated a
phosphatidylethanolamine from renal extract and investigated its 
inhibitory properties.

Derivatives have been developed (the two most studied shown 
below) which show a low level of inhibitory activity in vitro, 
with Ki's (ICso's) in the millimolar range.

ffCH3(CH2)4 (CH=CHCH2)4 (CH2)3OPCH2CH2NH2(i) (J.G. Turcotte et al, 1975)

?(ii) CIC6H40C6H40CH2C0NH(CH2)20P0CM2CH2NM2 ^osoki et al, 1977)
OH

Despite the moderate activity in vitro, (i) lowers blood 
pressure in the hypertensive rat. (ii) has a Ki of 2mX and is a 
competitive and reversible inhibitor of dog renal renin.
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1.5. Molecular Modelling In Eenin Inhibitor Design

A crystal structure for renin is not yet available to serve 
as a basis for modelling studies, although progress has been made 
towards this goal, Mavia et al (1984), have described preliminary 
crystallographic data on mouse renin and inhibitor complexes. 
Crystals of renin, and inhibitor complexes, derived from 
recombinant DMA techniques, have been reported (If. A. Poorman et 
al, 1986), but no crystal structure data has been forthcoming. X- 
ray crystal structures for related aspartic proteinases pepsin 
(M.S. Andreava et al, 1984), penicillopepsin (M. M. James and A.B. 
Sielecki, 1985), and endothiapepsin (L.H. Pearl and T.L. Blundell, 
1984) have been determined. Inhibitor H-142 complexed to
endothiapepsin has been crystallised and the structure determined 
(S.I. Foundling et al, 1987), as has the structure of a pepstatin- 
analogue renin inhibitor (lva-Val-Val-Sta-OEt) with 
penicillopepsin. These structures and their similarity to human 
renal renin have been used to derive models for mouse renin (T.L. 
Blundell et al, 1983) and human renin (B.L. Sibanda et al, 1984; 
7. Carlson et al, 1985).

These models of the enzyme have played an important part in 
the design of inhibitors. Boger et al (1985a) used the 
pepsin/pepstatin structure (E. Bott et al, 1982) to predict that 
statine would best serve as a dipeptide mimic, and to design two 
classes of constrained cyclic statine inhibitors which would 
better fit the active site.
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A network of proposed hydrogen—bonds between the inhibitor 
and renin has been derived from a human renin model by J.J. 
Plattner and co-workers (1986),

However, at no point in these studies has there been a direct 
observation by any physical techniques Csuch as FKR or X-ray 
crystallography) of the 3-D structure of renin, or it s
inhibitors, either in solution or bound to the enzyme.

Models of the active site of renin have been used to predict 
the conformation of the inhibitor when bound, and in general 
indicated an extended type of inhibitor conformation <T.K. Sawyer 
et al, 1988a; K. Y. Hui et al, 1987; T. K. Sawyer et al, 1988b), 
instead of the postulated J3-turn previously reported for the P2-P5 
sequence <1. Leipina et al, 1984). The peptide H-142 when bound 
to the aspartic proteinase endothiapepsin has an extended type of 
structure (S.I. Foundling et al, 1987), although the author 
themselves admit * it would be unwise to establish rigid 
definitions of enzyme subsites on the basis of one inhibitor' . 
This dilemma may be resolved when a human renin X-ray structure 
becomes available, but until then the question of the active site 
structure must remain open.

1.6 IMR and Circular Dichroism Based Structure Determination

1.6.1 Circular Dichroism Studies of Peptides.

Circular Dichroism CCD) uses circularly polarised light 
rather than isotropic light to cause electronic transitions within
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molecules. Only asymmetric molecules can exhibit a CD spectrum, 
and It is a particularly useful technique as it is sensitive to 
the conformation of a molecule (V. C. Johnson Jr, 1978; S. Brahms 
and J. Brahms, 1980). It has thus been applied to the study of 
biological molecules such as peptides, proteins, nucleic acids and 
polysaccharides.

In peptides (R.V. Voody, 1985), the amide chromophore Is the 
most abundant and generally dominates the spectrum at wavelengths 
below 250nm.

There are two distinct electronic transitions associated with 
this chromophore above 180nm. The n-x* transition is
characteristic of carbonyl compounds, and involves the promotion 
of a non-bonding electron on the carbonyl oxygen to an 
antibonding it* orbital of the amide group. This transition
lies between 230-210nm.

The ir-x* transition is observed at 210-190nm, involving 
promotion of an electron from the highest filled orbital (HOHO) 
to the lowest unfilled antibonding <ir*> orbital (LUK0>.

The amide region (250-190nm> can have interferences from 
aromatic chromophores <Tyr,Phe and Trp), although the extent and 
importance of these transitions is not known and is a matter of 
some controversy (R.V. Voody, 1978).

Each conformation adopted by a peptide has a highly 
distinctive CD spectrum. The CD spectrum of ot-helical 
polypeptides are qualitatively independant of side-chain and 
solvent <V.C. Johnson Jr and I. Tinoco Jr., 1972); the 0-sheet 
conformation is naich more variable in its CD spectrum, presumably
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because of the broader range of structures available as compared 

to helices <J. Applequist, 1982); the £-turn conformations 

(I,II,III,IV and their mirror-images) have been calculated by R.V. 
Voody (1974), and agree well with experimental work. The so- 

called 'random-coil* CD spectrum has been reinterpreted (A.F. 
Drake et al, 1988) and does not represent a disordered peptide 
structure, but an equilibrium between two conformations. 
The CD spectrum resulting from a peptide in solution is a 
summation of each conformation which it adopts. Resolving these 
conformational components is an important step in relating 3-D 
structures to activity and can lead in many instances to 
conformationally constrained analogues with enhanced biological 
activity (R.F. Freidinger et al, 1980).

Cyrogenic CD (G.Siligardi et al, 1987) in particular 'freezes 
out' the most thermodynamically stable conformation at the lowest 
temperatures, and aids in the interpretation of room temperature 
CD spectra.

1.6.2 HMR Studies of Peptides

Circular Dichroism can provide a simple and sensitive means 
for determining the conformations adopted by peptides in solution, 
but at best it provides only crude and ill-defined structures. 
Much more detailed information can be obtained from proton (’H) 

high-field Huclear Magnetic Resonance (AMR) spectroscopy, since 
the ’H MMR spectra of most organic compounds contain signals from 

all parts of the molecule. Furthermore, the resonance signals are
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particularly sensitive to interactions between protons and to 

molecular motion, and so can provide a wealth of information
concerning the conformation and dynamics CI.D. Campbell, 1985). 1 H

HER studies can therefore complement the many X-ray 
crystallographic studies of peptides Cand proteins). In

solution, environmental conditions are easily varied and provide 
information in environments which are much more similar to the 
biologically relevant state of the peptide.

For peptide and protein conformational studies (K. Vuthrich, 
1986), the three most important parameters are the chemical shift 
(£> of resonances, the spin-spin coupling constant far protons 
separated by three bonds (3J) and the nuclear Overhauser effect 
(JOE) between specific pairs of protons.

The chemical shift of a proton resonance is normally obtained 
directly from the NHR spectrum very accurately. These chemical 
shifts are very sensitive to the peptide structure and are used to 
characterise a given conformational state and to detect any 
conformational changes. The dominant factor determining the

chemical shift of a proton resonance is usually the nature of the
group concerned.

The contributions of interest to the chemical shift are those 

arising from the spatial environments of an atom in a peptide. 
This can be estimated from the differences between chemical shifts 

observed in a peptide and those observed for the same amino-acid 
in an unstructured peptide (A. Bundi and K. Vurthrich, 1979). 
One important effect is the shift induced by aromatic rings, the 
ring current shift. The shift depends on 8, the angle between the
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perpendicular to the ring and the vector which joins the centre of 
the ring and the nucleus being observed (R.A. Dwek, 1973). There 
is a r-3 distance dependence with ring current shift.

The situation is less straightforward when considering CctH 
protons, as these are strongly affected by nearby carbonyl groups; 
NH proton chemical shifts are also heavily influenced by hydrogen- 
bonding.

Spin-spin coupling is transferred via the electrons of 
chemical bonds, and falls off rapidly with the number of bonds 
involved. Three bond couplings are the most important in the 
study of peptides, as these can be related to dihedral angles by 
an equation of the form -

3J = A cos29 + B cos0 + C 
(V.F. Bystrov, 1976), where 0 is the torsional angle H-X-Y-H, and 
A,B, and C are constants, normally 8.5, -1.1 and 0.4 respectively 
for 3JHH-CotH.

The nuclear Overhauser effect (NOE) is the change in the 
intensity of a resonance in the NMR spectrum caused by the 
saturation of another resonance (J.H. Noggle and R. E. Schirmer, 
1974). This is a relaxation effect which depends on dipolor 
coupling between protons. Detecting this effect can be achieved 
*>y selective irradiation or by observing cross-peaks in two- 
dimensional experiments (G. Vider et al, 1984). The magnitude of 
NOE effects are dependent on the distance (r) between pairs of 
protons, in the simplest form as r~e. Using geminal protons as 
standard distance, quantitative estimates of distance can be made
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<K. Vuthrich, 1986), providing the time dependency of the effect 

has been studied.
Two dimensional NHR techniques are widely used, both to 

assign proton resonances to specific atoms within the peptide and 
to obtain structural information (distance constraints etc). The 
idea of 2-D FKR was first introduced by J. Jeener (1971) and 
involved spreading the FKR spectrum into two frequency dimensions 
and generally observing cross-peaks between protons which are 
scalar coupled (or dipolar coupled) (A.Bax and L. Lerner, 1986).

The most frequently used experiment is the COSY (Correlated 
SpectroscopY) method (V. P. Aue et al, 1976), which shows scalar 
coupling between two protons A and X, with a cross-peak centred 
about the diagonal at ( A, X) and (X, A), where A and X are the 
chemical shift frequencies of spins A and X respectively. Few 
methods have recently been introduced which provide net transfer 
of magnetisation between spins, giving correlations throughout the 
whole of the spin system and allowing complete assignment of each 
amino-acid in a peptide. This is known as the Homonuclear
Hartmann-Hahn (HOHAHA) experiment (A. Bax and D.G. Davies, 1985).

Another commonly used 2-D experiment is the FOESY (Fuclear 
Overhauser Effect SpectorscopY) method (F. Wider et al, 1984). 
Here, cross-peaks indicate which protons are in close proximity to 
one another (dipolar coupled). These protons may be far apart in 
terms of peptide sequence, but are brought together by folding of 
the peptide chain. It is possible to quantify FOEs to give 
approximate distances (H-C Kuo and V.A. Gibbons, 1980; E.T. 
Olejniczak et al, 1981). Recently a new variation of the FOESY
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experiment has been introduced (A. A. Bothner-By et al, 1984; H. 
Kessler et al, 1987), and is known as the ROESY experiment 
(Rotating frame nuclear Overhauser Effect SpectroscopY). This has 
the advantage of the ROE being positive for all values of the 
correlation time, t C| whereas for medium sized (10-20 amino-acids) 
peptides in the ROESY experiment, the ROE is either =0 or very 
small (positive or negative). Aside from allowing conformational 
studies of medium sized peptides, chemical exchange peaks can be 
distinguished from ROEs (by difference in phase), which is useful 
for interpreting multiple conformations.

There are nowadays a great deal of 2-D KKR experiments 
available (H. Kessler et al, 1988) such as J-resolved, multiple 
quantum filters, heteronuclear correlations etc.
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Chapter 2

Material and Methods

2.1 Circular Dichroism

Instrumentation:
All studies were carried out on a JASCO J40CS spectrometer 

with dedicated Apple Microcomputer for processing and plotting, in 
the CD facility at University College, London.

Spectra in the range 320 - 260nm were recorded in a 10mm 
quartz cell, and from 260 to 190nm in a 0.2mm cell. A spectrum 
of solvent only was subtracted from each spectrum of peptide, to 
remove any effects from slight absorbances from solvent molecules. 
Reagents:

The methanol used was of HPLC grade (Rathburn); 
Trifluoroethanol (TFE, Aldrich) was distilled and stored in sealed 
vials under nitrogen until used. Solvent water was distilled and 
de-ionised before use.
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Salt solutions used to test ion-binding properties were 
freshly prepared from distilled, de-ionised water.

0.5X solutions of HC1 (Fisons) and XaOH (BDH), which were 
used to alter pH during the pH titration, were also freshly 
prepared with dd HzO.

2.2. Peptide Synthesis.

Instrumentation:
Synthesis of peptides was carried out either on a semi­

automated Synthor 2000 Peptide Synthesiser (Peptides 
International) or a fully automated ABI Peptide Synthesiser. 
Beagents:

For use with the Synthor instrument, dichloromethane (DCX, 
BDH) dimethylformamide (DXF, Aldrich) dicyclohexylcarbodiimide 
(DCC, Aldrich), and diisopropylethylamine (DIPEA, Aldrich) were 
freshly distilled before use, and for the ABI synthesiser DCX, DCC 
and DIPEA were used as supplied by ABI; the DCC and DIPEA were 
dissolved in DCX.

Hydroxybenzotriazole (HOBt, Aldrich) and trifluoroacetic acid 
(TFA, Halocarbon) were used with no purification.

Hydrogen fluoride (HF, TCI) cleavage was carried out using 
the Peninsula Laboratories teflon vacuum system with a low/high HF 
procedure. The scavengers p-cresol and thiocresol were obtained 
from Aldrich, dimethylsulphide (DXS) from Aldrich and 
triflouromethanesulphonic acid (when needed) from Fluorochem.
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Derivatized amino acids were used without further 

purification: Boc-L-Pro, Boc-L-Phe and Boc-L-Yal were purchased
fron Bachem, Boc-L-His (BOH) from Cambridge Biochemicals and Boc- 
L~Lys(2-chlorocarboxybenzyl) and Boc-L-Tyr(2,6-dibromobenzyl) from 

the Peptide Institute Ltd.
Synthetic Strategy:

The general stragety for coupling amino acids was as outlined 
by J.V. Stewart and J.D. Young (1984).

Chloromethylated polystyrene resin with attached Boc-L-Lys(2- 
chlorocarboxybenzyl) was initially swollen in DCK. The coupling 
procedure outlined below was then repeated for each residue. TFA 
was added to remove the Boc protecting group; the DIPEA/DCK 
solution was then used to convert the peptide from the basic to 
neutral form. A sample was then removed (automatically in the ABI 
synthesiser), and a ninhydrin test carried out to test the 
percentage of coupling (V.K. Sarin et al, 1981). A double
coupling procedure was normally used; the first utilized a 
symmetrical anhydride (from DCC + amino-acid) and the second used 
HOBt active ester (from DCC + HOBt + amino-acid). These reagents 
were prepared outside the vessel and added manually to the Synthor 
reaction vessel, whereas the anhydrides and esters were generated 
in situ in the ABI synthesizer.

Cleavage from the lg resin was by low/high HF procedure, 
stirring with a low (25Xv/v) then high concentration of HF(100%) 
at 0°C, using p-cresol and thiocresol as scavengers. The resin 
cleaved peptide was washed several times with 50X acetic acid in
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Peptide Character!sat 1 cm

(a) Analytical reverse phase (Cia) HPLC profile of RIP,
using a gradient of 1002 HaO + 0.12 TFA to 1002 of CH3CFC602> h
HzQ (402) + 0.12 TFA. over a period of 75 minutes.

(b) FAB mass spectrum of purified RIP, showing the correct 
molecular weight. The small peak to the right is from H+23(la), 
from the sodium/glycerol matrix used.

(c> Table showing the result of the amino acid analysis of 
purified RIP. The value for Tyr is rather low as expected, 
because of degradation during hydrolysis. These values were 
within the 102 experimental error and consistent with the correct 
SIP configuration.

RIP was stable if stored in a freezer at -30°C. In
solution gradual decomposition occurred, as witnessed by the 
appearance of several very small spurious peaks, not originally 
present, during IHR analysis.
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dd HzO, filtered and freeze-dried, and the yield recorded

(generally 90%).
Purification:

The peptide(s) were purified by passing down a C18-0DS 
reverse phase HPLC column (Vhatman) at 39°C. Solvents ddHsO + 
0.1% TFA, and 60% CHsCH (Rathburn) + 40% ddH*0 +0.1% TFA were 

filtered and degassed before use. Peptide samples were dissolved 
in ddH^O + 0.1% TFA, centrifuged, then added to the columns. The
purified samples were collected, the CH3CHVTFA blown off with

nitrogen, and lyophylysed.
Quality Control:

HPLC purified samples were submitted for Fast Atom
Bombardment (FAB) Hass Spectrometry, 300MHz or 500MHz ’H HMR, 
amino-acid analysis and analytical HPLC.

2.3 Huclear Magnetic Resonance.
• f

Instrumentation:
All spectra, both 1-D and 2-D, were recorded on a Varian 

300MHz with XL-300 computer, or a Bruker 500MHz spectrometer, with 
dedicated Aspect 3000 computer.
Reagents:

Renin Inhibitory Peptide (RIP) was synthesized as described 

in the Peptide Synthesis Materials and Methods section.
Denterium oxide (D^O, 99.8%) was purchased from MSD, as was 

methanol-D3 (CDsOH, 99.8%). Trifluoroethanol-D3 was obtained
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from Fluorochem and distilled from ddEzO, to obtain TFE-D2 

(CFaCDarOH) .
Samples were recorded in 5mm OD tubes (Vilmad).

