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Abstract

Kindahl, L. 2003, Structural Studies of Saccharides and Glycopeptides in Aqueous Solution
by 'H NMR Spectroscopy. Doctor’s dissertation.
ISSN 1401-6249, ISBN 91-576-6414-5.

The first part of this thesis describes the use of hydroxy protons for 1H NMR
conformational studies of saccharides and small glycopeptide performed in aqueous
solution. The conformations of the disaccharide B-D-GlcpNAc-(1—4)-B-D-GlcpNAc and
of the glycoside B-D-Galp-(1—3)-a-D-GalpNAc-O-Me have been investigated and
compared to those of the amino acid linked counterparts B-D-GlcpNAc-(1—4)-B-D-
GlcpNAc-N-Asn and B-D-Galp-(1—3)-a-D-GalpNAc-O-Ser. For this, the hydroxy proton
chemical shifts, vicinal coupling constants, temperature coefficients, exchange rates with
water and NOEs were measured. The V[B-D-Galp-(1—3)-a-D-GalpNAc-(1—-]THPGY
glycopeptide was also investigated. Information about hydrogen bonding interactions and
hydration could be obtained.

The second part of this thesis describes the 1H NMR studies of the solution conformation
for the conotoxin contulakin-G and five analogues. The five analogues had different
biological activities, all being less active than contulakin-G. The conformational studies
were performed in an attempt to correlate structure to activity. Contulakin-G is a 16 amino
acid O-glycosylated glycopeptide, which originally was isolated from the venom of the
Cone snail Conus geographus. It has the amino acid sequence ZSEEGGSNAT*KKPYIL,
with the disaccharide B-D-Galp-(1—3)-a-D-GalpNAc attached to the threonine residue in
position 10. This compound has entered phase II clinical trials for short-term management
of post-operative pain. The five analogues are the non-glycosylated peptide, a glycopeptide
with the monosaccharide a-D-GalpNAc attached to Thr10, another glycopeptide with the
disaccharide attached at Ser7 and two enantiomeric analogues where the disaccharide was
attached at the L-Ser10 and D-Ser10 residues, respectively. The NMR studies showed that,
in all compounds, the peptide predominantly existed in extended conformations. Transient
populations of folded conformations were found in the glycosylated peptides. The two most
active compounds, contulakin-G, and the [D-Ser10] glycosylated analogue, displayed some
similar conformational features.

Keywords: hydroxy proton, contulakin-G, conotoxin, conformational analysis, hydrogen
bond, O-glycosylation
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Introduction and objectives

This thesis is concerned with a study of the three-dimensional characteristics of
some oligosaccharides and glycopeptides on the molecular structure level.
Oligosaccharides are small- to medium-sized carbohydrate polymers that can be
found on the surface of cells, conjugated to proteins or lipids. These compounds
have a biological role in e.g. immunological recognition and protein stabilisation.
An example of carbohydrates as immunodeterminants is found in the A, B and O
blood groups, where the labels refer to different oligosaccharides that determine
the immunological properties. A glycopeptide consists of a peptide, which is
structurally similar to a protein but smaller and linked to an oligosaccharide. In
research labs, glycopeptides are often encountered as synthetically produced
molecules that serve as models for the larger glycoproteins, however
glycopeptides can also be produced by nature.

The experimental data of the thesis were acquired by proton nuclear magnetic
resonance ('H NMR) spectroscopy. More than fifty years ago, the first
observations of nuclear magnetic resonance were made. During these years NMR
has become the principal technique for structural analysis in chemistry. The
tremendous development of NMR is reflected in the Nobel Prize awards of 1952
(Felix Bloch, and E.M. Purcell, Physics award), 1991 (Richard R. Ernst,
Chemistry award) and 2002 (Kurt Wiitrich, Chemistry award). NMR can be used
to determine the molecular structure, the distribution in space (conformation), and
the mobility (dynamics) of a compound. Also, NMR can be used to detect inter-
and intramolecular interactions of a compound.

The first part of this thesis is devoted to the use of hydroxy protons in
conformational analysis of saccharides and glycopeptides. It is part of a larger
study, where the NMR characteristics of hydroxy proton are investigated. In
carbohydrates, about half of all protons are hydroxy protons, that is to say protons
bound to an oxygen. The protons exchange rapidly with the protons of water in
their natural environment. This is troublesome, since protons that exchange rapidly
do not give rise to detectable NMR signals, and thus cannot be studied. Since it is
desirable to study molecules in an environment that resembles their natural
environment, it is a drawback that only half of the protons are detectable. This can,
however, be overcome by adjusting the sample conditions. How this is done is
explained later in this thesis.

The second part of this thesis deals with 'H NMR studies of the solution
conformation of the conotoxin contulakin-G and analogues. The conformations of
contulakin-G and analogues were investigated, and an attempt was made to relate
the conformations to biological properties. Contulakin-G is a glycopeptide toxin
isolated from the marine snail Conus geographus. Each Conus species produces a
mixture of different compounds in a venomous cocktail, which is used for
predation, although glycosylation is unusual among these compounds. This work
is part of a larger project, where the significance of the glycosylation of the
glycopeptide contulakin-G has been investigated by a combination of synthesis,
NMR, biochemical, and biological methods.
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The general aims of this thesis were to develop additional '"H NMR methods to
study saccharides and glycopeptides, and if possible validate the observations with
other methods. If the three-dimensional structures and dynamical properties could
be better characterized, an improved understanding of the recognition processes
these compounds are involved in could be achieved. Also, the aim was to gain
knowledge of the importance of glycopeptide conformation to biological activity.
The hydroxy protons in saccharides and glycopeptides are not well studied, and
the desire was to improve the understanding of what role the hydroxy protons play
in oligosaccharides and glycopeptides.

The specific aims in part 1 were, as part of a broad ongoing study on the use of
hydroxy protons of saccharides in structural and conformational analysis, to,
e Contribute data to determine the utility and of hydroxy protons as
conformational probes.
e Contribute data to the investigation of the causes to the chemical shift
value of a certain hydroxy proton.
e Develop a method to monitor the hydroxy protons of glycopeptides in
aqueous solution.
e Extend the investigation of hydroxy protons in saccharides to
glycopeptides.

The specific aims in part 2 were further,
e To investigate the impact of glycosylation to peptide and glycan
conformation.
e To investigate if conformational features in glycopeptides can be
correlated to biochemical and biological activity.

Xii



Part 1

"H NMR studies on hydroxy protons in
conformational analysis of saccharides and
glycopeptides (Papers I and II)

Many molecules in biological systems, for example oligosaccharides, are
dissolved in water in their natural environment. It is therefore desirable to study
these biological molecules in an environment that resembles their natural
environment. Hydroxy protons are difficult to observe by 'H NMR in water
solution, since they are exchanged too rapidly with the bulk solvent. The exchange
rate can, however, be reduced by lowering the temperature and optimising sample
conditions so that the hydroxy protons can be observed. Experimental data on
hydroxy protons in a water solution are nonetheless scarce. Therefore, the studies
in papers I and II have been performed in order to gain more information on the
utility of hydroxy protons in "H NMR studies.

1.1. Introduction

Carbohydrates are, together with nucleic acids and proteins, an important family
of biomolecules. They occur in many different systems, and exist as storage
polysaccharides, for example as starch in plants and glycogen in animals or as
structural polysaccharides such as cellulose and chitin.! Starch and glycogen are
polymers of a-D-glucose while cellulose is a linear polymer of -D-glucose. In
biological systems, oligosaccharides are normally conjugated to proteins or
lipids.2¢ These conjugates are important to biological recognition processes
involving cell-cell interaction such as fertilization, cell growth, inflammatory
processes, bacterial infection, circulatory clearance etc.2>7# The significance of
oligosaccharides in biological systems has been explored through methods such as
enzymatic or chemical removal of the oligosaccharide, prevention of
glycosylation, alteration of oligosaccharide processing, and elimination of specific
glycosylation sites.” Also, the study of natural variants and genetic mutants has
been utilised to investigate the importance of oligosaccharides.’

Many proteins and lipids in biological systems are glycosylated. The
heterogeneity and branching of oligosaccharides allow glycoconjugates to display
a further level of structural and functional diversity compared with linear
biomolecules for instance lipids, nucleic acids and proteins.! Differences in
saccharide sequence, chain length, anomeric configuration (o or B), position of
linkages and branching points as well as covalent attachment of sulphate,
phosphate, acetyl or methyl groups contribute to this great structural variation.

Based on the type of linkage between the oligosaccharide and the protein, most
oligosaccharide moieties of glycoproteins fall in one of two major classes: N-
glycans where the oligosaccharide is linked to the side chain amide group of an



asparagine residue through an N-glycosyl bond, and O-glycans where the
oligosaccharide is linked to the side chain hydroxy group of a serine or threonine
residue through an O-glycosyl bond. The main types of N-glycans (oligomannose,
complex-, and hybrid-type) can be generated by enzymatic extension of the
processed precursor. They have in common the core structure Man;GIlcNAc,
(Figure 1).6 High-mannose-type N-glycans are common products of yeasts, but are
also present in animal glycoproteins such as ovalbumin. N-glycosylation is diverse
and common, with extensive descriptions that can be found elsewhere.23

Mana1
‘; ManB 1— 4 GIcNAcB 1— 4 GIcNACB 1 —

Manao

Figure 1. The pentasaccharide core common to all N-linked glycans.

For the O-glycans, elongation of the reducing end GalNAc has been found to
generate eight different core structures (Table 1). These core structures may be
further elongated and modified.*!?

Table 1. The Ser/Thr linked oligosaccharide core region sequences of serum, cell
membrane and mucin glycoproteins (adopted from Hounsell, E. F.; Davies, M. J.; Renouf,
D. V., Glycoconjugate J. 1996, 13, 19-26, and Hanisch, F. A. Biol. Chem. 2001, 382, 143-
149).410

Sequence Core type *
Galp1-3GalNAcal- 1
GlcNAcp1 2
\
6
GalNAcal-
3
/
Galp1
GlcNAcB1-3GalNAcal- 3
GlcNAcp1 4
\
6
GalNAcal-
3
/
GlcNAcB1

GalNAcal-3GalNAcal-
GlcNAcB1-6GalNAcal-
GalNAca1-6GalNAcal-
Galal-3GalNAcal-

[c IR e WV ]

* For a complete reference listing of the primary sources of these core structures, see the
original publications.*10



Glycosylation based on the linkage a—GalpNAc(1—O)-Ser/Thr is found on
serum and cell membrane glycoproteins and high molecular weight mucins, which
line the gastrointestinal tract and bronchial airways.*>:!0 Other types of O-
glycosylation are rare or restricted to certain species, tissues or proteins. These
include mainly the O-linked fucose and O-linked glucose sugars found in the
epidermal growth factor (EGF) domains of different proteins, and O-linked
GlcpNAc on cytosolic and nuclear proteins.>!!

