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ABSTRACT 

 

Glycosylation may be a general strategy for the transport of biologically active 

neuro(glyco)peptides into the brain. With that in mind, a series of modified DAMGO 

analogues were synthesized and subjected to conformational analysis, and  in vitro and in 

vivo studies related to opioid analgesia.  Those studies will help to determine the balance 

of carbohydrate and peptide, to reach maximum BBB transport; in other words this is a 

study to test the biousian hypothesis.    

 

1) The µ-agonist DAMGO was altered by incorporating moieties of increasing water 

solubility into the C-terminus, including carboxamide and simple glycosides.  The 

hydrophilic C-terminal moieties were varied from glycinol in DAMGO  to L-serine 

amide (LYM100), L-serine amide β-D-xyloside (LYM50), L-serine amide β-D-

glucoside (LYM110), L-serine amide β-lactoside (LYM147).  Two phosphopeptides 

LYM1311 and LYM1312 were synthesized with the phosphate group attached to L-

serine amide at the C-terminus.  Conformational analysis experiments included: 1HNMR, 

diffusion, variable temperature experiments to find the temperature coefficient, circular 

dichroism, 2DNMR noesy and tocsy, and molecular modeling.   

The peptides associate with SDS micelles with a strong electrostatic component.  The 

SDS micelles stabilized the β-turn that is nascent in water.  CSI (chemical shift indexes), 

temperature coefficients and circular dichroism do not give much insight into the 

structural conformation.  2D NMR analysis followed by molecular modeling confirmed a 
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β-turn preferred conformation.  No specific type of β-turn could be assigned to the 

DAMGO analogs. 

 

2) Antinociceptive mouse tail-flick studies were performed, and opioid binding was 

determined.  

 

Analgesic potency (i.v.) increased, passing through a maximum (A50 ≈ 0.2 µmol/Kg) for 

LYM100 & LYM50 as membrane affinity vs. water solubility became optimal, and then 

dropped off (A50 ≈ 1.0 µmol/Kg) for LYM110 & LYM147 as water-solubility dominated 

the molecular behavior.  Correlation of i.v. A50 values with estimated hydrodynamic 

values (glucose units) for the glycoside moieties, or the hydrophilic/hydrophobic 

Connolly surface areas (A50 vs e—Awater/Alipid), provided U-shaped or V-shaped curves, as 

predicted by the “biousian hypothesis.” The µ-selective opioid agonism was maintained 

upon modifications at the C-terminus.  The optimal “degree of glycosylation” that 

achieves the maximum degree of transport for the DAMGO peptide message seems to be 

between the peptide with the carboxamide C-terminal group and the xyloside.  
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CHAPTER 1 — INTRODUCTION 

 

1.1       G-PROTEIN COUPLED RECEPTORS 

G-protein coupled receptors are surface proteins, single chain polypeptides of 

approximately 300 amino acids that bind almost all of the known neurotransmitters and 

hormones that are released synaptically or secreted into the circulatory system. GPCR’s 

have alternating regions of hydrophilicity and hydrophobicity.  Being integral cell 

membrane regions, the hydrophobic regions define the transmembrane regions of the 

receptors.  The amino and carboxyl termini and the intervening extra- and intracellular 

loops are generally more hydrophilic.  The hydrophobic transmembrane regions provide 

the structural scaffold to confine the receptors to their functional conformations.  The 

hydrophilic regions including the extracellular and intracellular loops and the carboxyl 

terminus provide contact regions for ligand binding and guanine nucleotide-binding 

protein (G Protein) coupling respectively.  GPCRs are flexible to some extent and they 

undergo subtle conformational changes in the transmembrane regions when ligands bind 

to the extracellular domains, changing the structure of the intracellular domains to contact 

G proteins and initiate signal transduction.  Once the ligand binds to its receptor, a 

cascade of intracellular events takes place. This cascade includes changes in levels of 

second messengers, ionic conductance, and other signaling events altering cellular 

activity.  Ligands that bind GPCRs have been the targets for many drugs developed by 

the pharmaceutical industry.  Over 40% of marketed drugs target GPCRs (Eglen 2005).  

This receptor family has become a drug target because it has the host of physiological 
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functions including homeostatic mechanisms (cardiovascular, gastrointestinal, and 

metabolic processes), central nervous system function, and growth that are regulated 

through the activation of GPCRs by their endogenous ligands, providing a large number 

of potentially selective targets.  Based simply on the sales successes of drugs targeting 

these receptors, GPCRs are attractive targets.  Table 1.1 shows the 20 best-selling GPCR 

targeted drugs in 2003 and their sales in millions of dollars.  Table 1.2 shows the relation 

of number of prescriptions issued for drugs targeting GPCRs (Lundstrom and Chiu 

2006). 
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Trade Name Brand Name GPCR Indication Sales ($ millions) 

Salmeterol Advair/Secretide/Serevent β2-adrenergic Asthma 4,351 

Olanzapine Zyprexa 5HT2 and Dopamine Schizophrenia 4,277 

Clopidrogel Plavix P2Y12-purinergic Thrombosis 3,966 

Losartan Cozaar/Hyzaar/Nu-Lotan At1-angiotensin II Hypertension 2,939 

Risperidone Risperdal Dopamine Schizophrenia 2,512 

Valsartan Diovan/Co-Diovan AT1-angiotensin II Hypertension 2,425 

Montelukast Singulair CysLT1-leukotriene Asthma 2,009 

Fexofenadine Allegra/Telfast H1-histamine Rhinitis 1,964 

Tamusulosin Flomax/Harnal β1-adrenergic BPH 1,916 

Leuprolide Leuplin/Lupron GnRH Prostate cancer 1,664 

Fentanyl Duragesic Opioid Pain 1,631 

Cadesartan Blopress/Atacand AT1-angiotensin II Hypertension 1,629 

Irbesartan Aprovel/Avapro/Avalide AT1-angiotensin II Hypertension 1,530 

Quetiapine Seroquel 5HT2 and dopamine Schizophrenia 1,487 

Cetirizine Zyrtec H1-histamine Rhinitis 1,353 

Metoprolol Toprol-XL/Seloken β1-adrenergic Hypertension 1,280 

Sumatriptan Imitrex/Imigran 5HT1 Migraine 1,246 

Goserelin Zoladex GnRH Prostate Cancer 869 

Ocreotide Sandostatin Somatostatin Acromegaly 695 

Deloratadine Clarinex H1-histamine Rhinitis 694 

Table 1.1 Twenty Top-Selling Drugs Targeting GPCRs in 2003 based on sales 
in the US. 
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GPCR Function Indication Trade Name 
Prescriptions 

(millions) 

Opioid Agonist Pain Hydrocodone, propoxyphene, 
codeine, oxycocodone 147 

β1-adrenergic Antagonist Hypertension, 
Glaucoma Metoprolol, atenolol, propranolol 97 

H1-histamine Antagonist Rhinitis, 
Vertigo 

Fexofenadine, cetirizine, 
meclizine 72 

β2-adrenergic Agonist Asthma Albuterol, salmeterol 50 
AT1-angiotensin II Antagonist Hypertension Valsartan, losartan 39 
CysLT1-leukotriene Antagonist Asthma Montelukast 19 
P2Y12-purinergic Antagonist Thrombosis Clopidrogel 15 
H2-histamine Antagonist Acid Reflux Ranitidine 14 

Muscarinic 
Acetylcholine Antagonist 

Asthma, 
Over-active 
bladder 

Ipratropium, tolterodine 12 

α1-adrenergic Antagonist BPH Tamsulosin, terazosin 11 
Dopamine Antagonist Schizophrenia Risperidone 8 
α2-adrenergic Agonist Hypertension Clonidine 7 
Prostanoid FP Agonist Glaucoma Latanoprost 7 
5HT2 and dopamine Antagonist Schizophrenia Quetiapine 6 
5HT1 Agonist Migraine Sumatriptan 5 

Table 1.2 Fifteen Top GPCR Targets in 2003 based on number of prescriptions 
in the US. 

 

There are 3 main classes of GPCRs based on the nature of the ligands to which they 

interact: 

• Rhodopsin-like receptors.  A prototype for this receptors is the β-adrenergic 

receptor. In addition to light, some ligands that activate the rhodopsin-like 

receptors include: biogenic amines, chemokines, prostanoids, and neuropeptides.  

 

• Secretin-like receptors.  Activated by ligands like secretin, parathyroid hormone, 

glucagon, calcitonin gene-related peptide, adrenomedullin, and calcitonin. 

 

• Metabotropic glutamate receptor-like and calcium sensing receptors. 
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β-adrenergenic receptor binds molecular ligands in a unique hydrophobic extracellular 

pocket, and many seminal studies have been conducted on this receptor.  Its endogenous 

ligands are epinephrine and norepinephrine.  These small ligands insert into the binding 

pockets and interact deep within the core of the receptor structure to induce activation 

(Ostrowski, Kjelsberg et al. 1992; Strader, Fong et al. 1994).  Larger ligands, such as 

peptides, bind to the receptor differently.  It is believed that peptides interact with 

recognition sites in the extracellular loops of receptors as well as with residues in the 

hydrophobic pocket.  Different ligands binding to the same receptors can elicit different 

functions, since ligands binding to extracellular loops are expected to induce different 

conformational changes in the receptor upon binding than small molecules that interact 

only with residues deep within the receptor core (Gurrath 2001).  The studies on ligand-

receptor binding effects get even more interesting with ligands that are partial agonists, 

inverse agonists, and allosteric regulators.  

 

G proteins interact with cell surface receptors and exhibit inherent GTPase catalytic 

activity.  The G protein superfamily consists of heterotrimeric complexes of distinct α, β 

and γ subunits. There are thought to be 18Gα, 5Gβ, and 11Gγ subunits, collectively 

capable of creating a very large number of distinct heterotrimeric complexes (Simon, 

Strathman et al. 1991).  Agonist binding to GPCR triggers a conformational change in the 

receptor, which catalyzes the dissociation of GDP from the α subunit followed by GTP 

binding to the Gα and the dissociation of the Gα from Gβγ subunits.  The free α and βγ 

subunits then interact with second messenger systems and ionic conductance channels as 
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well as other cellular effectors (Dorsam and Gutkind 2007).  The agonist-occupied GPCR 

is subsequently phosphorylated by GRK, followed by arrestin binding to the 

phosphorylated GPCR.  Arresting binding leads to receptor desensitization, 

internalization, dephosphorylation and recycling of the GPCR (Johnson, Oldfield et al. 

2006).  (See Figure 1.1) 

 

 

Figure 1.1 Receptor activation, internalization and recycling.  
 

1.2       OPIOID RECEPTORS 

The opioid receptor system modulates a wide spectrum of neurobiological effects, and 

complex physiological functions including analgesia, immunity, stress response, 

gastrointestinal control, cardiovascular control, and neuroendocrine function.  It even 
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plays an emotional role, since opioids stimulate the rewarding circuitry in the brain, 

which leads to their well-known addicting properties.  This biological modulation 

happens after activation of the opioid membrane bound receptors.  The opioid receptors 

belong to the family of the membrane bound GPCRs.   

 

The publications with the notion of the existence of opioid ‘binding-sites’ goes back to 

1950s (Beckett and Casy 1954; Beckett and Casy 1957) when Beckett et al., were 

investigating the configurational relationships among optically active analgesics by 

optical rotation.  They observed with methadone and related compounds that the 

analgesic activity resided in one of the isomers.  At the end of their article they conclude 

by saying ‘The presence of specific receptor sites for analgesic action is now a 

probability rather than a possibility’.   

 

More evidence on the existence of an endogenous opioid system was also suggested by 

performing naloxone-reversed analgesia studies, after electrical brain stimulation (Akil, 

Mayer et al. 1972; Akil, Mayer et al. 1976).  A year later, stereospecific opiate binding 

sites on membrane-associated neurotransmitter receptors in the brain were demonstrated 

with the first use of radioligand-binding assays (Pert and Snyder 1973; Simon, Hiller et 

al. 1973; Terenius 1973).  Portoghese et al. (Portoghese 1965), and Martin et al., (Martin, 

Eades et al. 1976) research lead to the discovery of the multiple types of opioid receptors.   
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After two decades of hard work on receptor-binding studies, and extensive 

pharmacological research to characterize the opioid system, the receptors were cloned.  

The δ-receptor was cloned by Keiffer et al., (Kieffer, Befort et al. 1992), and Evans et al. 

(Evans, Keith et al. 1992), in 1992, and Yamamura et al., in 1994 (Knapp, Malatynska et 

al. 1994).  The µ-receptor was cloned in 1993 by Fukuda et al., (Fukuda, Kato et al. 

1993), and by Chen et al., (Chen, Mesick et al. 1993), and the κ-receptor was cloned by 

Yasuda et al., (Yasuda, Raynor et al. 1993) and Minami et al., (Minami, Toya et al. 

1993), also in 1993.  Another peculiar opioid receptor, the opioid-receptor-like-1 (ORL-

1) or nociceptin receptor was also identified using homology screening.  The FQ(N/OFQ)  

receptor was cloned in 1994 (Mollereau, Parmentier et al. 1994), and strictly speaking  is 

not opioid in its function  since it doesn’t interact with the classical opiate ligands, but it 

is considered opioid receptor due to its similarity to the µ, δ, and κ-opioid receptors.  (See 

Figure 1.2) 
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a) 

 

b) 

 

Figure 1.2 a) Structural homology among the three opioid receptors. b) Structural 
homology among the three opioid receptors and the N/OFQ receptors. 
Numbers indicate the percentage of identical amino-acids in the segment. 
Adapted from (Gustein and Akil 2006) 

 

1.3       OPIOID PEPTIDES 

The term opioid is assigned to all compounds related to opium.  The word opium is 

derived from the Greek word for juice, since the juice of the opium poppy papaver 

somniferum contains more than 20 distinct alkaloids.  The opium alkaloids, which are 
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present in opium in the largest amounts, are morphine, codeine, thebaine, papaverine and 

narceine.  Morphine, codeine and thebaine are phenanthrene alkaloids.  Serturner isolated 

morphine in 1806, and named it after Morpheus, the Greek god of dreams.  Robiquet 

isolated codeine in 1832, and papaverine was isolated by Merck in 1848 (Brownstein 

1993).  (See Figure 1.3) 

 

 

Figure 1.3 a)Alkaloid agonists found in opium. b)Synthetic agonists.  c)Synthetic 
antagonists.  All the molecules bind to opioid receptors and they are MOR 
selective. Adapted from (Sinha 2009) 
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Opioid alkaloids and narcotics generate a strong analgesic response and can also produce 

euphoria and a sense of well-being.  Because of their analgesic properties, opioids are 

still the most widely prescribed drugs for chronic pain treatment.  However, the drawback 

of opioid usage include some serious negative side effects such as respiratory depression, 

drowsiness, stupor, nausea, biliary pressure increases, constipation, and 

immunosuppressive effects.  In addition to these problems, tolerance and physical 

dependence develop with sustained use.  Acute opioid toxicity from overdose may result 

in coma, convulsions and death, preceded by respiratory failure. 

 

The side effects profile of opioids has been known for centuries, which stimulated a 

search for potent synthetic opioid analgesics free of side effects and addictive potential.  

In the search of an analgesic with no drawbacks, many opioid antagonists, and 

compounds with mixed agonist-antagonist properties were synthesized, becoming tools 

for exploring mechanisms of opioid actions (Gustein and Akil 2006). 

 

Alkaloids are powerful molecules of plant origin that bind to the opioid receptors in the 

brain, however until the early 1970s, the endogenous opioid system was totally unknown 

and the actions of morphine, heroin and other addictive agents were studied in the context 

of interactions with other neurotransmitter systems, such as monoaminergic and 

cholinergic. 
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The discovery by Kosterlitz of the endogenous opioid pentapeptides Met-enkephalin and 

Leu-enkephalin in 1975 (Hughes, Smith et al. 1975), triggered research towards the 

discovery of other endogenous opioid peptides; dynorphin A (Cox, Opheim et al. 1975; 

Teschemacher, Opheim et al. 1975), and β-endorphin (Li and Chung 1976).  The 

discoveries were followed by structural activity relationships towards the molecular 

features in a ligand that would achieve the most potent, the most selective, and the 

longest acting analgesic similar to the endogenous ligands. 

 

The classical opioid peptides can be classified under the following 3 families: 

enkephalins, endorphins and dynorphins.  The opioid peptides are derived from distinct 

precursor proteins encoded by their corresponding genes: Prepro-opiomelanocortin 

(POMC), precursor for β-endorphin (which contains the sequence for met-enkephalin and 

its amino terminus, but it is not converted to this peptide), in addition of β-endorphin, the 

POMC precursor also produces the nonopioid peptides adrenocorticotropic hormone 

ACTH, and melanocyte-stimulating hormone α-MSH and β-lipotropin.  Since the stress 

hormone ACTH and the opioid peptide β-endorphin share a common precursor, it is 

believed that there is a close physiological linkage between the stress axis and the opioid 

systems studied by Akil et al., on the phenomenon of stress-induced analgesia (Akil, 

Young et al. 1986).  The prepro-enkephalin A is the precursor for met- and leu- 

enkephalins and other longer enkephalin-containing peptides.  The prepro-dynorphin 

(also known as prepro-enkephalin B) is another precursor for leu-enkephalin and larger 

opioid peptides like dynoprhins and neo-endorphins.  As a collective, these peptides are 
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referred to as ‘endorphins’.  In 1995 a novel endogenouse opioid peptide was discovered 

(Meunier, Mollerau et al. 1995; Reinscheid, Nothacker et al. 1995).  This peptide has a 

significant sequence homology to dynorphin A, same length (17 amino acids, identical 

carboxy-terminal residues, but a slight modification of the amino-terminal opioid motif: 

Phe-Gly-Gly-Phe instead of Tyr-Gly-Gly-Phe.  The lack of hydroxy group seems to be 

enough to prevent interactions of this peptide with the opioid peptide receptors, (N/OFQ 

shows behavioral and pain modulatory properties distinct from those of the classical 

opioid peptides) and that is why this peptide was called orphanin FQ (OFQ).  Orphanin is 

also called nociceptin (N) because it lowers pain threshold.  N/OFQ precursor apprears to 

be derived from a common opioid precursor that contains OFQ and enkephalin-like 

structures, the common precursor may have diverged through evolution into the opioid 

and nonopioid precursors (Danielson, Hoversten et al. 2001).  Endomorphins have been 

proposed to be the endogenous opioid peptide for µ-opioid receptor (Zadina, Hackler et 

al. 1997), however no precursor has been identified.  It was expected that after the 

completion of the human genome sequencing project the search for the current human 

proteome for proteins that contained the endomorphin peptide sequences followed by 

Gly-Lys/Arg (the consensus sequence for peptide α-amidation and precursor cleavage) 

would be found.  To this day there is no evidence accepted under biochemical criteria for 

the existence of endomorphin precursors (Terskiy, Wannemacher et al. 2007).   
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The opioid precursors are cleaved and modified to finally yield the opioid peptides with 

the shared common motif on the amino-terminal sequence: Tyr-Gly-Gly-Phe-(Met or 

Leu).  The opioid motif is regarded as ‘the message’ and can be followed by various C-

terminal extensions which range from 5 to 31 residues, regarded as ‘the address’.  (See 

Table 1.3) 

 

POMC Message                                                Address 

β-Endorphin Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-Gln-Thr-Pro-Leu-Val-Thr-
Leu-Phe-Lys-Asn-Ala-Ile-Val-Lys-Asn-Ala-His-Lys-Lys-Gly-Gln 

Pro-Enkephalin  
Met-Enkephalin Tyr-Gly-Gly-Phe-Met 
Leu-Enkephalin Tyr-Gly-Gly-Phe-Leu 

Peptide E Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val-Gly-Arg-Pro-Glu-Trp-Trp-Met-Asp-
Tyr-Gln-Lys-Arg-Tyr-Gly-Gly-Phe-Leu 

Pro-Dynorphin  
α-Neo-Endorphin Tyr-Gly-Gy-Phe-Leu-Arg-Lys-Tyr-Pro-Lys 
β-Neo-Endorphin Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro 
Dynorphin A (1-8) Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile 
Dynorphin A (1-17) Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-Trp-Asp-Asp-Gln 
Dynorphin B (1-13) Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Gln-Phe-Lys-Val-Val-Thr 
Unknown  
Endomorphin-1 Tyr-Pro-Trp-Phe-CONH2 
Endomorphin-2 Tyr-Pro-Phe-Phe-CONH2 
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Table 1.3 Endogenous peptide precursors and peptides 
 
The ‘message-address’ theory is used in many bioactive peptides not only opioid 

peptides, and was introduced by Robert Schwyzer (Schwyzer and Gysen 1983). 

This theory of membrane-catalyzed peptide-receptor interactions states that opioid 

receptor agonists have two segments: a ‘message’ and an ‘address’.  The ‘address’ can be 

many things, for the purpose of this thesis, it is the glycosylated or phosphorylated 

terminal serine, and the message is the pharmacophore that activates the receptor, the 

DAMGO message Tyr-DAla-Gly-N(Me)Phe-.  In other cases, an amphipathic helix may 

act as the address portion to guide the drug to the receptor.  It is believed that the 

electrostatic adsorption followed by the reversible insertion into the membrane to which 

the receptor is bound is the first part of the receptor activation.  Once the peptide is bound 

to the membrane it searches for the receptor in a two dimensional fashion (Adam and 
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Delbruck 1968; Schwyzer 1995; Schwyzer 2004; Castanho and Fernandes 2006), and 

once at the proper address, the ‘message’ is delivered, the receptor activated, and the 

neurological response triggered (Sargent and Schwyzer 1986; Schwyzer 1995; Schwyzer, 

Moutevelis-Minakakis et al. 1997; Schwyzer 2004). 

 

1.4       THE BLOOD-BRAIN BARRIER 

The boom of the discovery of endogenous opioid peptides and the successful synthesis of 

analogs with desirable potency, selectivity and extended half-lives in serum was initially 

received enthusiastically by the pharmaceutical industry.  However a general drawback 

that keeps most peptides out of the drug store shelves is their inability to penetrate the 

BBB, which is the most important factor limiting the development of new drugs for the 

CNS.  En general the limited penetration of drugs into the brain is the rule, not the 

exception, and is specially true with large molecules like peptides, recombinant proteins, 

monoclonal antibodies amongst others (Pardridge 2007).  Although Lipinski’s rules don’t 

apply to peptides, small molecules follow more or less Lipinski’s Rule of Five to cross 

the BBB (Lipinski 2000): Molecular mass <500Da, number of hydrogen-bond-donors <5, 

number of hydrogen-bond-acceptors<10; calculated octanol-water partition coefficient 

(an indication of the ability of a molecule to cross biological membranes <5.  The BBB is 

considered the major bottleneck for the delivery of therapeutic agents to the brain.  

 

The blood-brain barrier (BBB) membrane main two purposes are:  to protect the brain 

from harmful substances present in the blood stream, and to regulate the entry of useful 
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molecules from the blood into the central nervous system (CNS).  This membrane 

possesses not only a physical barrier but an enzymatic barrier as well.  The BBB in the 

brain and spinal cord of mammals (humans included) is formed by three principal barrier 

sites:  

The endothelial cells that lines the walls of the capillaries and are sealed through tight 

junctions, blocking the transport of most molecules that don’t fall under the Lipinksi’s 

Rule of Five.  (See Figure 1.4) 
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Figure 1.4 Blood Brain Barrier. Picture reproduced by courtesy of Cameron Slyden© 
the CEO, Creative Director of Medical and Scientific Animation, 
Cosmocyte, Inc. (Hitchcock and Pennington 2006). 
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The combined surface area of these endothelial cells constitutes by far the largest 

interface for BBB exchange, and it gives a total area for exchange in the brain between 

12 and 18m2 for the average human adult. (Abbott, Patabendige et al. 2009)   

 

The epithelial cells of the choroid plexus facing the cerebrospinal fluid are also 

considered part of the BBB and are referred as the blood cerebrospinal fluid barrier 

(BCSFB) (Brown, Davies et al. 2004).   

 

The avascular arachnoid epithelium, underlying the dura, and completely enclosing the 

CNS.  The arachnoid however is a small surface area and does not represent a significant 

component for exchange between the blood and the CNS (Abbott, Patabendige et al. 

2009).  (See Figure 1.5) 
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Figure 1.5 Barriers of the Brain. a) The BBB cerebral capillary endothelial cells.   
b) The blood-CSF barrier (BCSFB).  c) The arachnoid barrier.  Adapted 
from (Kandel, Schwartz et al. 2000). 



 52 

More specific functions of the BBB include a) To regulate ionic concentrations, where 

the balance of ion channels and transporters is maintained by the BBB who keeps the 

ionic composition optimal for synaptic signaling functions.  Changes in Ca2+, Mg2+ and 

pH are regulated by the BBB and the BCSFB.  b) To minimize the ‘cross talk’ of 

neurotransmitters e.g. glutamate.  In the case of a stroke, the BBB helps to keep the 

central and peripheral transmitter pools separated.  c) To keep harmful macromolecules 

outside the brain, e.g. plasma proteins such as albumin, pro-thrombin and plasminogen, 

would start the path of cell activation and apoptosis inside the brain.  d) In order to 

excrete neurotoxins out of the brain, a number of efflux transporter pumps, actively pump 

toxic agents out of the brain.  e) To acquire the essential water-soluble nutrients and 

metabolites required by nervous tissues, the BBB expresses specific transport systems to 

ensure an adequate supply (Abbott, Patabendige et al. 2009). 