One-dimensional TOR Methods:
Experiments were performed using the Fourier transform mode 

with a field frequency lock on the solvent deuterium signal.

Decoupling of solvent resonance was generally carried out 
with a presaturation routine, with the decoupler switched off 
during acquisition. The power level was set to the minimum value 
necessary for complete saturation of solvent signal.

Vhen multlplets of first order spin systems were clearly 
discernable in normal 1-D spectra, coupling constants were 
extracted and tabulated. For overlapping, non first order 
systems, coupling constants were obtained by observing cross-peaks 
in 2-D COSY type experiments. These coupling constants were then 
converted to the relevant dihedral angles.

Spln-lattice relaxation time measurements (Ti) were performed 
using the inversion recovery technique, 180® - ti - 90J -
acquisition (T.C. Farrar and E.D. Becker, 1971). Calculation of 
Ti values was performed on the Varian XL-300, using the available 
microprogramme.
Two drmensianal TOR Methods:

2-D TOR plots are most effectively presented as computei—  

generated contour plots of the 2-D array of data points. In this 
representation, the central horizontal axis (normally bottom left 
to top right) corresponded to the normal 1-D spectrum. Cross­

peaks at frequency (Vx, V  y) represented connections between
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ITMR Experimental Conditions
(a) Samples of RIP for HKR studies were first degassed

(bubbled gently with nitrogen) to remove traces of dissolved
paramagnetic oxygen. Care was taken during purification to 
avoid contamination with paramagnetic ions - the presence of 
these along with oxygen would have greatly reduced any WOEs 
present.

<b> 90° pulse widths for the transmitter (and decoupler 
where appropriate) were calibrated prior to the running of 2-D 
experiments.

Typical 90° values were:
6-7 /it sec for the transmitter 
30-35,*sec for the decoupler at power = 5HCH0HAHA)
40-45/*sec for the decoupler at power = 8H (RQSEY)

¥frD3= delay to switch decoupler powers (5 msec).



protons X and Y at their respective frequencies. These cross­

peaks represented either scalar coupling between protons (as in 

the COSY, Long-range COSY, DQF COSY, HOHAHA), or XOEs between 
diploar coupled protons (HQBSY, ROESY), or protons in chemical 

exchange (ROESY).
For accurate determination of chemical shift values, coupling 

constants, HOEs (or ROEs) etc, 'slices* through the 2-D matrix 
were normally inspected and plotted. These spectra corresponded 
to one of the Da increments and gave the connectivities from the 
resonance frequency on the diagmal to all other parts af the 
spectrum. For weak scalar coupling or small HDEs which were below 
the contour levels this method was invaluable and was routinely 
used in this project.

Typically, the number of increments varied between 256 and 

512, the data set at each containing either IK or 2K data points, 
ffo zero-filling was applied in the F2 frequency domain; the FI 
data set was normally zero-filled to 512 V <from 256V) or IK (from 
512V) .

The 2-D data matrix was processed using either a sine-bell 
(or sine-bell squared) apozidation, shifted by w/»* (x = 0,1,2....) 
(Bruker Software) in both domains, or a combination of resolution 
enhancement and guassian apozidation (Varian Software).

COSY:

(HG(SI) - <S2).........................D.O. )

D1 - *D3 - 90 - Da - 90 - FID
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This homonuclear (’H - *H) chemical shift correlation
experiment (A. Bax et al, 1981a> used gated presaturation (HG) of 
solvent during both preparation and evolution. A high power level 
(SI) was used during preparation, with a lower level (S2) for 
evolution. Formally, SI = 15L, S2 = 30L was sufficient.

D0  was varied in equidistant increments using a relaxation 
delay <D1> of between 0.5 and 1.0 seconds.

Phase-cycling was used to remove the axial artifacts.

Long-range COSY:
(HG(SI) - <S2) D.O. )

D1 - D3 - 90 - D0  - D2 - 90 or 45 - D2 - FID 
(A. Bax et al, 1981b)

For presaturation of solvent resonance, two power levels were 
applied, SI = 15L, S2 = 30L. with S2 low enough to avoid loss of 
resolution but still give good enough suppression.

The delay D2 was added to allow transfer of magnetisation to 
occur throughout more of the spin-system. D2 was set to 0.25/J, 
where J was the coupling constant to be emphasised.

Double Quantum Filtered COSY:
(HG(SI) - (S2)...................... D.O.)

D1 - 90 - D0  - 90 - D3 - 90 - FID
(A. Marion et al, 1983)
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Single quantum transitions were suppressed in this 
experiment, which helped in solvent suppresiion, particularly for 
methanol which gave two strong resonance signals. The phase 
cycling employed <in which the radiofrequency phase was varied, 
with all other parameters remaining unchanged) used the fact that 
double quantum transitions were twice as sensitive to 
radiofrequency phase shifts as single quantum. By rotating the 
phase of the excitation pulse in small steps, it was possible to 
rotate the signal phase twice as fast. Single quantum transitions 
were therefore filtered out by programming the receiver reference 
phase to follow at just the required rate CR. Freeman, 1988).

Two power levels', as previously, were used to saturate the 
solvent resonance.

JOESY:
(HG(Sl) - <S2)..................

D1 - 90 - Db - 90 - D9 - 90
(J. Jeener et al, 1979)

A phase sensitive cycling routine was used to suppress 
interferences from axial peaks. The delay D9, the mixing time, 
was set, as a good first approximation, to the average Ti value 
for backbone protons. A solvent suppression routine was added to 
the pulse sequence once again with two decouplers power levels.

. . .D.O. ) 
- FID
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Homonuclear Hartmann-Hahn:
HLEV17

D1 - 90° - Do - - FID
(A. Bax and D.G. Davies, 1985)

In this case, magnetisation was transfered between each

proton in a spin-system, by applying a 90° pulse to the sample, a
variable delay Do, followed by the application of a spin-locking 
field. Fet magnetisation transfer then occurred between coupled 
spins, because now

Hi s ~ Hi 1
where His and Hir are the effective field strengths experienced by 
spins S and I. To stop dephasing of spins, the phase of the 
spin-lock was changed to the -y axis (causing re-focussing). The 
ILEV17 cycle was therefore used, to phase alter the spin-lock 
along the ±y axis, allowing Hartmann-Hahn magnetisation to occur. 
This experiment was performed in the inverse mode, the decoupler 
being used to apply the spin-lock instead of the transmitter; this 
was because the duty cycle of the transmitter was not sufficient 
for the phase alternation needed.

DAHTE solvent suppression (G.A. Morris and R. Freeman, 1978)
was incorporated into the pulse sequence, using the main
transmitter for the solvent presaturation.

ROESY:
90° - Da - MIX - FID
(A.A. Bothner-By et al, 1984).
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This method has two main advantages over the conventional 
NOESY type of experiment.

(i) The HOE in the rotating frame (ROE) was always positive, 
irrespective of the correlation time, t c , of the molecule.

(ii) Chemical exchange cross-peaks can be distinguished 
from ROEs.

A spin-locking field was applied after the variable delay Do, 
for a period corresponding to the mixing time, during which 
rotating frame cross relaxation occurred. In order to suppress 
transfer of magnetisation between coupled spins (as in the HOHAHA 
experiment) a rapid series of small flip angles for mixing was 
used. This procedure effectively suppressed J-coupling in the 
ROESY experiment (H. Kessler et al, 1987), and has been 
Incorporated into the pulse sequence.

Inverse mode detection was again used to apply the spin- 
locking field. Solvent suppression was by the DANTE pulse 
sequence using the transmitter to pulse.

2.4. Kplecular Modelling,

Instrumentation:
The building of approximate peptide structure from NHR 

distance data, energy minimisation and molecular dynamics 
calculations were all carried out using the QUANTA and CHARXm 
programmes on the Silicon Graphics (4D Series) facility, with an 
IRIS computer.
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The QUABTA programme was used to generate an initial peptide 

structure based on standard bond lengths and angles for amino- 
acids. The structure was then interactively modified to agree 
with N10J and CD data, by manually rotating about covalent bonds, 
satisfying one distance constraint and dihedral angle at a time.

This initial structure was then subjected to Energy 
Si ni mi sation, using the CHARKm programme. The Steepest Descent 
algorithm was used for an initial cycle, followed by the Powell 
method of minimisation. This procedure resulted in a more refined 
structure, with energetically unfavourable reactions removed. 
Holecular Dynamics:

The CHARHm programme was used to perform molecular dynamics 
simulations, based on the energy minimised structures generated 
from NJQt distance constrains, after an initial heating and 
equilibration step. These calculations gave information on the 
relative flexibility of different parts of the peptide.
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Chapter 3

RIP CD Studies,
3.1 Conformation as a function of solvent.

The CD spectra of RIP in HzO.CH^OH and CR 3CH2 OH at room 
temperature (~ 250C> are shown in Figure 3.1.

The CD spectrum of RIP in water was not consistent with a 
single conformation. It closely resembled a type III' fl-turn 
reference curve (R.V. Voody, 1974), but the intensity of the 
absorption was only approximately one third of that calculated, 
and so the spectrum cannot result from this type of conformation 
alone.

In methanol solution, the spectrum did not result from a 
single conformation, either in terms of wavelength or absorption.

The spectrum in TFE did not resemble any reference spectra, 
and so resulted from a mixture of conforroers. In each solvent 
therefore, it appeared RIP adopted different conformations, or 
different percentages of each conformational component.
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^ RIP concentration was lmg per ml.



In general, the CD spectrum recorded experimentally was a 
summation of each conformation which existed in solution, the 
intensities and wavelengths of the maxima and minima dependant on 
the percentage of each conformation. In this instance, the 
spectrum in each solvent was likely to result from (and was later 
shown to result from) the conformational equilibrium between 
several conformations.

3.2. Membrane and Ion Binding Studies.

To RIP in water, IOjjI of SDS (sodium dodecycl sulphate) was 
added, to simulate an approximate membrane environment. This 
resulted in precipitation of the peptide at all concentrations 
studied. Mo further work was carried out in this area.

The CD spectrum of RIP in H 2 O with a 10-fold excess of salts 
(Mg,K and Ma chlorides, 1:1:1) is shown in Figure 3.2, along with 
the CD spectrum in the absence of these salts. Mb difference 
between the two spectra was discernible, indicating the lack of 
ion binding to this peptide.

3.3. Variable Temperature Study.

CD spectra were recorded as a function of temperature, in 
methanol/glycerol (9:1), over the range +45°C -* -142°C. The 
spectra in methanol only were exactly the same over the range
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+45°C -» -110°C. The lowering of temperature induced 'freezing* of 
the equilibruim mixture into a single conformation or related set 
of conformers (G. Siligardi et al, 1987).

The variation of CD spectra with temperature, between 260nm 
and 185nm, is shown in Figure 3.3; also shown is a plot of A e  at 
222nm (the absorption of the peptide chromophore) versus 
temperature.

At the highest temperatures, the curve levelled off, 
indicating the presence of a high temperature conformation state; 
the lowest temperatures measured also showed a levelling-off of 
the curve - here the low temperature state has been 'frozen out'. 
At intermediate temperatures the plot indicated a fairly co­
operative transition between the two states, with Tm, the 'melting 
temperature* ~-55°C. This conformation equilibrium can be
represented as

State A (HIGH T >«---- > State B (LOV T)

At the lowest temperature measured (-142<’C), the spectrum was 
similar tD that of M-acetyl-L-Proline-lT, Iff1-dimethylamide
(V. Madison and J. Schellman, 1970). They assigned this to the 

presence of cis Pro peptide bonds (see Figure 3.4). It thus seemed 
likely that at lower temperatures in methanol/glycerol (9:1) 
solution, there was a preference for the peptide to adopt a 
conformation with a cis peptide bond at Pro (3). The high 
temperature spectrum was a mixture of conformers; an BUR study 
later helped to prove cis amide bonds were present (Chapter 6>.



Figure 3.5. shows the CD spectrum as a function of 
temperature for the region 320 - 240nm and also the temperature 
variation of A e  for the Phe and Tyr absorbances (Lb bands), at 
257.5nm and 280nm respectively. These showed a different 
temperature behaviour, the Phe rings showing little change in 
environment until ~ -100°C, whereupon their absorption began to 
increase strongly. The Tyr on the other hand began to rapidly 
change at -60°C. This observation indicated that the Phe rings 
had a quite different chemical environment from the Tyr ring, and 
the tendancy towards a cis Pro(3) amide bond was not reflected in 
their environment until much later than the Tyr residue.

Figures 3.6, 3.7 and 3.8 show the change in Ae with
temperature at 210nm, 215nm and 230nm respectively. The plot at 
210nm (where any interference from the Phe rings was manifest) had 
striking resemblance to that obtained for Phe at 257.5nm. A plot 
of Ae at 257.5nm versus Ae at 210nm, which gave a straight line, 
confirmed that these absorbances were from the same chromophore 
(Figure 3.9). The room temperature spectrum therefore contained 
some contribution from the Phe chromophores, but only a negligible 
amount, as seen by the very weak absorbance at 210nm.

At 215nm, the plot of Ac versus T was very similar to that at 
222nm. There was a high correlation when Ac (215nm) versus Ac 
(222nm) was plotted at each temperature (Figure 3.10), which 
indicated that the same chromophore, in this case the peptide 
bond, was responsible for the absorption. The maximum absorbance 
in this region <222nm> was therefore confirmed as being 
exclusively from the peptide chromophore (n - xt ) .
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Figure 3.8 shows the temperature variation of the absorption, 
Ae, at 230nm. There was expected to be a contribution from the 
Tyr chromophore at this wavelength, and the curve did not resemble 
that at 215nm and 222nm, where there was no aromatic interference 
with the peptide chromophore^. It appeared therefore that 
contributions from both Tyr and peptide chromphores gave rise to 
this shape of curve, which remembled neither.

3.4. Resolution of the Components-Pf-.the Conformational 
Equilibrium

The fact that CD spectra were additive was used to decipher 
the predominant conformations which existed in solution 
equilibria.

Using the spectrum at room temperature in methanol/glycerol 
(or the identical methanol spectrum) as one state, and the lowest 
temperature methanol/glycerol spectrum as the other, it was 
possible (Figure 3.11) to calculate spectra corresponding to 
different percentages of each state; these calculated spectra 
corresponded almost exactly to the experimental results (Figure 
3.3). This is further evidence that a two-state equilibruim 
existed, that position of equilibrium shifting as the temperature 
was varied. It was also possible to assign each spectrum at 
intermediate temperatures to an approximate percentage of State A 
(HIGH T) and State B (LOV T).

By the use of this additivity principle a much more striking 
result was obtained. The room temperature TFE CD spectrum and the
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lowest temperature methanol/gylcerol spectrum were used to 

calculate spectra resulting from an equilibrium mixture of these 

two conformations. (Figure 3.12).
Vith 75% of the TFE spectrum, and 25% of the spectrum from 

the cryogenic mixture it was possible to generate an approximate 
methanol spectrum ie the methanol spectrum at room temperature can 

be represented as

~ 75% TFE structure ̂ ~  25% structure with cis
Pro(3) amide bond

At percentages of 75% of the TFE component, the calculated 
spectra mirror the low temperature experiment where State B was 

being ’frozen out'.
The TFE spectrum itself was a mixture of conformers, having 

less cis Pro<3> amide and more percentage of a structure with a 
trans amide bond, than RIP in methanol solution. From HUE data 

(Chapter 5), the percentage of each component in TFE was 37% cis 
PrD<3>, 63% trans Pro(3).

A CD spectrum corresponding to 100% of the trans form in 
TFE/KeOH was then calculated using the low temperature 
methanol/glycerol and room temperature TFE spectra (Figure 3,13). 
The intensities and the approximate positions of maxima and minima 
indicated that the spectrum may bear some rememblance to a 0-turn 
of type III (R.V. Voody, 1974).

The fraction of each component in methanol was also 
calculated once the ratio in TFE was known; the room temperature
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methanol spectrum could be generated from 75% of the TFE and 25% 
of the spectrum from State B. (Figure 3. 12) In methanol at room 
temperature the equilibrium therefore was of the form:

47% trans conformation< -------- ^  53% cis conformation

This was very close to the ratio calculated from NKR data 

(Chapter 6) .
Considering the errors inherent in the * synthesis* of CD 

spectra, the agreement of all these spectra with experimental 
results was very satisfying.

3.5 SQlvent-.titrationt.

The conformational equilibrium which existed for RIP was 
dependent on solvent, both for the position of equilibrium, and 
the structures of the conformational components. To prove that 
TFE/KeOH was predominantly a two state system and TFE/HzO, 
HeCJH/HiO was not, a solvent titration was carried out from 100% of 
one solvent to 100% of the other. Figure 3. 14 shows the
results obtained when RIP was titrated between TFE and methanol. 
Two isodichroic (isosbestic) points were obtained, at 195nm and 
235nm. This was indicative of a two state system, as predicted 
from previous CD results, one state with cis peptide bonds and the 
other trans peptide bonds.

The TFE-H^O solvent titration (Figure 3.15) in contrast, 
showed no isosbestic points. In this case, a two state system
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did not exist. Titrating between H2 O and HeOH (Figure 3:16) also 

showed no isodichroic points, indicating that RIP in these 
solvents mixtures did not exist as a two-state system. EAR 
studies later proved that states A and B were present in H 2 O. The 
absence of isodichroic points was best explained by the existence 
of a third state, C. This may have been present in TFE and XeOH 
solutions, but in lesser amounts than in HzO. These results were 

invaluable in interpretation of ’H EAR data.