In order for N-glycosylation to take place, a peptide sequence of Asn-Xaa-
Ser/Thr (a sequon) is required, where Xaa refers to any amino acid with the
exception of Pro.® No particular peptide sequence requirements have been
described so far for classical mucin-type O-glycosylation, and the rules by which
occupied O-glycosylation sites can be predicted are only beginning to be
understood.!%13  Glycosylation is species- and cell specific.!* It has been
discovered that the efficiency of glycosylation is decreased or hindered by factors
such as the amino acid sequences at or near the putative glycosylation site, the
availability of glycosyltransferases, and stable secondary and tertiary
structures.?3-5:6:10

Oligosaccharides can change the physical characteristics of the protein to which
they are attached by modifying the local structure and overall dynamics.®!> N-
linked glycosylation occurs co-translationally,!¢ and can therefore have impact on
the protein folding process. Both N- and O-glycosylation can stabilise structures in
the protein.>!5 Extensive O-linked glycosylation of repetitive serine and threonine
residues elongates the peptide structure and results in a filamentous protein, while
sections of peptide with a high Pro-content as well as many sugars attached to
serines or threonines may assume a ‘bottle-brush’-like structure.> Extensive O-
glycosylation has also been found to result in protease resistance, which is
important since this can prolong the lifetime of the protein in biological systems.?

1.2. Conformational analysis of oligosaccharides and
glycopeptides

Determination of the three-dimensional structures and the dynamical properties of
oligosaccharides is a prerequisite for a better understanding of recognition
processes. For biomolecules such as enzymes, the arrangement of atoms in space
is crucial for the recognition of substrates. One important way of investigating the
significance of carbohydrate solution conformation to biological recognition
processes is to compare conformations of a carbohydrate in its free and bound
states, respectively.!”

1.2.1. Techniques used in conformational studies

To determine the conformation and dynamics of oligosaccharides and
glycoproteins, complementary data from NMR spectroscopy, X-ray
crystallography and molecular modelling is often used.'®!® NMR has been the
main experimental technique used to determine conformations of carbohydrates.
However, since it only provides time-averaged conformational data, this has led to



the use of molecular modelling as an aid in determining linkage
conformations.2%-2! By using X-ray crystallography, complete oligosaccharide
conformations can be obtained, but since the glycan moiety is often poorly
resolved, only one or two carbohydrate residues can generally be seen in
glycoprotein crystal structures. The conformation that is obtained by X-ray
crystallography also represents only one of the many conformations possible in
solution. The main limitation, however, is that few oligosaccharides in their native
form crystallise.2!22 The reason to this is not obvious, but it could be due to the
high polarity and/or inherent flexibility of most oligosaccharides. Glycans that are
covalently attached to proteins or ligands to proteins form crystals easier than
underivatised glycans, since the formation of crystals is dominated by protein
interactions.

1.2.2. NMR in conformational analysis

NMR has been a major technique for structural determination of oligosaccharides,
being the only technique that can determine both the anomeric configuration and
linkages of a novel glycan.?3-2* There are a number of different NMR techniques
developed for structural determination. The assignment of 'H and "C chemical
shifts is often achieved using the two dimensional 'H-1H COSY, 'H-'"HTOCSY,
'H-'"H NOESY, 'H-"C HSQC and 'H-">C HMBC techniques.2> NMR has also
been the main experimental technique for investigating the conformation of
oligosaccharides. The conformation of a molecule is the arrangements of its atoms
in space. In the case of carbohydrates, the global shape or conformation depends
mainly on rotations around the glycosidic linkages. The relative orientations of
saccharide units are expressed in terms of glycosidic linkage torsional angles ¢ and
vy, which are defined as H1-C1-O1-CX and C1-O1-CX-HX, respectively (Figure
2). Many saccharides also have an exocyclic primary alcohol function at the 6-
position, and the corresponding torsion angle o is given by O5-C5-C6-06 (Figure
2). It is the non-restricted glycosidic bonds that render the carbohydrates highly
flexible.

CH,OH

e}

HO ¢ CHOH
HO.

OH

Figure 2. The ¢, v, and o angles of rotation around the glycosidic bonds in a saccharide.

An alternative to determine the torsion angles is to determine the conformation
by measuring distances between atoms on each side of the glycosidic linkage,



since rotation around the linkage will change the distance between atoms. These
data, torsion angles and distances can be obtained by NMR spectroscopy. Scalar
coupling constants (*J-values) can be used to give information on the values of the
torsion angles. The relation between a certain *J-value and the corresponding
torsion angle is given by the Karplus curve.2526¢ However, some °J-values may
correspond to several different torsion angles. Determination of ¢ and y requires
the measurement of three-bond carbon-proton coupling constants (*Jey). To
determine ® in 1,6-linkages three-bond proton-proton couplings (*Ji) can be
used.?’

The major source of conformational information comes from the nuclear
Overhauser effect (NOE or ROE), which gives information about protons that are
close in space.?® The magnitude of the NOE between two nuclei depends on the
distance between them (o 1°). The NOE is short range (up to about 5 A), and is
usually only observed between nuclei within a monosaccharide or across a
glycosidic linkage. The NOEs are measured on a 50 ms to 1 s time scale. A
flexible molecule such as an oligosaccharide will convert between several
conformations during this time, and thus only average NOEs will be observed.
Usually at least one and not more than three NOEs are measurable across the
glycosidic linkage, and two interresidual three-bond heteronuclear *C-'H spin-
spin coupling constants can be determined. In the case of 1,4-linkages, this would
be between atoms H1’ and C4, and between C1° and H4, respectively. The
number of conformational constraints provided by the NOEs and spin-spin
coupling constants are not sufficient to define the conformation around the
glycosidic bond. This means that the conformation of saccharides is generally not
well defined due to a lack of constraints.

New approaches to extract saccharide conformational data by NMR include the
measurement of trans-glycosidic heteronuclear NOEs involving *C and 'H,? the
measurements of trans-glycosidic "H-"C and "*C-"C coupling constants,26:30-32
and the use of residual dipolar couplings.3> However, the measurement of *C-">C
coupling constants requires labelled compounds that are not always available.

1.3. Why use hydroxy protons as conformational probes in 'H
NMR?

Despite their abundance in oligosaccharides, and their potential importance in
hydrogen bond interactions with for example enzymes, the exchangeable hydroxy
protons have been used very little for conformational analysis in aqueous solution.
The lack of data is mainly due to the fact that hydroxy protons are in rapid
exchange with the bulk water, making them difficult to observe by NMR. But
instrumental limitations, which today are overcome, also lie behind this lack of
data. Due to the improvements in experimental techniques and procedures, a
picture of the utility of hydroxy protons has started to form.

In the last few years, it has been shown that it is possible to observe hydroxy
protons in H,O solutions.3*35 This has been achieved by using low temperatures to
reduce the rate of exchange with water, and pulse sequences that efficiently
suppress the water signal without affecting the resonances of the exchangeable
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protons.3® Structural information in terms of stereochemistry,3’ inter-proton
distances,3¥4° and hydrogen bonding has been obtained.38-41:46-50

Intramolecular hydrogen bonds may be an important means of stabilising
carbohydrate conformations, however, how important is still unclear.’! In order to
evaluate hydrogen bond interactions where hydroxy protons are involved, vicinal
coupling constants (3JCH,0H), exchange rates with water, and temperature
dependence of the chemical shifts of hydroxy proton signals are measured.3®-
41.44.48,50 The observation of hydroxy protons has showed that persistent hydrogen
bond interactions also can exist in aqueous solution,*> and not only in DMSO
solutions.*’ Using NMR, hydroxy protons in the solvent DMSO are readily
observed, but then the influence of this aprotic solvent on the conformation should
be considered. It has been shown, for example, that strong hydrogen bonds that
were found to exist in DMSO solutions do not persist in aqueous solutions.*0:4
Furthermore, it has been found that different intramolecular bonds can be formed
in DMSO as compared with H,0.* An example of conformational information
that can be retrieved from the observation of hydroxy protons is the conformation
around the C(5)-C(6) bond.*> Here, the NOEs between the exocyclic hydroxy
protons and the other exchangeable or non-exchangeable protons, together with
the hydroxy proton chemical shift values, allow for the determination of the
favoured conformation, even if spectral overlap precludes measurement of the
3JH5,H6 coupling constants.

Deuterium isotope effects on the *C chemical shifts have also been used as a
possible means to determine hydrogen bonding in saccharides in both aqueous
solution,*® and DMSQ.52°3 Data obtained in aqueous solution can, however, be
difficult to interpret since other carbons than the one substituted with the hydrogen
involved in interresidual hydrogen bonds show splitting due to the deuterium
isotope effects.



1.4. Practical considerations when studying hydroxy protons

In order to be able to study the hydroxy protons in H,O solution, some practical
concerns have to be solved. Firstly, the water gives rise to an enormous water
signal in the NMR machine, which has to be suppressed. Secondly, the sample
conditions have to be adjusted in order to minimise the hydrogen exchange,
thereby ensuring detectable hydroxy proton peaks.

1.4.1. Water disturbs signal detection

In the NMR tube a sample concentration of 1-20 mM is commonly used, while the
concentration of the protons of water is 110 M. This means that the signal from
the water peak in the NMR spectrum is ten thousand to one hundred thousand
times more intense than the intensity of the signals from the molecule that is
investigated. The principal reason to suppress a large solvent resonance in the
presence of far smaller solute resonances is to ensure that the dynamic range of the
NMR signals lie within the dynamic range of the receiver and the ADC. Further
concerns are the baseline distortions, t;-noise in 2D experiments, radiation
damping and potential spurious responses that are associated with very intense
signals. Furthermore, an unsuppressed water peak will overlap resonances that are
close, as in the case of hydroxy proton resonances (Figure 3a). In order to
diminish the water signal, one can use deuterated water (D,0O) instead of H,O,
since D,O is not observable by 'H NMR spectroscopy. However, since the
deuterium of D,0 also will exchange with the hydroxy protons of the molecule
that is to be investigated, the intensity of the hydroxy protons will also be reduced
to zero. This excludes D,O as a solvent in NMR studies of hydroxy protons, and
leaves no other choice than H,O as a solvent. The solution to the dilemma with the
huge water peak lies in the use of NMR water suppression techniques.>*

1.4.2. Water suppression

Water suppression can be achieved by using water presaturation, but this will
result in suppression of not only the water peak, but also of the exchangeable
hydroxy proton resonances (Figure 3b).