 

1.5       TRANSPORT MECHANISMS AT THE BBB 

The BBB is very resourceful in ways to uptake nutrients into the CNS, this mechanisms 

may be exploited for the purpose of drug delivery.  These mechanisms include a) passive 

diffusion were drugs can get across the BBB by increasing lipophilicity or reducing 

molecular size.  b) Carrier-mediated (active) transport, uses more than 20 transporter 

proteins, a couple of examples are the carriers of the large amino acids (e.g., LAT1) and 

glucose (e.g., GLUT 1).  Also, included under this category are the amino acid 

transporters, the glucose transporters, the monocarboxylic acid transporter, the nucleoside 
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transporters and for the highly specific peptide transport system for glutathione, some 

peptide hormones and growth factors.  (See Figure 1.6) 

 

 

Figure 1.6 The endogenous BBB transporters are grouped into three categories: 
carrier-mediated transport (CMT), active efflux transport (AET), and 
receptor-mediated transport (RMT). GLUT1 = glucose transporter, 
member 1 (SLC2); LAT1 = large neutral amino acid transporter, member 
1 (SLC7);CAT1 = cationic amino acid transporter, member 
1(SLC7);MCT1 = monocarboxylic acid transporter, member 1 (SLC16); 
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CNT2 = concentrative nucleoside transporter, member 2 (SLC28); CHT = 
choline transporter (SLC5); NBT = nucleobase transporter; ABCB1 = 
adenosine triphosphate binding cassette (ABC) transporter, sub-family B, 
member 1, also called P-glycoprotein; ABCC = ABC transporter, sub-
family C; ABCG = ABC transporter, sub-family G, member 2; OAT = 
organic anion transporter (SLC22); OATP = organic anion-transporting 
poly-peptide (SLC21); EAAT = glutamic acid amino acid transporter 
(SLC1); TAUT = taurine transporter (SLC6); INSR = insulin receptor; 
TFR = transferrin receptor; IGFR = insulin-like growth factor receptor; 
LEPR = leptin receptor; FCGRT = Fc fragment of IgG receptor 
transporter, also called neonatal Fc receptor (FCRN); SCARB1 = 
scavenger receptor, class B, member 1. The X designation for the CHT 
and NBT transporter indicates these transporters have not yet been cloned, 
or identified at the molecular level for the BBB. Adapted from (Pardridge 
2007) 

 
 

c) Vesicular transport, consists of the fluid-phase endocytosis, the adsorptive endocytosis 

and the receptor mediated endocytosis.  The adsorptive endocytosis which is the one used 

by our glycopeptides to get across the BBB involves an initial binding or interaction with 

the plasma membrane of the cell.  Vesicular transport due to adsorptive endocytosis is a 

saturable, ligand selective process.  Some molecules can also be transported from blood 

to brain by receptor-mediated endocytosis, and some examples for that transport are 

transferrin and insulin receptor-mediated vesicular transport.  Transferrin is a 

glycoprotein that controls the transport of iron throughout the body and the insulin 

receptors transport insulin, which is a peptide hormone involved in glucose metabolism 

inside the brain (Denora, Trapani et al. 2009).  (See Figure 1.7) 
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Figure 1.7 Transport Mechanisms at the BBB. Adapted from (Begley 2004)  
 

1.6       APPROACHES FOR INCREASING BBB PENETRATION 

Approaches to circumvent the BBB can be summarized as invasive procedures, trans-

nasal drug delivery, BBB membrane disruption, formulation, felicity, and chemical 

modification.  

 

1.6.1       INVASIVE PROCEDURES 

Invasive procedures, which sometimes may require highly specialized personal.  That is 

the case of trans-cranial drug delivery to the brain.  After a hole is drilled in the head, the 

delivery methods of choice are intracerebroventricular (i.c.v.) injection, intra-cerebral 

(i.c.) implantation and connection-enhanced diffusion (c.e.d.). 
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1.6.2       TRANS-NASAL DRUG DELIVERY 

Trans-nasal drug delivery to the brain is another approach, less invasive but nonetheless 

high risk.  The problem with this method is not only its limitation to lipid-soluble small 

molecules, but the serious local injury that occurs when other than lipid-soluble small 

molecules are delivered by the trans-nasal delivery system.  This leads to a breakdown of 

the nasal mucosal barrier and harmful compounds can leak inside the brain.   

 

1.6.3       BBB MEMBRANE DISRUPTION 

BBB membrane disruption by intra-carotid arterial infusion of hyperosmotic solutions 

such as mannitol or arabinose involves expansion of the blood volume and disruption of 

the BBB.  Vasoactive compounds include bradykinin and related analogs, and various 

alkylglycerols.  Another way to disrupt the membrane is by local ultrasonic irradiation, 

which would also allow albumin and other brain-toxic components in the blood stream to 

get inside the brain (Pardridge 2007).   

 

1.6.4       FORMULATION 

The formulation approach is essentially non-invasive and it is based on the use of 

colloidal carriers like liposomes and polymeric or lipid nanoparticles aimed primarily to 

tumor drug delivery inside the brain.  
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1.6.5       HELICITY 

Peptides that can adopt helical structures also cross biological membranes, including the 

BBB.  The application of the biousian theory based on the amphipathicity of the peptides 

and its effect on membrane interaction and or transport may not be confined to opioid 

peptides.  The gastrointestinal peptide hormone motilin is 22 amino acids long and it 

becomes more ordered in the presence of negatively charged artificial membranes 

forming an ordered α-helical conformation between Glu9 and Lys20 (Andersson and 

Mäler 2003), showing its interaction with the membrane due to its amphipathic nature.  

Lycotoxin I and Lycotoxin II are natural anti-microbial peptides from the Wolf Spider, 

which inhibit bacteria and yeast growth at micromolar concentrations, analogs of this 

peptides adopt an α-helical structure in the presence of negatively charged lipid bilayers.  

These peptides perturb the membranes of the red cells causing haemolysism probable due 

to pore-formation (Adão, Seixas et al. 2008).  Another peptide that exists unstructured in 

water but structured in the presence of membranes is the human VDAC1 (HVDAC1) N-

terminal peptide Ac-AVPPTYADLGKSARDVFTK-NH2 and it plays an important role 

in apoptotic events (De Pinto, Tomasello et al. 2007).  Another important group of 

amphipathic peptides, cationic in nature, are the cell-penetrating peptides CPP’s, which 

display the ability to translocate across biological membranes (Henriques, Melo et al. 

2006; Pujals, Fernández-Carneado et al. 2006).  β-peptides that mimic the naturally 

occurring magainin group of antimicrobial peptides have been studied also (Hall and 

Aguilar 2009), the β -peptide β -17 is amphipathic  with hydrophobic residues covering 
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~60% of one side of the helix and cationic residues ~40% on the other side and it is a 

potent cytolytic agent. 

 

1.6.6       CHEMICAL MODIFICATION   

The sixth method, where glycosylation and phosphorylation belongs is chemical 

modification, and it is described in more detail in the following section. 

 

Although these methods are not exclusive to opioid peptides delivery enhancement, the 

following examples presented will enclose opioid peptides exclusively.  Although the 

following methodologies have shown some drug-enhancement towards BBB delivery, 

other factors such as size, stability, intracellular sequestration, nontarget organ uptake, 

efflux rates, and P-glycoprotein (P-gp) efflux affinity play key roles and have to be taken 

into consideration (Witt and Davis 2006). 

 

1.6.6.1       VECTORS FOR BLOOD-BRAIN BARRIER PENETRATION 

It involves the use of existing BBB transport properties to enhance brain entry of specific 

drugs. The peptide is conjugated to the vector, such as a lipophilic moiety, a transporter 

peptide sequence or a protein transported by endocytosis either by the passive, carrier, 

adsorptive or receptor mediated mechanism (Temsamani, Rousselle et al. 2001).  Once 

inside the brain the peptide must be released from the vector through enzymatic or 

chemical means, before or after reaching the side of action (Pardridge 1995).  Some 

examples illustrating the use of this methodology include the enzyme-based transport 
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vector strategy used by Bodor et al., where the N- and C- termini of the enkephalin 

peptide was modified by attaching enzymatically labile steroids, allowing the steroid 

‘sandwiched’ enkephalin to cross the BBB by passive diffusion and induce centrally 

mediated antinociception.  However this vector-enkephalin was very lipophilic and its 

serum transport deficiency had to be compensated by the use of very large doses (5-

20mg/Kg), and the use of ethanol or dimetylsulfoxide (DMSO) to solubilize it prior to its 

administration (Bodor, Prokai et al. 1992).   

 

In an attempt to improve DADLE BBB penetration, an acyloxyalkoxy, a coumarinic acid, 

and oxymethyl-modified coumarinic acid linkers were used to make the enkephalin 

analog cyclic (Bak, Gudmundsson et al. 1999; Wang, Nimkar K et al. 1999; Ouyang, 

Borchardt et al. 2002).  However these drugs showed higher plasma concentrations of 

DADLE after i.v. administration, compared with i.v. administration of DADLE alone.  

The explanation for that was that the lipophilic prodrugs failed to accumulate in the brain 

due to efflux transporters such as P-glycoprotein.  Esterification of the tyrosine phenolic 

group of enkephalins have not been tested for transport across the BBB but they have 

shown good chemical stability and transport across Caco-2 cells (Fredholt, Adrian et al. 

2000).  Another vector-based approach is by chimeric delivery strategies, which lie in the 

coupling of a peptide to a substance that gets transported across the brain via receptor-

mediated endocytosis or absorptive mediate endocytosis.  Once inside the brain, this 

chimeras cleave by enzymatic means and the drug can perform its function.  An analog of 

the opioid peptide dermorphin Lys[7]-dermorphin, was conjugated to the murine 
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monoclonal antibody (OX26) and use in this way the transferring receptor.  This showed 

to increase brain uptake via receptor mediated endocytosis (Bickel, Kang et al. 1995).  

However by targeting the receptor mediated endocytosis transport system, a competition 

between the designed drug and the endogenous ligand for the receptor may take place, 

and it may lead to a pathology since a required nutrient to the brain may not reach it in 

the right amounts.  

 

1.6.6.2       NANOPARTICLE TECHNOLOGY 

Central antinociceptive effects were induced by Dalargin (Tyr-DAla-Gly-Phe-Leu-Arg) 

adsorbed on the surface of poly(butylcyanoacrylate) nanoparticles (Alyautdin, Gothier et 

al. 1995; Schroeder, Sommerfeld et al. 1998).  The nanoparticles (NP) carrying the 

adsorbed peptides can cross the BBB as intact molecules, and it has been hypothesized 

that it is actually the detergent present in the preparation of nanoparticle-coated drugs.  It 

is believed that the detergent disrupts the membrane locally and opens the BBB access 

for the peptide associated to the NP (Olivier, Fenart et al. 1999). 

 

1.6.6.3       LIPIDIZATION 

Lipid solubility plays a key role on improving passive diffusion through the BBB.  

Peptide drugs generally have a polar, and non-polar functional groups.  Reducing or 

removing a polar group, or adding a non-polar group, can shift the overall balance.  A 

common way to increase lipophilicity is by methylation.  The dimethylation of DPDPE 

on the Tyr has increased the analgesia due to an increased bioavailability (Witt, Slate et 
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al. 2000).  Halogenation has also been used on DPDPE, DPLPE and biphalin, and also 

shows to enhance BBB permeability in vitro (Weber, Greene et al. 1991; Weber, 

Abbruscato et al. 1993).  The addition of non-polar amino acids such as Phe, or the N-

methylation of amino acids (Malakoutikhah, Teixidó et al. 2008), also increases 

lipophilicity and BBB penetration.  Acylation of peptides and proteins also increases 

membrane permeability with limited interference in receptor binding.  Acyl derivatives of 

DADLE (Bak, Gudmundsson et al. 1999; Uchiyama, Kotani et al. 2000), DPDPE, 

thyrotropin-releasing hormone(TRH) (Bundgaard and Moss 1990), and insulin (Asada, 

Douen et al. 1995) also display improved absorption through artificial and biological 

membranes and enhanced enzymatic stability, without losing their pharmacological 

activities.  DAla[2]-enkephalin has been esterified with 1-adamantane to the adamantly 

ester (Tsuzuki, Hama et al. 1991), and it has shown CNS-mediated antinociception, and a 

100-fold increase in lipid solubility when injected i.v. in high doses (5-50mg/Kg).  

Enkephalins and Somatostatin analogues have also been modified at the C-terminal by 

attaching glucuronic acids with an amide linkage.  The result for the glucuronic acid 

attachment was the increase of activity by 40-fold and increased selectivity towards δ-

opioid receptor (Drouillat, Kellam et al. 1997; Kellam, Drouillat et al. 1998; Toth, 

Malkinson et al. 1999).   
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1.6.6.4       NUTRIENT TRANSPORT 

The BBB expresses transport systems for nutrients and endogenous compounds. 

The drugs designed to use the nutrient carriers as a transport system must have a 

molecular structure mimicking the endogenous material (Begley 1996; Tsuji and Tamai 

1999).  Levodopa is the prototypical example, a lipid-insoluble precursor of dopamine 

that gets transported across the BBB by the large neutral amino acid carrier (Wade and 

Katzman 1975; Silbert, Lipowski et al. 1991; Abbruscato, Thomas et al. 1997).  Biphalin 

is an opioid peptide and potent analgesic that crosses the BBB via the neutral amino acid 

carrier system (Silbert, Lipowski et al. 1991; Abbruscato, Thomas et al. 1997).  The 

hexose and large neutral amino acid carriers have the highest capacity and presently are 

the best candidates for delivery of substrates to the brain (Witt and Davis 2006). 

 

1.6.6.5       CATIONIZATION        

The BBB endothelium anionic sites attract peptides with positive charges on them 

(Hardebo and Kahrstrom 1985; Chakrabarti and Sima 1990).  Some examples of 

polycationic peptides are the dynorphin-like analgesic peptide E-2078 (Nakazawa, 

Furuya et al. 1990) (N(Me)Tyr[1], N(Me)Arg[7], DLeu[8])-dynorphin-A-(1-8) 

ethylamide, and the adrenocorticotropic hormone (ACTH) analog ebiratide (Terasaki, 

Hirai et al. 1989; Shimura, Tabata et al. 1992; Terasaki, Takakuwa et al. 1992; Yu, 

Butelman et al. 1997), are polycationic peptides at physiological pH, shown to internalize 

into brain capillaries by adsorptive mediated endocytosis (AME).  TAPA (Tyr-DArg-

Phe-βAla-OH) has been reported to cross the BBB via AME.  However TAPA analogs: 
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ADAB(Nαamidino- Tyr-DArg-Phe-βAla-OH) and ADAMB(Nαamidino- Tyr-DArg-

N(Me)Phe-βAla-OH) show a slower degree of analgesic onset, suggesting a decrease in 

AME across the BBB. 

 

1.6.6.6       GLYCOSYLATION 

Glycosylated peptides are transported by the absorptive mediated endocytosis 

mechanism, and may fall as well under the category of vectors for BBB penetration, since 

glycosylation can be seen as the vector that provides the stabilizing energy necessary to 

drive the peptide out of the membrane into the aqueous compartment after the 

endocytosis process has taken place.  Glycosylation on peptides, at the right place, plays 

a key role in peptide transport in serum, across the BBB and inside the BBB since it 

induces on peptides the “Biousian behavior” where the carbohydrate becomes an active 

participant on the degree of peptide insertion and membrane dissociation (Egleton, Bilsky 

et al. 2005).  Glycosylation has proven to enhance biodistribution of multiple substances 

to the brain (Poduslo and Curran 1994; Jakas and Horvat 2004), enhances the metabolic 

stability, reduces clearance (Fisher, Harrison et al. 1991; Powell, Stewart et al. 1993; 

Egleton, Mitchell et al. 2000), improves BBB transport (Lowery, Yeomans et al. 2007), 

and improves potency (Lee, Zhang et al. 2009).  Another sweetness of glycosylation is 

that it renders the peptides soluble in water; this is a desirable trait in the drug 

development process.   
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1.7       POLT LAB GLYCOSYLATED PEPTIDES 

Glycosylation of peptides is not a random idea.  Indeed it is one of the most common 

post-translational modifications in proteins and peptides (Apweiler, Hermjakob et al. 

1999), carbohydrates are structural components of many cell surface and secreted 

proteins.  Glycopeptides and glycoproteins play key roles in cellular processes.  At the 

cellular level they modulate cell migration, cell differentiation, cell-cell signaling, 

inflammatory response, intracellular targeting, blood group antigenicity, immune 

recognition, receptor binding, and phatogenicity, while at the protein level they modulate 

folding, solubility, catalytic activity, thermal stability, kinetic stability, aggregation, 

amongst others (Solá, Rodríguez-Martínez et al. 2007).  Glycosylation found in Nature 

include the N-linked glycosylation on asparagine, on the marker sequence Asn-Xaa-

Ser/Thr where Xaa is any amino acid except proline (Bause 1983).  For O-linked 

glycosylation no marker sequence has been found but it occurs on every amino acid with 

a hydroxyl functional group, e.g. serine, threonine, tyrosine, hydroxyproline and 

hydroxylysine.   

 

One of the major advantages of glycosylation is that it protects proteins and peptides 

against proteolytic degradation (Powell, Stewart et al. 1993; Solá and Griebenow 2009).  

The stability that glycosylation provides to peptides has been exploited by many.  

 

In our group, glycosylation of enkephalins started on the glycosylation of the δ selective 

DCDCE (DCys DCys Enkephalin) analog to improve bioavailability by attaching the 
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hydrophilic sugar at the side chain of serine.  These disulfide bridged cyclic peptides 

penetrated the BBB when the glycosylated residue was at the C-terminus but their 

potency was lost when the sugar was attached within the N-terminal message segment.  

However, despite the encouraging results, for the sake of a simpler synthesis and a longer 

shelf life, the focus turned towards the glycosylation of another opioid sequence, the µ/δ 

mixed agonist DTLES (Zajac, Gacel et al. 1983).   

 

DTLES, being a linear peptide was much easier to synthesize and purify on a much larger 

scale, allowing for more complete in vivo testing.  Glycosylation led to a significant 

increase in enzymatic stability in both serum and brain and increased BBB permeability.  

It is worth mentioning that studies have shown that the analgesic effects are reversed by 

centrally administered naloxone methiodide which indicates that analgesia is taking place 

by activation of opioid receptors in the brain(Egleton, Mitchell et al. 2000).  Those were 

the findings that encouraged our group to explore the amphipathicity of the glycosylated 

enkephalins by increasing the number of attached carbohydrate residues, or the number 

of glycosylation sites or by altering the orientation of the glycoside using D- and L-serine 

and threonine linkages.  (See Tables 2.2, 2.3, 2.19 and Figure 2.4 in Chapter 2) 

 

Longer enkephalin analogs with DTLES as a message and an amphipathic helix with a 

carbohydrate at the C-terminal synthesized in our lab, showed analgesia also after i.v. 

administration, proving that these longer peptides cross the BBB. These endorphin 

analogs have YdGFL as the opioid and NLBEKALKS*LCONH2 at the C-terminal 
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terminal amide address. S* is the glycosylated serine residue both message and address 

are connected by a linker (either proline, β-alanine and glycylglycine), which are 

intended to halt the propagation of the helix from the address into the message 

(Dhanasekaran, Palian et al. 2005).  

 

Other amphipathic opioid peptides developed in our lab are the glycosylated and 

phosphorylated DAMGO analogs used to study the effect of amphipathicity and centrally 

mediated antinociception by modifying the hydrophilic group from no sugar, to xylose, to 

glucose, to lactose and we even incursionated into phosphates.  By using exclusively a µ 

selective ligand vs a µ/δ mixed agonist, we eliminated interpretation concerns on the 

analgesic response, e.g. is the analgesia really being improved because of the 

amphipathic character influenced by the carbohydrate used? Or is it because of the 

synergy due to the activation of multiple receptors?    

 

1.8       OTHER OPIOID PEPTIDES AND NEO-GLYCOPEPTIDES 

Glycosylation of enkephalin analogs has been an approach used since the 80’s and it 

remains a hot topic but it is not new.  Garcia- Anton worked on a µ selective Tyr-DMet-

Gly-Phe-Pro- sequence where the C-terminal amide linked glucose and galactose, those 

peptides showed a huge increase in potency compared to morphine after i.p. 

administration (Torres, Reig et al. 1988).  They also synthesized the first glycopeptides 

via O-linkage to the C-terminal of DMet[2], Hyp[5] enkephalin where they improved the 

potency and selectivity. They observed a sharp difference on the potencies. The 
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galactosyl analog was thousands of times more potent than the glucosyl analog 

(Rodriguez, Rodriguez et al. 1989).  Horvat group also synthesized a series of neo-

glycopeptides based on either Leu[5]- or Met[5] enkephalin. The carbohydrate moieties 

were attached to the peptide by an ether-, ester-, amide- or N-alkyl- type linkage (Horvat, 

Horvat et al. 1988).   

 

Other groups have also explored the effect of glycosylation on opioid peptides. Bardaji et 

al. have made analogs of morphiceptin (Tyr-Pro-Phe-Pro-NH2) which has a similarity 

with the endogenous µ-receptor agonist endomorphin-1(Tyr-Pro-Trp-Phe-NH2) and 

endomorphin-2(Tyr-Pro-Phe-Phe-NH2). They replaced Pro[4] with a hydroxyproline 

residue bearing β-D-glucose and β-D-galactose (Bardají, Torres et al. 1991).  Their 

glycopeptides, especially the galactose analog showed no antinociception at all, probably 

because the carbohydrates were attached to the message segment of the peptide. 

 

Opioid agonist and neurokinin antagonist in the same peptide Tyr-DAla-Gly-Phe-Met-

Pro-Leu-Trp-NH-3’,5’-Bzl(CF3)2 has been glycosylated by Yamamoto et al.  

Glycosylation of these bifunctional peptides indeed improved their metabolic stability 

(Yamamoto, Nair et al. 2009).  

 

The natural peptide sequences dermorphin and deltorphin have also been glycosylated. 

Those interesting peptides were found in the skin of South American frogs from the 

family of the Phyllomedusinae.  Dermorphin was the first one isolated by Montecucchi et 
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al. from the skin of the Argentinean frog Phyllomedusa sauvagei, and shows high affinity 

and selectivity for the µ-opioid receptors (Montecucchi, de Castiglione et al. 1981).  After 

the discovery of dermorphins, deltorphins I and II were also isolated by Erspamer et al 

(Erspamer, Melchiorri et al. 1989).  These peptides contain DAla as the second  amino 

acid.  Unlike dermorphin, the deltorphins have a charged amino acid in position 4, either 

histidine, aspartic acid or glutamic acid. [3H][D-Ala2] deltorphin I is used as probe for 

binding studies, since its affinity and selectivity for the δ-opioid receptor are very high 

and selective.   

 

Tomatis group designed several glycopeptide analogs based on the peptide sequences of 

dermorphin and deltorphin (Tomatis, Marastoni et al. 1997) and also chose glycosylation 

to facilitate BBB penetration.  Negri et al. also synthesized O- and C- glycosylated 

versions of dermorphin and deltorphin (Negri, Lattanzi et al. 1999).  He observed that 

glycosylation reduced binding at the receptor but increased analgesic potency.  

Conformational studies were reported on a set of glycosylated dermorphins in SDS by 

CD and IR, the overall conformation was maintained in both glycosylated and 

unglycosylated analogs (Biondi, Filira et al. 2007).   

 

1.9       NON-OPIOID GLYCOPEPTIDES 

Some examples of the use of glycosylation for non-opioid peptides include the 

glycosylation of the highly potent analog of somatostatin, known as Ocreotide (Novartis 

Pharmaceuticals), which is used as a potent inhibitor of glucagon, insulin and growth 
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hormone(Albert, Marbach et al. 1993; Fricker and Küsters 1996).  Somatostatin analogs 

also include the attachment of liposaccharides, which confer amphipathic surfactant-like 

properties, resulting in an improved stability and bioavailability (Tóth, Malkinson et al. 

1999).  Vasopressin is another peptide hormone that has been glycosylated to improve its 

bioavailability (Kihlberg, Ahman et al. 1995).  Neurotensin is a tridecapeptide that 

neuromodulates dopamine transmission, and anterior pituitary hormone secretion.  

Neurotensin also exerts potent hypothermic and analgesic effects in the brain (Vincent, 

Mazella et al. 1999) and it is considered a neurotransmitter/neuromodulator that can be 

found in the brain as well as in the gut.  Neurotensin doesn’t adopt a defined structure in 

aqueous solution, however it adopts a defined β-strand conformation in the presence of 

receptor NTS-1 as shown by solid state NMR. (Luca, White et al. 2003)  Neurotensin 

analogs would be useful to treat pain as well as schizophrenia and epilepsy, and there is a 

strong drive to improve its BBB penetration ability (Boules, Fredrickson et al. 2006).  

Glycosylation of neurotensin analogs did not seem to modify BBB penetration, however 

the potencies of those glycopeptides increased to the sub-picomolar range as 

anticonvulsants following glycosylation (Lee, Zhang et al. 2009).  Actually the 

glycosylation of neurotensin was inspired on Contulakin-G, which has been discovered 

and isolated from the crude venom of conus geographus collected from Marinduque 

island in the Philippines.  This is the first member of the neurotensin family of peptides to 

be isolated from an invertebrate source: Contulakin-G which is a conus peptide of 16-

amino acids which contains a posttranslational-modified amino acid, an O-glycosylated 

threonine residue (Craig, Norberg et al. 1999).  Contulakin-G produced profound 
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antinociceptive effects in rat models of inflammatory pain when administered 

intrathecally.  Since there has been evidence suggesting that neurotensin plays a role in 

neuropsychiatric diseases, such as schizophrenia and Parkinson’s disease (Boules, 

Fredrickson et al. 2003), Contulakin-G could be used ‘as a therapeutic for anti-seizure, 

anti-inflammatory, antishock, anti-thrombus, hypotensive, analgesia, anti-psychotic, 

Parkinson's gastrointestinal disorders, depressive states, cognitive dysfunction, anxiety, 

tardier dyskinesia, drug dependency, panic attack, mania, irritable bowel syndrome, 

diarrhea, ulcer, GI tumors, Tourette's syndrome, Huntington's chorea, vascular leakage, 

anti-arteriosclerosis, vascular and vasodilation disorders, as well as neurological 

disorders (Grey, Griffen et al. 2002).  

 

Glucagon like peptides GLP-1 long-acting analogs had been prepared by a 

chemoenzymatic approach using glycosyltransferases and they have been synthesized 

also by SPPS.  GLP-1 has the ability to potentiate insulin secretion and has been 

proposed as a promising candidate for the treatment of diabetes (Drucker and Nauck 

2006).  On the GLP-1 analogs, asparagine was N-glycosylated with GlcNAc, LacNAc 

and syalyl LacNAc.  The best results after glycosylation were achieved by the sialyl 

LacNAc.  Glycosylation improved proteolytic stability, and lowered blood glucose 

activity in diabetic mice (Ueda, Tomita et al. 2009).  Vasointestinal peptide VIP is a gut-

brain peptide that belongs to the secretin/glucagon/VIP superfamily of peptides, widely 

distributed in peripheral and central nervous system. It serves as neurotransmitter and 

neuromodulator and has been glycosylated to increase its metabolic stability (Krieger 
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1983). VIP shows an unstructured conformation in water but becomes an amphipathic 

helix from Thr[7] to Leu[27] in the presence of membranes (Wray, Nokihara et al. 1998; 

Krishnadas, Onyüksel et al. 2003). The glycosylated analogues of VIP improved the 

metabolic stability in tripsin digestion studies.  On CD experiments, glycosylation did not 

seem to alter the structure of the peptide significantly (Dangoor, Biondi et al. 2008).  

 

1.10      BIOUSIAN HYPOTHESIS AND MEMBRANE HOPPING 

The biousian term comes from the Greek word ousia, meaning ‘substance’ or ‘essence’ 

and it is the behavior displayed by glycosylated peptide neurotransmitters.  By 

glycosylation, peptides can be converted from compounds that spend most of their time 

associated with membranes into drug-like molecules that diffuse freely throughout the 

aqueous compartments of the biologic organism.  

 

The glycopeptides have 2 ‘essences’: 

o An amphipathic ensemble of structures that promotes adsorption to 

biological membranes 

o A random coil ensemble that is water-soluble 

Because of that the glycopeptides have two stable states, and can be regarded as 

Biousian.  
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The Biousian hypothesis claims the following: 

 

“By carefully balancing the free energy of the two states: membrane bound and aqueous 

state, the optimal amount of time will be spent on the membrane for binding and promote 

endocytosis versus the amount of time spent moving through the aqueous compartments 

in vivo.” 