3.6 pH Titration,

The behaviour of RIP over a range of pH values is shown on 
Figures 3.17 and 3.18 (320-230nn and 260-200nm respectively).

In the region 260-200nm there was a small variation in the 
intensity of the bonds centred at 222nm <n-x*) and 205nm Cx-tt*), 
with a greater intensity at lower pH, indicating a shifting in the 
position of equilibrium.

This pH induced conformational change was also reflected in 
an isosbestic point at 210nm, this being characteristic of a 
conformational equilibrium between two states, in this instance:

X . Y0H-

The plot of Ae , at 205nm, versus pH is shown in Figure 3.19.
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At pH values lower than 1.98 the peptide precipitated, and so 
an approximate pKa value of the C-terminal Lys carboxyl and the 
influence which its ionisation state had on the conformation, 
could not be determined.

The shape of the pH versus Ae curve showed there was no 
effect upon the conformation or position of equilibrium when the 
two His imidazole rings underwent protonation/deprotonation.

Although the two imidazole rings were undoubtedly important 
in the binding of RIP to renin, they appeared to play little role 
in stabilising the predominant conformations in an aqueous 
environment.

Figure 3.20 shows the CD spectrum (from 260-200nm) at pH 
values 9.44 and 11.31. The former was the situation in which the 
Tyr aromatic hydroxyl was unionised and in the latter the Tyr 
hydroxyl was in the charged form, resulting in a red shift in the 
absorbance of the La band of the Tyr moiety, to ~ 245nm, from 
~225nm. Thus it no longer overlapped the absorbance from the 
peptide chromophore and the contribution the Tyr residue made to 
the absorption could be assessed. However, upon changing the pH 
from 9.44 to 11.31, the Lys side-chain amino and the H-terminal 
Prod) lost their positive charges. The changes observed in the 
spectrum may also be a reflection of the change in conformation 
resulting from either of these three ionisations/deionisation. 
There were a number of explanations:-

(i> The change in CD from pH 9.44 to 11.31 was a reflection 
of the contribution which Tyr made to the spectrum at ~ 225nm at 
lower pH values.

56



(ii) The de-ionisation of either the N-terminal Pro residue or 
the Lys side-chain removed an important stabilising ionic
interaction resulting in this characteristic CD spectrum. This
had originally been assigned to a 'random coil' structure, but has 
been recently re-interpreted as having a significant amount of 
polyproline II type of conformation (A.F. Drake et al, 1988).

Ciii) A combination of (i) and (ii).
In the range 320-230nm (Figure 3.21) RIP had only Tyr and Phe 

Lb bands with no interference from the peptide chromophore. Upon
ionisation, the Tyr absorbance shifted from ~250nm to ~295nm, and 
~225nm to ~245nm, as expected; there was also a significant change 
in the environment experienced by at least one of the three Phe 
rings, as reflected in the change in intensity of the absorption 
at 260nm. Changing the pH over the range 9.44 to 11.31 therefore 
may have had an effect on the Phe rings, presumably because of a 
disruption of the peptide backbone. It was also possible that the 
large intensity increase was due to the movement of the Tyr La 
band to ~245nm, and not due to the Phe rings.

In general however, the changes in peptide backbone 
conformation with pH (as reflected in any absorbance changes) were 
very slight in comparison to the effects observed when the 
temperature was varied.
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Figure 3.1 Room temperature CD spectra of RIF as a function of 
solvent polarity.
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Figure 3.2 CD spectra of RIP recorded in the presence of, and
in the absence of, a ten-fold excess of salts, to determine If
ion-binding was occuring.
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Figure 3.3 CD spectra of KIP recorded as a function of
temperature, in methanol/glycerol <9:1) solution, from 260nm to
185nm. a = +17°C; b = -3°C; c = -13°C; d = -SO^C; e = -54°C; f
= -73°C; g = -108°C;
h = -142°C.
Also shown is a plot of Ae at 222nn versus temperature to 
indicate the 'freezing out* of the low temperature state.
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Figure 3.4 Diagram to indicate the cis and trans orientations 
of the amide bond in peptides.
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Figure 3.5 CD spectrum of RIP recorded as a function of 
temperature, in methanol/glycerol (9:1) solution, from 320nm to 
240nm.
Also shown is a plot of Ae versus temperature at 257.5nm and 
280nm, to observe the temperature behaviour of the Phe and Tyr 
residues respectively.
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Figure 3.6 Plot of A e  versus temperature at 210mn, for RIP, in
methanol/glycerol <9:1) solution.
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Figure 3.7 Plot of Ae versus temperature at 215iub, for RIP, in
methanol/glycerol <9:1> solution.
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Figure 3.8 Plot of Ac versus temperature at 230ms, for RIP, in
methanol/glycerol (9:1) solution.

72



1-5-

0 -5-

-120

73



Figure 3.9 Plot of Ae at 257.5nn versus A E at 210m®. at
different temperatures.
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Figure 3.10 Plot of A c  at 215nm versus A e 222nmf at
different temperatures.
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Figure 3.11 Sliovin are the CD spectra which were calculated from 
the room temperature methanol spectrum and the lowest temperature 
methanol/glycerol spectrum.
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Figure 3. 12 Shown are the CD spectra which were calculated from
the room temperature trlfluoroethanol spectrum and the lowest
temperature methanol/glycerol spectrum.
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Figure 3.13 Calculated CD spectrum for the 'trans form' of the 
conformational equilibrium existing for RIP using RHR data to 
determine the percentage of each form in trifluoroethanol.
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Figure 3.14 CD solvent titration for RIP, between MeOH and TFE. 
The percentage of each fora is indicated. Ifote the presence of 
two isodichroic points in this plot.
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Figure 3.15 CD solvent titration for RIP, between TFE and H^O. 
The percentages of each form is indicated. Rote the absence of 
any isodicroic points in this plot.
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Figure 3.16 CD solvent titration for RIP, between MeOH and ttzO.
The percentage of each font is indicated. lTote the absence of
any isodichroic points in this plot.
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Figure 3.17 CD spectra of RIP recorded as a function of pH, 
between 320nm - 230nm, to observe any effects on the Tyr and Phe 
side-chains.

90



\

LDO
O

LDO
O UJ

O
CN

Q.
cn

CM
cn

oCM

91



Figure 3.18 CD spectra of RIP recorded as a function of pH, 
between 260nnmn 200nm, to observe any effects on the peptide 
backbone (and aromatic side-chains).
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Figure 3.19 Plot of Ĵ/e at 205nm versus pH, for RIP, between pH
2 and 9.
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Figure 3.20 CD spectra of RIP, between. 260nm and 200nm, at pH's
9.44 and 11.31, to observe any changes in conformation resulting 
from ionisation of Tyr residue, Lys side-chain and Pro ff- 
terminus.
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Figure 3.21 CD spectra of KIP, between 320nm and 230ninf at pH's
9.44 and 11.31, to observe If Tyr Ionisation has occurred.
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Chapter 4

g«R STUDIES QF RIP IH IkO/D^O

4. l Assignment and Coupling .Coastants

The proton spectrum of a 10mM soLution of RIP in an HjsO/DzO 
mixture (60:40), at pH 3.31, is shown in Figure 4.1. To define 
the conformations adapted by the peptide, assignments for every 
proton in the molecule had first to be obtained.

To determine the pH value at which Ta was a maximum for the 
water signal, so that the water peak had the minimum width, a 
Carr-Purcell-Heiboom-Gill (CPKG) sequence was employed (T.C. 
Farrar and E. D. Becker, 1971). At pH values between 5 and 2, the 
value of c for which the FID was not truncated was determined (r. 
was the number of times the (D2-180v-D2)-c procedure was carried 
out). The value of c was directly related to the Tu of the water 
signal. Figure 4.2. shows the results of the experiment, where c 
was plotted against pH. The maxima occurred at pH "3.3. 
This pH was maintained throughout all the R1CR studies described in 
this chapter.
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A Homonuclear Hartmann-Hann experiment (HOHAHA) was then 
performed, using MLEV-16 composite phase cycles for mixing in the 
inverse mode, and the Dante sequence for solvent supression. The 
experiment was optimised to observe coupling from J~0.5Hz upwards, 
by adjusting the time of the spin-lock. (Figure 4.3)

By taking sections through the F2 axis, it was possible to 
obtain assignments for 7 of the 8 amide protons (Figure 4.4.) 
Proline (3) had no amide proton, and the IT-terminal proton of Pro
(1) was exchange broadened and therefore not visible. Sections 
were thus taken through the nc-protons of these residues.

The only a-proton not accounted for by these cross-sections 
appeared at 4.76ppm and was assigned to a His residue (Figure 4.4) 
(later assigned to His(2)).

The remaining FH proton, at 8.59 ppm also showed no cross­
peaks and was therefore also assigned to His(2), These
assignments were later confirmed by FOE experiments.

Although the HOHAHA gave assignments for each individual 
amino-acid within the peptide, more information was needed to make 
sequence specific assignments within RIP.

Using Fuclear Overhauser Enhancements (FOEs), whereby 
magnetisation was transferred between nuclei which were 1.5 to 5 
Angstroms apart, (J.H. Foggle and R.E. Schirmer, 1971), their 
sequence specific assignments and information on the peptide's 
conformation were obtained.
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Dnp Scalar 
Coupled

As CHi and BHi-n were close in space, a cross-peak in a 2-D 
NOESY experiment (See Materials and Xethods) allowed 
connectivities between adjacent araino-acids to be established. In 
conjunction with the HOHAHA experiment, which showed scalar
coupling, total assignment of each proton resonance to an exact
position within the peptide was achieved.

In this instance, a HOESY experiment gave no cross-peaks 
between CHi and NHn-i on adjacent residues for mixing times, 
Tm, between 100-400msec.

Figure 4.5 shows the dependence of the maximum HOE on the 
correlation time, t c , which is a measure of molecular motion.
Small molecules tumble rapidly and have very small t c , of the
order of 10-11 sec; for large macromolecules with much slower
tumbling, t c , is of the order of lO--7 sec. The NOE changes from
positive for small values of t c , to negative for larger t c  values,
passing through zero for intermediate sized molecules (800-2000 
MVt). RIP falls within this region, and hence gave no observable 
NOEs,

However, spin-locked I0E methods have been developed (A. A. 
Bothner-By et al, 1984; H. Kessler et al, 1987; A. Bax and P.G.



Davies, 1988), known as the POESY or CAXELSPIN experiment, in 

which the NOE is positive for all values of t c  (Figure 4.5).
It was now possible to assign RIP totally, as well as 

determine which protons, far apart in the sequence, were spatially 
within 5A of each other, thus helping to define the three- 
dimensional structure.

Shown in Figure 4.6 are sections through the F2 axis of the 
ROESY experiment. The rotating frame NOEs (ROEs) were negative 
with respect to peaks on the positive diagonal, and those which 
allowed assignments to be made were starred (*> eg. in the first 
cross-section shown, the I.ys NH (easily recognised from its 
characteristic coupling pattern in the HOHAHA experiment), showed 
connectivity to the a proton of the adjacent residue of Tyr; a 
reference to the HOHAHA experiment showed protons to v/hich the 
Tyr a proton was coupled ({3,NH), and a cross section through its 
amide proton in the ROESY experiment gave a connectivity to the 
next amino-acid, in this case Val a.

Couplings between aromatic 0 protons (Tyr, 3 Phe's) and the 
protons at the 2 and 6 positions were not observed in the HOHAHA 
experiment; however these were observed in the ROESY experiment. 
The geometry of the system dictated that these ROEs were between 
protons from within the same amino-acid, their large intensities 
being an indication of their relative proximity in space. Figure 
4.7 shows these ^-aromatic connectives, which allowed sequence 
specific assignments of these aromatic protons. Once these 2 and 
6 ring protons were assigned their connectitivios to other phenyl
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The Karplus relationships were derived from studies of 
hydrocarbons; the effect of the electronegativity of the nitrogen 
atom thus needs to be taken in to account.

Bystrov (1976) calculated this correction as 
3Jn h -c ~ = 1.09Joes



ring protons were found, by reference to the HOHAHA experiment. 

(Figure 4.8).
The chemical shift values of each proton or*, listed in Table 

4.1; also listed is the chemical shift difference between the 
observed value and that expected for the amino-acid in a totally 

non-folded peptide <A. Bundi and K. Vuthrich, 1979); also 
calculated was the distance to an aromatic residue. Hydrogen- 
bonding, or close proximity to aromatics both result in anomalous 
chemical shifts.

It should also be noted that certain residues had a 
multiplicity of peaks which were not expected from consideration 
of coupling. For PrD<3) S protons, four peaks were observed 
(two intense, two less intense) (Figure 4.9).

The NH proton assigned to His(2) was broadened to such an 
extent that it was almost lost in the baseline. It was likely 
that because of its close proximity to Prod) UH:>‘*', it was 
broadened by base catalysed exchange at intermediate rate. The 
positive charge of Pro(l) attracted hydroxide ions near to 
His(2)NH where it could undergo exchange as follows:

-HHCO - h OH ■ * HCO + H20

NH-Ca coupling constants were corrected for electronegativity
* effects, and related to a quadratic equation (V.F. Bystrov, 1976) 

to give information concerning the preferred orientation(s> around 
the -CHi-HHi bond, the 0 i dihedreal angle (Figure 4.10). In
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conjunction with the ROE distance constraints, these were used to 
determine a 3-D structure for the peptide in solution, by computer 
calculations. Table 4.2 shows the coupling constants obtained and 
the calculated 0i angles for -NHi-CHi-. The values for JdTHi- 
CHi) for an a-helical type stucture are between 2-4Hz; for a 
'random' type structure J(HHi-CHi) * 5-7Hz; for a fl-turn type of 
structure J(NHi-CHi)  ̂ 8-llHz (K. Vuthrich, 1986). Most of the 
corrected values were within this latter range, correlating well 
with CD results.

The percentages of gauche and trans rotamers were also 
determined (Table 4.2), from J (C.xi— CeO coupling constants.

In general, the results here showed a lack of rotational 
freedom, as would be expected from a fairly rigid and folded 
structure.

4.2 KQEs and.Structural Information

As mentioned previously, the ROESY experiment not only gavo 
information which led to a full assignment, but indicated which 
protons were close together in space, and the approximate distance 
between them (J.H. Hoggle and R.E. Schirmer, 1971). However, 
there were additional considerations in the ROESY experiment - the 
intensity of the ROE could not be directly transformed to distance 
by calibration, as in the ROESY experiment. Vhen measuring the 
spin-locked 50E between couplei spins, the cross-peaks may have 
had contributions from Hartmann-Hahn type of transfer (A. Bax and 
D.G. Davies, 1988). In most cases this will not be important, but
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measurement of ROEs between protons which were close in chemical 

shift may have been seriously affected.
Figure 4.11 shows sections through the F2 frequency of many 

nuclei where intramolecular ROEs were seen. There were
indicative of folding and used in determination of the 3-D 
structure. Also indicated is the approximate strength of the ROE 

between the protons concerned. As mentioned above, it was not 
possible to determine absolute distances; however the intensity of 
the cross-peaks were still indicative of distances between 
protons. Therefore, ROEs were classified as follows, according 
to their intensities:

Strong - 2.75 ± 0.5&

Medium - 3.5 ± 0.5i
Veak - 4.5 ± 0.5A

A large number of ROEs were observed between the three 
residues at the C-terminal end of the peptide (-Val(8)-Tyr(9)- 
Lys<10)-C00~) and the three residues at the JT-terminal 

(-ProC3>-His (2)-Pro<l >-!TH2 ^> . One possible explanation for the HT 
and C termini being brought together was an interaction between 

the positive charge and negative charge to form a salt-bridge (A 
similar situ ation has been reported for bradykinin, in which a C- 
terminal Arg forms a salt-bridge with the guanidino group of the 
lf-terminal Arg. <V\T. Ivanov et al, 1975)). This ' cyclisation'
would necessitate the formation of a 0-turn (either with or
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without the formation of a hydrogen-bonded structure), in order 
that the peptide backbone turned back on itself. The CD results 
in H^O (See Chapter 3) were consistent with this observation; the 
CD pH titration also showed that removal of the stabilising 
influence of the ionic interaction, by raising the pH to above the 
pK of the H-terminal Pro, resulted in a drastic change in the 
peptide conformation. This interaction seemed therefore to be 
very important in stabilising structure.

Much fewer BOEs were observed from the region of RIP where 
the turn was expected to occur C4 -» 7). This may indicate that 
this region was much less rigid than the JT and C termini region. 
There were ROE cross-peaks Indicating an interaction between the 
phenyl rings of residues 4 and 7, and the His<5) imidazole ring 
with these two rings (Figure 4.11). The protons of both benzenoid 
rings were ring-current shifted (P.A. Dwek, 1973) (See Table 4.1), 
as compared with protons in a non-ctructured environment. The 
shielding of the aromatic rings indicated that each spent a 
significant amount of time above and below the plane of the other 
aromatic ring, and not in the plane.

This interaction was of the form:-

a (This results in a 
shielding of the proton; 
in both rings).
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and not:-

a

(This results in a 
deshielding of the protons 
on one of the rings, and 
shielding in the other).