Pulsed field gradients (PFGs) is an effective approach to solvent suppression.
This technique ensures that nothing of the net solvent magnetisation remains
observable immediately prior to acquisition. The pulse sequence used in this work
is the WATERGATE experiment (water suppression by gradient tailored
excitation).3®, which makes use of a single PFG spin-echo, G,-S-G,, (Figure 4).
The result of applying WATERGATE to a sample containing hydroxy protons can
be seen in figure 3c, where, the water peak is small and narrow enough not to
overlap with the neighbouring resonances from the hydroxy protons, while the
intensity of the hydroxy protons is not affected, as in the case of presaturation
(Figure 3b).
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Figure 3. 1D 'H NMR spectra of chitobiose in 85% H,0/15% (CDj;),CO solution, showing
the amide, and hydroxy proton (8 ~5-7 ppm) regions together with the water peak region.
The inclusion shows the water peak scaled down 512 times. a. No water suppression is
applied. b. Presaturation is used for water suppression. c. The WATERGATE pulse
sequence is used for water suppression.
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Figure 4. The WATERGATE pulse sequence.

1.4.3. Sample preparation

There is however another problem associated with the use of water as a solvent. At
room temperature, the hydroxy protons are normally not observable due to fast
exchange with the protons of water. In order to be able to observe the hydroxy
protons, the rate of exchange must be reduced. It has been shown that by careful
preparation of the NMR samples, it is possible to observe hydroxy groups by
NMR. The preparation involves washing the NMR tube with phosphate buffer
mainly to get rid of borate ions.*® To purify the samples from ionic impurities that
catalyse hydrogen exchange, the sample solution can be passed through a bed of
ion exchange resins. However, this does not apply to ionic samples that would
adhere to the ion-exchange resin, and thereby causing sample loss. Hydrogen
exchange can also be catalysed by a high or low pH. To ensure the pH is neutral,
either a buffer can be used, or small amounts of a sodium hydroxide and/or
hydrogen chloride solution can be added to adjust the pH. A decrease of the
sample temperature to sub-zero temperatures can further reduce the rate of
exchange. Sub-zero sample temperatures of aqueous samples has been achieved
by utilising a delicate cooling procedure,*®->> and by using highly concentrated
solutions.>® The most common strategy to avoid freezing of the sample, however,
is to add organic solvent such as acetone to the sample.



1.5. "H NMR methods used in papers I and 11

1.5.1. Proton exchange rates

Reduced proton exchange rates (k.,) are indicative of involvement in hydrogen
bonding or prevention from hydrogen exchange by steric shielding. The 2D
exchange experiment proposed by Jeener ef al. allows the entire matrix of all the
exchange processes in the system to be obtained in a single experiment.’” In this
experiment the NOESY pulse sequence is utilised (Figure 5).

90° 90° 90°

acquisition

Figure 5.The 2D NOESY pulse sequence

At short mixing times, the relationship between 2D peak intensities and rate
constants can be expressed as in equation 1.585 Here M, is the equilibrium
magnetisation of the nuclei in site j and R has off diagonal elements R = -kj;,
where kj; is the first order rate constant for chemical exchange from site j to site i.

Lij(tm) ~ 'tmRiijO = kjithjO i) (1)

Equation 1 permits solving for the rate constants, but it is inherently inaccurate,
since all cross-peak intensities are low at short t,,. At longer t,, there is a risk that
indirect cross-peaks will be mistaken as evidence of a direct exchange process. A
practical solution is to use several short t,, values and determine k;; as the slope of
a plot of Ij(tm) vs Mjotm.

1.5.2. Coupling constants of hydroxy protons signals

Vicinal spin-spin coupling constants (*Jcyon) can be measured both in 1D and 2D
(DQF-COSY) spectra, and provide useful additional conformational information.
The 3JCH,OH can, together with chemical shift values and proton exchange rates,
provide indications whether a hydroxy proton is involved in a hydrogen bond or
not. The magnitude of the vicinal 3JCH,OH coupling constant shows a
stereochemical dependence according to the Karplus equation.®® Since a hydroxy
proton involved in a hydrogen bond will have a restricted rotation, this means that
the corresponding *Jeyon coupling constant value will deviate from that of
conformational averaging. For example would a *Jcy op-value of 1.8 Hz would
indicate a conformational preference for the syn orientation, while a value of 10.5
Hz would indicate a preference for the trans orientation.*. If there is free rotation
about the C-O bond connecting the hydroxy group to the ring, the *J-value should
be an average value of ca. 5-7 Hz.
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1.5.3. Temperature coefficients of hydroxy proton signals

The proton temperature coefficient is a measure of how much the proton chemical
shift is changed upon changing the sample temperature (-dd/d 7). This can give an
indication to whether an exchangeable proton is involved in a hydrogen bond.
Exchangeable protons that are involved in hydrogen bonds are expected to have
lower temperature coefficients than those that are not. In aqueous solution,
hydroxy protons that display a temperature coefficient as low as —1 ppb/°C have
been measured for hydroxy protons involved in hydrogen bonding.?® In DMSO
solution, temperature coefficients <-3 ppb/°C has been measured for OH protons
involved in hydrogen bonds.*’

1.5.4. Chemical shifts of hydroxy proton signals

Hydroxy proton chemical shifts have not been frequently used in conformational
analysis. This is not only due to experimental difficulties, but also due to the
difficulties in evaluating the significance of a certain value. Hydroxy proton
chemical shifts may be sensitive to many different effects such as hydrogen
bonding and solvent effects, and these effects have not been well investigated. To
evaluate the hydroxy proton chemical shifts of the different disaccharides, the
chemical shifts of these compounds were compared to those measured for the
corresponding monosaccharide methyl glycosides. The comparison is expressed as
the chemical shift of the signals of the hydroxy proton in question minus the
chemical shift of the corresponding hydroxy proton signal in the monosaccharide
methyl glycoside, or AS. Hydroxy protons involved in intramolecular hydrogen
bonds are normally deshielded, as compared to the corresponding protons in the
monosaccharide methyl glycoside.**#3:¢! However, shielding of the hydroxy
proton signals close to non-protonated oxygen atoms, such as ring or glycosidic
oxygens, or hydroxy protons situated in crowded regions, were measured.**43:48
This shielding also included hydroxy protons hydrogen bonded to ring protons,
which were expected to be shifted downfield due to their hydrogen bonding.
Protons experiencing an upfield shift also often showed a slower rate of exchange
with water. The upfield shift of hydroxy protons has recently been attributed to
solvent effects.5?

1.5.5. NOEs of exchangeable protons

The characteristic feature of the 2D NOESY experiment, which utilises the nuclear
Overhauser effect, is the mixing time, t,, (Figure 5). Magnetisation transfer that
takes place during the mixing time generates the NOE crosspeaks. The NOESY
pulse sequence can, however, not distinguish between magnetisation transfer
caused by cross-relaxation and chemical exchange, since both kinds of cross-peaks
have the same sign as the diagonal cross peaks. However, in the closely related 2D
ROESY experiment, cross-peaks caused by cross-relaxation and chemical
exchange have opposite signs in the spectra that are generated.5?

11



1.6. Present work: papers I and 11

Papers 1 and II are part of a continuing study on hydroxy protons as
conformational probes performed at our department. The aim of the study is to
determine the utility and limitations of hydroxy protons as conformational probes.
The previous research at our department includes studies of the hydroxy protons
of a series of di- and trisaccharides,**#3:61.64 as well as the tetrasaccharide Lewis
b.65

1.6.1. 'H NMR studies of hydroxy protons in disaccharides linked to amino
acids (paper 1)

Glycosylation has been found to influence peptide structure.®®-67 This influence
could either be exerted by a direct interaction through, for example, a hydrogen
bond, or by indirect interaction, i.e. the sugar acts like a bulk group. In paper I,
NMR studies of hydroxy protons of asparagine and serine linked disaccharides
were performed. This is an extension of previous studies of hydroxy protons in
saccharides to amino acid linked saccharides.

The hydroxy protons of the disaccharide B-D-GlcpNAc-(1—4)-B-D-GlcpNAc,
1, and the glycoside B-D-Galp-(1—3)-a-D-GalpNAc-O-Me, 3, were investigated
in aqueous solution by NMR spectroscopy. The chemical shifts, coupling
constants, temperature coefficients, exchange rates and NOEs were measured. The
data was compared to those of their amino acid linked counterparts -D-GlcpNAc-
(1—-4)-B-D-GlcpNAc-N-Asn, 2, and B-D-Galp-(1—3)-a-D-GalpNAc-O-Ser, 4.
These compounds were chosen due to their biological importance. The
disaccharide B-D-Galp-(1—3)-a-D-GalpNAc is a Ser/Thr—linked core structure in
O-glycans, while the B-D-GlcpNAc(1—4)-B-D-GlcpNAc disaccharide is part of
the Asn-linked core structure in N-glycans. Conformational studies using NMR
have already been reported for disaccharides 19%%° and 3,707! and for
glycopeptides structurally related to 2,536 and 47273 However, no information on
the NMR data of the hydroxy protons has been reported for these compounds.

Hydrogen bond interactions between the peptide and sugar moieties have been
shown to exist in DMSO solutions of small glycopeptides.” No such interaction
was observed in the compounds investigated in paper I, and the presence of one
amino acid did not affect the conformation of the disaccharides. These results
were not surprising, since the introduction of a single amino acid is not expected
to significantly affect the conformational flexibility of the peptide.

A lowering of the temperature down to —12 °C reduced the hydroxy protons rate
of exchange with water, and allowed for their observation. To achieve this
temperature without freezing of the sample, acetone-ds was added to the solutions
of compounds 1-4 to give a ratio of H,O:(CD3),CO of 85:15, respectively. The
exchange rate (k;) was determined as the slope of a plot of Ijj(t,) vs. Mjotm. A
series of 2D NOESY spectra with short mixing times was recorded, and the peak
volumes were determined by using the program AURELIA (Bruker, Germany).”>
The rate plots for the hydroxy proton exchange can be seen below.
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Figure 6. Initial rate constant plots from paper 1.