     -Robin Polt (Lowery, Yeomans et al. 2007) 

How to balance those two states? Adding a water-soluble moiety, e.g. by glycosylating 

the peptide.  Depending on the peptide lipophilicity, the appropriate carbohydrate must be 

used to keep a balance.  If the glycopeptide spends too much time in the aqueous 

compartment, then the interaction with its receptors will be reduced. Thus, the 

glycopeptide needs to spend sufficient time in the membrane to bind to the receptor and 

undergo endocytosis, and it needs to get off the membrane to find the membrane where 

the receptor is located.  

 

The interaction of peptides with biological membranes mediates several biological 

processes, e.g. the insertion and folding of peptides and proteins in membranes, the action 

of antibiotic peptides, the rupturing of membranes by toxins, and the membrane mediated 

mechanism of peptide receptor interactions amongst others. 

It is believed to be the first step of a series of steps that eventually lead to the biological 

response, and enkephalins are not the exception.   
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Endorphins (the general term for endogenous opioid peptides) are believed to interact 

with the membranes prior to their interaction with the receptor. (Schwyzer 1991; 

Chatterjee, Majumder et al. 2004) 

 

This interaction of the peptides with the membranes has been extensively studied, and it 

is regarded as ‘membrane catalysis’ and ‘reduced dimensionality’ (Adam and Delbruck 

1968; Schwyzer 1995; Schwyzer 2004; Castanho and Fernandes 2006).  Basically that 

theory says that the ligand that adsorbs on the membrane has reduced its search for the 

receptor from a three dimensional search to a two dimensional search, and also that upon 

membrane adsorption the peptide acquires conformational constrains which also facilitate 

its binding to the receptor.  In other words the peptide acquires an ‘activated’ 

conformation when bound to the membranes, hence, the receptor will bind predominantly 

membrane-associated ligands rather than those free in solution.  

 

By attaching a water soluble moiety like a carbohydrate (e.g. see MM2200 in Figure 2.4 

in Chapter 2), or a phosphate (e.g. see LYM1311 in Figure 3.1 in Chapter 3), or a cationic 

amino acid like arginine (e.g. TAPA in Table 2.1 in Chapter 2) (Ogawa, Miyamae et al. 

2002) in the appropriate position can, in principle, lead to increased stability of the 

aqueous state without perturbing the membrane-bound conformation of the peptide 

message.  (See Figure 1.8)  That behavior was observed with the DAMGO analogs: their 

affinity and selectivity are kept mostly the same before and after glycosylating or 

phosphorylating the terminal serine[5] (Lowery, Yeomans et al. 2007) which is an 
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indication that the carbohydrate is not perturbing the membrane-bound which leads to the 

receptor bound conformation.   

 

 

Figure 1.8 Energetics of aqueous versus membrane-bound states. Additional 
carbohydrate residues are postulated to decrease the energy of the aqueous 
conformational ensemble (1, 2, 3, 4, 5...) without substantially affecting 
the membrane-bound ensemble (A, B, C...). 

  

Like many membrane receptor ligands, the glycopeptides, ultimately targeting the opioid 

GPCR, bind to membranes.  Inside the brain, where the release of a neurotransmitter is 

triggered by the arrival of a nerve impulse, the neurotransmitters (e.g. Met-Enkephalin or 

Leu-Enkephalin) get released from the vesicles that contain them through the presynaptic 

membrane and travel on the order of 200-300Å to bind to the postsynaptic membrane 

where the receptors are.  (See Figure 1.9)  The neurotransmitters are released so close to 

their target that they don’t need a travel mechanism.  However when neurotransmitters 

are given peripherally, they need a travel mechanism, not only to get to the brain and 

cross the BBB but once inside the brain, to find the receptors.  Precisely because of the 
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carbohydrate moiety, they have the ability to ‘hop off’ the membrane, travel some 

distance, and then find another membrane to ‘hop on’ again.  (See Figure 1.10) 

 

 

Figure 1.9 Peptide neurotransmitters strongly associated with membranes. After 
release from the presynaptic neuron, peptide neurotransmitters (e.g. 
enkephalins) strongly associate with the postsynaptic membrane 
(kon>>koff) and bind to a G-protein coupled receptor (MOR) via a 
membrane-bound conformation (Fisher’s lock and key).  
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Figure 1.10 Incorporation of a glycoside moiety shifts the (kon>>koff) equilibrium to 
facilitate ‘membrane hopping’.  Drug-like activity results when the 
kon>>koff ratio is near ideal.   

 

This manuscript focuses on the modified DAMGO analgesic opioid peptides that have 

been used as ‘message segments’.  The hydrophilic portion of the analogs is located at the 

C terminal of the peptide composed by the terminal serine-NH2 and its attached 

carbohydrate, and regarded as the ‘address segment’.  Glycosylation ensures that the 

peptides will have an amphipathic nature and display a biousian behavior.  While in 

water glycopeptides may show an unstructured conformation, in membranes they become 

ordered and adopt a more rigid conformation.  Even if they show a tendency to get a 

preferred conformation in water to some extent, that conformation is not fully obvious 

until the membrane is present.     
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1.11      DAMGO ANALOGS AS A MODEL 

The DAMGO project was conceived thinking of a way to measure the exclusive effect of 

carbohydrates and transport.  By selecting the µ-opioid agonist most used in binding 

assays we were able to:  

• Explore and exploit the Biousian hypothesis. 

• Minimize the confounding effects of µ/δ/κ mixed selectivity. 

• Since DAMGO is regarded as a lipophilic message that does not cross the BBB, 

any central mediated analgesia would be attributed to the carbohydrate. 

• Provide a glycopeptide standard comparison compound for the rest of the 

glycopeptide library synthesized in our lab, most of them µ/δ mixed agonists with 

excellent analgesic profile and reduced opioid side effects. 

• A glycopeptide standard was required also because alkaloids like morphine 

interact differently with the receptors (Chakrabarti, Law et al. 1998). 

• Provide a way to evaluate if glycosylation of a µ-agonist peptide reduces opioid 

side effects. 

• Provide a model to study the relationship between amphipathicity (Connolly 

surfaces based) and centrally mediated analgesia. 
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CHAPTER 2 — GLYCOSYLATED DAMGO ANALOGS 

 
A glycosylated library of DAMGO was synthesized in order to study 1) the relationship 

of amphipathicity and CNS mediated analgesia, 2) the interactions of DAMGO and 

DAMGO glycosylated analogs with artificial membranes, in this case SDS micelles, and 

3) the induced conformation on the peptide upon binding to the SDS micelles.  (See 

Figure 2.1) 
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Figure 2.1 DAMGO, DAMGO analogs: LYM100 (parent) and LYM50, LYM110, 
LYM147 (glycosylated analogs). 
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The DAMGO analogs library interaction with SDS micelles was studied by 1D and 2D 

NMR experiments and CD conformational analysis.  1D NMR Diffusion experiments, 

provided the peptide-micelle association constant Kass.  Variable temperature NMR 1D 

analysis in water and SDS provided the amide temperature coefficient values. That 

information is useful to find out which protons are solvent exposed and which protons are 

participating in hydrogen bonding.  2D NMR was performed and the crosspeaks volumes 

were measured in order to find the inter-residue distances of protons that are closer than 

~6Å, using the relationship between intensity volumes and distance v =
c
r6

 where v is the 

volume of the cross peak, r is the distance and c is the constant that relates both 

quantities.  Circular Dichroism studies in water and SDS were also performed to find 

qualitatively if the artificial membrane and/or the carbohydrate induce a conformational 

change.  The pharmacological studies consist of binding affinities studies, performed by 

Prof. Jean Bidlack laboratory at the University of Rochester, School of Medicine and 

Dentistry and, the in vivo analgesic studies were done by Prof. Edward Bilsky laboratory 

at the Department of Pharmacology, University of New England. 
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2.1       DESIGN CONSIDERATIONS 

 

2.1.1       DAMGO: A MOR AGONIST 

DAMGO (Tyr-DAla-Gly-N(Me)Phe-Glyol) was synthesized on the late 70’s because 

individual binding site characterization was a difficult task since the known ligands at 

that time interacted with more than one binding site. (Kosterlitz and Paterson 1980).  

Questions like what determines the receptor affinity?, what determines the biological 

activity?, What determines µ/δ selectivity? triggered an extensive search for structure 

activity relationships. Thousands of analogs were synthesized aiming for potency and 

specificity.  Based on binding affinities to µ and δ receptors the promising compounds 

were selected for more pharmacological studies or discarded.  That extensive search shed 

some light on the features that would make a peptide more selective, more potent, and 

more resilient to enzymatic degradation. Some of the observed (Fournie-Zaluski, Gacel et 

al. 1981; Shimohigashi, Costa et al. 1982; Shimohigashi, Dunning et al. 1983; Hruby and 

Gehrig 1989) basic ligand characteristics to achieve µ receptor specificity are: 

• Keep tyrosine in the first residue 

•  D-amino acids increased potency at both µ and δ receptors, and stabilizes or 

promotes a β-turn.  (Rose, Gierasch et al. 1985; Hruby, Al-Obidi et al. 1990)   

• Change at the Gly[3] are detrimental for the µ affinity, unless it is replaced by an 

alkyl spacer 

• Phenyl ring in position 3 or 4 
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• The aromatic group at the Phe[4] can be N-methylated and many substitutions are 

allowed on the ring.  Some of the effects on N-methylation include: strong 

influence on side chain orientation, changes in hydrogen bonding ability since it 

blocks potential intramolecular hydrogen bonding sites, and also blocks 

proteolytic enzyme cleavage sites. (Tonelli 1976; Manavalan and Momany 1980; 

Vitoux, Aubry et al. 1986; Degrado 1988; Vitoux, Cung et al. 1988; Chatterjee, 

Ovadia et al. 2007).  Recently it has been shown that N-methylation of peptide 

bonds could even increase the biological activity and receptor selectivity 

(Rajeswaran, Hocart et al. 2001; Chatterjee, Ovadia et al. 2007).  N-Methylation 

on peptides is also a Nature’s resource some examples of the bioactivities found 

are: antibiotic (Ebata, Takahashi et al. 1966), antivirals (Pettit, Kamano et al. 

1993),  anticancer (Ramanjulu, Ding et al. 1997), and immunosuppressant 

(Wenger 1984).  

• The terminal COOH can be changed to alcohol terminal groups (like DAMGO) or 

change into terminal amide. The terminal CONH2 analogues have higher affinities 

for the µ receptors than the COOH terminal analogues (Pert, Pert et al. 1976). 

DAMGO has the glycinol terminal but all the selective MOR analogs LYM100, 

LYM50, LYM110, LYM147, LYM1311 and LYM1312 discussed in this 

document bear a CONH2 terminal. 

Increased analgesic potency was observed when Met enkephalin was modified by change 

of the carboxyl group to the carbinol analogue (Met-ol[5]), substitution of the Gly at the 

second position for DAla, oxidation to the sulphoxide (DAla[2], Met(O)-ol[5]) and N-
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methylation of phenylalanine[4]. Those modifications resulted in the compound FK 33-

824 (Roemer, Buescher et al. 1977), DAla[2], MePhe[4], Met(O)-ol[5] enkephalin, which 

produced analgesic activity even at oral administration.  From comparing FK 33-824 and 

DAMGO structures in Figure 2.2, it can be  suggested that FK 33-824 from Sandoz was 

probably the inspiration for the potent and µ selective RX783006 (Handa, Land et al. 

1981) which later would be known as DAMGO. 

 

DAMGO (1981) 

 

FK 33-824 (1977) 

Figure 2.2 Comparison between DAMGO and FK 33-824. 
 

One way to overcome the enzymatic degradation in vivo, not only in serum but also at 

the BBB was by substitution of L-amino acids for D-amino acids and N-methylation of 

amide linkages.  DAMGO is an example of that design modification. The peptide bonds 

susceptible for hydrolysis on enkephalin are Tyr[1]-Gly[2] by aminopeptidases 
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(Hambrook, Morgan et al. 1976; Marks, Grynbaum et al. 1977; Marks, Kastin et al. 

1978), Gly[2]-Gly[3] by dipeptidylaminopeptidase (enkephalinase B) (Gorenstein and 

Snyder 1979), Gly[3]-Phe[4] by enkephalinase (Malfroy, Swerts et al. 1978), and Phe[4]-

Leu[5 or 6] by carboxypeptidase (Marks, Grynbaum et al. 1977; Meek, Yang et al. 1977).  

As illustrated in Figure 2.3 DAMGO (b) opposite to enkephalins (a), is protected from 

enzymatic degradation since it bears a D-alanine in the second position and N-

methylation at Phenylalanine[4]. 

 

a) 

 

b) 

 

Figure 2.3 Enzymatic degradation of enkephalins.  
Comparison between a) met-enkephalin b) DAMGO 
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Few exceptions amongst the hundreds of MOR selective peptides are more potent than 

DAMGO or display a higher affinity (Zimmerman and Leander 1990). Because of that, 

DAMGO it is still widely used as the standard ligand for displacement in binding assays. 

Basically the affinity of an opioid active candidate for the MOR is measured in terms of 

how much labeled DAMGO  ([3H]DAMGO) can be displaced by the tested compound.   

 

Some examples for other MOR agonist compared to DAMGO in affinity and selectivity 

are DALDA (Schiller, Nguyen et al. 1989) Dermorphin (Montecucchi, de Castiglione et 

al. 1981), Endomorphin1 and Endomorphin2 (Zadina, Hackler et al. 1997), PLO17 

(Chang, Wei et al. 1983), TAPA (Chaki, Sakurada et al. 1989), ADAB, ADAMB 

(Ogawa, Miyamae et al. 2002) amongst others are included in Table 2.1.  DALDA 

showed higher stability in serum than DAMGO by 10 fold slower plasma clearance.  The 

half-lives of DALDA and DAMGO were 1.5 and 0.24 h respectively, and the plasma 

clearances were for DAMGO 223 mL/Kg/h and for DALDA 24 mL/Kg/h (Szeto, 

Lovelace et al. 2001). 

 



 85 

 

Ki(nM) Compound 
MOR DOR KOR 

Binding data reference 

Morphine 0.79 290 12 (Lowery, Yeomans et al. 
2007) 

Endomorphin 1 
Tyr-Pro-Trp-Phe-NH2 

0.36 1506 5428 (Zadina, Hackler et al. 
1997) 

Endomorphin 2 
Tyr-Pro-Phe-Phe-NH2 

0.69 9.23 5240 (Zadina, Hackler et al. 
1997) 

DAMGO 
Tyr-DAla-Gly-MePhe-Gly-OH 0.56 990 270 (Lowery, Yeomans et al. 

2007) 
Dermorphin 
Tyr-DAla-Phe-Gly-Tyr-Pro-Ser-NH2 

0.54 929  (Melchiorri and Negri 
1996) 

ALPG 
Tyr-DAla-Phe-Gly-OH     

DALDA 
Tyr-DArg-Phe-Lys-NH2 

1.69 19200  (Schiller, Nguyen et al. 
1989) 

[DMt1]DALDA 
DmtTyr-DArg-Phe-Lys-NH2 

0.143 1670 4.4 (Zhao, Qian et al. 2003) 

Tyr-DArg-Phe-Sar-OH     
Syndyphalin-25 
Tyr-DMet-Gly-NMePheol 0.29(IC50) 1250(IC50)  (Quirion, Kiso et al. 1982) 

PLO17 
Tyr-Pro-MePhe-DPro-NH2 

5.5 10000  (Janecka, Fichna et al. 
2002) 

LY164929 
Tyr-DAla-Gly-N(Ethyl)Phe-X* 
(See Table of Abbreviations) 

0.6(IC50) 900(IC50)  (Shuman, Nguyen et al. 
1982) 

TAPA 
Tyr-DArg-Phe-βAla-OH 0.02 42  (Sasaki, Ambo et al. 1991) 

TAPA-NH2 terminal 
Tyr-DArg-Phe-βAla-NH2 

0.021 272 1365 (Sasaki, Ambo et al. 1991) 

ADAB 
Na-Amidino-Tyr-DArg-Phe-βAla-OH 20.8(IC50) >1000 >1000 (Ogawa, Miyamae et al. 

2002) 
ADAMB 
Na-Amidino-Tyr-DArg-Phe-MeβAla-OH 12.9(IC50) >1000 >1000 (Ogawa, Miyamae et al. 

2002) 
Tyr-DAla-Phe-Phe-NH2 1.53   (Zhao, Qian et al. 2003) 
DmtTyr- DAla-Phe-Phe-NH2 0.173   (Zhao, Qian et al. 2003) 
Tyr-DArg-Phe-Orn-NH2 1.2   (Zhao, Qian et al. 2003) 
DmtTyr-DArg-Phe-Orn-NH2 0.151   (Zhao, Qian et al. 2003) 
Tyr-DArg-Phe-A2pr-NH2 2.55   (Zhao, Qian et al. 2003) 
DmtTyr-DArg-Phe-A2pr-NH2 0.06    (Zhao, Qian et al. 2003) 
Table 2.1 MOR selective and high affinity agonists 
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2.1.2       µ/δ MIXED AGONISTS AND PURE µ AGONISTS 

The Polt (Palian and Polt 2001; Dhanasekaran and Polt 2005; Polt, Dhanasekaran et al. 

2005) research group had previously synthesized successfully potent glycopeptide 

analgesics that have excellent profiles in vivo via peripheral administration, which means 

great analgesia and significantly reduced opioid side effects.  However the success of 

those glycopeptides does not depend exclusively on the potency of the message used, e.g. 

the linear DTLES Tyr-DThr-Gly-Phe-Leu-Ser-NH2, which is an analog of DTLET 

(Zajac, Gacel et al. 1983) but mostly on the enhancement of transport properties due to 

the glycosylation of those peptides. That modification for the µ/δ opioid peptides, 

translates into CNS mediated analgesia.  Table 2.2 shows the binding affinities of the 

glycosylated analogs of DTLES, showing they are mixed µ/δ agonists.  In vivo A50 i.v. 

(µmol/Kg) values show that the best drug candidates are MMP2200 (lactose) 

3.2µmol/Kg, and MD2005 (melibiose) 2.16µmol/Kg vs the unglycosylated compound 

SAM995 that shows 46.4µmol/Kg.  The drastic increase of analgesia from the parent 

compound SAM995 to the glycosylated analogs MMP2200, and MD2005, strongly 

suggests that glycosylation enables them to act centrally, inside the brain.  (See Tables 

2.2, 2.3 and Figure 2.4 for the structures) 
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 Ki(nM) ±S.E.M.  

Opioid MOR DOR KOR 
Ratio 
µ:δ:κ 

 [3H]DAMGO [3H]Naltrindole [3H]U69,593  
MORPHINE 0.79±0.12 290±38 12±1.3 1:370:15 
DAMGO 0.56±0.006 990±35 270±9.3 1:1900:510 
SAM995 1.4±0.083 4.1±0.41 34±2.2 1:3:24 
SAM1095 7.63±3.96 2.37±2.36 nd 3:1:nd 
CM100 1.6±0.011 7.6±1.1 23.0±1.5 1:5:14 
CM200 2.3±0.16 8.4±0.54 16.0±0.4 1:4:7 
MMP2230 30.8 9.86 nd 3:1:nd 
MMP2200 5±0.65 9.2±1.7 42±5 1:2:8 
CM900 4.5±0.12 13±0.55 31±0.3 1:3:7 
MD2005 2.8±0.16 12±0.41 60±3.5 1:4:21 
MMP2300 15 3.8 nd 4:1:nd 

Table 2.2 Affinities from Prof. Bidlack Lab except for the glucose (SAM1095), 
maltose (MMP2230) and maltotriose (MMP2300) analogs, which were 
measured in Prof. Yamamura Lab. nd: not determined yet 

 

 A50(95% CI) 
Opioid i.c.v.(nmol/mouse) i.v.(µmol/Kg) 
   
MORPHINE 2.384(1.77-3.21) 7.84(6.07-10.1) 
DAMGO 0.030(0.02-0.04) 1.88(1.48-2.38) 
SAM995 0.07(0.05-0.09) 46.4(35.4-60.7) 
SAM1095 0.02(0.01-0.04) 11.4(8.5-15.2) 
CM100 0.092 9.45(8.34-10.7) 
CM200 0.125(0.0852-0.18) 4.8 
MMP2230 0.07(0.06-0.09) ~12 
MMP2200 0.02(0.01-0.03) 3.2(2.5-4.2) 
CM900 nd nd 
MD2005 0.034(0.026-0.044) 2.16(1.84-2.53) 
MMP2300 0.06(0.04-0.11) 10.9(8.5-13.9) 

Table 2.3 Antinociceptive potencies (i.c.v. and i.v. in mouse 55˚C tail flick assay, 
Prof. Bilsky Lab). nd: not determined yet 
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Figure 2.4 Glycosylated analogs of DTLES 
 

In addition to that some of those glycosides have been tested and shown that naloxone 

methiodide reversed the analgesic effects (Egleton, Mitchell et al. 2000), again proving 

that they are binding to opioid receptors inside the brain.  Lets not forget that in addition 

to promote passage through the BBB, glycosylation also provides enzymatic stability in 

both serum and brain. 
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Compared to the parent peptide SAM995 any of the glycosylated analogs showed 

superiority as antinociceptives. However some tuning of the transport across the BBB is 

possible by using different carbohydrates.  From the library built it was deducted that a 

monosaccharide is good(e.g. the fucose analog CM200) a disaccharide is better(e.g. the 

melibiose analog MD2005), and a trisaccharide not as good(e.g. MMP2300).  The lactose 

analog, MMP2200 has been studied as a great candidate for analgesia, and most recently 

as a possible candidate for Parkinson’s disease (ongoing studies conducted by Dr. Scott 

Sherman at the U of A College of Medicine.) 

 

Figure 2.5 Glycosylated analogs of YtGFLS* intravenous (i.v.) vs 
intracerebroventricular potency (i.c.v.). 
Morphine sulfate (µ agonist) is included as a reference point. 
Antinociceptive potencies (i.c.v. and i.v. in mouse 55˚C tail flick assay, 
Prof. Bilsky Lab). 
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From Figure 2.5, the i.v. vs the i.c.v. potencies are plotted, and from that Plot it can be 

concluded that lactose and melibiose YtGPLS(disaccharides) are the compounds that 

display the best i.v. analgesic potencies, followed by the monosaccharides and 

trisaccharides. So as a rule of thumb in i.v. analgesic terms and for the YtGPLS µ 

selective and µ/δ mixed agonist: 

Parent peptide 
(non-glycosylated) < monosaccharide < disaccharide > trisaccharide 

 

For the YtGFLS(glycosylated) analogs,  the disaccharide produces both the optimal 

transport and stability in vivo. By considering the peptide as the lipophilic moiety and the 

carbohydrate as the hydrophilic moiety, the amphipathicity of the glycosylated 

enkephalins can be altered by increasing the number of attached carbohydrate residues 

(oligosaccharides) or the number of glycosylation sites (multiple monosaccharides), and 

by tuning the ratio 
lipophilic
hydrophilic

 achieve the highest transport of the peptides across the 

BBB.  

The carbohydrate attachment to the peptide has positive effects. It increases BBB 

transport and it makes the peptide stable in serum and at the BBB against enzymatic 

degradation also. However it is specially difficult to accurately evaluate the effect of 

different sugars when they are attached to a µ/δ mixed compound, specially since its µ/δ 

selectivity may change a little, and a little change in the µ selectivity for example, can go 

long ways since the highest analgesic response is associated with activation of the µ 

receptor. 
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Because of that, DAMGO was the optimum message segment to test our hypothesis.  

DAMGO is exclusively a µ agonist and the attachment of the carbohydrate did not 

change the selectivity. In this way any changes on i.v. antinociception can be attributed to 

the type of sugar used without wondering about the synergy of mixed agonists. 

 

That is why we chose DAMGO as our ‘message segment’. Analgesia was the biological 

response measured and it can be said with confidence that the analgesic effects are due to 

MOR activation only.  Because of that, all the observed improvements in analgesic 

effects when administering the glycosylated DAMGO analogs can be attributed to the 

carbohydrate used.   

 

2.2       RESULTS AND DISCUSSION 

 

2.2.1       CONFORMATIONAL ANALYSIS 

The use of micellar systems for high resolution NMR experiments has been widely 

exploited as models for studying peptide membrane interactions, and it has become an 

extremely popular technique, in combination with molecular modeling, for determining 

the biologically-active conformation of membrane-associated  peptides in the past 

decades.  It has been postulated that side chain charge and hydrophobicity of peptides 

play a direct role in micelle binding (Schwyzer 1992), and if the micelle model system is 

considered a valid model, then it may reflect the membrane binding as well.   
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Enkephalins and other neurotransmitters structures have been studied using micelles to 

model or mimic the membrane environment in NMR studies. (Matsunaga, Collins et al. 

1993; Watts, Tessmer et al. 1995; Palian, Boguslavsky et al. 2003; Raussens 2003; 

Andersson, Almqvist et al. 2004; Dike and Cowsik 2006; Yamamoto, Nair et al. 2009)  

 

2.2.1.1       DIFFUSION EXPERIMENTS 

Molecules in liquid or solution display Brownian molecular motion, often simply called 

diffusion or self-diffusion.  Diffusion is dependent on physical parameters such as size 

and shape of the molecule, temperature of the media, viscosity.  The diffusion coefficient 

D is described by the Stokes-Einstein equation: 

D =
kT
6πηrs

 

where k is the Boltzman constant, T the temperature, η the viscosity of the liquid and rs 

the hydrodynamic radius of the molecule.  

 

Self-diffusion can be studied mainly by two ways using NMR spectroscopy: the analysis 

of relaxation data, which is sensitive to rotational diffusion (in the timescale of 

picosecond to nanosecond) (Palmer 1997; Orekhov, Korzhnev et al. 1999) which will not 

be discussed here, and pulsed-field gradient NMR techniques, which measures 

translational diffusion (on the millisecond to second timescale).    
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Pulse field gradient NMR spectroscopy is a useful technique to measure translational 

diffusion of molecules (Price, Lucas et al. 2004; Zielinski and Morris 2009), peptide-

micelles association (Larive, Jayawickrama et al. 1997; Lin, Shapiro et al. 1997; Chien, 

Cheng et al. 1998; Orfi, Lin et al. 1998; Whitehead, Jones et al. 2001; Morris, Gao et al. 

2004; Whitehead, Jones et al. 2004; Begotka, Hunsader et al. 2006; Matsumori, Houdai et 

al. 2007) and peptide penetration in micelles (Bárány-Wallje, Andersson et al. 2006; 

Prosser, Evanics et al. 2006).   

 

By the use of gradients, molecules can be spatially ‘labeled’, depending on their position 

in the NMR tube.  If they move after this encoding during the following diffusion time, Δ, 

their new position can be decoded by a second gradient.  The measured signal is the 

integral over the whole sample volume and the NMR signal intensity is attenuated 

depending on the diffusion time Δ, and the gradient parameters (G, δ).  This intensity 

change is described by 

I = Ioe
−Dγ 2G2δ 2 Δ−

δ
3
−
τ
2

⎛
⎝⎜

⎞
⎠⎟

 

where Io is the intensity of the resonance in the NMR spectrum in the absence of gradient 

pulses, γ is the gyromagnetic ratio, Δ is the time period during which diffusion occurs,  τ 

is the short delay between the polar gradients, G and δ are the amplitude and duration of 

the bipolar gradient pulse pair, respectively, and D is the diffusion coefficient.  
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The easiest pulse sequence to measure diffusion has already been described by Stejskal 

and Tanner (Stejskal and Tanner 1965) and is shown in Figure 2.6. 