4.3. Temperature Variation of Amide Chemical Shifts,

KIP amide chemical shifts are shown as a function of 
temperature in Figure 4.12. The slope of the plot helped to
distinguish between protons which were in different environments, 
and may also indicate which protons were involved in hydrogen- 
bonding, in conjunction with other techniques (HOEs, TR>, or 
shielded from solvent by steric effects. A fairly arbitary range 
for the gradients for the protons in hydrogen-bonded and non 
hydrogen-bonded environments is +1 -5 x 10 ~3 ppm/^C for the
former, and -6 -» -10 x 10-3 ppm/°C for the latter.

The behaviour of the RIP amide protons were therefore divided 
into two different categories,

a) Protons corresponding to Val(8)lTB, Lys(10)lfH, Phe5H(6), 
PheHH<7) and His(5)FH, which had gradients of -6.5 x 10~3 ppm/°C -» 
-5 x 10-3ppm/°C.
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b) Protons corresponding to Tyr(9)UH and Phe(4)NH, with 
gradients of -8 x 10~3ppm/°C -» -9 x 10-3ppm /°C,

It should be noted that the shallowest gradients corresponded 
to the protons which were furthest displaced in chemical shift, 
from values expected for a non-structured peptide (Table 4.1).

Conversely, the two amide protons which gave the steepest 
gradients, and therefore reflected a much more variable 
environment, also showed least deviation from these standard 
chemical shift values for amide protons.

Although the first category of protons had gradients just 
outside the generally accepted range for involvement in hydrogen- 
bonding and/or solvent shielding effects, their values may be 
indicative of either one of, or both of, these phenomena.

4.4 TiJfeasuresgpts.

Ti measurements were recorded using the Inversion Recovery 
method (T.C. Farrar and E.C. Becker, 1971), 180® -ti - 90®
acquisition (See Materials and Methods). (Figure 4.13).

It was possible there would be a correlation between the Ti 
experiment value and the amide temperature gradient. In the 
previous section the diffemnce between the two sets of amide 
protons were accounted for by solvent shielding effects and/or 
some hydrogen-bonding character.

Ti measurements were a reflection of the interaction between 
the nuclear spin and the lattice, and so the protons least exposed 
to solvent molecules lost their longitudinal magnetisation much
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slower (longer Ti , lower rate) than those protons which, for a 
large percentage Df their time, felt the effects of the 
surrounding lattice (short Ti, faster rate). The calculated Ti 
values for RIP protons are shown in Table 4.3.

The data obtained again showed two classes of amide protons, 
designated as before. The two protons which showed most variation 

in chemical shift with temperature, Tyr(9) and Phe(4), had the 
longest Ti, showing their relative shielding from solvent lattice, 
compared to the second class of protons Val(B), Lys<10), Phe(6),
Phe<7) and His<5), which were exposed to the solvent to a greater 
extent.

The good correlation between Ti values and temperature 
gradients (Figure 4.14) indicated that long Ti values, and hence 
less exposure to the surrounding lattice, were correlated with no 
hydrogen-bonding characteristics; short Ti values, more exposure 
of the peptide backbone to solvent, correlated with some possible 

hydrogen-bonding character.
Though Ti measurements gave valuable information, it was not 

possible to know beforehand if a hydrogen-bonded proton would have 

been more or less exposed to solvent than a proton in a non­
hydrogen bonded region. Measurements were best used to define
classes of protons, then other experiments were done to define 

structures much more precisely.
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4.5. RIF Concentration Studies.

The aggregation of peptides at high concentrations is 
somewhat of a nuisance when studying solution conformations, and 
may tend to blur any folded structures which are present, or give 
anomalous HOE results . A ’H HKR study of RIP at low and high 
concentrations was undertaken and the following HHR parameters 
monitored.

(1) Chemical Shift -
Aggregation of RTP to form, in effect, large polymers 

would affect the chemical/magnetic environment of specific protons 
such that they experienced a different effective magnetic field, 
and exhibited a change in chemical shift.

(2) Coupling Constants -
As aggregation proceeded the rotational freedom of 

parts of the molecule would change, and different rotamers become
populated CV.F. Bystrov, 1976). The coupling constant, J, a
direct measure of these rotamer populations, would change as a 
consequence of aggregation.

(3) Line-Vidth at Half-Height -
The observed line-width at half-height, inclusive cf 

magnetic field inhomoganeities, "))%, is related tc the ’effective
T^', Tr* (T.L. James, 1975), by the equation

1
V  fc = TC Ta*
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If aggregation occurred, the T2 value would decrease as the 
correlation time of the molecule decreased, resulting in a 
broadening of the resonances.

Spectra at four different concentrations of RIF, ranging from 
0.74 to 12.20 mH were recorded at 500KHz. The results are shown 
in Table 4.4, listing the variation of chemical shifts, coupling 
constants and line-widths.

A comparison of each of these parameters in turn indicated 
that within experimental error, there was no variation with 
concentration. The chemical shift and coupling constant may not 
have shown any significant variation with aggregation. However, 
assuming little or no variation in the Inhomogeneities of each of 
the samples, a significant decrease in T2* and a corresponding 
increase in line-width would have accompanied aggregation.

The absence of any such effects was evidence that no 
aggregation was occuring at these concentrations studies. Any 
ROEs or NDEs at these concentrations were therefore designated as 
intramolecular, and not intermolecular, in origin.

4.6. Chemical Exchange and Cis-Trans Isomerisation.

CD data indicated the likelihood of an equilibrium between 
cis and trans forms of the amide bond of Pro(3), with the trans 
form much more prevalent in aqueous solution. Indeed, four 
separate resonance*were recognised for Pro(3) & protons, where the 
isomerisation was expected to occur (Figure 4.9). The most 
intense two of these gave ROEs to the adjacent His<2) a-proton,
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and so must, by a consideration, of the geometry, have resulted 
from a trans orientation of the amide bond. The ratio of trans : 
cis was found to be approximately 82:18, by integration. The two 
resonances corresponding to a cis orientation were well separated 
from those of the trans form, and so it was possible to view
cross-sections through all four Pro(3) S resonances in the ROESY 
experiment (Figure 4.15). Figure 4.16 shows these cross-section 
in the F2 direction, at 3.44ppm and 3.29ppm, corresponding to the 
cis form, and 3.52ppm and 3.33ppm for the trans form.

The cross section through 3.44ppm showed an ROE to the Pro(3> 
proton at 3.33ppm, and a positive chemical exchange peak to the 
proton at 3.52ppm. This indicated immediately that the
resonances at 3.52ppm and 3.44ppm were from the same proton which 
was in slow (by the BUR timescale) exchange between two different 
chemical environments, in this case trans <3.52ppm> and cis 
(3.44ppm) forms of the amide bond. The ROE observed at 3.33ppm 
was to the other proton, in the trans form. Bo ROE was found 
between the two protons when in the cis form; this was not too 
surprising because the signals were weak in intensity and any ROE 
would most likely not be seen above spectral noise.

The cross-section through 3.29ppm showed a chemical exchange 
cross-peak to the same proton in the trans form, at 3.33ppm.
There were ~ 2.8Hz/pt. in the spectrum and so it seemed unlikely
that this was due merely to overlap with the more intense signal 
at 3.33ppm. This again was more evidence supporting cis-trans 
isomerisation about Pro(3>.
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Cross-sections taken through Pro(3) o protons at 3.33ppm and 
3.52ppm revealed neither ROEs nor chemical exchange peaks to 
either of the cis forms at 3.29ppm and 3.44ppm respectively. As 
previously, any cross-peaks to these very weak signals may have 
been lost in the baseline.

The existence of cis-trans isomerisation about the Pro(3) 

peptide bond can be used as an explanation for the anomalous Ti 
and amide temperature variation of Phe(4) and Tyr<9)llH.

The movement and flexibility of the peptide backbone in this 
region would not allow any hydrogen-bonding character at Phe(4)NH, 
and may have had the effect of exluding water molecules from close 
proximity tD this proton, hence giving a longer Ti value than 
anticipated. For Tyr(9)IH, it was possible that the movement of 
the adjacent His(2)-Pro(1) moiety affected it in a similar manner 
to Phe(4>FH, but to a lesser extent, as reflected in the shorter 
Ti value and shallower amide temperature gradient.
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TABLE 4.1
Residue Chemical Shift- <ppm> AObs. -LiJ

a 4.12 -0.351
1.80 > -0.181
2.23 ) +0.249

Pro<l) Y 1.80 -0.230
du 3.22 )
dD 3.22 ) -0.433

a 4.76 +0.130
flu 2.96 ) -0.238
Pu 2.99 > -0.263

His<2> IH 8.60 +0.185
lm2 8.36 +0.240
lm4 7. 06 -0. 08

a 4.21 -0.261
0u 1.58 ) -0.401

2.06 > -0.235
Pro <3 > * 1.77 -0.260

dut 3.34 ) -0.313
dDt 3.52 -0.133
due 3.29 > -0.363
ddc 3.44 > -0.213

a 4.29 -0.373
flu 2.69 > -0.443
flD 2.78 > -0.301

Phe <4 > IH 8.17 -0.058
2.6 6.94 -0.349
3.5 7.02 ) -0.370

7.05 ) -0.340
4 7.09 -0.249

a 4.32 -0.310
flu 2.86 ) -0.363
flD 2.90 ) -0.338

His(5) IH 7.98 -0.435
lm2 8.29 +0.170
lm4 6.80 -0.340

Distance to 
Aromatics

<A>

5.00

5.13

4.96
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Residue

Phe<6>

Phe(7>

Val<8>

Tyr(9)

Lys(lO)

Chemical Shift <ppm> AObs-Lit . Distance to
Aromatics
(1)

a. 4.26 -0.403 5. 11
fa 2.71 ) -0.281 )
fa 2.76 ) -0.463 ) 4.88
IH 7.83 -0.398
2.6 6.94) -0.349)

6.96> -0.329)
3.5 7.08) -0.310)

7.11) -0.280)
4 7.04 -0.299

ct 4.30 -0.363
fa 2.67 ) -0.321 > 4.69
fa 2.70 ) -0.523 )
IH 7.91 -0.318
2.6 6.90 -0.389
3.5 7.03 -0.360
4 7.09 -0.249

a 3.77 -0.414 5.07
* 1.69 -0.440 4.97

Val<8> Yu 0.60 ) -0.342 >
YD 0.62 ) -0.349 >
IH 7.60 -0.836 4.01

cc 4.29 -0.314
£u 2.75 ) -0.172 )
fa 2.82 ) -0.307 )

Tyr(9) IH 7.99 -0.193
2.6 6.95 -0.199
3.5 6.61 -0.247

a. 3.97 -0.388
fa 1.58 ) -0.167 >
fa 1.77 ) -0.100 )

Lys(lO) Y 1.12 -0.351
6 1.44 -0.268
e 2.76 -0.263
IH 7.64 -0.768 4.13
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Residue

Lys (10)

Tyr (9)

Val (8)

Phe (8)

Phe<6)

TABLE 4.2

Coupling constant (Hz) Rotational Angle (degrees)

J<BH-Ca) =7.55 0 = 14° and 149°;
0= 46°, 74°, -89®, -151'

corrected =8.23
J<a - 0i) =5.3) 67% gauche, 33% trans
J<a - 02) =5.3 )

J(IH-Ca) =7.65 0 = 11°, 149®
0 = 49®, 71®, -89®, -151*

corrected 8.34

J(HH-Ca) = 8.45, 0 = 156®; 0 = -96®
-144®, -151®

corrected =9.21 
J(a-fl) = 8.3 48% gauche, 52'%trans

J(HH-Ca) = 7.50, 0 = 14®, 148®;
0 = 46®, 74®, -88®, -152'

corrected 8.18

J (JTH-Ca) = 7.10, 0 = 20®. 146®;
0 = 40®, 80®, -84®, -154'

corrected = 7. 74
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Residue
(degrees)

His (5)

Phe (4)

Pro (3)

His (2)

Pro (1)

Coupling Constants (Hz) Rotational Angle

J<IH - Cct) = 7.95 0 = o°( 152°
/ = 60°, -92° 

corrected = 8.67 -148°
J<a - p. ) =8.4 )
J (a - Pa) = 8.4 ) 28% gauche, 72% trans

J<IH - Cct) - 6.55 0 = 24°, 142°;
f = 36°, 84° 

corrected = 7.14 -82*=*, -158*

J<a - p.) = 8.8 0 = 20°, 146°
J<ce - pa) = 9.0 0 = 180°, 147°

J(IH - Ca> =8.30 0 = 154°; i = -94°
corrected = 9.04 -146°

JCa - p, ) = 8.5 )
J<a - Pa) = 8.5 > 26% gauche, 74%

trans

J(a - Pi ) =8.8 
J<a - Ba) =8.8

0 = 20°, 146° 
0 = 20°, 146°
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Proton
TABLE 4.3

Ti value (seconds)

Phe (4) IH 0.39

His (5) IH 0.32
Pie (7) IH 0.26
Phe (6) IH 0.31
Tyr (9) IH 0.33
Lys (10) IH 0.28
Val (8) IH 0.27
Tyr (9) 3,5 1.15
Val (8) a 0.17
Pro (3) ddt 0.11
Pro (3) dut 0.12
Pro (1> d 0.37
Pro <1> 8 0.16
Pro (3) 0d 0.18
Val (8) 0 0.28
Lys (10) d 0.37
Lys (10) Y 0.29
Val (8) Y 0.32
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TABLE 4.4

(1) = 16mHolar; (2) = 9mHblar; (3> = 3mKolar; (4) = 0.8mlolar 
All samples at pH 4.1

Protcra. Chemical Shift (ppm) J (Hertz) Vidth at half
Height (Hertz)

(1) 7.60 (1) 7.40 (1> 3.
(2) 7.60 (2) 7.42 (2> 3.-

Lys (10) FH (3) 7.61 (3) 7.42 (3) 3.:
(4) 7.60 (4) 7.44 (4) 3.

(1) 7.97 (1) 7.51 (1) 3.6
(2) 7.97 (2) 7.48 (2) 3.8

Tyr (9) IH (3) 7.96 (3) 7,52 (3) 3.8
(4) 7.96 (4) 7.49 (4) 3,6

(1) 7.66 (1) 8.52 (1) 3.0
(2) 7.66 (2) 8.50 (2) 3.3

Val (8) IH (3) 7.65 (3) 8.49 (3) 3.1
(4) 7.64 (4) 8.49 (4) 3.2

(1) 8. 03 (1) 8. 04 (1) 3.8
(2) 8. 02 (2) 8. 06 (2) 3.9

Phe (7) IH (3) 8. 00 (3) 8.07 (3) 3.9
(4) 8. 02 (4) 8.07 (4) 3.9

(1) 7.88 (1) 7.02 (1) 4. 1
(2) 7.88 (2) 7.07 (2) 4.1

Phe (6) IH (3) 7.88 (3) 7.02 (3) 3.9
(4) 7. 87 (4) 7.03 (4) 3.8

(1) 8. 06 (1) 7.68 (1) 3.4
(2) 8.06 (2) 7.72 (2) 3.4

His (5) IH (3) 8.05 (3) 7,66 (3) 3.6
(4) 8.06 (4) 7.69 (4) 3.4

(1) 8.25 (1) 6.52 (1) 3.8
(2) 8.26 (2) 6.52 (2) 3.6

Phe (4) IH (3) 8.24 COV 6.50 (3) 3.8
(4) 8.25 (4) 6.51 (4) 3.8
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Proton Chemical Shift (ppm J (Hertz) Vidth at half
Height (Hertz)

(1) 4. 12 (1) 8.8 (1) 3.!
(2) 4. 12 (2) 8.9 (2) 3.!

Pro (1) a (3) 4. 12 (3) 8.8 (3) 3J
(4) 4. 12 (4) 8.8 (4) 3.!

(1) 4.20 (1) 8.9 (1) 3.-
(2) 4.20 (2) 8. 8 (2) 3.!

Pro (3) a (3) 4.20 (3) 8.7 (3) 3.!
(4) 4.20 (4) 8. 8 (4) 3. -

(1) 3.89 (1) 8.4 (1) 3.'
(2) 3.89 (2) 8.4 (2) 3.

Lys (10) a (3) 3. 89 (3) 8. 3 (3) 3.
(4) 3.89 (4) 8. 4 (4) 3.

(1) 3.74 (1) 8. 3 (1) 3.
(2) 3.74 (2) 8.3 (2) 3.'

Val (8) a (3) 3.73 (3) 8.2 (3) 3.1
(4) 3.73 (4) 8.3 (4) 3.'

(1) 3. 18 <1) 3.1
(2) 3. 18 (2) 3.'

Pro (1) 6 (3) 3. 18 (3) 3.J
(4) 3. 17 (4) 3.1

(1) 3.34 (1) 3.'
(2) 3.34 (2) 3 J

Pro (3) 6 (3) 3.34 (3) 3.J
(4) 3. 33 (4) 3.J

(1) 2.99 (1) 8.4 (1) 3.5
(2) 2.99 (2) 8.3 (2) 3.5

His (5) fld (3) 2.99 (3) 8.3 (3) 3.6
(4) 2.99 (4) 8.3 (4) 3.6

(1) 2. 19 (1) 3.4
(2) 2.19 (2) 3.5

Pro (1> £ (3) 2. 19 (3) 3.4
(4) 2. 20 (4) 3.5
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Proton

Pro (3)

Yal (8) £

Lys (10) Y

Chemical Shift (Hertz) J

(1) 2.03
(2) 2.03
(3) 2.03
(4) 2.02

(1) 1.64 
(2> 1.64
(3) 1.64
(4) 1.64

(1) 1.10
(2) 1.09
(3) 1.09
(4) 1.10

(Hertz) Vidth at half
Height (Hertz).