In both B-D-GlcpNAc-(1—4)-B-D-GlepNAc, 1, and B-D-GlecpNAc-(1—4)-B-D-
GlcpNAc-N-Asn, 2, the signals for all protons, with the exception of O(3)H have
chemical shifts very similar (JA3] < 0.140 ppm) to those measured for the
corresponding monosaccharide methyl glycosides. The O(3)H, on the other hand,
is shielded by 0.459 and 0.415 ppm in 1 and 2 (Figure 7). Distance measurements
on energy-minimized conformations showed that the O(3)H-O(5”)H distance was
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short, and the upfield shift was therefore attributed to spatial proximity, in analogy
to earlier findings by our research group. The small *Jy on-values for O(3)H of
2.2 Hz in 1 and 2.6 Hz in 2 (Figure 7), indicate a gauche orientation that places the
hydroxy proton in a favourable position for hydrogen bonding. This together with
the fact that O(3)H in 1 and 2 has the lowest rate of exchange with water
suggested the presence of hydrogen bonding between O(5’)H and O(3)H. The
O(3)H had a temperature coefficient similar to the other hydroxy protons, which
suggests that the hydrogen bond interaction with O(5’)H is weak. MD studies
have shown that this hydrogen bond exists in vacuo,% but is replaced by hydrogen
bonds with the solvent water molecules in aqueous solution. The data extracted in
paper I showed that some transient hydrogen bond interaction must be present.

A8 =-0.459

*Jon,cn =22 Hz
CH,0H o \ NHAC

NHAC HOH,C ©
1

AS =-0415
JUH CH =2.6 Hz
HO COOH
HO
NHAc HOH,C

Figure 7. Schematic representation of B-D-GlcpNAc-(1—4)-B-D-GlcpNAc, 1, and B-D-
GlcpNAc-(1—4)-B-D-GlepNAc-N-Asn, 2. The hydroxy protons with large chemical shift
differences of |A3| < 0.140 ppm (see text) are indicated, as well as 3JCH,OH-values that
indicate a restricted rotation around the C-O bond.

In B-D-Galp-(1—3)-a-D-GalpNAc-O-Me, 3, and B-D-Galp-(1—3)-a-D-
GalpNAc-O-Ser, 4, all hydroxy proton signals have chemical shifts very similar
(|A8] £ 0.150 ppm) to those measured for the corresponding monosaccharide
methyl glycosides, with the exception of the O(2’)H signal, which was shielded
with 0.387 ppm in 3, and with 0.420 ppm in 4 (Figure 8). Inspection of the MM2
minimum energy conformations of 3 and 4 showed that O(2”)H was close to the 2-
acetamido group of the neighbouring sugar residue. In the corresponding
disaccharides with a 2-hydroxy group instead of a 2-acetamide group, the O(2’)H
proton has either a very small or a positive A8.6! The upfield shift experienced by
O(2’)H is thus probably due to the influence of the 2-acetamido group. The
coupling constant-values and the temperature coefficients suggest that no
hydrogen bond interaction exists in 3 and 4. The low exchange rate of O(2’)His
thus probably due to a limited accessibility of water because of the proximity to
the 2-acetamido group of the neighbouring sugar.
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Figure 8. Schematic representation of B-D-Galp-(1—3)-a-D-GalpNAc-O-Me ,3, and B-D-
Galp-(1—3)-a-D-GalpNAc-O-Ser, 4. The hydroxy protons with large chemical shift
differences of |AS| < 0.150 ppm (see text) are indicated.

In the two disaccharides 1 and 3, and in their amino acid linked counterparts 2
and 4, the hydroxy proton, which experiences an upfield shift, also showed lower
rate of exchange with water. It is possible that the steric interference caused by the
oxygen ring in 1 and 2 and by the 2-acetamido group in 3 and 4, competes with
solvation and leads to the upfield shift of the hydroxy proton resonances.

The work in paper I agreed well with preceding studies,**45-61.64 where it was
shown that when the chemical shift of a hydroxy proton significantly differs from
that in the monosaccharide methyl glycoside, it is an indication of a particular
conformational feature. This also confirmed the potential use of hydroxy proton
shifts in structural analysis.

1.6.2. 'H NMR studies of hydroxy protons in a glycopeptide (paper II)
yaroxy p glycopep pap

The V[B-Galp(1—3)-a-GalpNAc(1—)]THPGY glycopeptide, 5, which is a partial
structure of oncofetal fibronectin,’® was chosen in order to extend the work in
paper I to larger glycopeptides where interactions between the sugars and the
amino acids are more likely. The hydroxy protons of an antifreeze glycopeptide in
aqueous solution previously were observed by NMR spectroscopy.”” A
temperature of 5 °C, and a concentration of 17 mg/mL in water was employed, but
the signals were not assigned and no attempt was made to use them as an aid in the
interpretation of glycopeptide conformation.

In order to be able to observe the hydroxy protons of the glycopeptide, the
sample was cooled to —13 °C to reduce the rate of exchange with water. To avoid
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freezing, acetone-ds; was added to give an 85% H,0/15% (CD;),CO solution.
Also, the pH was adjusted by adding minute amounts of NaOH, in order to avoid
acid- or base-catalysed proton exchange that would reduce the intensity of the
hydroxy proton signals. The importance of sample pH can be seen in figure 9,
where a series of 1D spectra of the hydroxy proton region of the V[B-Galp(1—3)-
a-GalpNAc(1—)]THPGY glycopeptide at various pH are displayed. The hydroxy
proton signals are not observable at a low pH, but the signals are visible at neutral
pH. The exchange rate (k;j) was determined as the slope of a plot of Ijj(ty) vs Mjotm.
A series of 2D NOESY spectra with short mixing times was recorded, and the
peak volumes were determined by using the program AURELIA (Bruker,
Germany).”>

(a) pH=3

i st ot s sttt (e
64 63 62 61 60 ppm

Mplﬂ:i
I 1 1 ) | T 1 1
64 63 62 61 60 ppm
(© pH=6
I Ll I i I 4 H I
64 63 62 61 60 ppm
(d) pH=6.5

I | I T |
64 63 62 61 60 ppm

(e) pH=7

T I I Ll I
64 63 62 61 60 ppm

Figure 9. A series of 1D "H NMR spectra of the hydroxy proton region of the V[B-
Galp(1—3)-0-GalpNAc(1—)]THPGY glycopeptide recorded at various pH values.

In this work, the chemical shifts, coupling constants (3JCH,0H), temperature
coefficients, exchange rates, and NOEs of the hydroxy protons were measured.
Analogous to the previous findings the data showed that the O(2’)H was shielded
with 0.5 ppm as compared with the corresponding methyl monosaccharide (Figure
10, Table 2). Also, O(2’)H had the lowest rate of exchange with water (Table 2).
The conclusion, analogous to paper I, was made that this was due to a reduced
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contact with water due to steric interference caused by the 2-acetamido group of
GalpNAc.

OH
H
H CH,OH OH
\éo
| o) CH,OH -—— A8 =0.28
OH o
b H
T H NH H
H
A8 =-0.45 | o
c

CH,CO \
0 CHCH;
H

(0]
H,N NH
N (Pro-Gly-Tyr)
H
CH (o}
CH3/ cH,

3Jq,p=2.0Hz N NH

=

Figure 10. Schematic representation of the V[B-Galp(1—3)-a-GalpNAc(1—)]THPGY
glycopeptide. The hydroxy protons with large chemical shift differences |[AS| < 0.15 ppm
(see text) are indicated, as well as the 3‘]H%,m-value that indicates a restricted rotation
around the Thr Ca-Cf bond

In addition to O(2’)H, O(4)H, and O(4’)H also showed a lower rate of exchange
than that of the other hydroxy protons (Table 2). Hydroxy protons whose contacts
with the solvent are decreased should have lower exchange rates than hydroxy
protons in full contact with the solvent. The lower rate of exchange measured for
O(4)H and O(4)H in 1 was also observed for the monosaccharide methyl
glycoside.** This might be due to reduced solvation of an axial hydroxy group
relative to an equatorial group.’®7° The data was not as conclusive for B-D-Galp-
(1-3)-a-D-GalpNAc-O-Me and B-D-Galp-(1—3)-a-D-GalpNAc-O-Ser of paper
I in this thesis.?0

Table 2. The chemical shift differences (A8)?, temperature coefficients (d&/dT), and
exchange rates (ko /s'), of the hydroxy protons in the V[B-Galp(1—3)-a-
GalpNAc(1—)]THPGY glycopeptide.

AS dodT ke
O(HH -0.45 137 25
O(3HH 0.07 -12.9 41
O(4)H 0.06 -11.2 25
0(6")H 0.05 -15.2 59
O(4)H 0.04 -14.9 19
O(6)H 0.28 -17.2 62

* Chemical shift of the hydroxy proton signal in the disaccharide minus that of the
corresponding monosaccharide (methyl B-D-Galp and D-GalpNAc, respectively)
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The O(6)H was found to be deshielded with 0.28 ppm (Figure 10, Table 2). A
large positive Ad has previously been observed for hydroxy protons, which are
close to hydroxy protons of neighbouring sugars.*>-6> The large positive AS of
O(6)H cannot, however, be explained by the proximity to a neighbouring sugar
and the reason for this upfield shift is still unclear. Due to broad resonance lines,
only two 3JCH,OH-V&tlues, for O(2’)H and O(4’)H could be measured. These values,
around 4 Hz, indicated free rotation of both hydroxy protons. The temperature
coefficients had large values, in the range —11.2 to —17.2 ppb/°C (Table 2),
suggesting that the hydroxy protons are not involved in hydrogen bond interaction.
The small 3JHCL,HB—VaIue (2.0 Hz) measured for the threonine residue indicated a
restricted rotation around the sugar-peptide linkage. The NOEs between the sugar
and peptide moieties, which were only to one face of the sugar, also confirmed the
restricted rotation around the sugar-peptide linkage (Figure 11).

(Pro-Gly-Tyr)

N\vNH

Figure 11. Schematic representation of the inter-residue NOEs, between the disaccharide
and the peptide, at the site of glycosylation.

1.6.3. Conclusion

The work in papers I and Il has shown that it is possible to observe hydroxy
protons of saccharides that are conjugated to amino acids and peptides. The
importance of careful sample preparation is shown in paper II, where the effect of
different pH-values on the viability of the hydroxy protons is illustrated.
Information could be obtained concerning the existence of hydrogen bonds
through monitoring 3JCH,OH-Values, chemical shifts, temperature coefficients and
exchange rates of hydroxy protons. The data extracted also showed that
information on the hydration of the hydroxy groups could be obtained through
monitoring chemical shifts and the exchange rate of the hydroxy protons. It also
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showed that the chemical shift values are quite reliable, since very similar
chemical shifts are measured for signals of hydroxy protons with similar electronic
surroundings. The investigations performed in papers I and II showed promising
results for the future use of hydroxy protons as conformational probes in 'H NMR
studies of glycoproteins.
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Part 2

"H NMR studies on the solution conformation of
contulakin-G and analogues (Papers III and IV)

2.1. Introduction to conotoxins

Conotoxins are disulfide-rich peptide toxins produced by marine cone snails.8!-83
These snails are widely distributed in tropical waters, and the venom is utilised
primarily for prey capture and defence. The prey includes fish, worms and other
molluscs. Cone snails inject the venom into their prey by means of a disposable
harpoon-like radular tooth, and the venom rapidly causes immobilization. The
prey is subsequently engulfed and digested (Figure 12).