 

 

Figure 2.6 Pulse sequences for diffusion studies. (PFG-SE) sequence. Top: bipolar 
pulse pair (BPP)LED Bottom: Stejskal and Tanner pulsed-field gradient 
spin-echo. 
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A 90˚ rf pulse is applied which rotates the macroscopic magnetization from its thermal 

equilibrium in the z axis to the x-y plane.  The first gradient pulse of duration δ and 

magnitude G is applied and the spins experience a phase shift.  Chemical shifts and 

frequency dispersions due to residual Bo inhomogeneities are refocused by the 180˚ pulse 

in the middle.  The second gradient is equal in magnitude and duration to the first one.  

Due to the inversion of the phase shifts acquired from the first gradient by the 180˚ pulse, 

this second gradient will refocus the magnetization of all the spins dephased by the first 

gradient, only if the spins have not undergone any translational motion with respect to the 

z axis.  However, if the spins have moved during the time period, Δ, which is between the 

two gradient pulses, refocusing cannot complete totally.  Thus in the presence of 

diffusion, the winding by the first gradient to a “magnetization helix” and the unwinding 

by the second gradient, is scrambled by the diffusion process, thereby resulting in a 

reduction of coherent magnetization and therefore in a loss of signal intensity.  The faster 

the diffusion occurs, the poorer is the refocusing effect of the second gradient and the 

smaller is the resulting signal.  (See Scheme 2.1) 
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Scheme 2.1 Schematic representation of the Stejskal and Tanner pulse sequence and its 
effect on the spins due to random diffusion(Jacobsen 2007). 

 

An improvement to the Stejskal-Tanner sequence is the bipolar pulse longitudinal eddy-

current delay (BPP) LED (Wu, Chen et al. 1995), and used in the diffusion experiments 

of the DAMGO analogs. It reduces the effect of inhomogeneous background gradients, 

and it also reduces eddy-current effects.  Eddy currents are an electrical phenomenon first 

observed in the 1820’s by Francois Arago, and it is caused by the exposure of a 

conductor to a changing magnetic field.  In gradient NMR experiments, eddy currents are 

specially caused by the rapidly rising and falling gradient pulses, such as rectangular 

pulse shapes, which can cause a circulating flow of electrons, or a current, within the 

conductor.  Their main effect is the delaying of fast changes in gradient amplitude, 

causing a “tail” at the end of rectangular gradient shapes.  If the eddy-current tail from 
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the first gradient pulse in the Stejskal-Tanner sequence extends into the second τ period, 

then the total field gradients during the two τ periods are not equal, and it will result in 

phase changes and wiggles in the observed spectra.  With (BPP) LED High-resolution 

NMR spectra can be obtained without lineshape distortions since more than 95% of the 

eddy currents are canceled thanks to the replacement of each gradient pulse with a pair of 

accurately matched shaped pulses having different polarities and combined with phase 

cycling (Wu, Chen et al. 1995).  (See Figure 2.6) 

 

When a peptide interacts with SDS micelles it diffuses at a rate characteristic of the much 

larger and more slowly moving micelle.  The peptide to micelle association constant can 

be determined if the diffusion coefficient is measured for the peptide in free solution and 

in the presence of micelles (Stilbs 1987; Deaton, Feyen et al. 2001; Whitehead, Jones et 

al. 2004; Begotka, Hunsader et al. 2006).  The SDS micelle association constant for the 

peptide protein kinase C substrate has been determined using NMR diffusion experiments 

(Chien, Cheng et al. 1998).  Diffusion studies with two tripeptides glycyl-histidyl-glycine 

(GHG) and phenylalanyl-histidyl-phenylalanine (FHF), were done to evaluate the effects 

of hydrophobic residues like phenylalanine, vs glycine.  The conclusion was that while 

both the peptides had the electrostatic initial interaction with SDS micelles, FHF had 

phenylalanine responsible for additional hydrophobic interactions, showing a larger 

degree of association (Orfi, Lin et al. 1998).  
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PFG diffusion experiments using (BPP) LED were done for DAMGO and for its 

glycosylated analogs, in order to measure the peptide association constant, Keq and 

evaluate this way their affinity for membranes, and the relationship between the type of 

carbohydrate (xylose, glucose, lactose) and the equilibrium constant.  (See Table 2.4) 

 

The peptide association constant Keq is the association equilibrium constant (eq. 4) to the 

SDS micelles, and it can be obtained by the diffusion coefficient analysis as a function of 

size of the peptide in the free and micelle bound species (Orfi, Lin et al. 1998; Begotka, 

Hunsader et al. 2006); that is, assuming: 

1) Only two peptide species: free peptide P and SDS micelle bound peptide, 2) Only two 

SDS species, free SDS molecules and SDS micelles, where the sum of the mole fractions 

of bound and free for the peptide (fb,pep , ffree,pep) as well as for the SDS (fb,sds , ffree,sds) must 

be one (eq. 1 and 2).  

fb,sds + ffree,sds = 1      (1) 

fb,pep + ffree,pep = 1      (2) 

The association between the peptide and the micelles can be described by:  

 SDS +P⎯→⎯←⎯⎯ [SDS iP]      (3) 

The equilibrium expression that describes the interaction between peptide and micelle is: 

 

Keq =
[SDS iP]
[SDS ] [P]

      (4) 
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then, by combining eq. 1, 2, and 4 we can represent Keq as: 

Keq =
fb, pep

fb,sds[SDS ] (1− fb, pep )
     (5) 

the way to find fb,pep and fb,sds is described below. 

In the fast exchange limit, the measured diffusion coefficient is a weighted average given 

by 

Dobs = fbDb + f freeDfree      (6) 

where Dobs is the observed diffusion coefficient, Db is the diffusion coefficient of the 

bound species, Dfree is the diffusion coefficient of the free species, fb is the molar fraction 

of the bound species and ffree is the molar fraction of the free species.   

Therefore the observed peptide diffusion coefficient in the presence of micelles Dobs,p and 

the observed SDS diffusion coefficient are given by the expressions (7) and (8): 

 

Dobs, p = fb, pDmic,sds + (1− fb, p )Dfree, p     (7)   

Dobs,sds = fb,sdsDmic,sds + (1− fb,sds )Dfree,sds    (8) 

 

by rearranging (7), fb,p is shown as: 

fb, p =
Dobs, p − Dfree, p

Dmic,sds − Dfree, p

         

and by rearranging (8), fb,SDS is shown as: 

fb,sds =
Dobs,sds − Dfree,sds

Dmic,sds − Dfree,sds
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where fb,p and fb,sds are the molar fractions of the peptide bound to micelles and of the 

SDS molecules involved in forming micelles. Dobs,p and Dobs,sds are the peptide and the 

SDS observed diffusion coefficient of the peptide in the presence of micelles, and of the 

micelles in the presence of peptide. Dfree,p and  Dfree,sds are the free solution peptide and 

the free SDS molecules (free molecules, not participating in micelle formation) diffusion 

coefficients. The Dfree,sds used in our experiments is 5.82 x 10-10 m2s-1. (Orfi, Lin et al. 

1998; Begotka, Hunsader et al. 2006). Dmic,sds is the diffusion coefficient of the peptide-

micelle associates, and it was calculated for each peptide by measuring Dobs,sds as a 

function of SDS concentration (15-100mM) and 5.0mM of peptide. Since the association 

of our peptides to the micelle increases the size of the micelle, and hence it decreases the 

diffusion coefficient of the peptide-micelle units, (Begotka, Hunsader et al. 2006; 

Matsumori, Houdai et al. 2007)  Dobs,sds vs 1/[SDS] was plotted where the y intercept 

shown in the linear regression defines the Dmic,sds .  Strictly talking, and considering that 

the circumference of the SDS micelles is around 120Å and the extended DAMGO 

analogs backbone is on the order of 20 Å, the association of peptides with micelles will 

increase the size of the micelles.  Since the amount of SDS used to make the micelles is 

at least in 10 fold excess to the peptide, the change in micelle size upon peptide 

association to the micelle is usually neglected (Orfi, Lin et al. 1998).  However, in our 

case, because of the size contribution of the carbohydrate moiety on the peptides plus the 

waters of hydration when the peptide is in solution, the micelle size is affected to the 

point where its size change can no longer be neglected.  That is why the value for the 

Dmic,sds reported by Orfi et al., 8.60 x 10-11 m2s-1, was not used but Dmic,sds values were 
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measured for each peptide.  In Table 2.4, the association constants are a measurement of 

the affinity that the glycopeptides have for the hydrophobic environment.  DAMGO, 

being the most hydrophobic peptide has the higher affinity for the SDS micelles, with an 

association constant of 330M-1, and followed by LYM100, the parent peptide 300M-1; 

LYM50, the xylose peptide 215 M-1; LYM110, the glucose peptide 198 M-1, and the 

lactose peptide LYM147 169 M-1.  The peptides hydrophilicity increases with the size of 

the carbohydrate moiety, and their affinity for the SDS micelles diminishes.  

 

DAMGO and related glycopeptide analogs Diffusion coefficients 

Peptide Dobs,SDSx10-11(m2s-1) fb,SDS Dfree,px10-11 Dobs,px10-11 fb Keq(M-1) 

DAMGO 8.85 0.981 45.7 10.1 0.942 330 

LYM100 
(parent) 8.35 0.981 45.5 9.8 0.936 300 

LYM50 
(xylose) 9.27 0.952 41.7 9.93 0.911 215 

LYM110 
(glucose) 13 0.871 41 9.93 0.896 198 

LYM147 
(lactose) 6.9 0.992 36.7 9.72 0.893 169 

Table 2.4 Diffusion coefficients, fb values, and peptide-micelle association constants, 
Keq, for DAMGO analogs. 

 

Those results also correlate with the HPLC reverse phase retention times, as we can see 

from Figure 2.7 and Tables 2.5, 2.6, and 2.7.  HPLC RT can be used as indicators of 

peptides lipophilicity (Weber, Abbruscato et al. 1993; Deguchi, Naito et al. 2004). 

 



 102 

 
Figure 2.7 Reverse Phase HPLC RT  1mL/min.  Gradient: 0-50% solvent B in 30 

min.  Solvent A: 95%water 5%ACN, solvent B: 20%water 80%ACN.  
HPLC solvents have 0.1%TFA  

 

Peptide purity tr to Capacity factor (k) 
DAMGO 99% 19.49 4.12 3.73 
LYM100 99% 18.63 4.10 3.54 
LYM50 97% 18.27 4.08 3.48 
LYM110 98% 17.91 4.10 3.37 
LYM147 96% 17.12 4.10 3.17 
LYM1311 99% 18.33 4.08 3.49 
LYM1312 99% 24.81 4.09 5.06 

Table 2.5 Reverse Phase HPLC RT  1mL/min.  Gradient: 0-50% solvent B in 30 
min.  Solvent A: 95%water 5%ACN, solvent B: 20%water 80%ACN.  
HPLC solvents have 0.1%TFA 
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Peptide tr to Capacity factor (k) 
DAMGO 66.35 3.90 16.02 
LYM100 56.15 3.94 13.25 
LYM50 52.63 3.92 12.43 
LYM110 50.05 3.94 11.70 
LYM147 39.52 3.90 9.14 
LYM1311 47.74 3.93 11.15 
LYM1312 never came -  - 

Table 2.6 Reverse Phase HPLC RT  1mL/min.  Gradient: isocratic 8% solvent B.  
Solvent A: 95%water 5%ACN, solvent B: 20%water 80%ACN.  HPLC 
solvents have 0.1%TFA  

 

Peptide MW Mass 
calculated 

Mass found 
[MH]+ 

Mass found 
[MNa]+ 

LYM100 556.61 556.27 557.1 579.3 
LYM50 688.73 688.31 - 711.1 
LYM110 718.75 718.32 718.9 741.2 
LYM147 880.89 880.37 881.2 903.5 
LYM1311 636.59 636.23 637.1 659.2 
LYM1312 726.71 726.28 727.1 749.2 
Table 2.7 MW and mass calculated using ChemDraw.  Mass found by LCQ 1, 

positive ionization method, ESI and infusion sample introduction. 
 

DAMGO is the most hydrophobic of the DAMGO analogs series, and for that reason it 

elutes the last since it interacts stronger with the HPLC stationary phase, which is made 

of hydrophobic alkyl chains (C12 in our analytical column).   

 

From the diffusion experiments it can be observed that the peptides interact with the SDS 

micelles.  (See Figure 2.8 and Table 2.8)  In the presence of micelles the diffusion 

coefficients for all the damgo analogs are in the same region as the diffusion coefficients 

for SDS micelles well above its critical micellar concentration (cmc), which corresponds 



 104 

to the diffusion coefficient of a large object that tumbles slower in solution, do it diffuses 

at a less rate, than smaller objects.  When the peptides are free, meaning in aqueous 

solution only, no micelles present, their diffusion coefficients are one order of magnitude 

faster, than the values for peptide-micelles associated.  The question remains as to how 

much of that peptide-micelle interaction can be attributed to an electrostatic interaction, 

or to an hydrophobic interaction or to both and in which amounts.  Based on the diffusion 

studies done by Morris et al. (Begotka, Hunsader et al. 2006) where they study the 

interaction of [leu and met]-enkephalin-OH analogs with micelles, they observe that the 

switterionic form of enkephalins association constants are around Keq ~100M-1, when the 

enkephalin terminal –COOH is changed to the –CONH2 the switterionic effect disappears 

and the Keq jumps from ~100M-1 to ~1400 M-1.  Also if they keep the peptide terminal as 

the carboxy terminal and add an arg or lys to the C-terminal, the Keq  stays in the same 

order ~1500M-1.  Those results correspond to an electrostatic effect.  They also changed 

the Gly[2] to DAla[2] in their enkephalin analogs.  Those changes also affected the 

association constants, but this time the changes are exclusively related to hydrophobic 

interactions with the membranes.  Since D-alanine is more hydrophobic than glycine, 

when the peptide was changed from YGGFL-OH to YaGFL-OH the Keq went from 130 

to 600 M-1.  That measures the component of the hydrophobic interaction that gets 

amplified when an arginine is added to the C-terminal.  YaGFLR-OH Keq is ~2500 while 

YGGFLR-OH is ~1500 M-1 .  They did the same studies for the met-enkephalins and 

found that met-enkephalin analogs also bind to SDS micelles largely in a electrostatic 

way, and they both adopt a folded β-turn conformation.   
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They conclude that the main difference lies on the ability of the micelle-bound-(Leu-

enkephalins) but not the micelle-bound-(met- enkephalins) to insert their hydrophobic 

side chains into the micelle core.  Based on the Keq values of the DAMGO analogs, it 

seems that their interactions with the SDS micelles are largely electrostatic, despite the 

extra hydrophobic contributions of having D-alanine in the second position and the N-

methyl amino acid in the fourth position.  However, the DAMGO analogs seem to 

interact strong enough to stabilize a turn conformation (no specific β-turn type could be 

assigned from the NMR-molecular modeling experiments).  No experiments to evaluate 

the degree of insertion of the hydrophobic amino acids side chains into the micelle core 

were done for the DAMGO analogs.   

 

What can be observed, from the diffusion analysis on DAMGO analogs, is the decrease 

of the interaction peptide-micelle as the carbohydrate size increases.  This is evidence of 

the carbohydrate influence in the partition preferences of the glycopeptides.  Even with 

the carbohydrate moiety being almost the same size as the peptide, as is the case of 

LYM147, the glycopeptides still associate with the SDS micelles.   
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Figure 2.8 Plot of PFG-NMR diffusion peak areas vs (γGδ)2 (∆-δ/3-τ/2) for a solution 

containing 50.0 mM  SDS and 5 mM of the corresponding DAMGO 
glycopeptide.  The slope of each line is –D 



 107 

 
Peptide Linear Fit eq. R2 

DAMGO Y=2.31-4.92x R2=0.99963 

LYM100 Y=2.33-4.87x R2=0.9997 

LYM50 Y=2.30-4.63x R2=0.998 

LYM110 Y=2.37-4.65x R2=0.9997 

LYM147 Y=2.34-3.89x R2=0.9998 

DAMGO Y=2.33-0.62x R2=0.9996 

LYM100 Y=2.34-0.51x R2=0.9986 

LYM50 Y=2.4-0.95x R2=0.9918 

LYM110 Y=2.31-0.61x R2=0.9998 

LYM147 Y=2.31-0.82x R2=0.9999 

SDS micelles Y=2.26-0.58x R2=0.9978 

Table 2.8 Linear equations and R2 from diffusion experiments of glycopeptides and 
parent peptides 

 

 

2.2.1.2       1D AND 2D NMR EXPERIMENTS 

 

2.2.1.2.1       2D NMR ANALYSIS  

The DAMGO analogs were analyzed for residue-specific conformation in aqueous as 

well as SDS micelles by 1H 2D NMR.  The chemical shift assignments were made by the 

combined use of TOCSY and NOESY/ROESY spectra.  The complete chemical shift 

values of the amino acids are given in Tables 2.14 through 2.18.  Standard ROESY 

experiments yielded good quality spectra for sample in water, but failed for SDS 

micelles.  This indicates the possible association of peptides with micelles that generates 
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high molecular weight assemblies which increases the correlation time rendering them 

unsuitable for ROESY experiments.  However, the standard NOESY experiments yielded 

good quality spectrum.  The 1H 1D spectra in water and SDS micelles are compared in 

Appendix A:  1D NMR Spectra of peptides in water and SDS.  DAMGO and all the 

LYM compounds show cis/trans isomerism around the methylated amide bond, which 

leads to conformational restriction of the peptide backbone and also affects the side-chain 

orientations.  The trans conformation is present in solution in ~80% and the cis 

conformation is present for the remaining ~20.  For the NMR analysis purposes, only the 

trans conformation was considered, not due to a lack of interest on the cis conformation, 

but because the NMR peaks in the 2D experiments were very close to the noise level for 

the short range NOE’s and very few long range NOE’s were observed, However the 

assignments were made for the cis crosspeaks when possible.  On the NOESY spectra 

assignments the exchange between cis and trans NH protons was observed in ROESY, 

but not NOESY.   

 

On the DAMGO analogs, the cis/trans isomerization is observed in 1D and 2D NMR. 

Proof that the minor peaks observed by NMR are a result of an exchange between cis and 

trans conformations and not an impurity or degradation process in the NMR tube is 

shown in the overlay of a NOESY spectra and a ROESY spectra in SDS micelles for the 

parent compound LYM100.  (See Figure 2.9) 
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Figure 2.9 Overlay of NOESY and ROESY 
 

ROESY shows in one color the peaks from NOE of the same conformer and in a different 

color the peaks that are a result of an exchange between cis and trans.  (See Figure 2.10)  

NOESY has the advantage of showing longer range NOE’s for the peptides bound to 

SDS micelles,  but it shows all the crosspeaks (true NOE peaks and exchange peaks ) in 

the same color. Here by overlaying NOESY (all black) and ROESY (black and blue) we 

can distinguish the exchange crosspeaks (blue) from the rest of the crosspeaks.  (See 

Figure 2.9) 
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Table 2.9 Observed NOE connectivities for DAMGO in SDS micelles and in water 
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Table 2.10 Observed NOE connectivities for LYM100 in SDS micelles and in water 
 



 112 

 
LYM50 sds water 

i+1 
backbone 

O
H2N N

H
O

CH3

HN

O N CH3

O

H
N O

NH2
HO

O
O

HO OH
OH  

O
H2N N

H
O

CH3

HN

O N CH3

O

H
N O

NH2
HO

O
O

HO OH
OH  

i+1 
sidechain 

O
H2N N

H
O

CH3

HN

O N CH3

O

H
N O

NH2
HO

O
O

HO
OH

OH  

O
H2N N

H
O

CH3

HN

O N CH3

O

H
N O

NH2
HO

O
O

HO
OH

OH  

i+2 
backbone 

 

O
H2N N

H
O

CH3

HN

O N CH3

O

H
N O

NH2
HO

O
O

HO
OH

OH  

 

i+2 
sidechain 

 

O
H2N N

H
O

CH3

HN

O N CH3

O

H
N O

NH2
HO

O
O

HO OH
OH  

 

Table 2.11 Observed NOE connectivities for LYM50 in SDS micelles and in water 
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Table 2.12 Observed NOE connectivities for LYM110 in SDS micelles and in water 
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DAMGO Solvent NH CαH CβH Others 

Tyr1 SDS 
Water  

  
 

4.26 
4.128 

3.094/3.03 
3.176/3.054  

δCH:7.152, εCH:6.852 
δCH:7.267, εCH:6.968 

(D)Ala2 SDS 
Water  

8.256 
8.37 

4.291 
4.404 

1.193 
1.3 

  

Gly3 SDS 
Water  

7.825 
8.103  

3.942/3.853 
4.075/3.844 

  

N(Me)Phe4 SDS 
Water  

2.783* 
2.903* 

4.994 
5.141  

3.325/3.024 
3.326/3.053 

δCH:7.21, εCH:7.266, 
ζCH:7.277 
δCH:7.269, εCH:7.367, 
ζCH:7.307 

Gly5 SDS 
Water  

7.795 
7.957  

3.603 
3.622  

3.353/3.305 
3.357/3.32  

 

 
Table 2.14 DAMGO chemical shift values 
 

LYM100 Solvent NH CαH CβH Others 
Tyr1 SDS 

Water  
  
 

4.282 
4.048 

3.088/3.079 
3.095/2.968  

δCH:7.168, εCH:6.863 
δCH:7.064, εCH:6.813 

(D)Ala2 SDS 
Water  

8.271 
8.321 

4.325 
4.152 

1.226 
1.078 

  

Gly3 SDS 
Water  

7.881 
8.04  

3.916 
3.986/3.795 

  

N(Me)Phe4 SDS 
Water  

2.767* 
2.83 

4.934 
5.08  

3.35/3.106 
3.259/3.011  

δCH:7.253, εCH:7.18, 
ζCH:7.285 
δCH:7.198, εCH:7.285  

Ser5 SDS 
Water  

8.025 
8.047  

4.403 
4.353  

3.867 
3.772  

terminal NH2: 7.43, 7.059 
terminal NH2: 7.38, 7.055  

Table 2.15 LYM100 chemical shift values 
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LYM50 Solvent NH CαH CβH Others 
Tyr1 SDS 

Water 
  
 

4.317 
4.165 

3.125/3.072 
3.205/3.077  

δCH:7.198, εCH:6.903 
δCH:7.145, εCH:6.911 

(D)Ala2 SDS 
Water  

8.318 
8.424 

4.352 
4.263 

1.258 
1.187 

  

Gly3 SDS 
Water  

7.886 
8.102  

3.973 
4.093/3.916 

  

N(Me)Phe4 SDS 
Water  

2.833 
2.926 

5.011 
5.189  

3.369/3.12 
3.352/3.11  

δCH:7.24, εCH:7.32, 
ζCH:7.27 
δCH:7.26, εCH:7.36, 
ζCH:7.30 

Ser5 SDS 
Water  

8.121 
8.248  

4.601 
4.642  

4.203/3.91 
4.191/3.929  

terminal NH2: 7.438, 7.137 
Xylose: h1, 4.388; h2, 3.285; 
h3, 3.463; h4, 3.618; h5a, 
3.26; h5b, 3.951 
terminal NH2: 7.464 
Xylose: h1, 4.404; h2, 3.31; 
h3, 3.45; h4, 3.62; h5a, 3.27; 
h5b, 3.97  

Table 2.16 LYM50 chemical shift values 
 

LYM110 Solvent NH CαH CβH Others 
Tyr1 SDS 

Water 
  
 

4.271 
4.135 

3.101/3.069 
3.18/3.05  

δCH:7.165, εCH:6.879 
δCH:7.151, εCH:6.886 

(D)Ala2 SDS 
Water  

8.296 
8.405 

4.34 
4.233 

1.225 
1.154 

  

Gly3 SDS 
Water  

7.853 
8.097  

3.899 
4.065/3.882 

  

N(Me)Phe4 SDS 
Water  

2.799 
2.903 

4.98 
5.166  

3.347/3.084 
3.328/3.077  

δCH:7.25, εCH:7.299, 
ζCH:7.20 
δCH:7.28, εCH:7.363, 
ζCH:7.31 

Ser5 SDS 
Water  

8.162 
8.284  

4.429 
4.63  

4.25/3.858 
4.231/3.904  

terminal NH2: 7.424, 7.127 
Glucose: h1, 4.412; h2, 3.03; 
h3, 3.497; h4, 3.37; h5, 3.40; 
h6a, 3.709; h6b, 3.87 
terminal NH2: 7.435, 7.178 
Glucose: h1, 4.44; h2, 3.27; 
h3, 3.48; h4, 3.38; h5, 3.43; 
h6a, 3.71; h6b, 3.91  

Table 2.17 LYM110 chemical shift values 
 



 117 

LYM147 Solvent NH CαH CβH Others 
Tyr1 SDS 

Water  
  
 

4.265 
4.124 

3.079/3.023 
3.136/3.043  

δCH:7.147, εCH:6.845 
δCH:7.141, εCH:6.886 

(D)Ala2 SDS 
Water  

8.274 
8.397 

4.317 
4.227 

1.22 
1.15 

  

Gly3 SDS 
Water  

7.84 
8.077  

3.907/4.107 
4.055/3.876 

  

N(Me)Phe4 SDS 
Water  

2.79* 
2.901* 

4.993 
5.164  

3.32/3.069 
3.32/3.076  

δCH:716, εCH:7.279, 
ζCH:7.236 
δCH:7.274, εCH:7.3626  

Ser5 SDS 
Water  

8.155 
8.278  

4.59 
4.634  

4.228/3.823 
4232/3.896  

terminal NH2: 7.388, 7.095 
Lactose: h1, 4.46; h2, 3.253; 
h3, 3.612; h4, 3.455; h5, 3.744; 
h6a, 3.71; h6b, 3.933;  
h1’, 4.237; h2’, 3.453; h3’, 
3.604; h4’, 3.457; h5’, 3.612; 
h6’a, 3.457; h6’b, 3.74 
 
terminal NH2: 7.418, 7.167 
Lactose: h1, 4.485; h2, 3.321; 
h3, 3.605; h4, 3.548; h5, 3.721; 
h6a, 3.67; h6b, 3.809;  
h1’, 3.985; h2’, 3.339; h3’, 
3.599; h4’, 3.578; h5’, 3.642; 
h6’a, 3.55; h6’b, 3.721;    

Table 2.18 LYM147 chemical shift values 
 

From the NOE connectivities (See Tables 2.9 through 2.13) of the DAMGO analogs it 

can be observed that they show a tendency to a preferred conformation in water, that gets 

further stabilized by the interaction of the peptides with the SDS micelles.  The sequential 

NOE’s (i, i+1) are displayed in all the SDS micelles associated peptides.  In the case of 

water LYM100 and LYM50 the sequential NOE (i, i+1) system is broken at Gly[3].  