(1) 3.8
(2) 3.8
(3) 3.9
(4) 3.8

(1) 3.2
(2) 3.1
(3) 3.1
(4) 3.2

(1) 2.9
(2) 3.0
(3) 3.0
(4) 3.0
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Figure 4.1 1-D ’H HKR spectrum of RIP in H2O/D2O solution
(60:40) at pH 3.31.

123



6.57. 07.5
PPM

8.5 8 . 0

2.53.03.54.5
PPM

. 62.2 1.0 8. 0 1 . 8 1.4
PPM

1 . 22 1 . 6

124



Figure 4.2 Plot of pH versus c, to determine tiie pH at Which
T2. the spin-spin relaxation time, was maximum and the solvent
peak a minimum width. c was the number of times the <D2-180°
D2)c sequence was carried out.
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Figure 4.3 Contour plot of the HOHAHA experiment performed on 
PIP. The diagonal (bottom left tD top right) represents the 1-D 
spectrum; cross-peaks from the diagonal show coupling between 
protons from within the same amino-acid residue.
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Figure 4.4 Cross sections through the amide protons of the 
HOHAHA experiment. For Pro(l), His<2) and Pro(3), cross 
sections were taken through the alpha protons.
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Figure 4.5 Plot of the maximum NOE and the maximum ROE as a 
function of correlation time, t c ,
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Figure 4.6 Cross sections through amide and alpha protons in 
the ROESY experiment which show connectivities between adjacent 
amino-acids. The ROEs which show this connection are starred
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Figure 4.7 Contour plot af part of the ROESY experiment, 
showing connections from aromatic ring protons to their 
protons, for residues 4,6 and 7 (Phe) and 9 (Tyr>.
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Figure 4.8 Contour plot of the HOHAKA experiment, showing 
cross-peaks from the Phe 2,6 protons to their 3,5 and 4 ring 
protons.
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Figure 4.9 1-D BMR spectrum of the Pro 6 region of PIP.
Bote that for Pro(3), four resonances are found, corresponding to 
cis and trans forms of the peptide bond.

142



P3
Sd

t

E

r>

00

00

CM
hO

K)

N1

lo
hO

143

PP
M



Figure 4.10 Diagram defining -the three basic angles of the 
peptide backbone, a, ¥ and &>.
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Figure 4.11 Cross sections through selected protons in RIP, 
showing intramolecular ROEs. These ROEs are used in determining 
a three-dimensional structure, and are negative with respect to 
the positive peak an the diagonal. The strength of the ROE is 
also indicated (S,X or V>.

146



m  1

P1a

r\iua

V8a

K10

K10
K10«

8. 0 7.0 6.0 5. 0 4.0 3. 0 2. 0 1.0
PPM

147



r

V8a
K10

wmWi

V8y

H2o
1 . 02.03.08.0 7.0 6.0 5.0 4.0

PPM

148



V8a

wm m

P3«

PIT

H2p

8.0 7.0 1. 06.0 5. 0 3.0 2.04.0PPM

149



2.0 1.03.08.0 7.0 6.0 5.0
PPM

1 ' 1 r  1 1------- 1 1-- 1 1---- 1 1-----1 1----1 1---- ' 1
7.8 7.6 7.4 7.2 7.0 6.8 6.6 6. 4 6.2

PPM

150



Figure 4.12 Plot of chemical shift versus temperature amide 
protons of RIP, in H2 O/D2 O. The gradients <in ppm/°C) are as 
follows:

FC4) = -9,05 x 10“3 
Y(9) = -8.04 x 10"3 
H(5) = -5.03 x 10'3 
FC7) = -6.53 x 10“3 
FC6> = -6.03 x 10-3 
KC10)= -6.03 x 10“3 
YC8) = -6.03 x IQ"3

151



\
\

— ©

 ©•

\



Figure 4, 13 1̂  measurement of amide protons. The delay ti was
varied between 0.1 and 0.9 seconds; the change in intensity of 
each proton with ti allows the value of Ti to be calculated.

The experiment was recorded at pH 3.6 in this instance, at 
slightly lower pH than used in other experiments, because of 
alteration of sample with time. Only Lys<10) FH moved
significantly as a result of this slight change.
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Figure 4.14 Plot to show correlations between amide temperature 
gradients and Ti values for amide protons of RIP.
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Figure 4.15 ROESY contour plot showing the region of Pro(3)6“ 
protons. EOE and chenical exchange (C.E. > cross peaks are 
indicated, proving the existance of cis-trans isomerisation at 
Pro(3).

The ROE cross-peaks have positive phase in this plot and the 
chenical exchange negative. These are represented by + and - 
respectively.
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Figure 4.16 Cross sections through the 6 protons of Pro(3), 
indicating the negative phase POEs between the two trans forms, 
and positive phase chemical exchange peaks between cis and trans 
forms.
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Chapter 5

JHR Studies of RIP in Trifluorcethanol

5.1. Assignment of Proton Resonance

The 1-D spectrum of a 3.2m# solution of RIP is shown in 
Figure 5.1.

The assignment strategy for RIP in TFE was similar to that 
employed for studies in HsO/B^O. A Homonuclear Hartmann Hahn 
(HOHAHA) experiment (A. Bax and D.G. Davies, 1985) was performed, 
with a spin locking field applied during mixing, allowing 
magnetisation to transfer across the whole spin system.

Cross-sections through each amide proton (Figure 5.2) allowed 
connectivities of seven of the ten amino-acids to be 
distinguished. Two of the eight amide protons were broadened (at 
8.37ppm and 7.95ppm, later assigned to Phs(4) and His(5) 
respectively), but these still gave cross-peaks to their a and # 
protons. The remaining 5TH proton, at 8.60ppm, was very broad 
and showed no cross-peaks. The o-proton of this amino-acid

161



(assigned later in conjunction with the ROESY as His<2>) gave a 
cross-peak to this amide proton, allowing assignments to be made.

The IT-terminal proline residue had no observable amine 
protons, because of exchange broadening; and Pro<3> had no amide 
proton. Sections were taken through the a-proton for the two Pro 
residues, to give connectivities through the whole of the spin- 
system. (Figure 5.2).

Figure 5.3 shows the contour plot of the aromatic region; the 
cross-peaks led to the assignments of the three Phe ring protons. 
However, no aromatic to fl cross-peaks were observed in this case.

A POESY experiment was then performed (A.A. Bothner-By et al, 
1984). An initial experiment with a mixing time, Tin, of 150msec 
gave little or no cross-peaks; increasing tb to 250msec gave 
cross-peaks which were used to obtain sequence specific 
asssignments and information an the conformations adopted by PIP. 
Sections through the axis at the frequency of the amide protons 
and a protons (Figure 5.4) showed these connectivities. The 
negative POE cross-peaks to the a-proton region connected 
adjacent amino-acids; a reference to the HOHAHA results then gave 

the sequence specific assignments.
Aromatic to £ connectivities, from within the same residue, 

were found. These permitted assignments (Figure 5.5.) to specific 
residues within the sequence.

The chemical shift value of each proton (with reference to 
TltS) is listed in Table 5.1. The chemical shift differences 
between the observed values, and those found for protons in a non­
structured amino-acid environment (A. Bundi and K. Vuthrich,
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1979), were also calculated . Protons which showed significant 

chenical shift differences nay have been either involved in 
hydrogen bonding and/or near to aromatic rings, resulting in ring 
current shifts (R.A. Dwek, 1973). The distance to aromatic rings 

was also calculated, using the 1/r3 distance relationship
The IH-Ca coupling constants were determined, and related to 

the dihedral angle 0 i. Ccc-Cj3 coupling constants were also
determined where appropriate and related to the percentage of 
gauche and trans rotamers. Table 5.2. summarised these results.

5.2. Chemical Exchange and cis-trans 1 sorer!sation.

If the interpretation of CD was correct, cis-trans 
isomerisatian about the amide bond of Pro<3) should be observed, 
and reflected in several resonances for the S protons. Indeed, 
four resonances were observed (Figure 5.6) for these protons.

The most intense resonances, at 3.68ppm and 3.31ppm, showed 
ROEs to His(2) a proton, and so must have resulted from a trans 
orientation of the amide bond. An expansion of the Pro (3)

region in the HOHAHA experiment allowed connectivities between the 
trans to the cis forms to be established, at 3.6lppm, and 3.53ppm 
(Figure 5.7)

An expansion of this same region in the ROESY experiment is 
shown in Figure 5.8. A negative ROE, as expected, was observed 

between 3.68ppm and 3.31ppm for the two S protons in the trans 
orientation. A weak ROE was also found between protons in the 
cis orientation at 3.53ppm and 3.611ppm. Positive chenical
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exchange cross-peaks were seen between 3.68ppm and 3.62ppm, and 
3.50ppm a nd 3.31ppm respectively. These indicated that the 
resonance signals at 3.68ppm and 3.6tppm, and 3.53ppm and 3. 31 ppm, 
were from the same proton which was undergoing exchange between 
two different chemical environments, the cis and trans forms of 
the Pro<3> peptide bond.

These observations confirmed the interpretations from CD 
work, that SIP in TFE existed in two predominant forms, with more 
of the trans amide bond present than the cis. The peak 
integration of the trans; cis ratio could not be determined 
because the solvent interferred with the resonance signals.

Other chemical exchange peaks were observed between the 
resonances at 7.53ppm and 7.47ppm (figure 5.9); these were 
assigned to Phe(7) 4-ring proton by the HOHAHA experiment. 
Because positive exchange peaks were found, these resonances must 
have resulted form the proton in two different environments. The 
ratio of peaks areas, 7.53/7.47ppm was approximately 65/35. This 
was the approximate ratio calculated from CD results, for the 
extent of cis:trans isomerism. It was likely therefore that the 
conformational change at Pro(3) was the cause of the benzene ring 
at Phe(7) experiencing two different chemical environments, on the 
same time-scale as the Pro(3) isomerisation.

This interaction indicated that Pro(3) and Phe(7) residues 
were close in space, or that the interaction m s  mediated by relay 
effect from a third part of the molecule. The EOEs obtained (see 
section 5,3) showed that the predominant conformation(s) brought 
these residues within 5A of each other. For example, in the cis

164



I
i

II

form, a cross-section through 7.47ppm gave an ROE to Pro(3)£uc at 
3.53ppm; both Pro<Suc and Proddc gave ROEs to an aromatic ring at 
7.31ppm, which corresponded to one of the 2,6 protons of the 
Phe<7> ring.

The two protons Pro(3)dut and ddt gave ROEs to Val<8), but 
showed none to Phe(7), and vice-versa. In the trans form, 
although folded, Phe(7> appeared to have moved away from the 
vicinity of Pro(3) protons.

Both Phe(4) and His(5) IH protons were found tD be broadend 
in the 1-D spectrum. One possible explanation for this was their 
presence at the region of conformational change, which resulted in 
exchange broadening.

His(2)lTH was much broader than Phe(4> and His(5), perhaps 
because of its proximity to both Pro(3) and Pro<l>. It could 
have undergone both chemical (cis-trans) and base catalysed 
(proximity to Pro(l> exchange respectively, and so have
been correspondingly broadened.

5.3. Intramolecular ROEs and RIP confor rations.

Section 5.2 has establised that RIP in TFE existed in two 
| different forms, each of which gave ROEs characteristic of the
| structure in that form. The predominant form in aqueous solution
i

| had a trans Pro(3) amide band and ROEs showed it to exist with a
t #-turn about residues 4 -» 7, with the N" and C termini

interacting. In TFE, the predominant (trans) form was expected to
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be similar to that in H 2O, but perhaps with small local 

variations.
The ROEs from Pro<3)<yt were similar to those in H 2 O, whereas those 

from Pro 6c characterized the conformation when the peptide bond 

had a cis orientation.
A number of ROEs were found, in TFE, from residues for apart 

in terms of the sequence. These were classified according to 
whether the same (or similar) ROEs were found in H2 O. Figure
5.10 shows cross sections, through the ROESY experiment, at 
various chemical shift values. These ROEs were also found in
HzO solution and were likely to have arisen from a conformation 
very similar to that which existed predominantly in water.

In TFE however, there was no detectable interaction between 
the If and C termini. This could be explained if the interaction 
had been removed, either because the Hlfz'*' and CO2 - were uncharged 
or the conformational equilibrium moved Pro(l) from the vicinity 
of Lys(lO), for a significant percentage of the time.

Cross-sections through Pro<3)5ut gave ROEs to the Val(8) 
residue, as did similar cross-sections in the ROESY experiment in 
HzO. ITo ROEs between the Phe rings of residues 4 and 7 were
found, indicating that these did not 'stack' one upon the other, 
as was the case previously. His(5) imidazole ring also showed no 
cross-peaks to either of the two rings.

These facts may be a reflection of the more polar nature of 

HsO, the hydrophilic groups having a greater tendency to cluster 
together in this situation than in TFE.
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Overall, the conformation appeared to be generally similar 
between the two trans forms in TFE and Ĥ O, in spite of these 
differences in backbone and side-chain orientations.

In the cis form, ROEs were found between the Pro<3> £dc and 
<Suc protons and the Phe<7) 2,6 ring protons. These two residues 
were therefore within 5l of each other, the C4 resonance of Phe(7> 
being modulated by the changes at Pro(3).
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TABLE 5.1

Residue

Pro <1)

His<2>

PrD<3>

Phe <4 >

His<5)

Chemical Shift <ppm) AObs.-Lit. Distance to
Ararat!cs

Cl)
a 4.38 -0.091
Pu 2.03 ) +0.049 )
BD 2.45 > +0.165 >
If 2.03 0.000
<Ju 3.39 ) -0.263 >
6V 3.44 ) -0.213 )

a 4.95 +0.320
Pu 3.10 ) -0.098 )

His<2> pD 3.13 ) -0.133 >
JTH - -
lw2 8.04 -0.08
lm4 7. 18 +0.04
a 4.45 -0.021
Bu 1.92 ) -0.061 >
PD 2.25 ) -0.045 >

PrD<3> * 1.95 -0.080
<Jut 3.31 ) -0.343 >
tfDt 3.68 ) +0.027 )
due 3.53 ) -0.123 >
6“DC 3.61 ) -0.043 )

a 4.63 -0.033
Pu 3.09 ) -0.133 >
PD 3.09 ) +0.099 >
IH 3.37 +0.142
2.6 7.19 -0.099
3.5 7.32 -0.070
4 7.28 -0.059

a 4.57 -0.060
Pu 3.14 > -0.054 >
PD 3.17 ) -0.093 >

His<5) IH 7.95 -0.465
lm2 8.21 -0.090
lm4 7.00 -0.140



Residue

Phe <6)

Phe <7)

Val(8>

Tyr(9)

Lys(lO)

Chemical Shift <ppm) &Obs. -Lit. Distance to
Aromatics

(i)
a 4.50 -0., 163
Pu 2.98 ) -0. Oil )
PD 3.05 ) -0., 173 >
11 7.73 -0.,498
2.6 7.17 -0.,119
3.5 7.30 -0.,090
4 7.26 -0.,079

a 4.56 -0., 103
Pu 3.03 ) +0.,039 )
PD 3.11 ) -0., 113 )
TO 7.70 -o.,520
2.6 7.20 ) -0.,089 )

7.30 ) -0.,090 )
3.5 7.35 -o.,04
4 7.47 ) +0.. 131 )

7.53 +0., 191

a 4.04 -0., 144
P 2.00 -0., 130
Ku 0.82 ) -0. 122 )
KD 0.82 ) -0. 149 )
TO 7.25 -1. 186

a 4.59 -0. 014
Pu 2.96 ) +0.,038 >
PD 3.11 ) -0.,017 >
TO 7.62 -0.,563
2.6 7. 13 -0.,019
3.5 6.84 -0. 017

a 4.24 -0.108
Pu 1.72 ) -0.027 )
PD 1.86 ) -0.010 >
'i 1.41 -0.061
6 1.72 +0.012
G 3. 00 -0.023
TO 7. 40 -1.008

4.77

4.70

3.57

4.58

3.77
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TABLE 5.2

Residue

Lys (10)

Tyr (9)

Phe (7)

Phe (6)

His (5)

Coupling Constants (Hertz)

J(IH-Ca) = 7.19, 
corrected =7.84

JOTH-Ca) =7.68 
corrected = 8. 37

J(SH-Ca) =6.70 
corrected 7.30

JdfH-Ca) =5.97 
corrected = 6.31

J(IH-Cof) =6.50 
corrected = 7.10

Rotational Angle

9 = 18-, 146°; 
/ = 42*=, 78°, 
-86°. -154°

0 = 11°, 149°
1 = 49°, 71° 
-89°, -151*=

9 = 23°, 143*= 
f = 37*=, 83*=, 
-83°, -157°

0 = 32°, 138° 
/ = 28°, 92°, 
-78°, -162°

0 = 26°, 142°;
1 - 34°, 86°, 
-82°, - 158°
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Figure 5.1 1-D spectrum of RIP in TFE-d2, at 29BK C3.2mM).
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Figure 5.2 Cross sections through amide or alpha protons of 
each amino acid residue in the HOHAHA experiment, giving 
connectivities throughout the whole of the spin system.
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Figure 5.3 Contour plot of the aromatic region of the HOHAHA 
experiment, showing assignments around each of the three Phe 
rings.
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Figure 5.4 Cross-sections through amide or alpha protons of 
each amino acid residue in the EOESY experiment, to give 
connectivities between adjacent residues.
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Figure 5.5 Contour plot of the ROESY experiment, which show-s 
the aromatic to P proton connectivities for the residues Phe 
(4), Phe (6), Phe (7) Tyr <9> and His <5>.
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Figure 5.6 1-D plot of the Pro 6 proton region, showing four
resonances for residue Pro (3), indicating the presence of cis- 
trans.
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Figure 5.7 Contour plot of the HOHAHA experiment, showing the 
coupling pattern for Pro (3) S protons, consistent with cis- 
trans isomerism, c = cis, t = trans.
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Figure 5.8 Contour plot to the ROESY experiment, in the 
region of the Pro 6 protons. POE and chemical exchange peaks 
are marked, in terms of cis and trans forms of the amide band.
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Figure 5.9 ROESY contour plot of the aromatic region of RIP, 
showing chemical exchange modulated peaks of the phenyl ring of 
residue 7.
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Figure 5.10 Cross sections through several protons of RIP, 
showing intramolecular ROEs. These were consistent with a 
trans orientation of Pro (3) amide bond, and similar to the 
conformations found in EzO.
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Figure 5.11 Cis form ROEST cross sections. Intramolecular 
ROEs were found which helped define the conformation of RIP in 
its 'other' form.
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Chapter-S

mtR Studies of RIP in Methanol.