Figure. 12. A cartoon representing the hook-and-line (top panel) and the net strategy of
fish-hunting cone snails. Conus striatus, magus and purpurascens are examples of hook-
and-line piscivores. Species such as Conus tulipa and Conus geographus use a net strategy.
Reprinted from Molecular Biology of the Cell, (1997, vol 8, pgs. 2101-2109) with
permission by the American Society for Cell Biology.

The venom contains a mixture of various conotoxins that block, or in some
instances activate, a broad spectrum of ion channels and neuronal receptors in the
cone snail’s prey.88 The venom of each Conus species has its own set of
typically 50-200 different peptides.’¢ In all, there may be over 50,000 unique
peptide sequences present in the approximately 500 cone species, and these
sequences may be grouped into superfamilies. The major superfamilies of
conotoxins are the A-, M-, O-, S-, T-, and the P-superfamily.®587 These
superfamilies are subdivided into families that share a conserved disulfide
bridging pattern and common molecular target (Table 3).83 8
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Table 3. Conotoxin classification and molecular targets. (Modified from Mclntosch, J.M.;
Jones R.M., Toxicon 2001, 39, 1447-1451, and Jones R.M.; Bulaj, G, Curr. Opin. Drug
Discov. Dev. 2000, 3, 141-154) 83.84

Superfamily ~ Cysteine Family Molecular target
arrangement *

A CC-C-C(2) o nAChR (competetive antagonist)
CC-C-C(2) p o-adrenoreceptors (antagonist)
CC-C-C-C-C(3) o nAChR (competetive antagonist)
CC-C-C-C-C (3) K K" channel (antagonist)

M CC-C-C-CC (3) n Na" channel (blocker)

CC-C-C-CC (3) ) nAChR (non-competetive
antagonist)

O C-C-CC-C-C(3) ) Na' channel (delays inactivation)

C-C-CC-C-C (3) n Na' channel (blocker)
C-C-CC-C-C (3) ® Ca®" channel (blocker)
C-C-CC-C-C(3) K Shaker K* channel (blocker)
C-C-CC-C-C(3) Y T-type Ca®" channels (blocker)

P C-C-C-C-C-C (3) Spastics Unknown

S C-C-C-C-C-C-C-C- o 5-HTj; (antagonist)

C-C (%)
T CC-CC (2) T Pre-synaptic Ca>* channel (blocker)
% Noradrenaline transporter inhibitor
-0 C-C(1) Conopressin ~ Vasopressin  receptors  (agonist)-
GPCR
-° C-C(1) Contryphans  Unknown
b Linear Conantokins NMDA channel (non-competetive

antagonist)

Contulakins  Neurotensin receptors (agonist)

® The number within parantheses refers to the number of disulfide bridges in the compound.
® The peptides have not been assigned to a superfamily. Abbreviations: NAChR (nicotinic
acetyl choline receptor), 5-HTj3 (a serotonin receptor subtype, another name for serotonin is
5-hydroxytryptamine, 5-HT), GPCR (G-protein coupled receptors). NMDA is a receptor for
the neurotransmitter glutamate. The receptor is named after the agonist N-methyl-D-
aspartate.

The conotoxins are typically small (8-40 amino acids) peptides with a high
content of disulfide bridges. Many contain multiple post-translational
modifications, such as C-terminal amidation, glycosylation, hydroxylation of
proline, y-carboxylation of glutamate, L- to D-epimerisation of naturally occurring
amino acids and regioisomeric bromination at C-6 of L-tryptophan.’>-8% Although
they are in the minority, Conus peptides with one or no disulfide bridge possess
novel pharmacological properties and are of significant medicinal interest.3> One
of these is contulakin-G, an O-glycosylated peptide isolated from Conus
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geographus (Figure 13).3% The conformation of
contulakin-G was investigated in paper 111.%

Figure 13. A shell from the
marine snail Conus geographus.

2.2. The conotoxin contulakin-G and analogues

2.2.1. Isolation and initial characterisation

Craig et al. purified and characterised contulakin-G, in 1999 (Scheme 1).%°
Contulakin-G was found to be a 16 amino acid O-linked glycopeptide with the
sequence ZSEEGGSNAT*KKPYIL, where the N-terminus consisted of a
pyroglutamic acid residue (Z). The disaccharide -D-Galp-(1—3)-a-D-GalpNAc-
(1— was attached to the threonine residue in position 10 (see Scheme 1). O-
glycosylated threonine had previously not been found in Conus peptides. The
carboxy-terminus of contulakin-G displayed significant sequence identity with
members of the neurotensin family of neurotransmittors, and contulakin-G also
proved to be a neurotensin receptor agonist at physically relevant concentrations.3?
When contulakin-G was compared with the non-glycosylated contulakin-G and
with neurotensin, which is known to be an analgesic, contulakin-G was two orders
of magnitude more potent in vivo.°! From these results, Craig et al. concluded that
O-glycosylation was a strategy to enhance the binding affinity to neurotensin
receptors. Concerning the mechanism by which the sugar residues affect the
biological activity, it was speculated that the significantly enhanced potency of
glycosylated contulakin-G could be due to e.g. an alternative mode of action, a
modulation of the kinetics of the interaction between ligand and receptor, an
enhanced supply of the substance to the site of action due to inhibition of
proteolytic degradation, or an enhanced uptake through the blood brain barrier.”
Other suggestions were that it could be due to a conformational change of the
peptide, or a change of the binding to the receptor in a way that is favourable for
activity.

2.2.2. Characterisation by the sluggishness - loss of motor control assay

To study the effect of glycosylation on the biological activity, the unglycosylated peptide, 6
(Scheme 1), was synthesised together with two analogues; one glycosylated with the
monosaccharide o-D-GalpNAc-(1— at Thrl0, 8, and one glycosylated with the
disaccharide B-D-Galp-(1—3)-a-D-GalpNAc-(1— at Ser7, 9 (Scheme 1). In order to
determine the potency of compounds 6 - 9, Craig et al. performed a sluggishness assay,”? in
which mice were injected intracerebral ventricular with the compound in solution and their
behaviour was observed. After administration, the mouse was placed onto a bench top (by
lifting it by the tail for a second) and the activity was observed, e.g., whether the mouse
showed any activity or rested with its legs spread out. In addition, the time elapsed after the
administration prior to the mouse regaining control (so that the hind part when at rest
resembled that of the NSS controls) was noted, as well as the time elapsed when the mouse
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moved freely when released. Contulakin-G, 7, was found to be the most active, and the
nonglycosylated peptide, 6, the least active. The activity of the glycosylated Thr10
analogue, 8, and the glycosylated Ser7 analogue, 9, were somewhat in between that
observed for contulakin-G, 7, and the non-glycosylated peptide 6. However, the relative
potency of all four compounds could not be assessed.

pGlu'-Ser-Glu-Glu-Gly’-Gly-Ser-Asn-Ala-Thr'’-Lys-Lys-Pro-Tyr-Ile'*-Leu-OH (6)

pGlu'-Ser-Glu-Glu-Gly’-Gly-Ser-Asn-Ala-Thr'’-Lys-Lys-Pro-Tyr-Ile'*-Leu-OH (7)
B-D-Galp-(1—3)-0-D-GalpNAc-(1

pGlu'-Ser-Glu-Glu-Gly’-Gly-Ser-Asn-Ala-Thr'’-Lys-Lys-Pro-Tyr-Ile'*-Leu-OH (8)
a-D-GalpNAc-(1

pGlu'-Ser-Glu-Glu-Gly’-Gly-Ser’-Asn-Ala-Thr'’-Lys-Lys-Pro-Tyr-Ile'>-Leu-OH (9)

B-D-Galp-(1—3)-a-D-GalpNAc-(1
pGlu = pyroglutamic acid:

H,
c
oc/ \CHZ

HN——CH——co—

Scheme 1. Structure of contulakin-G (7), the non-glycosylated (6), and glycosylated (7 and
8) analogues.

2.2.3. Characterisation by the tail flick - acute pain assay

Since the relative potency of compounds 6 - 9 could not be determined with the
sluggishness assay, the tail flick assay of antinociception was employed.?? In the
tail flick-acute pain assay, mice were administered intrathecally according to the
method of Hylden and Wilcox with the compound in solution,’* and then gently
wrapped in a towel with the tail exposed. At various time points following the
intrathecal injection, the tail was dipped in a water bath maintained at 54° C and
the time taken for the mouse to withdraw its tail recorded. If there was no
withdrawal by 8 seconds, the tail was withdrawn to avoid tissue damage. The data
showed that shifting the position of the glycosylation from residue 10 to 7, and
reducing the size of the glycan decreased the activity compared with the native
contulakin-G. In relative terms, 7 was the most potent, 8 was more potent than 9,
which had approximately the same potency as 6. In recognition of the promising
test results achieved, in the year 2000 contulakin-G entered preclinical trials for
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short term management of post-operative pain.®> Today, contulakin-G has reached
phase II clinical trials.