Number wise and long-range wise, there are more NOE connectivities observed in SDS 

micelles.  The more interesting ones are the (i, i+2) connectivities that the peptides show 

in SDS micelles.  In SDS micelles but not in water, DAMGO shows (i, i+2) 

connectivities from DAla[2]-N(Me)Phe[4]; LYM100 shows (i, i+2) connectivities from 
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Tyr[1]-Gly[3], from DAla[2]-N(Me)Phe[4], and from N(Me)Phe[4] to the terminal amide 

protons Ser[5]CONH2 where the terminal carboxamide protons are considered as the  

–NH2 of an inexistent 6th residue; LYM50 shows (i, i+2) connectivities from DAla[2] to 

N(Me)Phe[4] and from N(Me)Phe[4] to Ser[5]CONH2 terminal carboxamide protons; 

LYM110 shows (i, i+2) DAla[2] to N(Me)Phe[4] and from N(Me)Phe[4] to 

Ser[5]CONH2 terminal carboxamide protons, and LYM147 shows (i, i+2) connectivities 

only from N(Me)Phe[4] to Ser[5]CONH2 terminal carboxamide protons.  The only 

peptide that showed (i, i+2) connectivities in water was LYM110 from N(Me)Phe[4] to 

Ser[5]CONH2 terminal carboxamide proton.  That is a clear indication of a preferred turn 

conformation, which is not surprising since it is known that D-amino acids tend to 

stabilize β turn conformations (Rose, Gierasch et al. 1985) as well as N(Me)amino acids 

(Tonelli 1976; Rose, Gierasch et al. 1985). It seems like if a type of β-turn could be 

assigned it would be DAla[2](i), Gly[3](i+1), N(Me)Phe[4](i+2) and Ser[5](i+3).   

 

2.2.1.2.2       TEMPERATURE COEFFICIENTS 

Temperature coefficient measurements showed limited useful information for the 

DAMGO analogs, because the presence of the methyl group on N(methyl)Phe prevents 

any hydrogen bonding information from the peptide 4th position.  The only protons 

involved in hydrogen bonding, and only in the SDS micelles after the temperature 

coefficient values were measure with variable temperature experiments, was one of the 

protons of the terminal carboxamide.  In water all the amide proton temperature 

coefficients are greater than -4.6 ppb/K, indicating that the backbone is freely solvated by 
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water and no hydrogen bonds are present (Cierpicki and Otlewski 2001).  Even if a β-turn 

conformation without hydrogen bonding stabilization is the preferred conformation for 

the DAMGO analogs, no information can be obtained from those experiments.  The C-

terminal amide protons may be involved in hydrogen bonding either with the 

carbohydrate OH’s or with a carbonyl group.  (See Figures 2.11 and 2.12) 
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Figure 2.11 Temperature coefficient values of amide protons calculated from variation 
temperature NMR experiments in SDS micelles. 
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Figure 2.12 Temperature coefficient values of amide protons calculated from variation 
temperature NMR experiments in water. 

 

2.2.1.2.3       Cα PROTON CHEMICAL SHIFT VALUES 

The Cα proton chemical shift values are sensitive to the secondary structure of proteins.  

Sykes and coworkers have created a chemical shift index based on this idea (Wishart, 

Sykes et al. 1992).  Generally, the observation of consecutive negative deviations 

(upfield-shifted CαH resonances) from random coil is indicative of helical conformation.  
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No conclusions can be made from the random coil values either.  In water and in SDS 

micelles, the DAMGO analogs show the same trend of random coil values.  In water and 

in micelles the N-terminal segment residues display a negative deviation and the C-

terminal residues display a positive deviation.    

 

2.2.1.3       CIRCULAR DICHROISM 

Circular dichroism (CD) is often used to follow folding/unfolding transitions in globular 

proteins.  The sensitivity of CD can be used to detect and characterize any structural 

changes resulting from substitution of an amino acid residue.   

 

The protein electronic CD spectrum is generally divided into three regions: the far UV 

(below 250nm), the aromatic region of the near UV(250-300nm), and the near UV visible 

region (300-700nm), and different chromophores in proteins and peptides contribute to 

these regions.   

 

The circular dichroism spectra was recorded for the DAMGO analogs, in water and in 

SDS micelles.  (See Figures 2.13 and 2.14)  CD has been recognized as a reliable 

technique to identify the secondary structures of smaller peptides, and it provides overall 

conformation of the peptides (Woody 1995).  The CD for all the DAMGO analogs shows 

a typical CD curve for µ opioid agonists (Doi, Tanaka et al. 1988).   
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Figure 2.13 CD spectral pattern for DAMGO, a µ selective opioid peptide.  Left taken 
from Ishida et al (Doi, Tanaka et al. 1988)., right measured. 
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Figure 2.14 CD of the DAMGO analogs. Top in SDS, bottom in water 
 

The µ opioid agonist DAMGO and analogs display very similar CD in water and in SDS 

micelles.  Both have a maximum ~228nm, a minimum at ~218nm, and another maximum 

~204nm and although no specific type of β-turn can be assigned, we can at least point out 

the contributions of the bands that  make the CD spectra.  
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The contributions from the backbone dominate the far-UV CD of polypeptides and 

proteins, and is generally reflective of the backbone conformation. 

 

The important chromophores in protein and peptide CD calculations are the amide, the 

aromatic side chains and the disulfides.  Of these, the amide chromophore forms the 

backbone of the polypeptide chain and is the most abundant chromophores in proteins.  

The amide group has four µ electrons, three µ orbitals (µ+, µ0, µ*) and two lone pairs in 

the nonbonding orbitals (n and n’) of the valence shell. Two µµ* transitions, µ0µ* at 

190nm  and µ+µ* at 140nm and one nµ* transition at 220nm.   

 

Aromatic amino acids have the following transitions: phenylalanine side chain weak 

transitions are 260nm, 210nm and 185nm.  In the case of Tyrosine the phenol allows for 

stronger transitions since it shifts the transitions of phenyl to longer wavelengths, which 

are 275nm, 230nm, and 190nm.   

 

NMR has provided evidence for β-turns in linear peptides, but multiple conformers 

present in such systems make the determination of the CD of β-turns difficult.  As is the 

case for the DAMGO analogs, nor the parent, the glycosylated or the phosphorylated 

analogs seem to belong to an specific type of β-turn. 

 

Type II β-turns give a spectrum characterized by a weak, red shifted negative nµ* band 

near 225nm; a strong positive band with a maximum between 200-205nm, and a strong 
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negative band between 180 and 190nm.  These spectra are similar to β-sheet CD spectra, 

except that the maxima are red shifted by 5-10nm.  Types I and III β-turns give spectra 

that resemble and α-helix CD spectrum with a negative nµ* band and a negative µµ* 

couplet.     

 

Aromatic side chains in proteins and peptides, such as tyrosine, phenylalanine and 

tryptophan also contribute to the CD.  It is more obvious in the near uv, where the amide 

chromophores does not have electronic transitions.  Their contribution in the far UV are 

generally embedded under the CD due to the amide chromophores.  A classic example of 

analysis of near-UV CD of proteins is that of bovine pancreatic ribonuclease A, which 

has six tyrosines, three phenylalanines, and four disulfides.  Three bands were identified 

one at 288.5(CD), 286 (absorption) and 283.5 (absorption) nm (Koslowski, Sreerama et 

al. 2000; Sreerama and Woody 2000).  

 

The µ opioid agonist DAMGO and analogs display, in their CD spectra, a mixture of the 

contribution from the aromatic amino acids, and the peptide bonds, most probably an 

ensemble of β-turns in both: the water and the SDS micelles environment.  The amide 

bonds have a maximum of~228nm, a minimum at ~218nm, and another maximum 

~204nm, and although the elements of the contributions of the amide bands and the 

aromatic bands can be seen in the CD spectra, the DAMGO analogs don’t seem to have a 

preferred β-turn. 
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2.2.1.4       MOLECULAR MODELING 

Molecular modeling.  Monte Carlo type calculations were proven to be effective for the 

enkephalin peptides to explore the possible conformational space available in order to 

search global minimum structure (Li and Scheraga 1987; Vengadesan and Gautham 

2004; Zhan, Chen et al. 2006).  The calculations were carried out for the DAMGO 

analogs with distance restraint.  The lowest energy structures showed 2 families of 

compounds.  One with a bent conformation and the other one with a semi-extended 

conformation.  The β-turn is centered at Gly[3]-N(Me)Phe[4] segment but no specific 

type of beta turn could be assigned based on the Ф(Phi) an ψ(Psi) dihedral angles.  

However it seems like it is a β-turn but distorted, or maybe an average of a family of β-

turns and that is why the dihedral angles couldn’t get fitted to a type I, I’, II, II’, III, IV, 

VIa, VIa2, VIb, or VIII turn.  However in the β-turn conformers, the distance between 

Ci
α and Ci+3

a  was less than 5.5Å.   
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Figure 2.15 DAMGO Top: Overlay of ten selected structures resulted from Monte 

Carlo type calculations show the variation in the side-chain conformation. 
Bottom: Lowest energy structure corresponding to an ensemble of turn 
conformers. The backbone dihedral angle values are indicated in the 
parentheses. 



 129 

 

 
Figure 2.16 LYM100 Top: Overlay of ten selected structures resulted from Monte 

Carlo type calculations show the variation in the side-chain conformation. 
Bottom: Lowest energy structure corresponding to an ensemble of turn 
conformers. The backbone dihedral angle values are indicated in the 
parentheses. 
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Figure 2.17 LYM50 Top: Overlay of ten selected structures resulted from Monte Carlo 

type calculations show the variation in the side-chain conformation. 
Bottom: Lowest energy structure corresponding to an ensemble of turn 
conformers. The backbone dihedral angle values are indicated in the 
parentheses. 
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Figure 2.18 LYM110 Top: Overlay of ten selected structures resulted from Monte 

Carlo type calculations show the variation in the side-chain conformation. 
Bottom: Lowest energy structure corresponding to an ensemble of turn 
conformers. The backbone dihedral angle values are indicated in the 
parentheses. 
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Figure 2.19 LYM147 Top: Overlay of ten selected structures resulted from Monte 

Carlo type calculations show the variation in the side-chain conformation. 
Bottom: Lowest energy structure corresponding to an ensemble of turn 
conformers. The backbone dihedral angle values are indicated in the 
parentheses. 
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Figure 2.20 DAMGO Phi and Psi angles for the lowest energy ensemble after 

dynamics computational modeling.  
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Figure 2.21 LYM100 Phi and Psi angles for the lowest energy ensemble after 

dynamics computational modeling. 
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Figure 2.22 LYM50 Phi and Psi angles for the lowest energy ensemble after dynamics 

computational modeling. 
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Figure 2.23 LYM110 Phi and Psi angles for the lowest energy ensemble after 

dynamics computational modeling. 
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Figure 2.24 LYM147 Phi and Psi angles for the lowest energy ensemble after 

dynamics computational modeling.   
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2.2.2       PHARMACOLOGY 

 By choosing DAMGO as the message segment in order to test the carbohydrate address 

segment for optimum amphipathicity by correlation with analgesia, the confounding 

effects of mixed µ/δ/κ selectivity are minimized.  With the appropriate carbohydrate, the 

peptide can hop off the membranes, travel some distance, find another membrane, and 

hop on again.  By balancing the hydrophilic portion (carbohydrate) and the hydrophobic 

portion (peptide), the glycopeptide will spend the optimal amount of time in the aqueous 

phase in order to impart drug-like characteristics to the largely membrane-bound peptide 

neurotransmitter.  (See Figure 2.25) 

 

Figure 2.25 Incorporation of a glycoside moiety, represented by the blue connolly 
surfaces,  shifts the kon/koff equilibrium to facilitate ‘membrane hopping’  
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It is generally agreed that the µ-receptor is responsible for the bulk of the antinociceptive 

effects of opioid agonists, as well as sedation, euphoria, respiratory depression and 

constipation.  Since the majority of opiate agonists that have been studied or used 

clinically are µ-agonists, it was thought that the exploration of the biousian hypothesis 

within the context of a pure µ-agonist would simplify interpretation of the results.  The 

binding and antinociceptive effects of the DAMGO analogs are shown.  

 

Table 2.19 Antinociceptive potencies (i.c.v. and i.v. in mouse 55C tail-flick assay) 
and binding affinities for DAMGO and related analogs at MOR DOR and 
KOR 

 

The antinociceptive effects can also be represented as an i.v. versus i.c.v. plot, as shown 

in Figure 2.27. 

 

The X-axis displays the intra cerebro-ventricular administration of the glycopeptide 

showing the intrinsic analgesia of the compounds. The peptide administered i.c.v., does 

not need to cross the BBB since it is being delivered directly inside the brain. 

Opioid A50 i.c.v. 
(pmol per 

mouse) 

A50 i.v. 
(µmol/Kg) 

[3H]DAMGO 
(µ) 

[3H]Naltrindole 
(δ) 

[3H]U69,593 
(κ) 

Ratio µ:δ:κ 

   Ki (nM) ± S.E.M.  

Morphine 2,384 7.84 0.79 ± 0.12 290 ± 38 12 ± 1.3 1:370:15 
DAMGO 1 30 1.88 0.56 ± 0.006 990 ± 35 270 ± 9.3 1:1900:510 
LYM100 2.0 0.20 0.68 ± 0.02 600 ± 44 190 ± 9.3 1:880:280 
LYM50 2.0 0.27 1.30 ± 0.16 730 ± 66 160 ± 10 1:560:120 

LYM110 19 0.72 1.30 ± 0.14 54% @ 10 µM 270 ± 2.5 1:>5000:210 
LYM147 2.0 1.15 0.66 ± 0.05 1600 ± 129 350 ± 51 1:2400:530 
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The Y-axis displays antinociceptive responses after intra venous administration. Because 

the data shows such a high response on the analgesic effects when the compound is 

delivered intra venous, it can be safely assumed that the peptide must be activating opioid 

receptors inside the brain. Therefore peptide transport across the BBB is occurring. So, it 

can be stated that the Y-axis data is indirectly providing measurements of the peptide 

transport across the BBB. 

 

From the plot, it can be observed that all the LYM compounds fall within the same range 

of potency. We can also observe that although LYM50 (the xylose peptide) and LYM100 

(the parent peptide) seem to be the most potent, there is still room for improvement in the 

delivery, which probably corresponds to compounds of amphipathicity between the 

parent peptide and the xylose peptide.  Those can be achieved by synthesizing peptides 

with serine[5]-hydroxythreonine and serine[5]-polyoxamic acid.  (See Figure 2.26) 

 

In order to prove the hypothesis that the i.v. analgesic effects can be improved even 

further, DAMGO analogs using hydroxy threonine and polyoxamic acid instead of 

serine-carbohydrate should be synthesized. 

AcO OH

OAc

HN

O

Fmoc  

AcO
OH

OAc

HN

O

FmocAcO  

a) b) 

Figure 2.26 a) Hydroxythreonine and b) Polyoxamic acid.  Protected building blocks 
for SPPS. 

 



 141 

a) 

0.1

1

10

0.001 0.01 0.1 1 10

µ parent

µ xylose

µ lactose

µ glucose

DAMGO

morphine
sulfate

A
50

 i.
v.

 µ
m

ol
 (±

95
%

 C
I)

A
50

 i.c.v. nmol(±95% CI)
 



 142 

b) 

0.1

1

10

100

0.001 0.01 0.1 1 10

µ parent

µ xylose

µ glucose

µ lactose
DAMGO

morphine
sulfate

DTLES

µ/δ fucose

µ/δ  xylose

µ/δ maltose

µ/δ  maltotriose

µ/δ  glucose

µ/δ  melibiose

µ/δ  lactose

A
50

 i.
v.

 µ
m

ol
 (±

95
%

 C
I)

A
50

 i.c.v. nmol (±95% CI)
 

Figure 2.27 i.v. versus i.c.v. Potency.  The analgesic potencies (A50 values and 95% 
confidence intervals) are measured in the mouse 55°C tail-flick assay after 
i.c.v. administration (horizontal axis, nmoles per mouse), and i.v. 
administration (vertical axis, µmoles per Kg). Morphine sulfate (µ-
agonist) is included as a reference point, but has been excluded from the 
correlation values.  a) Includes only the DAMGO analogs.  b) Includes the 
DAMGO analogs  (µ selective only) and the DTLES analogs (mixed µ and 
δ selectivity) for comparison. 
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Since the binding affinities and receptor preferences of the µ-selective DAMGO 

derivatives are similar, the analgesic potencies of the DAMGO analogs are largely 

determined by their ability to penetrate the BBB by transcytosis (See Figure 2.28), which 

in turn depends on the biousian character of the drugs.  (Egleton, Mitchell et al. 2001) 

One may consider two extremes that result in poor delivery of a peptide drug:  1) The 

peptide binds tightly to biological membrane, effectively removing it from solution.  2) 

The peptide remains in aqueous solution, effectively preventing it from binding to 

biological membranes.  Thus, the goal in producing glycopeptides that are capable of 

effective CNS delivery, binding and activation, is to balance the degree of glycosylation, 

which effectively determines the amount of time the glycopeptide spends on the 

endothelial membrane of the BBB, as well as other membranes that the glycopeptide is 

likely to encounter.   

 

 

Figure 2.28 Endocytosis of glycopeptide drugs 
 

Affinity for the membrane is still required for effective binding to the GPCR, but a 

certain amount of “membrane hopping” is required for effective drug transport.  Thus, if 

one were to plot the BBB transport or antinociceptive A50 values versus the membrane 

affinity, one would predict a U-shaped or V-shaped curve.  (See Figure 2.29) 
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The ratio of the two types of surface areas was used to create an expression of the 

amphipathicity using the formula A = e—Awater/Alipid.  While the actual amphipathicity of 

each molecule will vary somewhat as each molecule is flexible and actually exists as an 

ensemble of conformations, it is not likely that the variation in A will be large.  In any 

case, it is not likely that the order of amphipathicity will be different than what is 

predicted by this analysis.   
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Figure 2.29 Centrally-mediated Analgesia Shows a U- or V-shaped Curve When 
Correlated with two Different Measures of Amphipathicity.  The 
hydrodynamic values (glucose units) or Connolly-derived amphipathicity 
values are plotted along the X-axis, and A50 values derived from mouse 
i.v. tail-flick data are plotted on the Y-axis.  Both analyses produce a U-
shape or V-shape, as predicted by the “biousian hypothesis.” (Egleton, 
Bilsky et al. 2005) The amphipathicity values, A, were calculated using 
the formula A = e—A

water
/A

lipid, where Awater = the Connolly surface area of 
the hydrophilic moiety (Å2) and Alipid = the Connolly surface area of the 
rest of the lipophilic peptide message segment YaG(N-MeF) 

 

An alternative method of amphipathic analysis was also used.  In this approach, 

hydrodynamic values of the hydrophilic portion of the LYM series were assigned, using 

accepted glucose unit values (g.u.). (Kobata, Yamashita et al. 1987; Guile, Rud et al. 

1996) For compounds DAMGO and LYM100 the single primary HO-group was 

assigned a value of 0.25 g.u.  For LYM50, LYM110, and LYM147 the carboxamide 
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group (C-terminal amide) was assigned a value of 1.00 g.u.  This seems appropriate since 

the hydrodynamic change from Glc to GlcNAc or Gal to GalNAc is 1.00 to 2.00 g.u.  

Both methods of analysis are compared side-by-side (See Figure 2.29), and i.v. A50 

values are plotted versus the i.c.v. A50 or the g.u values.   

 

While the values of the hydrodynamic volumes in terms of glucose units have been 

estimated empirically (Kobata, Yamashita et al. 1987; Guile, Rud et al. 1996), the 

amphipathicity Connolly derived values were calculated based on the computational 

modeling structures produced by Molecular Operating Environment (MOE) software 

2007.09 (Chemical Computing Inc., Canada), after introducing distances and dihedral 

angle restrictions based on experimental NMR analysis.  (See Table 2.20)  For LYM100, 

LYM50, LYM110, and lym147, the computational analysis yielded two families of 

similar energy, with the criteria of 10 Kcal apart from the lowest energy structure: a 

family of bent structures including approximately 90% of the conformational population 

and a family of extended structures including the rest.  For DAMGO and the 

phosphopeptide LYM1311 only bent structures were found within the 10 Kcal from the 

lowest energy structure.  Figures 2.15 through 2.24 show the bend backbone structures 

for the LYM series, see Appendix A:  Tables of peptides: Connolly surface areas, for the 

extended structures.  
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Peptide Connolly Surfaces Hydrophilic 
Area 

Lipophilic 
Area 

Total 
Area 

DAMGO 

 

78.44 312.31 390.75 

LYM100 

 

84.28 313.46 397.74 

LYM50 

 

159.316 310.50 469.82 

LYM110 

 

180.835 301.872 482.71 
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LYM147 

 

304.557 334.648 639.21 

Table 2.20 Connolly Surfaces depicting amphipathicity based on areas calculated 
from computational modeling structures produced by Molecular Operating 
Environment (MOE) software 2007.09 and NMR experimental distance 
restrictions.  
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CHAPTER 3 — PHOSPHORYLATED DAMGO 

AND DTLES ANALOGUES 

 

3.1       DESIGN CONSIDERATIONS 

Analogs of Ser[5]-NH2 in DAMGO (Yeomans 2009) and Ser[6]-NH2 in DTLES (Muthu 

and Abrell 2009) were phosphorylated with the purpose of studying the effect of a 

negatively charged polar group in the binding selectivity, analgesia i.c.v. and i.v. and its 

correlation with amphipathicity, just as it was done for the glycosylated analogs.  The 

design consideration principles are the same as mentioned for the glycosylated analogs, 

but due to their charged phosphate group, their pharmacological profile is different than 

the glycopeptides, and because of that they deserve their own chapter.  No literature was 

found on the use of phosphorylated groups to modulate amphipathicity and membrane 

crossing.   
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Figure 3.1 Chemical structure of phosphopeptide analogs of DAMGO and DTLES 
 

3.1.1       PHOSPHOPEPTIDES AS MODULATORS OF INTRACELLULAR 

   SIGNALING PATHWAYS 

Traditionally, phosphorylated peptides have been studied mostly to understand how 

reversible phosphorylation acts as a switch on or off as a response of extracellular 

signaling. 
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Phosphorylation is also, like glycosylation, a common post-translational modification 

regulated by protein kinases and phosphatases.  It is a regulatory mechanism in 

eukaryotes and prokaryotes, and it is a reversible covalent modification that usually 

induces conformational changes within the molecule modifying the activity of the 

phosphorylated molecule.  Phosphorylation in nature usually occurs via the transfer of a 

terminal phosphate from a donor such as ATP to an amino acid residue.  Phosphorylation 

of peptides and protein domains are intended to modify their activity, their subcellular 

localization, and their binding proteins amongst others.  The reversible phosphorylation 

of proteins can result in the activation or termination of many important cellular events.  

Upon extracellular signals, intracellular phosphorylation by protein kinases occurs, 

activating processes that include metabolic pathways, kinase cascade activation, 

membrane transport, gene transcription, and motor mechanisms (Kennelly 2001). The 

most studied class of phosphoamino acid based protein interaction to date is based on 

phosphotyrosine-based sequences. It was discovered that a subset of phosphorylated 

sequences can act as specific and high affinity targets for the interaction of specialized 

protein domains (Songyang, Shoelson et al. 1993; Songyang, Margolis et al. 1995).   

 

While tyrosine phosphorylation represents a minor subset of protein phosphorylation in 

the cell in terms of level, its influence is disproportionally large as tyrosine 

phosphorylation cascades are centrally involved in the translation of extracellular signals 

into profound cellular responses such as differentiation (Dominguez, Wasserman et al. 
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1998), mitogenesis (Klint and Claesson-Welsh 1999), migration (Sieg, Hauck et al. 

2000), and survival (Casaccia-Bonnefil, Gu et al. 1999).  In addition, inappropriate 

tyrosine phosphorylation events are implicated in numerous pathogenic processes 

including oncogenesis and developmental abnormalities (Porter and Vaillancourt 1998).   

 

Phosphopeptides have been proven to be critical components in designing assays for 

protein phosphorylation and in order to translocate them across biological membranes, 

cell permeant peptides have been attached to the desired phosphopeptides.  In order to 

determine the sequence specificity of the peptide-binding sites of SH2 (sarcoma 

homology) domains, phosphopeptide libraries have been created to understand signal 

transduction.  Dozens of cytosolic proteins are involved in signaling contain SH2 

domains, and binding of a particular SH2 domain to tyrosine phosphorylated proteins is 

dependent on the primary sequence around the phosphotyrosine (pTyr).  The sequence 

pTyr-Met/Val-X-Met was found at sites known to be critical for binding (Songyang, 

Shoelson et al. 1993).  The Trojan horse approach for peptide translocation has been used 

to study signaling upon phosphorylation of tyrosines by tyrosine kinases in 

transmembrane and intracellular regions as a response of extracellular events, such as 

receptor activation.  In many cases the location of the phosphotyrosine and adjacent 

amino acids generates a high affinity-binding site for many downstream signaling 

molecules (Shoelson 1997).   In order to translocate phosphopeptides inside the cells, 

they were coupled them with cell permeant peptide vectors such as Antennapaedia, 

Arg/Trp analogue, TAT, and kFGF.  Once phosphopeptides are inside the cells they can 
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act as inhibitors of SH2 domains, or PTB (phosphotyrosine binding) domains (Dunican 

and Doherty 2001). Maybe the superfamily of organic anion transporting polypaptides 

(OATPs), which are a group of membrane solute carriers with a wide spectrum of 

amphipathic transport substrates, also plays a role in the transport of phosphopeptides in 

the transport across the BBB, choroid plexus, lung, heart, intestine, kidney, placenta and 

testis where OATPs have been found (Tamai, Nezu et al. 2000).  Another study was done 

based on 1-20 peptide, part of the cardiac phospholamban, a membrane-associated 

protein 52 amino acid long that regulates Ca2+/Mg2+ pumps (Quirk, Patchell et al. 1996).  

If phospholamban is phosphorylated, it loses its ability to inhibit the sarcoplasmic 

reticulum calcium pump (SERCA), and when non-phosphorylated, it interacts and 

inhibits SERCA, whose cytoplasmic domain contains phosphorylation sites in charge of 

mediate as a model system (Schmitt, Kamisago et al. 2003).  It was observed by NMR 

that that the non-phosphorylated phospholamban [1-20] has few restrictions compared to 

the phosphorylated (at Ser16) analog, which results in greater constraints on the region 

Arg14-Thr17, particularly at neutral pH when the phosphate group is in the di-anionic 

form.  It is believed that those conformation restrictions arise from specific interactions 

between the side-chain of Ar14 and the phosphate group.  Those changes in conformation 

seem to correlate with the situation in vivo, where phosphorylation at Ser16 and dual 

phosphorylation at Thr17 are thought to modulate the interaction of phospholamban with 

the sarcoplasmic reticulum Ca2+-ARPase and increase the activity of the pump (Colyer 

1993).  Tholey et al., also studied phosphorylated model peptides of the pattern Gly-Ser-

Xaa-Ser, where Xaa represents Ser, Thr, or Tyr in either phosphorylated or 



 154 

unphosphorylated by NMR and they observed a direct structural effect of serine and 

threonine phosphorylation on the preferred backbone dihedral angles, but not after 

tyrosine phosphorylation, and that was independent of the presence of charged groups in 

the surrounding sequence (Tholey, Lindemann et al. 1999).   