6.1 Assignment of Proton Resonances

The 1-D ’H spectrum of 4mg of RIP in 0.6 nls of methanol -D3 

(CDbOH) is shown in Figure 6.1
A Homonuclear Hartmann-Hahn (HOHAHA) was carried out, the 

mixing time optimised to enhance small couplings, of 0.5Hz and 
upwards.

Seven of the eight amide protons were observed in the 1-D 
spectrum and cross-sections through each of these in the HOHAHA in 
turn were plotted to give correlations throughout the whole amino 
acid residue (Figure 6.2). Several amides overlapped slightly, but 
not enough to hinder interpretation. For the two Pro residues, 
cross sections were viewed through the a protons. As for RIP in 
H2 O and TFE, no cross peaks were observed between the j3 protons of
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the three Phe residues and the protons of their aromatic rings. It 
was also not possible to obtain assignments around the Phe rings by 
this experiment. The rings represented a tight A-B—C system, and no 
cross-peaks could be observed , as all the resonances were very 

close in chemical shift.

A EOESY experiment, using a mixing time, Tin, of 250 msec, was 
then carried out. Figure 6.3 shown a contour plot of the initial 
area of interests, the HHi-Can-i connectivities, which allowed 
sequence specific assignments to be made. Initially, cross sections 
were taken throught the frequency Df each SH proton <S proton for
Pro) (Figure 6.4). The sequence specific assignments were obtained
for most of the protons in the peptide, from these cross-sections.

Figure 6.5 shows an expansion of the ROESY plot, the cross- 
peaks indicating connectivities between aromatic groups (Tyr, two 
His and three Phe) and their j3 protons. This confirmed the 
assignments for the Tyr residue, and also connected the two His
imidazole rings to their # protons.

Also, it was possible to determine the resonance frequencies of 
the 2,6 protons of the Phe rings by cross-peaks to their JS protons; 
this, in conjunction with the HOHAHA experiment , allowed sequence 
specific assignments for these resonances to be made.

However, His (2) had not been fully assigned as yet, nor had the 
three Phe ring protons.

In order to address both these problems of assignment, a long- 
range COSY was run, with solvent presaturation, and using a 45°
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detection pulse instead of the normal 90°, to reduce the size of the 

diagonal and make the tight cross-peaks easier to observe.
Figure 6.6 shows a contour plot of the aromatic region of RIP, 

and the assignments which were passible. A reference back to the
ROESY e xperiment, which showed aromatic 0 — cross-peaks, gave 

sequence specific assignments of these resonances.
Figure 6.7 shows the cross-peaks, in the long-range COSY, 

through 8.35ppm and 8.10ppm, the imidazole 4—protons. The
connectivities to the imidazole 2-protans assigned unambiguously 
the remaining His<2) residue protons. The His<2> ct proton was under 
the OH signal from methanol (See section 6.4) at ~ 4.93 ppm.

Table 6,1 shows the assignment obtained for RIP in methanol. 
Also tabulated ore. the AS values, the difference between the observed 
chemical shift and that obtained for a non-structural peptide. The 
distance to an aromatic ring, for protons with A 6 * 0.02ppm. , is 
also tabulated.

Coupling constants between HHi-CHi protons are shown in Table 
6.2. These 3 Jnhi- c h i  after correction for electronegativity
effects, were related to the angle 9, and then ft i, which could be 
used to define the backbone conformation(s).

6.2 Structural Information from ror^

methanol existed as two interconverting forms; each 
conformation should give ROEs characteristic of its 3-D structure in 
that conformation. >H (ME studies in K*0/D=0 characterised the
predominant conformation in one form of the conformational
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equilibrium, with the Pro(3) amide bond in the trans form. In 
methanol, CD results showed that there existed a ~ 50:50 mixture of 
the two components. However, the trans form of the component (in 
methanol) should have a similar structure to that determined in 
water by FHR and CD. The ROEs in methanol which therefore did
not correlate with the general fl-turn type of structure will 
probably have arisen from the other conformation, with the Pro(3) 
amide bond in a cis configuration.

Table 6.1 showed that a number of resonances had a significant 
chemical shift difference from the value in a non-structured 
environment. These protons may have been shifted upfield or 
downfield for a number of reasons; close proximity to the plane of 
aromatic rings (downfield shifts), lying above aromatic rings 
(upfield shifts), involvement in hydrogen bonding, shielding from 
solvent by folding of peptide chain etc.

Ho significant chemical shift differences were found for the 
benzene rings of residues 4 and 7. Previously, in HzO, these 
appeared to have stacked, one on top of the other, causing ring- 
current shifts in both rings (Chapter 4). Fo ROEs were observed 
between these two residues in methanol; this lack of hydrophobic 
interaction may have been due to the changing of solvent polarity, 
from hydrophilic (HaO) to more hydrophobic in nature (XeOH).

A number of rotating frame HOEs were observed between protons 
of residues which were far apart in terms of sequence, but were 
brought close together by folding of the peptide.
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<i> 'Trans fora',
Figure 6.8 shows cross sections through different proton 

resonances on the diagonal of the ROESY experiment. These ROE 
cross-sections were consistent with the folding found in studies in 
water with a trans peptide bond i.e. a fl-turn about the residues 4- 
7.

Indeed, cross-sections through the Pro<3) S protons of the 
trans form (assigned from Section 6.3) showed ROEs to Val(8) a 

proton, as consistent with the 4-7 $-turn hypothesis.
The protons on the diagonal (in this section) showed no 

chemical-exchange peaks for the different Ccis'> environment 
(except Pro(3)); the correct integral in the 1-D spectrum for these 
resonances was also observed. In both conformations, it appeared 
that similar chemical environments had been experienced by these 
protons, and as a result no chemical shift difference or exchange- 
peaks were found. This fact may infer a good deal of conformational 
flexibility of the molecule as a whole.

Pro(3) and Val(8) residues were brought close together by the 
chain-folding, perhaps because of the ionic interaction of the J and 
C termini; no ROEs were found between Prod) and Lys(lO), unlike the 
case of water where many were seen. This may have been either a 
reflection of the smaller percentage of time which each residue 
spent in the charged form, or because the position of the 
conformational equilibrium had changed, and as a result the protons 
were not in the proximity of one another for long enough for ROEs to 
be observed. It was possible that a combination of these factors 
were responsible for the observation.
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Similar to H2 O and TFE studies, in MeOH the Val(8) and Lys<10) 
residues were brought close together, perhaps by the presence of a 

hydrogen hond between Val(8) carbonyl and Lys<10> amide <See Chapter 
7).

(ii) 'Cis* Form
Figure 6.9 shows the intramolecular ROEs obtained which were 

not consistent with the above structure, and so were hypothesised to 
result from the other component of the conformational equilibrium, 
with Pro (3) amide bond in the cis configuration.

The further downfield of the Pro<3)<5c protons (at 3.73ppm> 

showed a ROE to Lys(10)<S protons, and vice-versa. From this ROE 
alone, it appeared that the peptide chain had undergone a shift, 
with the two ends of the chain moving in opposite directions.

The Tyr(9)ITH - His(5)lTH was also a good indication of this.

It was encouraging to note that the protons which were shifted 
in chemical shift by more than ± 0.2ppm from a non—structured 
environment were accounted for by the ROEs which had characterised 
the folding of the peptide.

In conclusion then, the ROEs found fitted into the hypothesis 
of a predominant two-state system, with the approximate structure in 
each state being defined.
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These can be represented as:-

©
A series of FHi - ROEs, consistent with neither states A

or B were also observed for RIP in methanol. It may be that these 
were from state C, existing with an extended helix type of 
structure.

6.3 Chemical-Exchange and Cis-Trans Isomerisation

experiment, in the region of the Pro 6 protons. The cross-peaks

protons were in this region, and so the remaining four resonances 
arose from the Pro(3) S protons.

environments, S proton X coupled only to S proton Y in its two

possible to assign the chemical shift value for each S proton in

Figure 6. 10 shows a contour plot of the long-range COSY

between Pro(l> <S“u-tfd was distinguishable and is marked. Ho other

As each proton existed in two separate distinct chemical

environments. From this COSY experiment alone it was therefore
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each of "the two environments. The cross peak from the resonance at 
3.63ppm to His(2) a proton <in the ROESY experiment) assigned this 
unequivocally to the trans configuration, and defined the other 
three resonances to two cis (3.73ppm and 3.67ppm) and trans 

(3.63ppm), by the coupling pattern.
Figure 6. 11 shows a ROESY contour plot of the region of 

interest. The negative cross—peaks were ROEs, the positive were 
chemical-exchange modulated peaks. Chemical exchange occurred
between the resonances at 3.73ppm - 3.63ppm and 3.67ppm - 3.57ppm 
indicating these protons were exchanging chemical environments, and 
the Pro<3) was undergoing cis-trans isomerisation about its amide 
bond. The exchange process, as previously, was slow relative to the 
FHR timescale, so that two separate resonance signals, reflecting 
each environment, were found.

Integration of peak areas to determine the percentage of cis 
and trans was possible (Figure 6.12), using Pro(l)£u as a 
calibration, because it was equivalent to one proton, and separated 
from the other Pro S resonances. The integration of the peak at 
3.57ppm (the 'trans' forms) integrated to 0.48 of a proton. The 
•other* (cis) part of this proton was overlapped with the Pro(l)6‘D 
resonance, but accounted (by difference) for 525* of a proton. The 
ratio of trans:cis was therefore 48:52, which was remarkably close 
to that calculated from CD values, 47:53. (Chapter 3) This was 
very encouraging, and a good indication that the interpretation of 
the data was correct.
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Once the presence of the cis: trans isomerisation had been 

confirmed, it was possible to interpret the broadening of selective 

resonances, namely His(2) and Phe(4) RH protons (see Figure 6.1).
It was anticipated that the relaxation of both protons would be 

modulated by the relatively slow isomerisation at Pro(3).
However, if no other low frequency mechanisms were present, 

both would be expected to have given two resonances signals in the 
correct ratio of cis:trans, as for Pro<3)£ protons. As both were 
broadened His(2) was so broad it was lost in the baseline and could 
not be assigned), another low frequency process must have acted on 
these protons. Bis<2) a proton was under the solvent resonance, 
and so pre-saturation may have relaxed adjacent His(2) !TH proton. 
Another mechanism by which both protons were broadened was solvent 
exchange, both base and acid catalysed. His(2) HH in particular, 

because of its proximity to the charged fl-terminal Pro(l) residue, 
would have experienced a greater rate of base-catalysed exchange, 
and as a result broadened more than the Phe(4) 5H proton. The net 
result of these exchange processes acting simultaneously was a 
reduction in the Tz value and a corresponding broadening of the 
signals.

6.4 Cryogenic TH IfHR Studies

It was hoped to be able to study the 'freezing out' of the cost 
thermodynamically stable conformation by HTCR,in cryogenic solvents, 
in a manner similar to that for RIP in the CD studies. HHR should
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give much more detailed information concerning the behaviour of the 

peptide than CD, as it was possible to study the change in the 
position of equilibrium by observing individual proton chemical 

shifts, rather than the peptide backbone and aromatic rings as a 

whole.
There are a number of intrinsic difficulties in studying 

molecules at low temperatures with MLR which are worth mentioning.
The sample was spun with ¥2 (zero moisture) and cooled using 

liquid Hz. It was not possible to change the non-spinning shims 
below ~ 5°C, as moisture gathered on the probe head, turning to 
ice, and did not allow the sample to spin again.

Also, decreasing temperature, the strength of the lock signal 
decreased significantly, particularly below ~ -SO^C, presumably 

because of the changing viscosity of the solvent. This change in 
lock-level would have had an effect on the quality of the spectrum 
obtained.

The change in chemical shift of some proton resonances, as well 
as being a reflection of changing peptide conformation, may also 
have been influenced by the changing of solvent viscosity, 
particularly for those protons which were exposed to the lattice. 
This would have had no significant effect when measuring CD spectra, 
but was a major factor for consideration of MIR data.

The biggest drawback with this type of experiment was perhaps 
the effect of slowing of the molecular tumbling as function of 
temperature. The spin-spin relaxation time <T2) decreases with 
decreasing correlation time, t c, and as a result the spectral lines 

become increasingly broadened CasVte = ttt̂ , where^fc is the width of
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the resonance peak at half-height). As a consequence., below ~ - 

90°C it was not possible to obtain any resonance signals from RIP, 

only solvent resonances were observed.
Figures 6.13 and 6.14 show the temperature variation, between 

+20°C to -89°C, of an RIP solution <16mH) in CD3OD/glycerol - D8. 
In order to rule out the possibility of aggregation as a cause of 
the broad lines obtained, the experiment was repeated at several RIP 
concentrations, down to a concentration of 0.4 mM. The results 
obtained were consistent, ruling out aggregation as a major 

contributing factor to resonance broadening.
As the conformational equilibrium was slow relative to the NMR 

timescale, and two resonance signals were observed for each Pro(3) 6 
proton, lowering the temperature (and thus changing the equilibrium 

constant) should not in itself have caused broadening. The
chemical shift values of each proton should have moved towards that 
value when the conformation was in the low temperature state; some 
protons, whose chemical environments were not affected, would show 
little changes with temperature, while others would have shown large 
movements until the low temperature state was 'frozen out'.

Figure 6. 13 shows the temperature variation of aromatic protons 
between -20°C and -89°C. It was only possible to determine the 
temperature variation for four protons in this region because of the 
problems with many resonances overlapping, or moving into the 
middle of a crowded region. Figures 6.15 and 6.16 show the plots of 
chemical shift versus temperature for His<2> and His(5) 2-imidazole 

protons, and His(2) 4-imidazole and Tyr(9) 3,5 protons respectively.
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Tyr(9) 3,5 protons showed no change in chemical shift with 

temperature, whereas His(2) 4-ring proton showed a slight movement, 
albeit over a range of only 25Hz. This indicated that the 4-
imidazole proton of His<2) felt the effects of changing chemical 

environment more than that of the Tyr ring, due to either moving of 
the position of equilibrium, or solvent effects. However, relative 

to the dramatic shifts observed for His(2) and His(5> 2—ring protons 
(Figure 6.16), this change in chemical shift was relatively minor. 
These imidazole ring protons moved by 135Hz and 63Hz respectively, 
again in a regular manner, as seen by the straight lines obtained. 
It seemed likely that this effect was due to drastic changes in 
chemical environments rather than mere changes in solvent viscosity 
or exposure to solvent. His (2) was adjacent to the locus of 
conformational change (Pro(3>), and His(5) was at the position of 
the turn in the 'trans form* and so as a result these residues 
showed large changes relative to the Tyr residue. The movement of 
His(2) was greater than His(5>, perhaps reflecting the fact that 
His (2) was next to the amide of Pro (3) and His (5) was further 
removed from it.

Figure 6.14 shows the temperature variation of the resonances 
between 5pm and 0.5ppm. Once again many protons were overlapping 
and so it was not possible to determine every proton's temperature 
variation. However, a number of protons were well enough separated 

to follow their chemical shift behaviour over the whole temperature 
range. Figure 6.17 shows the plot of chemical shift versus 

temperature for several hydrophobic side-chain protons. These 
appeared to show little or no variation in chemical shift.