2.3. The solution conformation of glycopeptides

NMR studies of glycopeptides provide insight into the influence of glycosylation
on the conformation of the polypeptide backbone. The peptide itself is a very
flexible structure, but it has been found that there are peptide sequences that could
give rise to secondary structures, such as turns, which display some intrinsic
stability.?>% Glycosylation has been shown to have varying effects on the
structure of peptides, and it seems to depend on both the amino acid sequence and
the glycan.?” Some studies have shown that the saccharide may have no or
marginal influence on the peptide.?3190 In a few cases, the carbohydrate moiety
has been shown to form stabilising contacts with the protein.!91-192 These
stabilisations can occur as hydrogen bonds between the saccharide and peptide,
and have been observed in DMSOQ.74103.104 Qpservations of hydrogen bonds
between the saccharide and protein parts in aqueous medium are however
few.7497.105  Glycosylation has been found to induce turns in peptide
backbones,3:66:67 and evidence for a hydrogen bond in aqueous medium between
the sugar and the glycosylated threonine residue, which presumably helps in
forming a turn in the peptide backbone, has been obtained.®”-'%However, a study
has also shown that glycosylation is not always turn-inducing, but can in some
cases result in local straightening of the peptide backbone.!%¢ Where there are no
persistent interactions between the saccharide and the protein, it is more difficult
to understand how the saccharide influences the protein. It has been proposed that
oligosaccharides may influence the local structure of the glycosylation site either
by altering the solvation properties of the peptide, or acting as a bulk group, where
the saccharide limits the conformational space of the peptide. 101,107,108

Most conformational studies of glycopeptides concern the influence that the
saccharide has on the peptide, but the influence of the peptide on saccharide
conformation has also been studied. The results include examples where the
peptide influenced the conformation of the saccharide moiety (Upon glycosylation
with MansGlcNAc,, the conformation of the NAc-group closest to the backbone
changed, and the strengths of the individual interresidual ROEs were affected).!07
Also, there are examples where the conformation of the carbohydrate moiety was
not affected (the conformation of O-linked sialyl-Lewis-X attached to an
octapeptide was the same as that of free sialyl-Lewis-X).!0°

One general conclusion that has been drawn from investigations of O-
glycosylated peptides is that the effects of glycosylation primarily are due to the
sugar closest to the backbone.!'® However, differences in average conformation
for peptide backbones substituted with carbohydrate chains of different length
have been found.®®1%° Also, a sequential reorientation of the saccharide unit
closest to the peptide, as compared with the peptide, has been observed upon
elongation of the saccharide chain.!%® Results indicated that O-glycosylation could
affect the peptide conformation near the glycosylation site,%-67 as well as the
conformation of the peptide backbone at distant sites.!11:112 One consequence of
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O-glycosylation in small peptides is to limit the conformational space for an
otherwise very flexible peptide.0:67:108,111-115

In studies of peptide and protein conformation, 2,2,2-trifluoroethanol (TFE), and
TFE/water solutions have been used for decades to stabilise secondary
structures.!1¢ The effects of TFE on peptide chain conformation are diverse, and
appear to depend on the particular amino acid sequences, the cosolvent
concentration and other solution conditions as well as on the structures involved.
The molecular interactions of TFE with peptides that cause this stabilisation are
not well understood, though models have been proposed.!'”-!18 In most cases,
addition of TFE (10-50%, v/v) enhances the helicity of peptides that are already
helical in solution or induces helicity in disordered peptides.!'® There have also
been reports of PB-sheet, B-hairpin, and B-turn stabilisation by TFE.!!6 TFE
solutions have also been used to stabilise glycopeptides.!'® However, the effect of
TFE on saccharide conformations is little investigated,'29 and should therefore be
used with precaution in conformational studies of glycopeptides.

2.4. "H NMR methods used in papers III and IV
2.4.1. NOEs in determination of peptide structure

By convention, the distance between protons A and B, located in amino acid
residues 7 and j is denoted by dap(i,j). For example, the distance between the Ho
proton of residue number i and the NH proton of residue number j is denoted
dun(iyy). The dn(i,j) NOEs are utilised to do the sequential assignment of the
amino acids that together constitute the primary structure. The main secondary
structures that are found in polypeptides and proteins are the a-helix, the B-sheet,
and the B-turn.!?! Each of these structural elements has a characteristic pattern of
NOE connectivities (Figure 14), since each of them has a characteristic set of
corresponding short (and long) inter-proton distances (Table 4).121

Table 4. Short (< 4.5 A) sequential and medium-range 'H-'H distances in polypeptide
secondary structures. (Modified from Wiitrich, K. NMR of Proteins and Nucleic acids
1986).121

Distance o-helix B B, turn I* turn I1°
dyn(i,i+]) 3.5 2.2 2.2 34 2.2

32 32
don(i,i+2) 4.4 3.6 33
dun(iyi+3) 3.4 3.1-4.2 3.8-4.7
dun(iyi+4) 42
dan(iyi+1) 2.8 43 42 26 45

2.4 2.4
dan(i,i+2) 42 3.8 43
dgn(i,it+1) 2.5-4.1 3.2-4.5 3.7-4.7 2.9-44 3.6-4.6

3.6-4.6 3.6-4.6
dog(i,i+1) 2.5-4.4

 For the turns, the first of two numbers applies to the distance between residues 2 and 3, the
second to that between residues 3 and 4 (A turn incorporates four residues, see the original
publication).!?!
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B, Bp a-Helix Turn I Turn II
d (i,i+3) _——— N
dan(iit2) __::F:::::__ - -
doN(i,i+2) S -
dn(,it1) — -
d N(i,i+]1) — .
3N H2) 999999 4444444 49 45
123456 1234567 1234 1234

Figure 14. Survey of the sequential and medium range 'H-'"H NOEs and the spin coupling
constants 3JNH!Ha in the parallel or antiparallel 3 -sheet, the a-helix, and turns of types I and
II. The numbers at the bottom represent the amino acid residues in the secondary structure
elements and the 3JI\,H,mfvalues. Short 'H-'H distances are indicated by lines, and the
thickness of the lines represent the NOESY cross-peak intensities. (Modified from Wagner,
G.; Neuhaus, D.; Worgotter, E.; Vasak, M.; Kagi, J. H. M.; Wiitrich, K. J. Mol. Biol. 1986,
187,131-135).122

These patterns of NOE connectivities are used to identify the different secondary
structures. Regular secondary structures are also characterised by the three bond
*Jaian coupling constant (Figure 14).

2.4.2. Chemical shifts in determination of peptide structure

Chemical shifts have become a powerful diagnostic tool for the detection of
secondary and tertiary structure in peptides and proteins 23124 To utilise the
structural information that can be found in the chemical shifts of a peptide or
protein, random coil values for peptides and proteins have been worked out as
reference sets of values.!?> The difference in chemical shift between the observed
and random coil values, Ad, are useful for identifying secondary structures, such
as a-helixes and B-sheets.!?*126 The o H experience on average an upfield shift in
a-helices, while it experiences a downfield shift in [-strand or extended
configurations. This is utilised in the chemical shift index (CSI) method,'?” where
a random coil value is subtracted from the aH chemical shift. If the difference in
chemical shift is larger than 0.1, the corresponding amino acid is assigned an
index value of +1 or —1, depending on the sign of the difference of the subtraction.
The resulting pattern of the index values is then analysed to detect the presence of
secondary structures. A CSI method for aC has also been developed.!?8
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2.4.3. Temperature coefficients of amide protons

Slowed exchange kinetics and low temperature coefficients can indicate protection
of the amide proton from the solvent by e.g. hydrogen bonding.®> It has become
common practice to assume that amide protons with temperature coefficients
(do/dT) less than —4 ppb/°C are protected from solvent contact.!2%139 Random coil
peptides in the series GGXGG, which are not likely to have secondary structures
that protect amides from exchange, displayed temperature gradients of —6.43 to —
9.32 ppb/°C in aqueous medium.'3! In proteins, hydrogen-bonded exchange-
protected amide protons were characterised by do/dT values of —2.0 =+ 1.4 ppb/°C
while exposed amide protons typically display gradients of —6.0 to —8.5 ppb/°C.!32
However, exceptions to this rule occur. In partially folded peptides, for example,
exceptions are common due to a decrease in the population of the structured state
upon warming.'32 To predict hydrogen bonding in proteins with more reliability,
methods such as plotting NH chemical shift deviations from random coil reference
values versus the do/dT,'32 or combining the amide temperature coefficients with
exchange rate data have been used.!’* In smaller molecules, amide proton
exchange rates are combined with temperature coefficients and coupling constants
to provide an indication if the amide proton is involved in hydrogen bonding or
not. NOESY distance measurements and modelling can give further information
on the likeliness that there are possible hydrogen bond donors or acceptors within
hydrogen bond distance.

2.4.4. Coupling constants of amide protons

In peptides and proteins, The value of the coupling constant between the aH and
amide protons, 3JNH,Hou can provide information on the backbone conformation of
peptides and proteins; extended strand displays high (Jniune=7.6-9.3 Hz), a-
helices low (~4 Hz) and random coils intermediate (~6-7 Hz) 3JNH,Ha-values.% The
interpretation of a certain coupling constant value is however often not
straightforward, since it may represent multiple angles as well as conformational
averaging. In highly flexible short peptides, a random coil structure is often
encountered, where the peptide bonds are subject to conformational averaging.

2.4.5. Determination of absolute conformation

To characterise the absolute configuration of the serine residues of the peptides in
paper 1V, the GC-MS method of Strom et al. was used.'3* A small amount (< 0.1
mg) of each peptide were hydrolysed by using 6 M hydrochloric acid. Prior to
injection on the column, the acid function was esterified with (S)-(+)-butanol, and
perflouropropanoic acid was allowed to react with the amine and alcohol
functions, in order to make the amino acids more volatile. Reference samples were
prepared by derivatisation of commercially available D- and L- serine as outlined
above.
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2.5. Present work: Contulakin-G and three analogues (Paper III)

As a first step towards understanding the effect of glycosylation of the biological
activity of contulakin-G, an NMR study on the solution conformation of
contulakin-G, 7, and analogues 6, 8 and 9 was performed (see Scheme 1, section
2.2.2.). The goal of the NMR study was to investigate if differences in
conformation could be correlated to the observed differences in biological activity.

The 'H NMR chemical shifts of the amino acid residues in the glycosylated
peptides 7, 8, and 9, were found to be similar to those in the corresponding non-
glycosylated peptide 6, with the exception of signals from NH and aH protons at
and around the glycosylation sites. This indicated that the glycosylation only
affected the peptide backbone at and around the glycosylation site. The *Jxq
values in the peptide chain, in the range of 5.7-9.0 Hz, and the d,n(i,i+1) and
dnn(i,i+1) NOEs (Figure 15), indicated that the peptide backbones were mainly in
random coil or extended conformation.?>%121 The presence of sequential NH-NH
NOE:s from Ser7 to Thr10 in 7, from GlyS5 to Thr10 in compound 8, and from Ser7
to Ala9 in compound 9, however indicated that the glycopeptides have some
population of folded structures in these regions. In contulakin-G, 7, NH-NH NOEs
from Tyrl4 to Leul6 suggested that an additional turn was formed at the C-
terminal end of the peptide chain. This result showed that glycosylation not only
lead to local changes in conformations at the junction site, but also induced long
distance conformational changes. In compounds 8 and 9, only the NH-NH Tyr14-
Ile15 NOE was observed. An increase in the 3JNH,(xH value from 7.5 Hz to 8.6 Hz
was observed for Thr10 in 7 and 8 compared to 6 and 9. This larger value of
3JNH,aH in 7 and 8 is in agreement with the existence of some populations of
ordered secondary structures.!35 The *Jyyu. of 10.1 Hz measured for GalpNAc
demonstrated a trans orientation of NH and C(2)H.