 

3.1.2       PHOSPHORYLATION ENHANCES ENZYMATIC STABILITY  

Phosphorylation of enkephalins, just as glycosylation was discussed in Chapter 2, also 

enhances their proteolytic stability, as shown by phosphorylation of tyrosine on 

enkephalins.  The stability of phospho-[Met]enkephalin and -[Leu]enkephalin was 

investigated by comparing the rate of disappearance of these phosphopeptides vs their 

non-phospho analogs against the action of purified aminopeptidase M (Dass and 

Mahalakshmi 1996).   

 

3.1.3       CONFORMATIONAL CHANGES OF PHOSPHORYLATED 

   VS NON-PHOSPHORYLATED PEPTIDES 

Reversible phosphorylation and dephosphorylation on serine and threonine are also 

responsible for modulation of enzymatic activity.  In addition to tyrosine kinases, serine 

and threonine kinases also catalyze phosphorylation events (Wera and Hemmings 1995; 

Johnson, Noble et al. 1996)  such as cell cycle regulation, glucose metabolism, and signal 

transduction (Matter, Herrlich et al. 2002).  Kinase-substrate complexes have been 

studied to understand the recognition of protein substrates and the mechanisms of 

phosphoryl transfer, however the mechanism for modulation of protein structure by 
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phosphorylation and its effect on biological activity is not fully understood yet.  It has 

been suggested that the strengthening of hydrogen bonds via the deprotonation of the 

serine phosphate can substantially enhance catalysis.  Jin-Tang et al., did pKa titrations 

by NMR and observed large downfield shifts in the amide proton signals of 

phosphorylated Ser in their peptides as pH increased, but did not observe those kind of 

chemical shift changes on the amide proton resonances of the non-phosphorylated serine 

peptides or the methyl esterification phosphopeptides.  It is proposed that a possible 

mechanism in protein function regulation lies on the role that low-barrier hydrogen bonds 

play to control enzymatic activities, and that reversible protonation of the phosphate 

group changes both the electrostatic properties of the phosphate group and the strength of 

the hydrogen bond (Du, Li et al. 2005).  In a related study Ser/Thr-Pro motifs 

conformations were studied by NMR, using four model peptides, two non-

phosphorylated sequences: Ac-ASPK-NH2 and Ac-ATPK-NH2; and two phosphorylated 

sequences: Ac-ApSPK-NH2 and Ac-ApTPKNH2.  In that study it was found that 

phosphorylation affects the local conformation of the peptide and its binding with the 

substrate through peptidyl-prolyl cis/trans isomerization.  Also, phosphorylation increases 

the cis conformation in the peptide and the maximum cis/trans ratio is obtained when the 

phosphate group has two negative charges.  Phosphorylation was also found to induce a 

hydrogen bond between the phosphate and the NH of Ser/Thr residues changing the 

peptide conformation (Guo, Li et al. 2005).   
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3.2       RESULTS AND DISCUSSION 

 

3.2.1       CONFORMATIONAL ANALYSIS FOR DAMGO ANALOGS 

The phosphopeptides conformations were analyzed by circular dichroism, by 1H 1D and 

2D NMR for residue-specific conformation in aqueous as well as SDS micelles, and by 

1H 1D diffusion studies for association constants.  

 

Diffusion studies with two tripeptides glycyl-histidyl-glycine (GHG) and phenylalanyl-

histidyl-phenylalanine (FHF), had been done by Orfi et al., to evaluate the effects of 

hydrophobic residues like phenylalanine, vs glycine.  The conclusion was that while both 

the peptides had the electrostatic initial interaction with SDS micelles, FHF had 

phenylalanine responsible for additional hydrophobic interactions, showing a larger 

degree of association (Orfi, Lin et al. 1998).  DAMGO phosphopeptide analogs are 

pentapeptides Tyr-DAla-Gly-N(Me)Phe-Ser-phosphate with two aromatic amino acids in 

positions 2 and 4.  To explore their association with SDS micelles, diffusion studies were 

conducted and the results suggest the association of DAMGO phosphorylated analogs 

with SDS micelles is mostly electrostatic.   
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3.2.1.1       DIFFUSION EXPERIMENTS 

In the presence of micelles the diffusion coefficients for all the damgo analogs are in the 

same region as the diffusion coefficients for SDS micelles well above its critical micellar 

concentration (cmc), which corresponds to the diffusion coefficient of a large object that 

tumbles slower in solution, do it diffuses at a less rate, than smaller objects.  When the 

peptides are free, meaning in aqueous solution only, no micelles present, their diffusion 

coefficients are one order of magnitude faster, than the values for peptide-micelles 

associated.  (See Figure 3.2 and Table 3.1)  The question remains as to how much of that 

peptide-micelle interaction can be attributed to an electrostatic interaction, or to an 

hydrophobic interaction or to both and in which amounts.  For a more detailed 

explanation on diffusion experiments refer to the section on diffusion in Chapter 2.  
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Figure 3.2 Plot of PFG-NMR diffusion peak areas vs (γGδ)2 (∆-δ/3-τ/2) for a solution 
containing 50.0 mM  SDS and 5 mM of the corresponding DAMGO 
glycopeptide.  The slope of each line is -D 
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Peptide Linear Fit eq. R2 

LYM100 water Y=2.33-4.87x R2=0.99985 

LYM1311 water Y=2.34-3.89x R2=0.99989 

LYM1312 water Y=2.36-4.34x R2=0.99993 

LYM100 sds Y=2.34-0.51x R2=0.99929 

LYM1311 sds Y=2.31-0.82x R2=0.9998 

LYM1312 sds Y=2.33-0.79x R2=0.99992 

SDS micelles  Y=2.26-0.58x R2=0.99989 

Table 3.1 Linear equations and R2 from diffusion experiments of phosphopeptides 
and parent peptides 

 

Based on the diffusion studies done by Morris et al. (Begotka, Hunsader et al. 2006) 

where they study the interaction of [leu and met]-enkephalin-OH analogs with micelles, 

they observe that the switterionic form of enkephalins association constants are around 

Keq ~100M-1, when the enkephalin terminal –COOH is changed to the –CONH2 the 

switterionic effect disappears and the Keq jumps from ~100M-1 to ~1400 M-1.  Also if 

they keep the peptide terminal as the carboxy terminal and add an arg or lys to the C-

terminal, the Keq  stays in the same order ~1500M-1.  Those results correspond to an 

electrostatic effect.  They also changed the Gly[2] to DAla[2] in their enkephalin analogs.  

Those changes also affected the association constants, but this time the changes are 

exclusively related to hydrophobic interactions with the membranes.  Since D-alanine is 

more hydrophobic than glycine, when the peptide was changed from YGGFL-OH to 

YaGFL-OH the Keq went from 130 to 600 M-1.  That measures the component of the 

hydrophobic interaction that gets amplified when an arginine is added to the C-terminal.  
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YaGFLR-OH Keq is ~2500 while YGGFLR-OH is ~1500 M-1 .  They did the same 

studies for the met-enkephalins and found that met-enkephalin analogs also bind to SDS 

micelles largely in a electrostatic way, and they both adopt a folded β-turn conformation.   

 

Morris et al., conclude, that the main difference lies on the ability of the micelle-bound-

(Leu-enkephalins) but not the micelle-bound-(met- enkephalins) to insert their 

hydrophobic side chains into the micelle core.  Based on the Keq values of the DAMGO 

analogs, it seems that their interactions with the SDS micelles are largely electrostatic, 

despite the extra hydrophobic contributions of having D-alanine in the second position 

and the N-methyl amino acid in the fourth position.  However, the DAMGO analogs 

seem to interact strong enough to stabilize a turn conformation (no specific β-turn type 

could be assigned from the NMR-molecular modeling experiments).  No experiments to 

evaluate the degree of insertion of the hydrophobic amino acids side chains into the 

micelle core were done for the DAMGO analogs.   

 

PFG diffusion experiments using (BPP) LED were done for DAMGO and for its 

phosphorylated analogs, in order to measure the peptide association constant, Keq and 

evaluate this way their affinity for membranes, and the relationship between the type of 

hydrophilic group, either a carbohydrate or a phosphate group, and the equilibrium 

constant. 
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Peptide Dobs,SDS x 10-11 

(m2s-1) 
fb,SDS Dfree,p x 10-11 

(m2s-1) 
Dobs,p x 10-11 

(m2s-1) fb Keq 
(M-1) 

DAMGO 8.85 0.981 45.7 10.1 0.942 330 
LYM100 8.35 0.981 45.5 9.8 0.936 300 
LYM50 9.27 0.952 41.7 9.93 0.911 215 
LYM147 6.9 0.992 36.7 9.72 0.893 169 
LYM1311 15.2 0.743 43.8 16.1 0.635 47 
LYM1312 18.8 0.723 39.5 12.7 0.748 82 

Table 3.2 Diffusion values and association constant of DAMGO analogs 
 

The association constants are a measurement of the affinity that the glycopeptides have 

for the hydrophobic environment.  DAMGO, being the most hydrophobic peptide has the 

higher affinity for the SDS micelles, with an association constant of 330M-1, followed by 

LYM100, the parent peptide 300M-1; LYM50, the xylose peptide 215 M-1; LYM110, the 

glucose peptide 198 M-1; and the lactose peptide LYM147 169 M-1.  (See Table 3.2)  The 

phosphopeptides LYM1311 and LYM1312 are 198 M-1, and 169 M-1 respectively.  In the 

case of the glycopeptides, their association constant correlates inversely with their 

hydrophilicity; the association constant decreases with the increase in size of the 

carbohydrate moiety.  This indicates that as the carbohydrate size increases, the peptide 

becomes more and more hydrophilic overall and the equilibrium of association-

dissociation peptide-SDS micelle, shifts more and more towards the dissociation to 

accommodate more peptide in solution rather than associated with the SDS micelles.  

This is evidence of the carbohydrate influence in the partition preferences of the 

glycopeptides, but the glycopeptides, even with the carbohydrate moiety being almost the 

same size as the peptide, as is the case of LYM147, still associate with the SDS micelles.   
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When the carbohydrate moiety increases, which is considered the hydrophilic component 

on the glycopeptides, the compound elutes earlier from the RP-HPLC column.  On the 

RP-HPLC, the phosphopeptide LYM1311 elutes almost at the same time the lactose 

analog LYM147 does, and the phosphopeptide LYM1312 with the extra benzyl group 

elutes even later than DAMGO, which indicates LYM1312 is the most hydrophobic 

compound amongst the DAMGO analogs including DAMGO.  However the 

phosphopeptides association constants do not correlate with their hydrophilicity because 

LYM1311 and LYM1312 positive charge on the N-terminal is neutralized by the 

negative charge of the phosphate groups at the experimental pH which is 4.5, hence the 

phosphopeptides are lacking the initial interaction the glycopeptides have with the 

negatively charged SDS micelles.  The pKa values for LYM1311 are 2.6, 6.1 and 8.1 and 

for LYM1312 are 3.3 and 7.5 hence, at pH 4.5, which is the pH used in the NMR 

experiments, both the phosphopeptides lack the electrostatic interaction since their net 

charge is zero.  (See Appendix A: pKa plots).  The result is an association constant six 

times smaller than DAMGO for LYM1311 and 4 times smaller than DAMGO for 

LYM1312.  Those results indicate that the DAMGO glycopeptides nature of their 

interaction with SDS micelles is in its majority or at least initially, electrostatic, due to 

their positively charged N-terminal attraction to the negatively charge surface of SDS 

micelles.  On the other hand, the phosphopeptides interaction with SDS micelles 

measured by its association constants shows mostly the hydrophobic component of their 

association with micelles.  Even further, both phosphopeptides have a net charge of zero 

at pH 4.5 however LYM1312 which has the extra benzyl group, doubles its SDS micelle 
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affinity, compared to LYM1311.  This contribution could be assigned mostly to a 

hydrophobic component interaction of LYM1312 when associated with the SDS 

micelles.  (See Table 3.3) 

 

Peptide pH + charge - charges total Keq 
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LYM1312 

4.5 1 -1 0 82 24.4 

Table 3.3 Correlation between charge of the peptides and association constants in 
SDS micelles 
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Also, because of the charged nature of the phosphopeptides, it can’t be expected that the 

RP-HPLC retention times, correlate to the association constants the same way it does for 

the other peptides bearing a net positive charge.  If they did, one would expect a bigger 

association constant for LYM1312 (RT=24.4) compared to DAMGO(RT=19.5), but that 

is not the case.  Just as a note, the net charge of the phosphopeptides will be different at 

physiological pH, 7,4 compared to the NMR experimental pH 4.5.  At physiological pH 

LYM1311 and LYM1312 will both have a net charge of -1.  

 

3.2.1.2       HPLC RETENTION TIMES 

HPLC RT have been used before as indicators of peptides lipophilicity (Weber, 

Abbruscato et al. 1993; Deguchi, Naito et al. 2004), however if the interaction with the 

membrane has a strong electrostatic component, as is the case with the negatively 

charged SDS micelles, charged compounds and neutral compounds can’t be compared. 

(See Figure 3.3 and Tables 3.4 and 3.5) 

 

Peptide purity tr to Capacity factor (k) 
DAMGO 99% 19.49 4.12 3.73 
LYM100 99% 18.63 4.10 3.54 
LYM50 97% 18.27 4.08 3.48 
LYM110 98% 17.91 4.10 3.37 
LYM147 96% 17.12 4.10 3.17 
LYM1311 99% 18.33 4.08 3.49 
LYM1312 99% 24.81 4.09 5.06 

Table 3.4 Reverse Phase HPLC RT  1mL/min.   
  Gradient: 0-50% solvent B in 30 min.  Solvent A: 95%water 5%ACN,  
  solvent B: 20%water 80%ACN.  HPLC solvents have 0.1%TFA  
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Peptide tr to Capacity factor (k) 
DAMGO 66.35 3.90 16.02 
LYM100 56.15 3.94 13.25 
LYM50 52.63 3.92 12.43 
LYM110 50.05 3.94 11.70 
LYM147 39.52 3.90 9.14 
LYM1311 47.74 3.93 11.15 
LYM1312 never came -   

Table 3.5 Reverse Phase HPLC RT  1mL/min.   
  Gradient: isocratic 8% solvent B.  Solvent A: 95%water 5%ACN, solvent  
  B: 20%water 80%ACN.  HPLC solvents have 0.1%TFA  
 

Peptide MW Mass 
calculated 

Mass found 
[MH]+ 

Mass found 
[MNa]+ 

LYM100 556.61 556.27 557.1 579.3 
LYM50 688.73 688.31  711.1 
LYM110 718.75 718.32 718.9 741.2 
LYM147 880.89 880.37 881.2 903.5 
LYM1311 636.59 636.23 637.1 659.2 
LYM1312 726.71 726.28 727.1 749.2 

Table 3.6 MW and mass calculated using ChemDraw.  Mass found by LCQ 1,  
  positive ionization method, ESI and infusion sample introduction. 
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Figure 3.3 Reverse Phase HPLC RT 1mL/min.  Gradient: 0-50% solvent B in 30 min.  
Solvent A: 95%water 5%ACN, solvent B: 20%water 80%ACN.  HPLC 
solvents have 0.1%TFA 

 

3.2.1.3       1D AND 2D NMR EXPERIMENTS 

The 1H 1D spectra in water and SDS micelles are compared for LYM1311, the µ 

selective phosphopeptide, in Figure 3.4.  DAMGO and all the LYM compounds show 

cis/trans isomerism around the methylated amide bond, which leads to conformational 

restriction of the peptide backbone and also affects the side-chain orientations.  The trans 

conformation is present in solution in ~80% and the cis conformation is present for the 

remaining ~20.  For the NMR analysis purposes, only the trans conformation was 

considered, not due to a lack of interest on the cis conformation, but because the NMR 

peaks in the 2D experiments were very close to the noise level for the short range NOE’s 
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and very few long range NOE’s were observed, However the assignments were made for 

the cis crosspeaks when possible.  (See Table 3.7) 

 

Residue Solvent NH CαH CβH Others 
Tyr1 SDS 

Water 
 
 

4.143 
4.142 

3.076/3.062 
3.077/3.037 

δCH:7.151, εCH:6.868 
δCH:7.140, εCH:6.891 

(D)Ala2 SDS 
Water 

8.137 
8.42 

4.276 
4.223 

1.186 
1.142 

  

Gly3 SDS 
Water 

7.924 
8.121 

4.001/3.8904 
4.04/3.91 

  

N(Me)Phe4 SDS 
Water 

2.823* 
2.865* 

5.063 
5.089 

3.324/3.086 
3.325/3.172 

δCH:7.253, εCH:7.148, 
ζCH:7.307 
δCH:7.270, εCH:7.303, 
ζCH:7.361 

Ser5 SDS 
Water 

8.259 
8.345 

4.558 
4.528 

4.108 
4.115 

terminal NH2: 7.198, 7.506 
terminal NH2: 7.173, 7.545 

 

Table 3.7 1H Resonance assignment for LYM1311 in SDS micelles, and water. 
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Figure 3.4 A portion of 1H NMR spectra of LYM1311 in a) aqueous buffer and b) in 

SDS micelles measured at pH 4.5 and 25 °C. 
 

3.2.1.3.1       2D NMR ANALYSIS 

On the DAMGO analogs both glycopeptides and phosphopeptides, the cis/trans 

isomerization is observed in 1D and 2D NMR.  Proof that the minor peaks observed by 

NMR are a result of an exchange between cis and trans conformations and not an 

impurity or degradation process in the NMR tube is shown in the overlay of a NOESY 

spectra and a ROESY spectra in SDS micelles for the parent compound LYM100.  (See 

Figure 3.5) 
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Figure 3.5 Overlay of NOESY and ROESY 
 

ROESY shows in one color the peaks from NOE of the same conformer and in a different 

color the peaks that are a result of an exchange between cis and trans. (See Figure 3.6)  

NOESY has the advantage of showing longer range NOE’s for the peptides bound to 

SDS micelles, but it shows all the crosspeaks (true NOE peaks and exchange peaks ) in 

the same color.  Here by overlaying NOESY (all black) and ROESY (black and blue) we 

can distinguish the exchange crosspeaks (blue) from the rest of the crosspeaks 
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Figure 3.6 Cis/Trans isomerism.  The red and blue arrows show the signals observed 
by NOE 

 

From the NOE connectivities of the DAMGO analogs in Figure 3.7, it can be observed 

that they show a tendency to a preferred conformation in water, that gets further 

stabilized by the interaction of the peptides with the SDS micelles.  The sequential 

NOE’s (i, i+1) are displayed in all the SDS micelles associated peptides.  In the case of 

water LYM100 and LYM50 the sequential NOE (i, i+1) system is broken at Gly[3].  

Number wise and long-range wise, there are more NOE connectivities observed in SDS 

micelles.  The more interesting ones are the (i, i+2) connectivities that the peptides show 

in SDS micelles.  In SDS micelles but not in water, DAMGO shows (i, i+2) 

connectivities from DAla[2]-N(Me)Phe[4]; LYM100 shows (i, i+2) connectivities from 

Tyr[1]-Gly[3], from DAla[2]-N(Me)Phe[4], and from N(Me)Phe[4] to the terminal amide 

protons Ser[5]CONH2 where the terminal carboxamide protons are considered as the –

NH2 of an inexistent 6th residue; LYM50 shows (i, i+2) connectivities from DAla[2] to 

N(Me)Phe[4] and from N(Me)Phe[4] to Ser[5]CONH2 terminal carboxamide protons; 

LYM147 shows (i, i+2) connectivities only from N(Me)Phe[4] to Ser[5]CONH2 terminal 

carboxamide protons and LYM1311 shows (i, i+2) connectivities from Ser[5]-Gly[3], 
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from N(Me)Phe[4]-DAla, and from Ser[5]CONH2 terminal carboxamide protons to 

N(Me)Phe[4].  That is a clear indication of a preferred turn conformation, which is not 

surprising since it is known that D-amino acids tend to stabilize β turn conformations 

(Rose, Gierasch et al. 1985) as well as N(Me)amino acids (Tonelli 1976; Rose, Gierasch 

et al. 1985). It seems like if a type of β-turn could be assigned it would be a turn centered 

around DAla[2](i), Gly[3](i+1), N(Me)Phe[4](i+2) and Ser[5](i+3).   

 

   
a) b) 

 
 
 
 
                                                                              
c) 

                          
                                                                               
d) 

Figure 3.7 NOE summary for the peptide LYM1311 in SDS micelles measured at pH 
4.5 and 25 °C. a) Arrows indicate NOE crosspeaks derived from the 



 172 

phosphopeptide backbone i,i+1. B) Arrows indicate NOE crosspeaks 
derived from the side chains i,i+1. C) Arrows indicate NOE crosspeaks 
derived from the phosphopeptide backbone i,i+2.  d)  Arrows indicate 
NOE crosspeaks derived from the side chains i,i+2.   

 
 
3.2.1.3.2       TEMPERATURE COEFFICIENTS 

Temperature coefficient measurements showed limited useful information for the 

DAMGO analogs, because the presence of the methyl group on N(methyl)Phe prevents 

any hydrogen bonding information from the peptide 4th position.  The only protons 

involved in hydrogen bonding, and only in the SDS micelles after the temperature 

coefficient values were measured with variable temperature experiments, were the 

protons of the terminal carboxamide.  However, the hydrogen bonding counterpart is hard 

to guess, but that proton could be hydrogen bonding with the carbohydrate, or with the 

phosphate group or with the N(Me)Phe[4], Gly[3] or DAla carbonyl.  In the 

computational modeling, no hydrogen bonding was assumed for any of the DAMGO 

analogs, only distances restraints were used and the Ω for Gly[3]-N(Me)Phe[4] to ensure 

the modeling looks only for the trans isomers.  In water all the amide proton temperature 

coefficients are greater than -4.6 ppb/K, indicating that the backbone is freely solvated by 

water and no hydrogen bonds are present (Cierpicki and Otlewski 2001).  Even if a β-turn 

conformation without hydrogen bonding stabilization is the preferred conformation for 

the DAMGO analogs, no information can be obtained from those experiments.  (See 

Figure 3.8) 
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Figure 3.8 Left LYM1311 right LMA2231Temperature coefficient values of amide 
protons calculated from variation temperature NMR experiments in SDS 
micelles.  The values > -4.6 ppb/K° indicate the solvent shielded or 
hydrogen-bonded nature of the amide protons.(Cierpicki and Otlewski 
2001)  

 

3.2.1.3.3       Cα PROTON CHEMICAL SHIFT VALUES 

The Cα proton chemical shift values are sensitive to the secondary structure of proteins.  

Sykes and coworkers have created a chemical shift index based on this idea (Wishart, 

Sykes et al. 1992).  Generally, the observation of consecutive negative deviations 

(upfield-shifted CαH resonances) from random coil is indicative of helical conformation.  

 

No conclusions can be made from chemical shift deviations of α proton values from 

random coil values.  (See Figure 3.9)  In water and in SDS micelles, the DAMGO 

analogs show the same trend of random coil values.  In water and in micelles the N-
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terminal segment residues display a negative deviation and the C-terminal residues 

display a positive deviation.    

 

  

 
Figure 3.9 Left LYM1311 (1b) right LMA2232 (2b) Chemical shift deviations of 

CαH proton values from random coil value.  Continuous stretch of 
negative deviations indicates helical conformation for the segment.  The 
random coil values were taken from (Merutka, Jane Dyson et al. 1995) 

 

 

3.2.1.4       CIRCULAR DICHROISM 

The circular dichroism spectra was recorded for the DAMGO analogs, in water and in 

SDS micelles.  (See Figures 3.10 and 3.11)  CD has been recognized as a reliable 

technique to identify the secondary structures of smaller peptides, and it provides overall 

conformation of the peptides (Woody 1995).  The CD for all the DAMGO analogs shows 

a typical CD curve for µ opioid agonists (Doi, Tanaka et al. 1988).   
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Figure 3.10 CD spectral pattern for DAMGO, a µ selective opioid peptide.  Left taken 
from Ishida et al (Doi, Tanaka et al. 1988)., right measured. 
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Figure 3.11 CD of the DAMGO analogs.  Left in SDS,  right in water 
 

The µ opioid agonist DAMGO and analogs display very similar CD in water and in SDS 

micelles.  Both have a maximum ~228nm, a minimum at ~218nm, and another maximum 
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~204nm.   The only difference in the presence of micelles is that the maximum and 

minimum are both accentuated.  No specific type of β-turn can be assigned solely based 

on circular dichroism.  However, when comparing DAMGO phosphopeptide analog 

LYM1311 with its parent compound LYM100, and DTLES phosphorylated Analog 

LMA2231 with its parent compound SAM995, it turns out that phosphorylation affects to 

some degree the conformation of the backbone for LMA2231, but not much change is 

observed for LYM1311.  (See Figure 3.12) 

  

  

Figure 3.12 Left; CD spectra of 1a) parent LYM100 and 1b) free phosphopeptide 
LYM1311. Right, CD spectra of LMA2231 and SAM995 in SDS micelles 
measured at pH 5.5 and 25 °C.   
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3.2.1.5       MOLECULAR MODELING 

The calculations were carried out for the DAMGO analogs with distances restraints.  The 

lowest energy structures showed 2 families of compounds.  One with a bent conformation 

and the other one with a semi-extended conformation.  The β-turn is centered at Gly[3]-

N(Me)Phe[4] segment but no specific type of beta turn could be assigned based on the 

Ф(Phi) an ψ(Psi) dihedral angles.  (See Figures 3.13 and 3.14)  However it seems like it 

is a β-turn but distorted, or maybe an average of a family of β-turns and that is why the 

dihedral angles couldn’t get fitted to a type I, I’, II, II’, III, IV, VIa, VIa2, VIb, or VIII 

turn.  However in the β-turn conformers, the distance between Ci
α and Ci+3

a  was less than 

5.5Å. 

 

 

a) 
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Figure 3.13 a) Lowest energy structure of LYM1311 corresponding to an ensemble of 
turn conformers.  The backbone dihedral angle values are indicated in the 
parentheses.  Hydrogen atoms have been omitted for clarity. b) Overlay of 
ten selected structures resulted from Monte Carlo type calculations show 
the variation in the side-chain conformation.  The structures were selected 
based on the lowest main-chain RMSD compare to the lowest energy 
structure from each family. Hydrogen atoms are not shown for clarity.  
Backbone is shown in green, phosphate group is shown in red, and 
hydrophobic side-chain groups are shown in blue with differences in the 
shade to indicate the degree of order of hydrophobicity. 