However, at +1-C, while Pro(l> £d, Lys<10> 6, Lys<10) Y and Val(8) t 
were still sharp, Pro(3) £d had broadened selectively. This may 

have indicated that this proton felt the slower molecular tumbling 
much more acutely than the other protons, and so was subsequently 
broadened, perhaps because of greater exposure to solvent. It was 
not until * -19°C that the other four protons had broadened to the 

same extent that Pro(3) 0d had at +1°C.
Figure 6.18 shows the temperature variation of the chemical 

shift of three a protons which could be followed over the whole 
temperature range. His<2>, Pro<3) and Val<8> a protons showed 
little variation with temperature, although all three showed a 
slight 'kink' in the plot, between -30°C to -50°C. It seemed
likely that the same phenomenon was responsible for this variation, 
and effected almost no other parts of the molecule (hydrophobic 
side-chains or most aromatics). It was possible that the movement 
of a Phe ring (or rings) caused a ring current shift in these 
protons which had been brought close together by folding of the

peptide chain (see Section 6.2). CD spectra had shown (Chapter 3) 

that at least one Phe ring may have shown a large variation in
chemical environment with temperature, beginning at ~ -30°C. The 

chemical shift of these a protons then moved to their original
values; it was possible that the Phe ring which had caused the shift 

had moved away from the proximity of these protons, due to movement 
of the peptide backbone.

In the aromatic region (Figure 6.13) one of the Phe rings began 
to move at ~ -30°C (labelled *), correlating well with CD results 

and the results obtained here. It was not possible to assign this
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ring to a specific residue, because of the overlap with other proton 

resonances.
His (2) a proton was also assignable because of these low 

temperature studies; at room temperature the resonance appeared 
under the methanol — OH peak and was not observable.

In general then, these low temperature studies appeared to be 
dominated by the broadening of resonances due to the decreasing 
correlation time, but it was still possible to obtain useful 
information concerning the movement and nobility of specific 
resonances within the peptide, and the effects these movements had 
on other protons.
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TABLE 6.1
Residue Chemical Shift (ppm) Obs.-Lit. Distance to

Aromatics <&>

Pro(l)

His<2>

Pro <3)

Phe<4>

His<5)

a 4.32 -0.151
Pu 1.96 ) -0.012 )
PD 2.36 ) +0.065 )
V 1.96 -0.070
S u 3.46 ) -0.193
SD 3.71 ) +0.057

a 4.84 +0.210
Pu 3.17 ) -0.028 )
PD 3.17 ) -0.093 )

His<2> ITH - -
lm2 8.10 -0.02
lm4 7.23 +0.09

a 4.38 -0.091
Pu 1.88 ) -0.101 )
PD 2.19 ) -0.105 )

Pro <3) * 1.85 -0.180
tfut 3.57 ) -0.083 )
(SDt 3.63 ) -0.023 )
<Suc 3.67 ) +0.017
<SDc 3.73 ) +0.077

a 4.56 -0.103
Pu 3.10 ) +0.109 )
PD 3.10 ) -0.123 )
ITH 9.02 +0.792
2.6 7. 19 -0.099
3.5 7.25 -0.140
4 7.22 -0.119

a 4.48 -0.150
Pu 3.12 ) -0.078 )
PD 3.12 ) -0.143 )

His<5> JH 8.18 -0.235
lm2 8.35 +0.230
lm4 7,00 -0.140
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Residue

Phe(6 >

Phe(7)

Yal(8>

Tyr<9>

Lys<10)

Chemical Shift <ppm> Obs.-Lit.

a 4.47 -0.193
Pu 2.92 ) -0.071 )
PD 3.00 ) -0.163 )
IH 8.05 -0.178
2.6 7.18 -0.109
3.5 7.26 -0.130
4 7.23 -0.109

a 4.57 -0.093
Pu 3.01 ) +0.019 >
PD 3.14 > -0.083 >

Phe(7) IH 8.16 -0.068
2.6 7.23 -0.059
3.5 7.29 -0.100
4 7.16 -0. 179

a 4.01 -0.174
P 1.94 -0.190

Yal(8> *u 0.76 ) -0.182 >
*D 0.84 ) -0.129 )
IH 7.69 -0.746

a 4.53 -0.074
Pu 2.82 ) -0.057 )
£D 3.07 ) -0.102 )

Tyr<9> IH 7.97 -0.213
2.6 7.07 -0.079
3.5 6.67 -0.187

a 4.29 -0.068
Pu 1.78 ) +0.033 )
PD 1.89 ) +0.020 )
? 1.42 -0.051
6 1.64 -0.068
6 2.88 -0.143
IH 8.02 -0.388

Distance to 
Aromatics 

<1>

6.30

4.20

6.30

5.20
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TABLE 6.2

Sesidue

Lys (10)

Tyr (9)

Val (8)

Phe (7)

Phe (6)

His (5)

Coupling constant (Hertz) Rotational Angle,
Degrees

JCHH-Ca) = 7.56. 0 = 13°, 149°;
corrected = 8.26 f = 47°, 73°, -

89°,
-151°

J(IH-Ca) = 7.88 0 = 6°, 151°;
corrected = 8.59 i = 54°, 66°,

91°
-149°

JOTH-Ca) = 8.05, 0 = 152°,
corrected = 8.77 i - 92°, -148<

J(IH-Ca) =6.89 9 = 22°, 144°
corrected = 7.50 i - 38°, 82°, -84'

-156°

J(IH-Ca) = 7.39 9 = 16°, 148°;
corrected = 8.06 i = 44°, 76°, -

88°,
-152°

J(IH-Ca) = 6.70 9 = 24°, 143°;
corrected =7.30 i - 36°, 84°, -83°

-157°
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Figure 6.1 1-D spectrum of RIP in methanol (CD3CIH, 4mg in
0.6mls).
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Figure 6.2 Cross sections through anri.de or alpha protons In 
the ROESY experiment, giving connectivities through the spin 
system of each anri.no acid residue.
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Figure 6.3 Contour plot of the ROESY experiment, showing IH to 
a connectivities between adjacent amino acid residues.
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Figure 6.4 ROESY cross sections through amide or alpha 
protons, showing connectivities between adjacent residues.
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Figure 6.5 Contour plot of the ROESY experiment showing 
aromatic to fl proton couplings, allowing sequence specific 
assignments to be made, for Phe 4,6 and 7, and Tyr <9).
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Figure 6.6 Contour plot of the aromatic region in the long- 
range COSY experiment, connecting the 2,6 protons to the 3,5 and 
4 protons, for each of the three Phe residues.
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Figure 6.7 Cross sections through the His imidazole 4-ring 
protons, showing connectivities to their 2-ring protons, in the 
long-range COSY experiment.
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Figure 6.8 Cross sections through the RCJSEY experiment. The 
intramolecular ROEs found were consistent with the conformation 
adopted by RIP in H*0, with a trans Pro (3> peptide bond.
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Figure 6.9 Cross sections through ROESY experiment.
These SOEs were not consistent with the ROEs found in H 2 O, 
and resulted from state B (with a cis Pro<3) peptide bond). 
The EHi - lJHi+i RDEs seen here were hypothesised to be from 
state C (See Chapter 8>.
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Figure 6.10 Long-range C0S7 contour plot, 
connectivities found for the four Pro <3> 6

showing the 
proton resonances.
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Figure 6.11 EOESY contour plot of the Pro (3> 6 proton region. 
Indicated are the ROE (negative phase) cross peaks and the 
(positive phase) chemical exchange cross peaks, which confirmed 
the existance of isomerisation (cis-trans) at Pro (3).
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Figure 6.12 1-D plot of the Pro 6 proton region for residues 1
and 3.
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Figure 6.13 Plot of the aromatic region spectrum of KIP in 
methanol/glycerol (9:1) solution, at temperature between + 20°C 
to -89°C. An aromatic residue showed a large variation with 
chemical shift (marked *), and may correlate with CD results.
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Figure 6.14 1-D plots, between 5.lppm and 0.5ppm. of RIP in
methanol/glycerol (9:1) solution, at temperatures between +20°C 
to -89°C.
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Figure 6.15 Plot of chemical shift versus temperature for His
(2> and His (5) Im2 ring protons.
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Figure 6.16 Plot of chemical shifts versus temperature for His
<2> Im4 and Tyr (9) 3,5 protons.
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Figure 6.17 Plot Df chemical shift versus temperature for Pro
(1> 0, Lys (10) S and Pro (3) j3 protons.
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Figure 6.18 Plot of chemical shift versus temperature for His
<2), Pro (3) and Val (8) alpha protons.
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Chapter 7_

7.1 Construct!on of An Approximate Inhibitor Structure

An approximate 3-D structure of RIP In solution was constructed 

using molecular modellings based on the ROE distance constraints in 
EbO/DaO, with a trans amide bond. This was the most abundant 
conformation which existed and so the constraints used arose from 
one conformation or closely related set of conformers; the model 
obtained was therefore felt to be an accurate reflection of the 
structure of RIP with a trans Pro (3) andde bond.

The linear sequence was generated, based on the standard L- 

amino acid distances and dihedral angles. The structure thus 
obtained was a completely extended peptide chain with the correct 

sequence; the structure was then interactively moved to fit the *11 
BUR distances, by rotating about the ft yi angles in turn. The fti 

angles had been calculated from Jnhi-chi coupling constants and were 

set to the value which best fitted the appropriate distance(s) and 
which minimised 'bad' contacts. Once the backbone had been altered
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in this manner, side chains were rotated to fit both the distance 
constraints and coupling constant data (whether gauche or trans 

rotamers were more populated).
The structure of RIP was thus constructed by this interactive 

modelling procedure. The dihedral angles and the interproton 

distances of i 7. OA were calculated and inspected; these were found 

to be consistent with all of the available CD and RKR data.

7.2 Energy Minimisation of RIP Model.

The model of RIP constructed in section 7.1 contained a number 
of interactions which would have been energetically unfavourable; 
minimisation of this structure was carried out with no energy 
constraints added, so that distances were not constrained to their 
IHR values. These unfavourable elements could be removed while 
allowing RIP access a small part of the conformation space.

The resulting structure (Figure 7. 1) was very similar to that 
previously calculated. The two Phe rings of 4 and 7 which stacked 

one on top of the other had moved slightly, to form nnre of an angle 
to one another. However, this would still have resulted in a 
shielding of each of the rings, as observed by ’H HXR.

Distances and dihedral angles were inspected and found to be 
consistent with BUR data after these minimisation steps.
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7.3 Molecular Dynamics Simulation.

Using the energy minimised structure dynamics, a simulation at 

289K was then carried out. This procedure consisted of three main 
steps. The first, heating raised the effective temperature from
OK (where energy minimisation took place) to 298K over a period of 3 

psec. The second step involved an equilibriation of RIP for 6 
picoseconds. The simulation was the third step, and ran for a 
total of 10 picoseconds. During both heating and equilibration, 
little change was observed in the conformation of RIP, either in 
terms of backbone or side chain orientations.

Figure 7.2 shows the backbone (-NH-CH-CO-) behaviour of RIP 
during the 10 psec simulation, each conformation representing a 
time-step of 1 psec. During this simulation, both Phe rings of
residues 4 and 7 moved away from their position of stacking on top 
of each other to protrude into solvent. Presumably it was
energetically more favourable to do so in this instance, when not 
exposed to a hydrophyl solvent matrix. As a result of the 

backbone region at Phe(4) showed a large movement from the 
equilibrium position. The rest of the backbone, however, was
fairly conserved in its conformation, and appeared to be moving 

about a fixed, energetically favourable structure, including the 
region of the proposed turn, at residues 4, 5, 6 and 7.

These structures obtained from energy minimisation and dynamics 
simulation can serve as the basis for the design of conformationally 
restricted analogues which have structures based on these derived 
solution conformations.
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Figure 7.1 3-D model of the predominant conformation of EIP in
aqueous solution after energy minimisation.
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Figure 7, 2 The variation of the backbone of EIP during a 
molecular dynamics simulation. Each structure represents 1 
picosecond, during a 10 picosecond simulation.
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ChapterQ

CONFORMATIONAL ANALYSIS BASED PPQ1T HIE AND CD PARAMETERS

8.1 Conformational Data Fron Circular Dichroism

8.1.1 Confornational Equilibrlua

The conformations adopted by EIP in solution were dependent 
upon the solvent, as seen by the variation in CD spectrum as a 
function of solvent polarity. CD spectra recorded as a
function of temperature in methanol/glycerol showed large 
variations until ~-140°C, where a conformational state 
containing a cis amide bond at Pro<3) was 'frozen out'.

Two isodichroic points were observed during a solvent 
titration between methanol and trifluoroethanol, proving the 
existence of a two conformational state equilibrium-state A with 
a trans Pro(3) amide bond, and a low temperature state, B, which 
had a cis Pro(3) amide bond. States A and B therefore existed 
simultaneously in methanol and TFE at room temperature.

In water, no detectable isodichroic points were observed 
when RIP was titrated with both methanol and trifluoroethanol.
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In order to explain the conformational equilibrium in water, it 
was neccesary to evoke a third conformational state, C.

1THR data proved that states A and B were present in H2 O; 
state C was hypothesised to consist of a linear extended form of 
RIP. The presence of C altered the resultant water CD spectrum 
and meant that solvent titrations (to methanol and TFE) showed 
no isodichroic points.

The experimental error in measurement of CD spectra was 
~102 in each case. It was therefore possible that a small 
percentage of state C was also present in TFE and methanol 
solutions of RIP, but was not detectable under experimental 
conditions.

The overall RIP conformational equilibrium was 
interpretable in terms of three conformational states, A,B and 
C. The folded forms A and B may interconvert via an extended 
conformation C.

-Slate A 
Trans Pro(3) 
Folded

State B
Cis Pro (3) 

Folded

State C 
Extended
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There were a number of other possible explanations (such as 
States A and B interconverting between one another via an 
extended conformation). However, the above scheme appeared to 
fit the available data best.

Solvent. Temperature ZL m ZQ

TFE, room T 65 35 < 1 0

HeOH, room T 47 53 < 1 0
H20, room T 82 18 > 1 0
HeOH/glycerol -142° C 0 100 < 1 0

ITB: Percentages of A and B were calculated from CD and TTMR data 
without C being taken into account - the actual value of A and B 
would obviously be reduced by the presence of conformation C.

It was not possible, by CD, to determine the other locus 
(or loci) of conformational change, other than Pro(3).

S.1.2 Hature of Equillhriuia Caoformationst 
Conformation A:

Simulation of CD spectra based on the known percentages of 
cis:trans isomerisation for TFE, led to the calculation of the 
spectrum corresponding to 100% state k, in which Pro(3) existed 
with a trans amide bond. The resultant spectrum bore some 
resemblance to that of a type III £-turn in terms of 
intensities, but showed variations in terms of positions of 
maxima and minima. This may be indicative of a conformation in 
which RIP had similarities to that of a JJ-turn.
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Conformation B:
From CD alone nothing could be said regarding the 

conformations adopted by RIP as a whole, because at the lowest 
temperatures the CD spectrum was determined by contributions 
from the cis amide bond chramophore.

8.2. Conformational Data from HKR Parameters
8.2.1 Backbone Conformations 
Conformation A:

Most information concerning conformational state A was 
found, as expected, in studies of RIP in water. Four Pro(3) S 
proton resonances were observed; the ROEs from the two most 
intense of these, to His (2) a proton, confirmed the trans 
orientation of the peptide bond. Chemical exchange cross
peaks, from protons experiencing different chemical environments 
on a slow timescale, were observed from the two most intense 
peaks to the two least intense peaks. This confirmed Pro<3) as 
one of the loci of conformational change (cis-trans 
isomerisation).

The intramolecular ROEs and dihedral angles, found by 1H 
IMR in H20 , were used to generate an energy minimised structure 
for RIP. A 3-D representation of the model was found in 
Chapter 7.

Table 8.1 shows the fi dihedral angles calculated from J<Ca- 
JH) coupling constants and those in the RIP molecular model, 
after removal of unfavourable interactions by energy
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mini ml sat ion. Also tabulated are the calculated ¥ and u 
dihedral angles in the RIP model.

The good correlation between observed and energy minimised 
j values was taken as an indication that the model was a fair 
reflection of the conformation adopted by RIP. The one case in 
which there was no correlation was the His(2) - the amide
proton was broadened and the $ value calculated from it was 
merely an approximation.

Table 8.2 shows the intramolecular ROEs between pairs of 
protons which should have been observed, based upon the energy 
minimised RIP conformation; also shown is the distance between 
these protons, and whether the ROE was observed experimentally. 
The HH to CO values, for distances less than 3.5 % are also 
tabulated.

Model building indicated that a turn occured around the 
residues Phe<4> - Kis<5) - Phe(6) - Phe<7>, with the formation 
of a possible hydrogen-bonded structure. The conformation in 
this region was also determined by side chain considerations as 
well as that of the peptide backbone.

The dihedral angles at the position of the turn were 
*5 = -78.89°; ¥5 = +71.31°; *6 = +47.65°; ¥ = +32.95°

These were not characteristic of any one particular turn 
conformation but were the only values for which the correct side 
chain orientations from ROE values were attainable. The turn 
was perhaps best described as a psuedo turn, which was non-ideal 
because of the effect of side chain stacking. The distance 
between Phe(4) a and Phe(7) a protons was 7,4lA, outside the
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range (£7.oi) normally ascribed for residues at either side of a 

f3-turn.
In the turn region there were close contacts between amide 

and carbonyl moieties which suggested the formation of two
hydrogen bonds in this part of the molecule, Phe(7) CO and
Phe(4)NH were within 2. of each other, and this type of
hydrogen bonded structure is a common feature in stabilisation
at 13-turn conformations (normally called the 1-- >4 hydrogen
bond). The amide resonance shovred little ( -0.055 ppm)
chemical shift variation from that expected in a non-ordered
environment, however its close proximity to the phenyl ring of 
Phe<7) (within 2.981) may have offset any chemical shift effects 
due to hydrogen bonding. This turn region also appeared to be 
one of the loci of conformational change (see later) and the H- 
bond suggested by molecular modelling may have been short-lived; 
the lack of hydrogen bonding character, as determined by the
amide chemical shift temperature variation, also suggested a
fairly transient lifetime (if it existed at all).