In 7 and 8, O-glycosylated at Thr10, the small SJH(,”H[; value of 1.5 Hz and 2 Hz
measured in Thr 10 of 7 and 8, respectively, indicated a preference for an
orthogonal orientation between the o and B protons of Thrl0.74 If the o-D-
GalpNAc was undergoing motion relative to the peptide backbone through
rotation around the Co-Cf3 bond of Thrl0, a value of 5 Hz, as obtained in the non-
glycosylated peptide, 6, should be expected. In 7 and 8, five NOEs were found
between the a-D-GalpNAc residue and Thrl0, and Lys11 (Figure 16). All NOEs
from the peptide chain were to only one side of the sugar, supporting a restricted
rotation around the sugar-peptide linkage. In the peptide glycosylated at Ser7, 9,
only three NOEs were found between the sugar and the peptide chain (Figure 16).
The oH signal of Ser7 appears in the NMR spectrum as a triplet of 9.9 Hz
(3JHQYHB+3JH%H[3»), as in the non-glycosylated peptide, 6, suggesting a free rotation
of the sugar around the sugar-peptide linkage.

The temperature coefficients (d&/d7) for the NH proton signals from compounds 6
- 9 were measured in H,O/D,0 (95:5) solution from a series of one-dimensional
spectra recorded between 5 °C and 45 °C. The signals from the NH protons in the
peptide chain displayed temperature coefficients above -6.0 ppb/°C, confirming
than the peptide chain in compounds 6 - 9 mainly adopted random coil or
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Figure 15. Intra- and inter-residual NOEs involving the backbone NH protons in 6 - 9.
Thickness of the bars indicate the relative intensity of the NOE cross-peaks. A greyish NOE
denotes that the signal was found to be overlapping or ambiguous. N.B. This is a later
version of figure 2 in paper III, where some corrections have been implemented. (a) 6,
NOESY, 25° C, mixing time 300 ms; (b) 7, NOESY, 25° C, mixing time 300 ms; (c) 8,
NOESY, 5° C, mixing time 300 ms; (d) 9, NOESY, 5° C, mixing time 300 ms.

extended conformations. The lowest d&/dT -values were found for NH of a-D-
GalpNAc in compound 7 and 8 (-5.8 and -5.7 ppb/°C, respectively). This is of
particular interest, since these values indicate that the torsional rigidity between
the sugar and the peptide, suggested by the NOEs and by the value of the 3JHOL,H[3 of
Thrl0 (vide infra), could be enforced by a hydrogen bond interaction between NH
of a-D-GalpNAc and probably the carbonyl oxygen of the O-linked Thrl0
residue. In contrast, the large value for the temperature coefficient of NH of a-D-
GalpNAc in the Ser7 glycosylated peptide, 9, (-11.1 ppb/°C) indicated that this
proton was not protected from exchange with the solvent through hydrogen bond
formation.
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Figure 16. Schematic representation of interresidual NOEs observed at the junction between
the peptide and the saccharides in 7, 8, and 9.
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2.5.1. A trial to study conformations in TFE/water solution

Since a large number of NMR studies on peptides have shown that the use of
2,2 2-trifluoroethanol (TFE) as a solvent can stabilise secondary structures,!!®
NMR spectra were also recorded in 50% TFE/50% H,O. When the peptide
backbone of 6 - 9 were analysed in TFE/H,O solutions, very similar '"H NMR
chemical shifts of the amino acids in the glycosylated and non-glycosylated
peptides were observed, except for the residues at the junction site. The shifts due
to glycosylation were, however, not as large as in water. The 3JNH,HQ—Values were
very similar to those measured in water. The temperature coefficients, d&9/d7T, were
slightly smaller than those obtained for the compounds in water. As in water, the
dyn(i,i+1) NOEs characteristic of extended conformations were observed all along
the peptide chains in the glycosylated and non-glycosylated peptides. The
dn(i,i+1) NOEs present in water were also present in TFE/H,0, but additional
dn(i,i+1) NOEs were also found. The hydrogen bond interaction between Thr10
and o-D-GalpNAc found for 7 and 8 in water was also present in TFE/H,O
solution.

2.5.2. Conclusion

The NMR study showed that the four analogues mainly existed in random coil
conformations, with some transient populations of folded conformation present
around the site of glycosylation in the glycosylated peptides. In contulakin-G, 7,
indications of an additional turn at the C-terminal end of the peptide chain were
found, which showed that glycosylation induced long distance conformational
changes. However, the sites of local structure most likely occur in a subpopulation
of the predominantly disordered solution ensemble of conformers. Since the six C-
terminal amino acids of contulakin-G, 7, are similar to several members of the
neurotensin class of peptides, it might be that the terminal turn, which exists only
in contulakin-G, 7, the most active of the four analogues 6 - 9, is an additional
conformational feature important for the biological activity. However, previous
NMR studies of neurotensin showed that no preferred conformation existed in
solution.!3¢:137 In compounds 7 and 8, which are O-glycosylated at the Thr10
residue, an intramolecular hydrogen bond between the sugar and the peptide
stabilised the structure. Since compounds 7 and 8, which are O-glycosylated at the
Thrl0 residue, are more active than the non-glycosylated peptide, 6, and the
peptide O-glycosylated at Ser7, 9, it was speculated that the stabilisation of
conformation by hydrogen bonding to the sugar could contribute to the high
biological activity.

2.6. A study of proteolytic degradation

There is significant sequence identity between the carboxyterminus of contulakin-
G and members of the neurotensin family of neurotransmitters. A number of
studies have characterized the structural requirements for neurotensin receptor
agonists. It has been determined that the neurotensin 8-13 fragment (RRPYIL)
retains a significant potency relative to neurotensin in a variety of in vivo and in
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vitro assays.'3%:139 In fact, the neurotensin 8-13 fragment has been shown to have
significant transfer across the blood brain barrier 140 and therefore the hydrolysis
of the Pro7-Arg8 bond may represent a biologically relevant mechanism for
allowing an active form of the peptide to be transferred into the brain. In contrast,
cleavage of the Prol0-Tyrll bond generating C-terminal tri-peptide (YIL) will
inactivate neurotensin. 4!

If enzymatic degradation were responsible for the reduced antinociceptive
activity in vivo of analogues 6, 8 and 9 as compared with contulakin-G, 7, one
indication would be to do a proteolysis study to see if the rates of degradation
parallel the biological activity. Therefore, Craig et al. investigated the dependence
of the proteolytic cleavage of the Prol3-Tyrl4 bond on the size, position, and
presence of the glycan.?? The presence of the B-D-Galp-(1—3)-a-D-GalpNAc
disaccharide attached to Thrl0 in contulakin-G, 7, significantly inhibited the
enzymatic degradation. The monosaccharide a-D-GalpNAc in Thr10-contulakin-
G, 8, is somewhat less protected against proteolytic degradation than contulakin-
G, 7. In contrast, it was observed that both Ser7-contulakin-G, 9, and the non-
glycosylated analogue, 6, the protection against enzymatic degradation afforded
by the glycan appears to be completely abolished when the glycan is moved three
residues towards the N-terminus of the peptide (analogue 9) (i.e., the level of
protection against enzymatic degradation is equal to that of the non-glycosylated
analogue, 6). These findings are consistent with the proposal that the glycan
sterically inhibits the enzyme from hydrolysing the Pro13-Tyr14 peptide bond and
thereby inactivating the peptide. The stability to enzymatic degradation of these
four compounds was hence found to correlate well with the in vivo potencies of
the analogues as measured in the biological assays.

2.7. Present work: the [D-Ser10] and [L-Ser10] analogues (Paper
V)

Since the data obtained in the proteolysis study indicated that the main role of the
glycan is a steric inhibition of enzymatic degradation, it was of interest to study
the Ser10 analogue of contulakin-G. Whereas the site of glycosylation at residue
number 10 consists of a Thr in contulakin-G, this site is a Ser residue in the Ser10
analogue. Previous studies have reported differences in glycan mobility and
orientation relative to the peptide backbone depending on if the glycosylated
residue were a Thr or a Ser.?7112

As the synthetic product was purified with reverse phase HPLC, two
components with different retention times were found; one fraction with shorter
retention time containing compound 10, and one fraction with longer retention
time containing compound 11 (Scheme 2). The mass spectrum showed that both
compounds had the correct mass, and that both were glycopeptides. In the
antinociceptive assay of acute pain of the two samples it was found that
glycopeptide 10 was active at about the same potency as contulakin-G, 7, whereas
glycopeptide 11 only was slightly active at more than 100 times the dose. (Scheme
2).93
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The 2D COSY, TOCSY and NOESY spectra of compounds 10 and 11 were
very similar; the chemical shift differences between the signals from the amino
acid protons in 10 and 11 were < 0.04 ppm. An exception was found for the aH
signal of Serl0, which showed a difference of 0.06 ppm between compounds 10
and 11. Also, the NH signals of Lysl1 and a-D-GalpNAc showed differences
between compounds 10 and 11 of 0.16 and 0.17 ppm, respectively. A major
difference was found in the fine structure of the Ha-HP3 and Ha-Hf' cross-peaks
of Ser10 in the phase-sensitive DQF-COSY spectra. In the spectrum of compound
10, the downfield proton had a 3JH(1,H[3 = 6 Hz, whereas the upfield proton had a
3JHa,HB =4 Hz. (No stereospecific assignments of the geminal Hf3 protons of Ser10
were made). In the spectrum of compound 11, the peak pattern of these two cross-
peaks was reversed; the downfield proton had a J-value of 4 Hz, while the upfield
proton had a J-value of 6 Hz. These data indicated that the structure of the two
compounds differed by the configuration of Ca of the Serl0 amino acid, which
means that the serine residue substituted by the glycan would have been racemized
during peptide synthesis.

The absolute configuration of the serine residues in the peptide chains of 10 and
11 was determined using the GC-MS method of Strém et al.!3* The analysis
showed that 10 contained L-Ser and D-Ser in the ratio 2:1, while 11 only contained
Ser with the L-configuration. This indicated that compound 10 had a D-Ser at the
site of glycosylation, while 11 had a L-Ser.

pGlu'-Ser-Glu-Glu-Gly’-Gly-Ser-Asn-Ala-Thr'’-Lys-Lys-Pro-Tyr-Ile'*-Leu-OH (7)

B-D-Galp-(1—3)-a-D-GalpNAc-(1

pGlu'-Ser-Glu-Glu-Gly®-Gly-Ser-Asn-Ala-DSer'*-Lys-Lys-Pro-Tyr-Ile'*-Leu-OH (10)

B-D-Galp-(1—3)-a-D-GalpNAc-(1

pGlu'-Ser-Glu-Glu-Gly’-Gly-Ser-Asn-Ala-LSer'*-Lys-Lys-Pro-Tyr-Ile'*-Leu-OH (11)

B-D-Galp-(1—>3)-a-D-GalpNAc-(1

Scheme 2. Contulakin-G, 7, and the glycosylated [D-], 10, and [L-Ser10], 11, analogues of
contulakin-G. The abbreviation pGlu stands for pyroglutamic acid (see Scheme 1).