 

b) 
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Figure 3.14 LYM1311 Phi and Psi angles for the lowest energy ensemble after 

dynamics computational modeling. 
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3.2.2       PHARMACOLOGY 

As shown in Table 3.8 and Figures 3.15 and 3.16, all four phosphorylated enkephalin 

derivatives had a Ki value of less than 10 nM for binding to the µ opioid receptor.  The 

addition of the benzyl group to the phosphate group (LMA2241) increased the affinity of 

the peptide for the δ and κ opioid receptors by approximately 2-fold, while reducing the 

affinity of the peptide for the µ receptor, in comparison to LMA2231, which had only the 

phosphate group added to the peptide.  Both LYM1311 and LYM1312 were derived from 

the highly µ-selective peptide DAMGO.  The addition of the benzyl group to the 

phosphate group on LYM1311 to produce LYM1312 increased the affinity of the peptide 

for the δ opioid receptor by 25-fold, without affecting the affinity for the µ receptor.  

Both LYM1311 and LYM1312 had Ki values of less than 5 nM for binding to the µ 

receptor.  These results demonstrate that the addition of a phosphate group to the peptide 

does not abolish the affinity of the peptide for either the µ or δ opioid receptors.  The 

addition of the benzyl group to the phosphate group increased the affinity of both 

peptides for the δ opioid receptor.   

 

  
Ki (nM ± S.E.) A50 (95% CI) 

 
Peptide [3H]DAMGO 

(µ) 
[3H]Naltrindole 

(δ) 
[3H]U69,593 

(κ) 

Ratio 
µ  : δ  : κ  i.c.v. 

(pmol/mouse) 
i.v. 

(µmol/Kg) 
LMA2231 3.9 ± 0.19 7.9 ± 0.73 310 ± 66 1:2:79 0.34 (0.22-0.52) 54.1 (48.5-60.2) 

LMA2241 8.7 ± 0.93 3.3 ± 0.33 130 ± 6.2 3:1:39 0.093 (0.053-0.16) No available 
data yet 

LYM1311 3.8 ± 0.73 1400 ± 180 31% inhibition 
at 10 µM 1:370:>1000 0.042 (0.02-0.07) 1.5 (1.3-1.8) 

LYM1312 4.2 ± 0.34 55 ± 4.6 570 ±  9.8 1:13:140 0.033 (0.02-0.05) 30% effect at 38.1 
Table 3.8 Binding affinities and antinociceptive potencies of the glycopeptides. The 

peptides were incubated with membranes from CHO cells which 
expressed one type of the human opioid receptor as described in Materials 
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and Methods.  The ratio of affinities was determined by setting the lowest 
Ki value at 1; the peptide had the highest affinity for this receptor.  The Ki 
values for the other two receptors were divided by the Ki value obtained 
for the receptor that bound the peptide with the highest affinity.   

 

 

 
Figure 3.15 Intracerebroventricular (i.c.v.) antinociceptive dose- and time-response 

curves in the mouse 55 °C warm water tail-flick test.  Bars represent the 
standard error of the mean for each dose and the various time points after 
injection.  
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Figure 3.16 Intravenous (i.v.) antinociceptive dose- and time-response curves in the 
mouse 

55 °C warm water tail-flick test.  Bars represent the standard error of the 
mean for each dose and the various time points after injection.  
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CHAPTER 4 — EXPERIMENTAL METHODOLOGY 

 

4.1       GLYCOPROTEINS 

Glycans are a product of post- or co-translational modification of proteins.  The glycans 

affect the structures, the chemical, physical and biochemical properties of proteins, and 

also their functions (Lis and Sharon 1993; Seitz 2000).  Glycoproteins play an important 

role in various biological events such as cell adhesion, differentiation, and proliferation, 

as well as in numerous pathological processes ranging from viral and bacterial infections 

to cancer metastasis (Troy 1992; Dwek 1996; Dennis, Granovsky et al. 1999; Geyer and 

Geyer 2000; Bertozzi and Kiessling 2001; Moncada, Kammanadiminti et al. 2003).  The 

structure of glycans on the cell surfaces of higher organisms changes with the onset of 

cancer and with inflammation.  

 

In nature there are three major groups of glycans: N-linked glycans, O-linked glycans and 

glycosylphosphatidylinositol (GPI) anchors.  The most common N-linked has a β−N-

acetylglycosamine linked to asparagine, and can be found in animals, plants and 

microorganisms.  The site of glycosylation is recognized by the sequence Asn-X-Ser/Thr 

where X is any amino acid.  The N-glycoprotein biosynthesis starts in the endoplasmic 

reticulum, and then transported to the Golgi apparatus.  The oligosaccharide chain is 

modified in the Golgi apparatus by glycosyltransferases and glycosidases.  All N-glycans 

share the common pentasaccharide core structure (mannose)3 (N-acetylglucosamine)2 

(Man3GlcNAc2).  (See Figure 4.1)  Different substitution patterns on the pentasaccharide 
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core generates structural diversity.  N-linked carbohydrates play an important role in 

retroviral pathogenesis of the human immunodeficiency virus (HIV) since its surface 

envelope glycoprotein gp120 is highly glycosylated and contains up to 24 N-linked high 

mannose carbohydrates.  The first chemical synthesis of HIV gp120 fragments, targets 

for anti-HIV vaccine, have been synthesized by Danishefsky et al., (Geng, Dudkin et al. 

2004; Mandal, Dudkin et al. 2004). 
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Figure 4.1 Structure of the core pentasaccharide common to all N-glycans.  The core 
structure can be extended by up to five antennae (R). 

 

 

GPI anchors are naturally occurring glycolipids that attach proteins or glycoproteins on 

the eukaryotic cell membranes.  The basic core shows a linear tetrasaccharide attached to 

inositol in the 6-O-position.  GPI anchors play an important role in the human immune 

system, and are promising vaccine candidates against malaria (Schofield, Hewitt et al. 

2002).  (See Figure 4.2) 
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Figure 4.2 Basic core structure of all GPI anchors 
 

Another major group of biologically active glycoproteins are O-linked glycoproteins.  

(See Figure 4.3)  The carbohydrate residue is covalently attached to the peptide via the –

OH of serine, threonine, tyrosine, hydroxyproline, hydroxylysine or another hydroxylated 

amino acid. The collagens, which are structural proteins, contain glycosylated 

hydroxylysine.  The most common core of O-linked glycans is an α-GalNac.  The typical 

example is mucin type glycoproteins in which sequential attachment of monosaccharides 

lead to several different core structures.  A second important group of O-glycoproteins, 
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the proteoglycans, contain β-D-xylosyl residue linked to serine.  In contrast to N-glycans, 

O-glycoproteins show a higher degree of structural diversity and do not share a common 

core structure.  

 

An increase on the expression of mucins correlates with the presence of tumor cells.  As 

tumors-associated glycans, this O-glycoconjugates are attractive as targets for synthetic 

antitumor vaccines (Brocke and Kunz 2002).   
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Figure 4.3 O-Linked glycoproteins a) Structures of tumor-associated carbohydrate 
antigens that were first discovered in mucins.  B)Core structures of mucin 
type, O-linked glycans, a class of highly O-glycosylated proteins. 
(Hoelemann and Seeberger 2004) 
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The carbohydrate attachment in a glycoprotein happens without following a template-

controlled biosynthetic pathway (Varki 1993; Pratt and Bertozzi 2005), and that is why 

glycoproteins usually exist as heterogeneous glycoforms, which possess various glycan 

structures or glycosylation pattern on the same protein backbone.   

 

The intensive research effort to understand the role of carbohydrates in glycoconjugates, 

has led to an increased need for sufficient amounts of natural and modified glycoproteins; 

however, the isolation of carbohydrates from natural sources is not for the faint of heart 

due to their natural complexity.  

 

Access to pure glycoconjugates for biological, biophysical and medicinal studies relies in 

chemical and enzymatic synthesis.  A lot of advances have been done in that area, 

however further innovations are required to handle the structural complexity of 

oligosaccharides (Stallforth, Lepenies et al. 2009).  

 

4.2       OPIOID GLYCOPEPTIDES 

Since the carbohydrate moieties play important roles in the glycoconjugate’s biological 

activities, glycosylation of opioid peptides has been also tested by the Polt group and 

other research group.  The attachment of a carbohydrate moiety to the opioid peptides in 

Polt lab has mainly the purpose of increasing CNS delivery, but serum stability, and 

water solubility are also desirable secondary effects of peptide glycosylation.   
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4.3       SYNTHESES AND CHARACTERIZATION OF THE ANALOGS OF 

DAMGO, GLYCOPEPTIDES AND PHOSPHOPEPTIDES 

 

4.3.1       SYNTHESIS OF GLYCOSYLATED AMINO ACIDS 

Although Michael (Michael 1879), and Fisher (Fischer 1893), had worked with 

glycosylations at the end of the 19th century, the first controlled and general glycosylation 

procedure involving the nucleophilic displacement of chlorine or bromine at the anomeric 

center is credited to Koenigs and Knorr (Koenigs and Knorr 1901). The Koenigs-Knorr is 

one of the most widely used approach for the synthesis of O-glycosylated amino acids, 

and still is a favorite for the synthesis of 1,2-trans glycosides(Schmidt 1986).  

 

The glycosidic bond is formed by a nucleophilic displacement of a leaving group (X) 

attached to the anomeric carbon of a sugar moiety by an alcohol ROH, or by the OH 

group of a partially protected sugar moiety.  The compound that gives the glycosyl 

moiety is called the glycosyl donor, and the alcohol that receives it, is known as the 

glycosyl acceptor.  The reaction generally is performed in the presence of an activator 

called “promoter”.  The role of the promoter is to assist the departure of the leaving 

group.  The promoters are often used in catalytic amounts, but in some cases they require 

stochiometric amounts.  Molecular sieves may be also used.  (See Scheme 4.1) 
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Scheme 4.1 Example of a Koenings-Knorr reaction with C-2 participating group 
 

The first amino acid glycosides synthesized in the Polt Lab used glycosylated amino 

acids as building blocks.  The synthesis of those amino acid glycosides was achieved 

using the amino acid shiff bases as the aglycones and glycosyl bromides as donors.  

Silver triflate (AgOTf) was the promoter and the reaction was carried out under dry 

conditions and with the addition of molecular sieves (Szabo, Li et al. 1991; Polt, Szabo et 

al. 1992).  See Scheme 4.2 for the example of the glucosyl serine.  The same 

methodology was followed with other sugar bromides.  With the glycosylated amino 

acids on hand, opioid glycopeptides could be synthesized in enough amounts to test their 

biological activities (Polt, Porreca et al. 1994).  
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Scheme 4.2 Glycosylation of the Schiff base by glycosyl bromides. 
 

The rational to use Schiff bases as the protecting group instead of Fmoc for example, is 

that the Schiff bases are better nucleophiles for glycosylation that FMOC-protected serine 

or threonine derivatives.  (See Figure 4.4) 
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Figure 4.4 Hydrogen bonding in aglycones 
 

Some caveats of the catalyzed Koenigs-Knorr reaction include the extra care to store the 

glycoside bromides, which hydrolyze easily and are light sensitive unless stored in dry 

conditions, and the high costs of the silver triflate promoter, which needs to be stored and 

handled under dry glove box conditions.  Also the reaction needs flame dried glassware 
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and freshly activated molecular sieves.  All those considerations pose an inconvenience 

to scale up the serine and threonine glycosylation reactions.  

 

An easier way to prepare the glycosylated amino acids building blocks would be to use 

sugar acetates as donors, without having to prepare the bromides, and to use the Fmoc-

amino acids without having to prepare the Schiff bases.  That alternative exists (Salvador, 

Elofsson et al. 1995), and that method uses BF3·OEt2 or SnCl4 as the activators for the 

glycosyl acetates in CH2Cl2/CH3CN at room temperature.  However, the product showed 

heavily overlapped spots by TLC, it does not crystallize and the column purification turns 

out to be very laborious.   

 

It was a totally different story when a microwave glycosylation of Fmoc-Ser-OBn, using 

FeCl3 and 4 Å molecular sieves in Toluene or CH3CN, which provided β-glycosides, in 

short reaction times and moderate yields, but most important, a more clean crude product 

was reported (Seibel, Hillringhaus et al. 2005).  Seibel also observed that only the β and 

not the α sugar peracetates react under those conditions.  However despite the success of 

FeCl3 under microwave conditions the work-up is difficult and would not be suitable for 

a synthesis scale up.  Therefore to overcome these limitations, BF3•OEt2 was used as the 

acetate donor activator and different nucleophiles such as the Schiff base, Fmoc-Ser-

OBn, and Fmoc-Ser-OH were investigated under microwave conditions (Keyari 2007).  

Keyari at the Polt Lab developed the methodology to scale up the synthesis of 

glycosylated amino acids from the β-peracetate of the carbohydrate and serine or 
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threonine Fmoc- and –OBn protected, using microwave conditions in Toluene/DCM and 

BF3•OEt2.  (See Scheme 4.3)  Keyari also observed that the glycosylations under 

microwave conditions were less prone to racemization (Keyari 2007).   

 

Room temperature glycosylations take several hours and even days, but with the 

microwave irradiation, the reactions were complete in less than 5 minutes.  
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Scheme 4.3 Microwave glycosylation of Fmoc-Ser-OBn with beta acetate sugars 
 

The synthesis of O-glycosylated serine with β-D-xylose, β-D-glucose and β-D-lactose 

was successful in decent yields (60-80%) by the direct glycosylation of β-sugar 

peracetates with Fmoc-Ser-OH/OBzl using BF3·OEt2 as the promoter, under microwave 

conditions following the optimized conditions of Charles Mambo Keyari (Keyari 2007).  

Toluene and DCM 5:1 ratio were the solvents of choice.  The DCM is mostly added to 

solubilize the starting materials.  (See Table 4.1) 
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Carbohydrate Reaction 
Scale 

Glycosylation 
BF3·OEt2 

Hydrogenation 
H2/Pd-C 

O

AcO
AcO

AcO OAc

 
11.3g 72% 85% 

O

AcO
AcO

AcO
OAc

OAc

 
8.7g 68% 80% 

O

AcO
AcO

OAcOAc
O

AcO
AcO
O

OAc

OAc

 

12g 65% 77% 

Table 4.1 Microwave assisted glycosylation with Fmoc-Ser-OBn 
 

Some of the side products that contribute to the yield loss were characterized by Keyari 

(Keyari 2007) and are included in his mechanism scheme that lead to acetate migration.  

(See Scheme 4.4) 
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Scheme 4.4 Mechanism leading to acetate migration. 
 

Once the Fmoc-Serine-carbohydrate building block has been synthesized, the peptide 

synthesis, followed by HPLC purification and lyophilization. 

 

Glycosylation under microwave conditions 

were carried out at the 25mmol 1.1 eq. 

scale on Fmoc-Ser-OBn, commercially 

available from Senn Chemicals© and 

23mmol 1.0 eq. scale on the sugar beta peracetate following the procedure developed by 

Keyari at the Polt lab (Keyari 2007).  Amino acid and carbohydrate (the example used is 

for lactose, but the procedure was also used with xylose and glucose beta peracetate) 

O
O

OAc
AcO
O

OAcO

OAc
AcO

OAc
OAc

N
H

Fmoc

OBn

O



 196 

were placed in a 250 mL flame-dried microwave reaction flask and dried overnight under 

P2O5.  Before the reaction, the starting materials were purged with argon, capped with a 

septum and Toluene/CH2Cl2 30 mL (3:1) were added, followed 2 equivalents of freshly 

distilled BF3.OEt2.  The solution was reacted under microwave conditions for 1 minute at 

power level 6 and stirred, followed by cooling with ice bath and another microwave 

session of 1 minute.  TLC showed full conversion.  The reaction mixture was diluted with 

60 mL of CH2Cl2 and washed with 2 x conc. NaHCO3, 1 x water, 1 x brine and finally 

dried over MgSO4.  Finally it was concentrated under reduced pressure, flash 

chromatographed on silica gel column with 40% EtOAc:hexanes (Rf=0.4) yielding ~70% 

of product 1H NMR and 13C NMR data obtained were similar to those reported in 

literature (Keyari 2007).  (See Appendix A:  1D NMR spectra of glycosylated amino 

acids) 

 

The glycosylated (either xylose, glucose 

or lactose) Fmoc-Serine-OBn ~16mmol 

were dissolved in 100 mL of 

EtOAc:CH3OH (3:1) and hydrogenated 

upon completion followed by TLC (~30min) under 10% Pd on activated C (1 g).  The 

Pd-C was then deactivated by the addition of CH2Cl2 and stirred for 10 minutes, filtered 

through celite and concentrated.  After flash chromatography with 95% 

CH2Cl2:CH3OH:0.1% HOAc, ~70% of the product was obtained as a white foam.  

Melting points for xyloside, glucoside and lactoside were: 77-79 C, 74-76 C, 106-108 C 

O
O

OAc
AcO
O

OAcO

OAc
AcO

OAc
OAc

N
H

Fmoc

OH

O



 197 

respectively.  1H NMR and 13C NMR data obtained were similar to those reported in 

literature (Keyari 2007).  (See Appendix A:  1D NMR spectra of glycosylated amino 

acids) 

 

4.3.2       SYNTHESIS AND PURIFICATION OF GLYCOPEPTIDES 

   AND PHOSPHOPEPTIDES  

Amino acids and coupling reagents (HBTU, HOBT) were purchased from Advanced 

Chem Tech (Louisville, KY) and from EMD Biosciences (CA).  Coupling reagents were 

purchased from AnaSpec Inc. (San Jose, CA). 

DBU, DIEA, and hydrazine monohydrate were purchased from Aldrich. The Rink-amide 

MBHA resin (substitution: 0.65mmol/g, 1%DVB) was purchased from ChemImpex. 

Protein Technologies provided the HCTU coupling reagent used to couple the 

phosphorylated serine.  

 

The glycopeptides were synthesized either manually or automatically on a PS3 

synthesizer from Protein Technologies, Inc. (Tucson, AZ, USA).  The phosphopeptides 

were synthesized manually.   Solid phase peptide synthesis was performed on 1 g of Rink 

Amide MBHA Resin with 0.65 mmol/g loading capacity at a 0.65 mM scale using a 

coarse fritted filter with vacuum and Ar attached . (Mitchell, Pratt et al. 2001) Amino 

acid side chain protection was selected as Fmoc-Tyr(But)-OH, Fmoc-D-Thr(But)-OH, 

and Fmoc-Ser(OPO3Bn)-OH and was removed in varying degrees in a single step under 

acidic conditions during the final cleavage of the peptide from the resin.  Amide 
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couplings were accomplished using two equivalents of HBTU (2-(1H-benzotriazole-1-

yl)-1,1,3,3-tetramethyluronium hexafluorophosphate) and HOBT (1-

hydroxybenzotriazole) and ten equivalents of N,N-diisopropylethylamine (DIEA) in 

DMF for ~2 h with Ar bubbling and monitored by the Kaiser ninhydrin test.  The first 

amino acid to couple to the resin (either the glycosylated serine or the phosphorylated 

serine) and the glycine (after the N(Me)Phe) were double coupled with HCTU. The rest 

of the couplings were done with HBTU/HOBT/DIEA.  Deprotection of Fmoc groups was 

accomplished using 2% piperidine and 2% DBU in DMF with Ar bubbling for 10 min 

twice.  The resin was washed with DMF for 30 sec seven times in between each coupling 

and deprotection step.  Phosphopeptides were cleaved from the resin by agitating the 

beads in a solution of TFA:Et3SiH:H2O:PhOMe:CH2Cl2 (88:5:5:1:1) for 2 h at rt.  Crude 

peptides were filtered away from the resin and precipitated in ice cold ether.  Precipitants 

were centrifuged into a pellet for 10 min followed by decanting.  Pellets were dissolved 

in deionized H2O, if necessary for solubility 0.03% NH4OH was added and peptides were 

further lyophilized.  The peptides were purified by RP-HPLC with a C12 reversed phase 

HPLC column (Phenomenex Jupiter Proteo; 10 mm x 250 mm, 10 m, 300 Å) using an 

increasing acetonitrile gradient in water with 0.1% TFA  at 5 ml min-1. 

 

4.3.3       CIRCULAR DICHROISM 

All of the circular dichroism experiments were carried out on OLIS DSM-20 

spectrophotometer equipped with temperature controller. The glycopeptide stock 

solutions were prepared by weighing the lyophilized powder to make 05-1.0 mM solution 
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and the pH was adjusted to the desired value. The samples were prepared by diluting the 

stock solution to 180 µM.  The reported data are average of four scans recorded between 

200 and 250 nm by using integration time of three seconds, a scan step of 0.5 nm in a cell 

with a path length of 0.1 cm at 25 °C.  All the spectra were baseline corrected and were 

smoothed using KaleidaGraph Ver. 4 software (Synergy Software, USA). 

 

4.3.4       1D AND 2D NMR EXPERIMENTS  

NMR Spectroscopy.  All NMR spectra were recorded on a Bruker DRX600 600MHz 

spectrometer at 298 K. Glycopeptide concentration for the NMR experiments varied from 

2-3 mM.  The micelle samples were prepared by dissolving the peptide and 100 

equivalent of perdeuterated SDS in 0.6 ml of acetate buffer (10 mM) containing 10% 

D2O.  The pH of the each sample was adjusted to 4.5 by using DCl or NaOD as 

necessary.  TSP was added as internal standard for referencing.  Two-dimensional 

nuclear Overhauser enhancement (NOESY) (Kumar, Ernst et al. 1980) and total 

correlation spectra (TOCSY) (Bax and Davis 1985) were acquired using standard pulse 

sequences and processed using XWINNMR (Bruker Inc) and FELIX2000 (Accelrys Inc, 

San Diego, CA).  Mixing time for TOCSY spectra were either 80 or 100ms and for 

NOESY spectra was 300 ms.  All experiments were 750 increments in t1, 16 or 32 scans 

each, 1.5 s relaxation delay, size 2 or 4K and the spectral processing was with shifted sine 

bell window multiplications in both dimensions.  The water suppression was achieved by 

using WATERGATE pulse sequence. (Stejskal and Tanner 1965; Piotto, Saudek et al. 
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1992) Coupling constants (3JαH-NH) were measured directly from the 1D spectra wherever 

possible. 

 

4.3.5       DIFFUSION STUDIES 

 Sodium dodecyl sulfate-d25 used in the NMR experiments was purchased from C/D/N 

isotopes INC (Canada). Dodecyl sulfate sodium salt (ACS reagent 99+%), CD3COONa, 

NaN3, D2O, TSP 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid (sodium salt) as NMR 

reference), were purchased from Sigma Aldrich.  

The aqueous solution used to dissolve the peptides for the NMR samples was a 

CD3COONa/HCl buffer 10mM, in H2O/D2O (9:1), pH 4.5 1mM NaN3, 0.05% w/v TSP. 

For the NMR samples the peptide concentration was 5mM in a total volume of 600uL.  

For the samples containing SDS the peptide-micelle mixtures were prepared 

gravimetrically at the ratio 5mM peptide:50mM SDS. The SDS used was 5mM 

SDS:45mM SDS-d25.  The diffusion coefficients were obtained by pulse field gradient 

NMR spectroscopy using a bipolar pulse pair longitudinal encode-decode (BPP-LED) 

sequence (Stejskal and Tanner 1965; Wu, Chen et al. 1995).  

The BPP-LED spectra were measured using a Bruker DRX600 600MHz spectrometer at 

298 K, and 512 scans. The coil constant was calibrated with a sample of β-cyclodextrin 

5.0 mM in D2O, which has a diffusion coefficient (D) of 3.23 x 10-10 m2s-1. The coil 

constant was found to be 34.9 Gcm-1 at 100% gradient strength. In order to calculate the 

diffusion coefficients, a series of 1H spectra were collected as a function of the gradient 
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amplitude. The intensity (area) of each NMR spectrum decayed with increasing gradient 

amplitude, G, according to Eqn (1): 

I = Ioe
−Dγ 2G2δ 2 Δ−

δ
3
−
τ
2

⎛
⎝⎜

⎞
⎠⎟

                                                  (1) 

where Io is the intensity of the resonance in the NMR spectrum in the absence of gradient 

pulses, γ is the gyromagnetic ratio, Δ is the time period during which diffusion occurs,  τ 

is the short delay between the polar gradients, G  and δ are the amplitude and duration of 

the bipolar gradient pulse pair, respectively, and D is the diffusion coefficient. δ, t and D 

were respectively, 4.00, 0.20, and 250.0ms. The eddy current storage delay at the end of 

the pulse sequence was 20.0ms.  The free solution peptide diffusion coefficients were 

measured with gradients ranging from 4.0-19.0 Gcm-1(5-50% gradient strength) and for 

the peptide-micelle mixture, diffusion coefficients were measured with gradients ranging 

from 4.0-30 Gcm-1 (5-85% gradient strength). 

 

Each spectrum was integrated in a specific region (a region that contained no overlapping 

signals).  The resonances integrated to calculate D were the N-methyl at 2.8ppm on 

N(Me)Phe4, and the methyl from SDS at 0.7ppm. After plotting natural log of the 

selected peak area vs. γ 2G2δ 2 Δ − δ3 − τ2
⎛

⎝⎜
⎞

⎠⎟
 x 1010 s

m2  shown in Figure 4.5, the 

diffusion coefficients D are obtained from the slopes of the lines after linear regression 

analysis. Dobs,sds vs 1/[SDS] was plotted where the y intercept shown in the linear 

regression defines the Dmic,sds. (Begotka, Hunsader et al. 2006) 
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Figure 4.5 Diffusion coefficient comparison between the peptides in water and the 
peptides in the presence of SDS micelles. 
a) Phosphopeptides analogs b) Glycosylated analogs 

 

The lines in the group of the steeper slopes are the peptides in water, and the other group 

represents the peptides in the presence of SDS micelles.   
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4.3.6       COMPUTATIONAL ANALYSIS:  MOLECULAR MODELING 

All the structural calculations were done using Molecular Operating Environment (MOE) 

software 2007.09 (Chemical Computing Inc., Canada). The standard Stochastic 

Conformational Search protocol was used for generating conformations using AMBER99 

(Wang, Cieplak et al. 2000) as the force field with 8 Å cutoff for non-bonded 

interactions. The Stochastic Conformational Search method in MOE generates 

conformations by randomly sampling local minima of the potential energy surface similar 

to the Monte Carlo type routine called Random Incremental Pulse Search (RIPS) 

described by Raber and coworkers (Ferguson and Raber 1989). RIPS method generates 

new molecular conformations by randomly perturbing the position of each coordinate of 

each atom in the molecule by some small amount, typically less than 2 angstroms, 

followed by energy minimization.  The Stochastic Conformational Search method in 

MOE is similar in spirit except that it is based upon random rotations of bonds (including 

ring bonds) instead of Cartesian coordinate perturbation.  