Phe(4) CO and Phe(6) (separated by a distance of 2.73A)
may also constitute a hydrogen bond. In this instance, Phe(6>!fH
showed a movement of -0.393 ppm from the chemical shift of a 

random environment, and had been previously ascribed as having a 
degree of hydrogen bonding character.

There was, in general, a good agreement between the 
predicted rotating frame SOEs and those observed experimentally 
in the region of the turn. In particular 

His(5) a -> Phe(7>NH (4.481)
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Phe(4) a -> Phe(6)ffH <4.4ll)
although observed as weak ROEs, were crucial in defining the
backbone conformation around these four residues. The many 
backbone-sidechain ROEs were also very important in positioning 
the sidechain conformations.

There were, however, a number of ROEs which, based on the
RIP model, should have been observed, but were not.

Phe (4)RH -> Phe<6)lTH <4.20l)
Phe (4>ITH -» Phe<7)IH (2.821)

It was not expected to be able to observe every predicted 
ROE, because of the flexibility of the peptide backbone and the 
fact that two loci of conformational change were located within 
this sequence. Given these facts, the observed list of ROEs 
correlated well with those predicted.

The RIP model predicted a large number of ROEs between the 
I and C termini, and these were in general observed 
experimentally. This region was considered to be more rigid 
than the turn portion of RIP, because of the better correlation 
between predicted and observed ROEs.

The ROEs between
Pro<l> a -» Lys (10) a (4.76.1)

Lys(10) Y (4.191) 
in particular indicated the likelihood of an ionic interaction. 
The other ROEs from within this region supported this hypothesis 
i.e. His(2) a -> Val(8) Y (3.2ll)

His(2) lm2 -* Val(8) cc (4.4ll)
Pro(3) a Val (8) a (2.76A)
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This indicated an ionic interaction between the I and C terrain!.



as did the calculated  ̂ angles, which were consistent with the 

RIP salt-bridged model.
A hydrogen bond between Val (8) CO and Lys(lO) HU may be 

formed, as shown in the RIP model (2.751 separation) Lys(lO) ¥H 
had a chemical shift difference of -0.768 ppm from a random
environment, much greater than the difference found for the
corresponding Phe(6)lfH and Phe(4)NH H-bonded protons. This may 
have indicated the formation of a stronger H-bonded due to a 
more rigid peptide backbone.

Interestingly, both His<2) and Pro(3) amide bonds appeared
to have moved away from the energetically favourable value of
~180° (compare with the values for other amide bonds in the
peptide, Table 8.1). In the case of Pro(3) (to = +159.78°) this
was perhaps understandable, as the conformation with a cis bond
was obviously energetically stable (state B accounted for 18£ of
RIP solution conformations). However, for His<2) the
situation was a little surprising (o = -152.98°, assuming the
modelled structure to be accurate). It may be that a movement
away from 180° allowed the formation of a stronger -HhJ. ,,.. CCb- 

*interaction, the energy needed to distort the peptide bond being 
offset by the energy gained during salt-bridge formation.

In methanol and trifluoroethanol, the conformation adopted 
by RIP in state A was found to be similar to that in HaO, as
expected from CD studies. lfore of state B existed in these 
solvents, and it was thus possible to distinguish between the 
ROEs observed, by their similarities to those in H2 O (from state

270



A), or those which did not fit this general model (from state B 
or state C).

The dihedral angles in TFE and methanol were a reflection 
of the backbone conformation in all forms, and so were difficult
to interpret in terms of single conformational states.

In TFE, no detectable backbone-backbone ROEs were observed 
in the Phe<4> - His(5) - Phe<6> - Phe(7> turn region, again 
reflecting its flexible nature relative to the terminal 
fragments.

P(3)£* ------ > V(8> *
------ > VC8) 0
 > V(8) HH

P(3)Y  > V(8) *
Phe(7)HH  > P(3)<?dt
7(3) a ---- > P(3)£dt

These ROEs were observed in both TFE and HzO solutions and
showed that in the trans folded form, PIP adopted the same
predominant conformation.

In methanol, a number of ROEs observed proved that PIP in 
State A again had a folded conformation very similar to that 
found in HxO.

eg His(2>0— »V(8) a
P(3)tft — > V(8) a
P(3)a  >V(8) a
V(8>a — > K (10) 1 
K(10)FH— > V (8) a
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ConformatiDn B:
The strategy for the determination of conf or mat ion B was to 

observe ROEs not consistent with state A, then use these to 
construct an approximate structure. Of course, the ROEs 
assigned to this conformation had to be similar in all three 
solvents.

In HzO, cross sections through the cis form Pro(3) S 

protons showed no detectable ROEs; nor were any ROEs observed 
which were not consistent with the modelled RIP conformation. 
It was thus not possible to obtain any information on this cis 
form water structure.

In TFE, Pro(3) Sc protons gave ROEs to Phe(7)4 proton, 
which was itself undergoing chemical exchange on the same time- 
scale as the cis-trans isomerisation. This ROE alone indicated 
a folded structure, with again an interaction across the chain, 
in a manner similar to state A. Ro other characteristic ROEs 
were detected which would further define conformation B.

~50% of conformation B was adopted in methanol and 
consequently most information was forthcoming in this solvent. 
The backbone ROEs

Tyr(9>RH — > His(5)M
LysCIO) a  > Pro(3)a
Lys(lO) Y -- > Pro(3)Sdc

were indicative of a structure in which the backbone turned back 
on itself. There appeared to be no salt-bridge in this
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instance, as Lys(lO) was lying opposite Pro(3>, as compared with 

Pro<l> previously.

©1 01
©1 ©1
©1 9
01

1@
©1
©

Although no ROEs were detected to confirm it, it seemed 
likely that the turn occured about the residues His(5) - Phe(f>) 
- Phe(7) - Val(8).

There were therefore two loci of conformational change 
within RIP, apart from Pro(3),

- the turn region in the trans form, 4-5-6-7
- the turn region in the cis form, 5-6-7-B

which were present in all three solvent systems studied. 
Conformation C:

In H^O and TFE solutions, no detectable If SLR evidence was 
found to confirm the presence of a third conformatinal state, C. 
In methanol however a number of ROEs, which were not consistent 
with either state A or B, were observed.

273



Although conformation C accounted for -^10% of PIP 
conformational space in methanol, if dipole-dipole coupling was 
strong (close contacts between protons) characteristic ROEs 
would still be expected to be seen.

An extensive series of lTHi ROEs, from residues
Tyr(9> through to Phe(6> showed the presence of a helical type 
of structure.

This evidence suggested that conformation C was an extended 
helical type of structure, between at least residues 6-7-8-9. 
Dipale-Dipole coupling may have been weaker in other parts of 
RIP, and so ROEs characteristic of state C not observed.

8.2.2 Sidechain Conformations.
For these studies in H2O, it was felt that the ROEs and 

rotamer populations would have been a fair reflection of the 
predominant conformation (state A): in TFE and methanol the
rotamer populations and ROEs were more likely a reflection of 
states A and B.
H2O:

Table 8.3 shows the x dihedral angles, taken from the 
energy minimised RIP molecular model. The rotamer populations 
calculated (where passible) from *H MR studies are also 
tabulated for comparison (9).

As anticipated, the angles calculated from CaH-C{5H scalar 
couplings showed a little variation from the x values in the RIP 
energy minimised RIP conformation, reflecting the greater degree 
of rotational freedom relative to the backbone. In order to
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orientate the si dechains in the modelling to correlate with the 

observed ROEs, certain values of dihedral angles had to be used. 
For example, many ROEs were detected between Phe(4) and Phe(7) 
sidechains: the correct alignment of the two (from ring current 

shifts) was only obtainable with the #, ?, x values tabulated.
The predicted ROEs for this stacking correlated very well 

with the experimentally obtained ROEs. 
e.g.

Phe(4)2,6 — > Phe<7)3,5 (3.121)
Phe(4)3,5 — > Phe<7)2,6 (3.281)

— > Phe(7)3,5 (2.921)
— > Phe(7)4 (4.341)

Also the ROEs

His(5)lm4 --»Phe<4>2,6 (3.161)
— > Phe<4)3,5 (3.081)
— » Phe(4)4 (4.861)
 > Phe(7)3,5 (4.351)

were used to position this sidechain in the RIP model, Again 
after energy minimisation, good correlation was found between 
predicted and experimentally observed ROEs.

His(2) imidazole side chain was orientated towards Val<8>, 
across the 'cyclised' structure. This correct orientation was 
obtained in the model

His(2)lm2 — > Val<8) a <4.4ll)

— » Val(8) a (4.741)
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obaining reasonable correlation between experimental and 

modelled x dihedral angles.
Val(8) sidechain was orientated on the opposite side of the 

folded structure relative to the H5-F4-F7 stacking, to correlate 
with the weak ROEs observed to Phe (4) phenyl ring, (but not to 
Phe<7> sidechain)

Phe(4)2,6— > V(8) 'i <4.55i>
Phe<4)3,5— > V(8) ¥ (4.871)

The sidechains of Phe(6), Tye<9> and Lys(lO) gave no 
detectable ROEs and were thus placed to make no close contacts 
in the folded RIP model, pointing away from the highly folded 
regions.

In conclusion then, the RIP model in water, although by no 
means a unique structure for the experimental parameters, held 
up under close scrunity, correlating well with the experimental 
M R  observations.
TFE and HeOH:

In TFE, Phe<7) sidechain experienced two different chemical 
environments one of which, the cis form, gave ROEs to Pro(3) 
(Sue. Both Pro(3)<Sc resonances showed ROEs to Phe<7>2,6
protons. In state B, therefore, which may have existed with a
turn at 5-6-7-8, Phe(7) sidechain lay across the turn, in 
proximity to Pro<3), In the trans form the lack of detectable 
ROEs from Phe(4)4 proton indicated the phenyl ring had most 
likely swung away from the folded turn region, and experienced a 
different chemical environment as a result.
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ROEs from P(3)dut-— » Phe(4)2,6
P(3) 'i — > Phe<4)2,6 

Phe(4)3,5 
P(3)M — » Phe(4)2, 6 

indicated that, relative to RIP in water, Phe(4) phenyl group 
now faced away from the turn region and lay towards the back of 
the Pro(3) ring.

Lack of sidechain - sidechain and sidechain - backbone ROEs 
for His(2), Tyr(9) and Lys(lO) were taken as an indication of 
their non-involvement in the folded regions of RIP.

RIP in methanol was characterised by a lack of sidechain 
ROEs, to either backbone or other sidechain protons. Of
interest however was

His(5)lm2 > Phe(4>2,6
— » Phe(4)3,5

These ROEs indicated a distance of 5A between these two 
sidechains. It was not possible to know, or predict, which 
conformational state (or states) was consistent with this 
interaction. His(5)lm2 showed a movement in chemical shift of 
+0.230 ppm from a random environment, a value indicative of ring 
current shifting due to the close proximity of aromatic 
residues. The positive sign showed deshielding effect, the 
imidazole proton being in the plane of the aromatic ring.
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Table 8.1

Residue 4 (observed)

Lys (10) -151*

Tyr (9) +71*

Val <8> -144°

Phe (7) -152c

Phe (6) +40*

His (5) -92*

Phe <4> -158*

Pro (3)

His (2> -94*

Pro Cl)

4 (model)

-159.48°'

+65.52°

-139.78°

-166.44°

+47.65°

-78.97°

-154.28°

-58.08°

+163.79°
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Table 8.1

Residue ¥ (model) tf <PPdel2

Lys (10) -177.69°

Tyr (9) -72.17° -173.62*

Val (8) -78.64* +178.92*

Phe (7) -172.55* +179. 05*

Phe (6) +32.95* -175.61*

His (5) +71.31* -173.66*

Phe (4) -90.27° +175.23°

Pro (3) f135. 00* +159. 78*

His (2) +172.14* -152.98*

Pro (1) +3.42°
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Table 8.2 J = observed
x = not observed
- = unable to determine tbis ROE experimentally

ROE from

U,2

His(2) IH

I m2

Prod) F(4)fl2 4.30 /

to. Hodel 
Distance &

F(4)fl2 4.30
F(4)2,6 3.41, 4.72
F(4)3,5 4.32
F(4)4 3.40

F(4)2,6 4.65
F(4)3,5 4.74
F(4)4 3. 12

K(10)a 4.76
K(10>Y 4.19
F(4)2,6 4.63
F(4)3,5 4.30, 4.92

F(4)2,6 4.52
FC4)3f5 4.22
7<8)Y 4.70,3.69,3.22
K(10>NH 4.33
K(10)a 4.40
7<8)Y 4.33,4.35,3.21
F(4)fl2 4.55
7(8)Y 4.88
F(4)1TH 4.47
FC4)a 4.89
F(4)2,6 3.93,3.27
F(4)3,5 4.44,3.83
F(4)4 4.38
F(4)fll,2 4.42,3.04
7 (8)a 4.41
7(8) Y 4.74

y
y
X

y

?
X

y
v

V
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ROE from

Im4

Pro (3) <?,

Sz.

a

0i
$2

Y

Phe(4) HE

Td Hodel
Distance I

F(4)fll,2 4.97,3.95
F(4)2,6 4,31

7<8>Y 4.85,4.38
VC8)Y 4.57,4.40,3.95

3.65,3.05
F(7)HH 4.20
F(7)a 4.97
F(7)2,6 4.47
V <8)FH 4.77
V (8)a 2.76
V(8)p 4.53
7(8) Y 4.63,4.31,3.65

3.46,3.09,1.92
V <8)Y 4.30
F(7)HH 4.99
V(8)Y 4.87,4.32

4.24,3.02
V(8)Y 4.17,3.93,3,91

3,69,2.71

Phe(6 > HH 4.20
Phe(7)HH 2.82
Phe(7)a 4.80
Phe(7)2,6 2.98
Phe(7)3,5 4.41
V(8)a 3.43
V(8)Y 4.90,4.77,3,81
Phe(6)HH 4.41
Phe(7)HH 4.87

Observed

J

J

x
X
X
X
y
X

y

y

X
X

xy
1
X

y
X
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Table 8.2

ROE from la Model Observed
Distance 1

0, His<2)Im2 4.42
His<2)Im4 4.97

0 2  Phe<7)2,6 4.44
Pro<l>5i 4.30
His<2>Im2 3.04
His<2>Im4 3.95

Y(8)11 4.73
V(8)a 2.80
V<8)Y 4.67,4.55

3,5 Phe<7)3,5 4.16,2.92
Phe <7)2,6 3,28
Phe<7)4 4.95,4.34
Pro <1)<J1, 2 4.74,4.31
Pro<l)Y 4.91,4.30
His<2)In2 4.44,3.B3
His<2)HH 4.22
V <8)]IH 4.27
V<8)a 2.81
Y(8)Y 4.87
Y <9)01,2 4.85,4.03
E(10)RH 3.55

4 Pro<1)^1,2 3.40,3.13
His<2)In2 4.38
Phe<7)3,5 3.50
Phe<7)4 4.03
K(10)NH 4.26

7

7
7

2,6 Pro<1)^1,2 4.72,4.65,3.41 x
Pro < 1 > Y 4.63 x,
His<2)Im2 3.93 V
His<2)Im4 4.31 x
Phe<7>3,5 4.33,3.12 Jj

i
7
xy
x

\

7

J

282



ROE from la Hodel
Distance 1

His(5)5H Phe<7)KH 3.54
Phe<7)2,6 2.53
Phe<7)3,5 2.19
Phe<7)4 4.49

a Phe <7) HH 4.25
Phe<7)2,6 4.48
Phe<7)3,5 4.53

01,2 Phe<7)5H 4.40
Phe<7)2,6 4.92,4.78,3.30
Phe<7)3,5 4.36,4.08,2.45
Phe<7)4 4.62,3.14

Infi Phe<4>pi 3.76
Phe<4)2,6 4.82

Im4 Phe<4> pi 4.57
Phe<4>2, 6 3. 16
Phe<4>3,5 3. 08
Phe <4 > 4 4.86
Phe <7)3,5 4.35
Phe<7>4 4.72

Phe(7) j3i Tyr<9)HH 4.37
Tyr<9)Pi 4.25
Tyr<9)2,6 3.75

Val(8) HH Lys<10)JTH 4.97
a Lys<10)JTH 4.07
0 Lys<10)JTH 4.82
Y Lys<10)]JH 3.77,4.85

Lys<10)a 3.84

Residues 0 *» IT I)

Phe(4)CO, . Phe<6)!fH 2
Phe(7)C0,, .Phe<4)JH 2

Observed

x

?
X

I

X

i

7

!

✓

1

Val (8)CO Lys(10)lfH 2.75
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Table 8.3 

Residue X Model Rotamer Population

Lys(10) -167.46° 28% gauche

Tyr (9) -114.30'

Val(8) -171.03° 48% gauche

Phe (7) +63. 85'

Phe(6) -82.57° 40% gauche

His(5) -47.49° 28% gauche

Phe (4) 51. 37*

Pro(3) -27.20° 9 = 20°, 18'

His(2) 45.32° 26% gauche

Prod) -23.01° 9 = 20°, 20'
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