The 3JNH,ch values of 10 and 11, in the range of 5.7-9.0 Hz, and the d.n(i,i+1)
and dun(i,i+1) NOEs (Figure 17), indicated that the peptide backbones were
mainly in random coil or extended conformation.®>%¢:121 The presence of
sequential NH-NH NOEs of residues 7-12 and 14-16 in 10, and from 7-11 in
compound 11, indicated that the glycopeptides have some population of folded
structures in these regions. However, none of the dyn(i,i+1) NOEs found in 10 and
11 were strong, suggesting a high degree of flexibility in glycopeptides 10 and 11.
The [D-Serl10] glycopeptide 10 had a Gly6/Asn8 dyn(7,i+2) NOE indicative of a
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turn, which could also be found, in contulakin-G, 7, but not in the [L-Serl0]
analogue 11.

In paper II1, an increase in J-value of 7 (8.6 Hz) and 8 (9 Hz) as compared to 6
(7.5 Hz) was attributed to the presence of ordered secondary structures in 7 and 8.
A larger 3JI\IHM-value was also measured for [D-Ser10] in 10 (8.5 Hz) as
compared to [L-Ser10] in 11 (6.6 Hz). It should be noted that in analogue 9,% a
value of 6.4 Hz was measured for the glycosylated Ser7. Further does all of the
non-glycosylated Ser residues in 7 — 11 have J-values around 6.0 to 6.8 Hz. Thus,
the higher 3JI\IH,O‘H-Value of [D-Serl0] in 10 would indicate a higher degree of
secondary structures around [D-Ser10] in 10 as compared to [L-Ser10] in 11.

In the [D-Ser10] analogue, 10, and the [L-Ser10] analogue, 11, the large do/dT-
value obtained for NH of a-D-GalpNAc (-11.3 ppb/°C in 10, and 8.3 ppb/°C in
11) showed that these protons are not protected from exchange with the solvent
through hydrogen bond formation. Also, in 10 and 11, the two 3JHa,HB of Ser7 were
approximately equal, with values in the range 4 to 6 Hz as measured from 2D
DQF-COSY, and the relative intensities of the two Ho-HB NOEs were also
approximately equal. This indicated that the Ca-Cp bond is subject to
conformational averaging, and that there is motion around the sugar-peptide
linkage. The 3JHOL,H[;—Value characteristic for conformational averaging (3JHa,H[3 = 6-
8 Hz) is, however, not easy to distinguish from the corresponding value for the
gauche-rotamer (3JHQ,HB ~ 4 Hz) only from the fine structure of the DQF-COSY
cross-peaks, since there is a limitation in digital resolution and linewidths. A few
NOEs were found between the peptide and the carbohydrate moiety in 10 and 11
(Figure 18). Two additional NOEs, NH(Ser10)-NH(a-D-GalpNAc) and
NH(Ser10)-CH;CO(a-D-GalpNAc), were found for 10 as compared to 11. These
additional NOEs together with a larger 3JNH,GH(Ser10)—Value of 8.5 Hz indicated
that the average orientations of the glycan in the [D-Ser10]-analogue 10 and in the
[L-Ser10]-analogue 11 were different. The 3JNH,H2 of 9.7 Hz measured for
GalpNAc of 10 and 11 demonstrated a trans orientation of NH relative to C(2)H.

The previous NMR study on contulakin-G and analogues 6 — 9 (paper III)
together with the present work on 10 and 11 suggest that there is more local
rigidity around the Thr segment, as in 7 and 8, than near the Ser position, as in 9 —
11. These different conformational preferences of Thr and Ser have previously
been shown for other O-linked glycopeptides by NMR and molecular modelling
studies.””-!12 The galactosamine units at the Thr sites in these studies were in close
contact with several peptide atoms, whereas the galactosamine units attached to
Ser residues assumed more apical positions with the surrounding peptide
backbones distanced from the sugar, allowing more rotational freedom around the
glycosidic bond. On the other hand did another study find a Thr-linked glycan that
was positioned perpendicular to the peptide backbone, which did not have a
hydrogen bond to the peptide.!!
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Figure 17. Intra- and inter-residual NOEs involving the backbone NH protons in
contulakin-G, 7, the analogue 10 and 11, respectively. The thickness of the bars indicates
the relative intensity of the NOE cross-peaks. A greyish NOE denotes that the signals were
found to be overlapping. (a) 10, NOESY, 5 °C, mixing time 300 ms; (b) 11, NOESY, 5 °C,
mixing time 300 ms

The NMR data for 10 and 11 together with models obtained by MM2 (Figure
19), suggested that, while there was no hydrogen bond interaction in the L- and D-
serine analogues, the contacts between the peptide chain and the glycan were
closer with a D-serine that with a L-serine. Because of the difference in chirality of
the Ser10 residue of 10 as compared to 11, the backbone from Ser10 to the amino
acid 16 extended in opposite directions relative to the glycan in these two
compounds. The disaccharide was bent away from the peptide chain in the [L-
Ser7]-enantiomer 11, whereas in the [D-Ser7]-enantiomer 10, the glycan was
positioned over the Lys10-Leul6 chain.
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Figure 18. Schematic representation of interresidual NOEs observed at the junction between
the peptide and the saccharides in contulakin-G, 7, the [D-Ser10] analogue, 10, and the [L-
Ser10] analogue, 11.
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(b)

Figure 19. A 3D representation of (a) [D-Serl0]-contulakin-G, 10, and (b) [L-Ser10]-
contulakin-G, 11.

2.7.1. Conclusion

Due to racemization, the synthesis of [SerlO]-contulakin-G yielded two
enantiomers that have been characterised by "H NMR spectroscopy and GC-MS as
the [D-Ser10]- and [L-Ser10]-contulakin-G analogues. Preliminary biological data
indicated that [D-Serl0]-contulakin-G, 10, had the same biological activity as
contulakin-G, 7, whereas the [L-Ser10]-contulakin-G, 11, only was slightly active
at 100 times the dose. The absence of strong dyn(i,i+1) NOEs together with the
proton temperature coefficients and 3JI\JH,OLH-values indicated that the peptide chain
in glycopeptides 10 and 11 predominantly existed in random coil or extended
conformations. The NMR data also showed that there was no hydrogen bond
between the peptide chain and the glycan. Thus, the hydrogen bond previously
found in contulakin-G,*® does not seem to be of crucial importance for the
biological activity. In contulakin-G, 7, and in the [D-Serl0]-analogue 10, the
NH(Ser10)-NH(GalpNAc), aH(Glu6)-NH(Asn8), and consecutive NH(Tyr14)-
NH(Ile15) and NH(Ile15)-NH(Leul6) NOEs were found, but these NOEs were
not found in the [L-Ser10] analogue, 11. These differences in NOEs, together with
the larger 3JNH,QH-value of 8.6 Hz for Thr10 in contulakin-G, 7, and of 8.5 Hz for
D-Ser10 in 10, suggest that the ensemble average conformation of the [D-Ser10]-
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enantiomer 10 resembles the conformation of contulakin-G, 7, more than the [L-
Ser10]-enantiomer 11 does. Since a transient turn between residues 14 to 16 only
was found in contulakin-G, 7, and in [D-Ser10]-contulakin-G, 10, and there is a
correlation with a high biological activity for these substances, this indicated that
this transient turn might be of importance for the biological activity. Previously,
Craig et al. concluded that O-glycosylation was a strategy of contulakin-G to
enhance the binding affinity to neurotensin receptors.®’ If the biological activity
were due to binding of the glycopeptides to neurotensin receptors, and this
transient C-terminal turn would be beneficial in the binding to these receptors, the
turn would probably also have been found in conformational studies of this
neurotensin. This is, however, not the case.!3%137 Previous proteolytic degradation
studies showed that the glycan sterically inhibited the enzyme from hydrolysing
the Pro13-Tyr14 bond, and that this was a likely explanation to the high biological
activity of contulakin-G.%> Since the difference in stereochemistry of the
glycosylated Ser10-residues, which yielded a difference in orientation of the sugar
relative to the backbone, was the only difference between [D-Ser10]-contulakin-G,
with high biological activity, and [L-Ser10]-contulakin-G, with lower biological
activity, this indicates that the orientation of the sugar relative to the peptide is
important in order to protect against proteolytic degradation.
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Concluding remarks

NMR investigations of hydroxyl protons in aqueous solution have so far been
devoted almost exclusively to the hydroxyl protons of saccharides. The work in
papers I and II has shown that it is possible to observe hydroxy protons of
saccharides that are conjugated to amino acids and peptides. Information could be
obtained on the existence of hydrogen bonds, and on the hydration of the hydroxy
groups. The investigations performed in papers I and II showed promising results
for the future use of hydroxy protons as conformational probes in 'H NMR studies
of glycopeptides and glycoproteins.

The NMR study in paper III was initiated to try to correlate the increased
activity of the glycopeptide contulakin-G, as compared to its unglycosylated
counterpart, with its structure. A transient intramolecular hydrogen bond between
the sugar and the peptide that stabilised the structures of the biologically most
active compounds was found. Later, a study of proteolytic degradation was
performed by Craig ef al., which showed that the size and position of the glycan
was responsible for the differences in rate of degradation by the enzyme. The rate
of degradation was paralleled by the biological activity. Hence it was proposed
that the glycan reduced the rate of degradation, thereby causing a higher biological
activity of contulakin-G as compared to its analogues. In paper IV, two analogues
with different configuration of the amino acid at the glycosylation site were
studied. Preliminary biological data, together with NMR data suggested that the
hydrogen bond of contulakin-G did not contribute significantly to its high
biological activity. Since the glycans of the two analogues have different
orientations with respect to the peptide chain, and different degrees of biological
activity, it was suggested that the orientation of the glycan to the peptide chain is
that which is recognised by the proteolytic enzyme. The studies in paper II and IV
showed interesting results on the structure-activity relationship for contulakin-G,
which is currently in phase II clinical trials for short-term management of post-
operative pain.

The research performed in this thesis has yielded ideas for further research that
are listed below.

Suggestions for further research

e  Perform molecular modelling of the [D-Ser10] and [L-Ser10] analogues
of contulakin-G, as a further support for the conformational data from
NMR.

e Utilise the hydroxy protons as an aid in conformational studies of
contulakin-G and analogues.

o Synthesise a contulakin-G [L-Ser] and [D-Ser] analogue where the
Pro13-Tyrl4 is non-hydrolysable. This analogue could then be used for a
trNOE or STD NMR study of how the proteolytic enzyme binds to the
analogues, in order to explain the differences in biological activity of 11
and 12.
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Investigate how TFE/water and TFE solutions affect the conformational
preferences of glycopeptides and saccharides.
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