A distance dependent dielectric constant of 4 was used for the calculations.  All the inter-

residue distance restraints calculated from the NOESY experiments were applied in the 

form of flat-bottom potential well with a common lower bound of 2.0 Å and the upper 

bound were obtained from integral volumes of the NOESY peaks.  The NOE integral 

volumes were classified into strong, medium and weak with 3.0, 4.0 and 5.0 Å as upper 

bound distance.  The starting structure for the calculations were having extended 

conformation.  A total of 5000 conformations were generated with energy cut-off of 25 
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Kcal, which rejected many final conformers that had energy higher than 25 Kcal of the 

lowest-energy conformer.  The selection criteria was: a)no more than 10 Kcal from the 

lowest energy structure, b)Omega Ω dihedral angles (alpha carbon Gly[3] to alpha carbon 

Phe[4]) 180 ± 30 or -180 ± 30 to ensure selection of trans conformers c)To ensure the 

conformers selected fulfill Ramachandran criteria, only conformers with dihedral angles 

PHI Φ positive for DAla[2], and negative for N(Me)Phe[4] and Ser[5] were selected 

(Ramakrishnan and Ramachandran 1965).  Gly[3] Φ can either be positive or negative 

(Hovmoller, Zhou et al. 2002).  Following those criteria, two main structural families 

were found one bent and another in between bent and extended.   

Molecular dynamics were done with the lowest energy conformer from each family with 

200ps at 298K. The system sampled and added to the database every 2.0ps.  100 

structures were generated and the 10 lowest structures with ΔE < 5kcal/mol were selected 

for the overlap pictures and to calculate RSMD.  All 100 structures were used for the Phi 

Φ and Psi Ψ vs amino acid plots.  

 

4.3.7       PHARMACOLOGY 

 

4.3.7.1       RECEPTOR BINDING STUDIES. 

To determine the affinity and selectivity of the peptides for the µ, δ, and κ opioid 

receptors, Chinese hamster ovary (CHO) cells that stably expressed one type of human 
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opioid receptor were used as previously described (Parkhill 2002). Cell membranes were 

incubated at 25ºC with the radiolabeled ligands in a final volume of 1 ml of 50 mM Tris-

HCl, pH 7.5.  Incubation times of 60 min were used for the µ-selective peptide 

[3H]DAMGO and the κ-selective ligand [3H]U69,593, and a 3-hr incubation will be used 

with the δ-selective antagonist [3H]naltrindole. The final concentrations of [3H]DAMGO, 

[3H]naltrindole, and [3H]U69,593 were 0.25 nM, 0.2 nM, and 1 nM, respectively.  

Nonspecific binding was measured by inclusion of 10 µM naloxone for µ and κ binding 

and 100 µM for δ binding.  The binding was terminated by filtering the samples through 

Schleicher & Scheull No. 32 glass fiber filters using a Brandel 48-well cell harvester. The 

filters were washed three times with 3 ml of cold 50 mM Tris-HCl, pH 7.5, and were 

counted in 2 ml of ScintiSafe 30% scintillation fluid (Fisher Scientific, Fair Lawn, NJ).  

For [3H]U69,593 binding, the filters will be soaked in 0.1% polyethylenimine for at least 

30 min before use. IC50 values will be calculated by least squares fit to a logarithm-

probit analysis.  Ki values of unlabeled compounds will be calculated from the equation 

Ki = (IC50)/1 + S where S = (concentration of radioligand) (Kd of radioligand) (Cheng 

and Prusoff 1973)  

 

4.3.7.2       ANTINOCICEPTIVE TESTING.  

Adult, male ICR mice 25-35 g (Harlan Industries, Cleveland, OH) were used for all in 

vivo experiments.  Mice were housed in groups of 4-5 in standard Plexiglas containers 

with food and water available ad libitum.  Animals were on a 12-h light/dark cycle (lights 

on at 07:00). Drug administrations were made via the intracerebroventricular (i.c.v.) or 
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intravenous (i.v.) routes of administration.  Antinociception was assessed using the 55°C 

warm-water tail flick assay (Jannsen, Niemegeers et al. 1963). Mice were tested for 

baseline latencies by immersing the distal third of the tail into the water.  Typical baseline 

latencies were between 1-2 seconds and any mouse with a baseline over 5 seconds was 

excluded from further procedures.  The test compound was administered at t=0 min and 

tail flick latencies were measured again at 10, 20, 30, 45, 60, 90, 120, 150, and 180 

minutes post injection.  A maximal score of 100% was given to a mouse that did not 

respond with in 10 seconds to avoid tissue damage.  Antinociception was calculated using 

the following formula: % antinociception = (test latency-baseline latency)/(10-baseline 

latency) x 100. 

 

4.3.8       MEASUREMENTS OF pKa.   

A 50mL of 1.5mM solution of the phosphopeptides LYM1311 and LYM1312 (~50mg of 

peptide) was prepared in KCl aqueous solutions of ionic strength of 0.15 M referred as 

ion strength adjusted (ISA) water.  The measurements were done by triplicate on 10mL 

aliquots using a TitroLine Alpha titrator and a Mettler Toledo combination pH electrode 

type 6030-M3/180/1M/BNC.  The titrations curves were built by adding 10-15uL of a 

standardized 0.075M NaOH solution starting from a low pH ~2 to a high pH ~11.  The 

pKa is approximately equal to the pH at the midbuffer inflection point, and the first 

derivative of the pH vs volume was also plotted to find more accurate inflection points. 
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CHAPTER 5 — CONCLUSIONS 

 

5.1       OVERVIEW OF PROBLEM 

Today, more than 250 endogenous neuropeptides and more than 50 receptors have been 

characterized for the past 30 years.  However, most of the work on peptides and their 

receptors has focused on creating increasingly selective agonists and antagonists, and on 

the characterization of different receptor types and subtypes within the brain.  Still, more 

studies have to be directed toward stability and transport issues, specifically transport 

across the BBB.  To insure access to receptors throughout the brain, peptide “messages” 

must be delivered across the BBB via the brain capillaries.  Generally speaking, opioid 

peptides do not cross the BBB, and glycosylation has proved to circumvent that problem.   

 

5.2       SUMMARY OF RESEARCH 

It seems clear that for effective drug delivery and BBB transport one must have a 

biousian glycopeptide that essentially adopts two states: 

1) A state defined by one or more membrane-bound conformations that permit or 

promote endocytosis 

2) A state defined by a water-soluble, or random coil state that permits ‘membrane 

hopping 

How to balance those two states? Adding a water-soluble moiety, e.g. by glycosylating 

the peptide.  Depending on the peptide lipophilicity, the appropriate carbohydrate must be 

used to keep a balance.  If the glycopeptide spends too much time in the aqueous 
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compartment, then the interaction with its receptors will be reduced. Thus, the 

glycopeptide needs to spend sufficient time in the membrane to bind to the receptor and 

undergo endocytosis, and it needs to get off the membrane to find the membrane where 

the receptor is located.  

 

The DAMGO project was conceived thinking of a way to measure the exclusive effect of 

carbohydrates and transport.  By selecting the µ-opioid agonist most used in binding 

assays we were able to:  

• Explore and exploit the Biousian hypothesis. 

• Minimize the confounding effects of µ/δ/κ mixed selectivity. 

• Since DAMGO is regarded as a lipophilic message that does not cross the BBB, 

any central mediated analgesia would be attributed to the carbohydrate. 

• Provide a glycopeptide standard comparison compound for the rest of the 

glycopeptide library synthesized in our lab, most of them µ/d mixed agonists with 

excellent analgesic profile and reduced opioid side effects. 

• A glycopeptide standard was required also because alkaloids like morphine 

interact differently with the receptors (Chakrabarti, Law et al. 1998). 

• Provide a way to evaluate if glycosylation of a µ-agonist peptide reduces opioid 

side effects. 

• Provide a model to study the relationship between amphipathicity (Connolly 

surfaces based) and centrally mediated analgesia. 
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• This study also proves that the “Lipinski’s rule of five” mindset does not apply to 

peptides, glycopeptides and phosphopeptides.  Lipinksi’s Rules cannot be 

considered in the search for more effective and efficient drugs peptide based 

(Polt, Dhanasekaran et al. 2005). 

 

1D and 1D NMR studies 

 

The DAMGO analogs have a tendency to adopt a preferred conformation in water 

already due to the partial rigidity of having D-alanine at the second position and a N-

methylated amino acid at the 4th position. 

 

The SDS micelles stabilize that preferred conformation, as it can be seen with the 

increase of (i, i+2) correlation peaks when the peptide is in the presence of micelles.  

 

Different from the DAMGO analogs, the peptide DTLES actually inserts in the SDS 

micelle core, aimed by the extra amino acid leucine   

 

 

Diffusion studies  

 

Based on the Keq values of the DAMGO analogs, it seems that their interactions with the 

SDS micelles are largely electrostatic, despite the extra hydrophobic contributions of 
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having D-alanine in the second position and the N-methyl amino acid in the fourth 

position.  However, the DAMGO analogs seem to interact strongly enough to stabilize a 

turn conformation (no specific β-turn type could be assigned from the NMR-molecular 

modeling experiments).  No experiments to evaluate the degree of insertion of the 

hydrophobic amino acids side chains into the micelle core were done for the DAMGO 

analogs. 

 

The DAMGO and DTLES glycopeptide analogs make a very interesting library to study 

the contributions of the electrostatic and hydrophobic components involved in membrane 

association.  It has been observed in this work that DAMGO analogs associate mainly 

electrostatically, but not the DTLES analogs, which associate with the SDS micelles with 

a stronger hydrophobic component as shown in Palian’s work (Palian, Boguslavsky et al. 

2003) where insertion of leucine was observed by the use of spin labels (Mn2+ and 5-

DOXYL-stearic acid) which allowed for the determination of the position and orientation 

of the compounds relative to the surface of the micelle.  

 

In the case of the phosphopeptides, both LYM1311 and LYM1312 have a net charge of 

zero at pH 4.5 however, LYM1312 has an extra benzyl group, and it doubles its SDS 

micelle affinity, compared to LYM1311.  This contribution could be assigned mostly to a 

hydrophobic component interaction of LYM1312 when associated with the SDS 

micelles. 
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5.3       OUTLOOK 

The application of the biousian theory based on the amphipathicity of the peptides and its 

effect on membrane interaction and or transport may not be confined to opioid peptides.  

The gastrointestinal peptide hormone motilin is 22 amino acids long and it becomes more 

ordered in the presence of negatively charged artificial membranes forming an ordered α-

helical conformation between Glu9 and Lys20 (Andersson and Mäler 2003), showing its 

interaction with the membrane due to its amphipathic nature.  Lycotoxin I and Lycotoxin 

II are natural anti-microbial peptides from the Wolf Spider, which inhibit bacteria and 

yeast growth at micromolar concentrations, analogs of this peptides adopt an α-helical 

structure in the presence of negatively charged lipid bilayers.  These peptides perturb the 

membranes of the red cells causing haemolysism probable due to pore-formation (Adão, 

Seixas et al. 2008).  Another peptide that exists unstructured in water but structured in the 

presence of membranes is the human VDAC1 (HVDAC1) N-terminal peptide Ac-

AVPPTYADLGKSARDVFTK-NH2 and it plays an important role in apoptotic events 

(De Pinto, Tomasello et al. 2007).  Another important group of amphipathic peptides, 

cationic in nature, are the cell-penetrating peptides CPP’s, which display the ability to 

translocate across biological membranes (Henriques, Melo et al. 2006; Pujals, Fernández-

Carneado et al. 2006).  β-peptides that mimic the naturally occurring magainin group of 

antimicrobial peptides have been studied also (Hall and Aguilar 2009), the β -peptide β -

17 is amphipathic  with hydrophobic residues covering ~60% of one side of the helix and 

cationic residues ~40% on the other side and it is a potent cytolytic agent.  If the peptide 

is scrambled (β -17 scrambled) by synthesizing another peptide with the same amino 
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acids but a different sequence in which the positive and hydrophobic residues are 

randomly distributed but designed not to lose their helicity  (12-helix) in the presence of 

membranes, despite the helicity being conserved, the amphipathicity is lost, as well as its 

cytolytic properties.  They conclude that the biological potency between the two β-

peptides is not related to any significant difference in initial binding of the peptide to the 

membrane, but it is controlled by the degree of insertion and the rate of membrane 

dissociation.   

 

Glycosylation of neuropeptides is also responsible for their amphipathicity.  

Glycopeptides have shown to have a more ordered β-turn or α-helical structure in the 

presence of membranes versus their more random structure in water only.   

 

Glycosylation may provide a general method for the introduction of surfactant properties 

into biologically active peptides, thereby increasing their ability to cross membrane 

barriers through what it is believed, an endocytotic mechanism.  The glycosylated 

neuropeptides studied in Polt’s lab, are not believed to form pores at the BBB or to 

disrupt the cell surfaces.  However more studies have to be done to prove with certainty 

that the transport mechanism is endocytosis, and how the glycosylated neuropeptides are 

different from cell penetratin peptides and antimicrobial peptides.  In the meantime 

glycosylation has shown to be a successful approach to deliver neuropeptides to the brain, 

and the amphipathicity ratio can be used to tune and/or predict the type of carbohydrate 

or the amount of polar groups attached to a peptide in order to balance the 
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hydrophilic/hydrophobic ratio, as it was shown in this dissertation work with the 

DAMGO analogs.   

 

In the future, upon glycosylation, other neuropeptides could be potentially used, to treat 

neurological disorders e.g.:  neurogenetic diseases such as Huntington’s disease and 

muscular dystrophy; developmental disorders, such as cerebral palsy; degenerative 

diseases, such as Parkinson’s disease and Alzheimer disease; metabolic diseases, such as 

Gaucher’s disease; convulsive disorders, such as epilepsy amongst others,  enabling them 

to reach their targets inside the brain.  

 

The phosphopeptides gave a different insight, maybe a better strategy consists in 

designing drugs that interact mostly electrostatically with the membrane, avoiding this 

way the formation of pores or the perturbation of the membrane other than the necessary 

to induce endocytosis.  Maybe by using another “tool” in addition to the carbohydrate 

will modulate membrane interaction differently and yield a better drug.  The use of a 

small carbohydrate, in combination with positive charges at the same time may aid that 

purpose.  Other ways to modify the amphipathicity of the peptides need to be explored.   

 

The diffusion experiments were very insightful regarding the nature of the peptide, 

glycopeptide, or phosphopeptide interaction with the membranes, and those studies can 

be further exploited to study the thermodynamic parameters of the peptide-micelle 

association. (Whitehead, Jones et al. 2004) 



 215 

APPENDIX A — SUPPLEMENTARY DATA 
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1D NMR SPECTRA OF GLYCOSYLATED AMINO ACIDS 
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1D NMR SPECTRA OF PEPTIDES IN WATER AND SDS 
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VARIABLE TEMPERATURE EXPERIMENTS SPECTRA 
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DIFFUSION EXPERIMENTS SPECTRA 
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HPLC RETENTION TIMES CHROMATOGRAMS 
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TABLES OF RETENTION TIMES, CAPACITY FACTORS, 

AND MASS SPECTROSCOPY 

 
 

Peptide purity tr to Capacity factor (k) 
DAMGO 99% 19.49 4.12 3.73 
LYM100 99% 18.63 4.10 3.54 
LYM50 97% 18.27 4.08 3.48 
LYM110 98% 17.91 4.10 3.37 
LYM147 96% 17.12 4.10 3.17 
LYM1311 99% 18.33 4.08 3.49 
LYM1312 99% 24.81 4.09 5.06 

Reverse Phase HPLC RT  1mL/min.   
Gradient: 0-50% solvent B in 30 min.  Solvent A: 95%water 5%ACN, solvent B: 
20%water 80%ACN.  HPLC solvents have 0.1%TFA  

 
 

Peptide tr to Capacity factor (k) 
DAMGO 66.35 3.90 16.02 
LYM100 56.15 3.94 13.25 
LYM50 52.63 3.92 12.43 
LYM110 50.05 3.94 11.70 
LYM147 39.52 3.90 9.14 
LYM1311 47.74 3.93 11.15 
LYM1312 never came -   

Reverse Phase HPLC RT  1mL/min.   
Gradient: isocratic 8% solvent B.  Solvent A: 95%water 5%ACN, solvent B: 20%water 
80%ACN.  HPLC solvents have 0.1%TFA  
 

Peptide MW Mass 
calculated 

Mass found 
[MH]+ 

Mass found 
[MNa]+ 

LYM100 556.61 556.27 557.1 579.3 
LYM50 688.73 688.31  711.1 
LYM110 718.75 718.32 718.9 741.2 
LYM147 880.89 880.37 881.2 903.5 
LYM1311 636.59 636.23 637.1 659.2 
LYM1312 726.71 726.28 727.1 749.2 

MW and mass calculated using ChemDraw.  Mass found by LCQ 1, positive ionization 
method, ESI and infusion sample introduction. 
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TABLES OF CHEMICAL SHIFT ASSIGNMENTS FOR PEPTIDES IN WATER 

AND SDS 

 

δppm 3JαNH(hz) -dδ/dT(ppb/˚K) DAMGO 
Water SDS Water SDS Water SDS 

Tyr1[NH] — —     
Tyr1[αH] 4.128 4.26     
Tyr1[β1H] 3.176 3.094     
Tyr1[β2H] 3.054 3.03     
Tyr1[Arδ,δ’H] 7.267 7.152     
Tyr1[Arε,ε’H] 6.968 6.852     
DAla2[NH] 8.37 8.256 5.68 6.77  7.6 
DAla2[αH] 4.04 4.091     
DAla2[βH] 1.3 1.193     
Gly3[NH] 7.957 7.795 5.76 5.66  8.2 
Gly3[α1H] 4.075 3.942     
Gly3[α2H] 3.844 3.853     
(NMe)Phe4[Me] 2.903 2.783     
(NMe)Phe4[αH] 5.141 4.994     
(NMe)Phe4[β1H] 3.326 3.325     
(NMe)Phe4[β2H] 3.053 3.024     
(NMe)Phe4[Arδ,δ’H] 7.269 7.21     
(NMe)Phe4[Arε,ε’H] 7.367 7.266     
(NMe)Phe4[ArζH] 7.307 7.277     
Glyol5[NH] 7.957 7.795 5.86 6.15  8 
Glyol5[αH] 3.622 3.603     
Glyol5[β1H] 3.357 3.353     
Glyol5[β2H] 3.32 3.305     
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δppm 3JαNH(hz) -dδ/dT(ppb/˚K) LYM100 
Water SDS Water SDS Water SDS 

Tyr1[NH] — —     
Tyr1[αH] 4.048 4.282     
Tyr1[β1H] 3.095 3.088     
Tyr1[β2H] 2.968 3.079     
Tyr1[Arδ,δ’H] 7.064 7.168     
Tyr1[Arε,ε’H] 6.813 6.863     
DAla2[NH] 8.321 8.271 6.62 6.55 10 8 
DAla2[αH] 4.152 4.325     
DAla2[βH] 1.078 1.226     
Gly3[NH] 8.04 7.881 5.87 5.44 9.6 7.2 
Gly3[α1H] 3.986 3.916     
Gly3[α2H] 3.795 3.916     
(NMe)Phe4[Me] 2.83 2.767     
(NMe)Phe4[αH] 5.08 4.934     
(NMe)Phe4[β1H] 3.259 3.35     
(NMe)Phe4[β2H] 3.011 3.106     
(NMe)Phe4[Arδ,δ’H] 7.198 7.253     
(NMe)Phe4[Arε,ε’H] 7.285 7.18     
(NMe)Phe4[ArζH]  7.285     
Ser5[NH] 8.047 8.025 7.29 7.07 9.6 7.4 
Ser5[αH] 4.353 4.403     
Ser5[β1H] 3.772 3.867     
Ser5[β2H] 3.772 3.867     
Ser5[CONH(1)] 7.38 7.43   6.4 6 
Ser5[CONH(2)] 7.055 7.059   7.4 7.6 
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δppm 3JαNH(hz) -dδ/dT(ppb/˚K) LYM50 
Water SDS Water SDS Water SDS 

Tyr1[NH] — —     
Tyr1[αH] 4.165 4.317     
Tyr1[β1H] 3.205 3.125     
Tyr1[β2H] 3.077 3.072     
Tyr1[Arδ,δ’H] 7.145 7.198     
Tyr1[Arε,ε’H] 6.911 6.903     
DAla2[NH] 8.424 8.318 6.41 6.65 8.8 7.4 
DAla2[αH] 4.263 4.352     
DAla2[βH] 1.187 1.258     
Gly3[NH] 8.102 7.886 5.03 5.37 8.6 7 
Gly3[α1H] 4.093 3.973     
Gly3[α2H] 3.916 3.973     
(NMe)Phe4[Me] 2.926 2.833     
(NMe)Phe4[αH] 5.189 5.011     
(NMe)Phe4[β1H] 3.352 3.369     
(NMe)Phe4[β2H] 3.11 3.12     
(NMe)Phe4[Arδ,δ’H] 7.26 7.24     
(NMe)Phe4[Arε,ε’H] 7.36 7.32     
(NMe)Phe4[ArζH] 7.30 7.27     
Ser5[NH] 8.248 8.121 7.15 7.59 8.8 7 
Ser5[αH] 4.642 4.601     
Ser5[β1H] 4.191 4.203     
Ser5[β2H] 3.929 3.91     
Ser5[CONH(1)] 7.464 7.438   4.6 4 
Ser5[CONH(2)]  7.137   6.4 6.2 
Sugar [H1] 4.404 7.438     
Sugar [H2] 3.31 3.285     
Sugar [H3] 3.45 3.463     
Sugar [H4] 3.62 3.618     
Sugar [H5a] 3.27 3.26     
Sugar [H5b] 3.97 3.951     
Sugar [H5a] 3.27 3.26     
Sugar [H5b] 3.97 3.951     
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δppm 3JαNH(hz) -dδ/dT(ppb/˚K) LYM110 
Water SDS Water SDS Water SDS 

Tyr1[NH] — —     
Tyr1[αH] 4.135 4.271     
Tyr1[β1H] 3.18 3.101     
Tyr1[β2H] 3.05 3.069     
Tyr1[Arδ,δ’H] 7.151 7.165     
Tyr1[Arε,ε’H] 6.886 6.879     
DAla2[NH] 8.405 8.296 6.48 6.61 8.8 6.8 
DAla2[αH] 4.233 4.34     
DAla2[βH] 1.154 1.225     
Gly3[NH] 8.097 7.853 5.72 5.54 8.6 6.6 
Gly3[α1H] 4.065 3.899     
Gly3[α2H] 3.882 3.899     
(NMe)Phe4[Me] 2.903 2.799     
(NMe)Phe4[αH] 5.166 4.98     
(NMe)Phe4[β1H] 3.328 3.347     
(NMe)Phe4[β2H] 3.077 3.084     
(NMe)Phe4[Arδ,δ’H] 7.28 7.25     
(NMe)Phe4[Arε,ε’H] 7.363 7.299     
(NMe)Phe4[ArζH] 7.31 7.20     
Ser5[NH] 8.284 8.162 7.26 7.48 8.8 7 
Ser5[αH] 4.63 4.429     
Ser5[β1H] 4.231 4.25     
Ser5[β2H] 3.904 3.858     
Ser5[CONH(1)] 7.435 7.424   4.6 4 
Ser5[CONH(2)] 7.178 7.127   6.4 7.2 
Sugar [H1] 4.44 4.412     
Sugar [H2] 3.27 3.03     
Sugar [H3] 3.48 3.497     
Sugar [H4] 3.38 3.37     
Sugar [H5a] 3.43 3.40     
Sugar [H6a] 3.71 3.709     
Sugar [H6b] 3.91 3.87     
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δppm 3JαNH(hz) -dδ/dT(ppb/˚K) LYM147 
Water SDS Water SDS Water SDS 

Tyr1[NH] — —     
Tyr1[αH] 4.124 4.265     
Tyr1[β1H] 3.136 3.079     
Tyr1[β2H] 3.043 3.023     
Tyr1[Arδ,δ’H] 7.141 6.886     
Tyr1[Arε,ε’H] 7.147 6.845     
DAla2[NH] 8.397 8.274 6.24 6.43 9 7.2 
DAla2[αH] 4.227 4.317     
DAla2[βH] 1.15 1.22     
Gly3[NH] 8.077 7.84 5.46 5.31 9 7.2 
Gly3[α1H] 4.055 3.907     
Gly3[α2H] 3.879 4.107     
(NMe)Phe4[Me] 2.901 2.79     
(NMe)Phe4[αH] 5.164 4.993     
(NMe)Phe4[β1H] 3.32 3.32     
(NMe)Phe4[β2H] 3.076 3.069     
(NMe)Phe4[Arδ,δ’H] 7.274 7.16     
(NMe)Phe4[Arε,ε’H] 7.363 7.279     
(NMe)Phe4[ArζH]  7.236     
Ser5[NH] 8.278 8.155 7.29 7.68 9.4 7 
Ser5[αH] 4.634 4.59     
Ser5[β1H] 4.232 4.228     
Ser5[β2H] 3.896 3.823     
Ser5[CONH(1)] 7.418 7.388   4 3.4 
Ser5[CONH(2)] 7.167 7.095   6.4 4.8 
Sugar [H1] 4.485 4.46     
Sugar [H2] 3.321 3.253     
Sugar [H3] 3.605 3.71     
Sugar [H4] 3.548 3.455     
Sugar [H5a] 3.721 3.744     
Sugar [H6a] 3.67 3.71     
Sugar [H6b] 3.809 3.933     
Sugar [H1’] 3.985 4.237     
Sugar [H2’] 3.339 3.453     
Sugar [H3’] 3.599 3.604     
Sugar [H4’] 3.578 3.457     
Sugar [H5’a] 3.642 3.612     
Sugar [H6’a] 3.55 3.457     
Sugar [H6’b] 3.721 3.74     
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δppm 3JαNH(hz) -dδ/dT(ppb/˚K) LYM1311 
Water SDS Water SDS Water SDS 

Tyr1[NH] — —     
Tyr1[αH] 4.142 4.143     
Tyr1[β1H] 3.077 3.076     
Tyr1[β2H] 3.037 3.062     
Tyr1[Arδ,δ’H] 7.140 7.151     
Tyr1[Arε,ε’H] 6.891 6.868     
DAla2[NH] 8.42 8.137 6.55 6.58 8.6 7 
DAla2[αH] 4.223 4.276     
DAla2[βH] 1.142 1.186     
Gly3[NH] 8.121 7.924 5.69 5.64 8.4 7 
Gly3[α1H] 4.04 4.001     
Gly3[α2H] 3.91 3.8904     
(NMe)Phe4[Me] 2.865 2.823     
(NMe)Phe4[αH] 5.089 5.063     
(NMe)Phe4[β1H] 3.325 3.324     
(NMe)Phe4[β2H] 3.172 3.086     
(NMe)Phe4[Arδ,δ’H] 7.270 7.253     
(NMe)Phe4[Arε,ε’H] 7.303 7.148     
(NMe)Phe4[ArζH] 7.361 7.307     
Ser5[NH] 8.345 8.259 6.70 7.40 7.6 6.4 
Ser5[αH] 4.528 4.558     
Ser5[β1H] 4.115 4.108     
Ser5[β2H] 4.115 4.108     
Ser5[CONH(1)] 7.173 7.198   6 4.6 
Ser5[CONH(2)] 7.545 7.506   7 5.6 
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TABLES OF 3JαNH(hz) AND -Δδ/ΔT (ppb/˚K) 

 

3JαNH(hz)  

 Y1 a2 G3 N(Me)Phe4  x5* 

DAMGO SDS 
water - 6.77 

5.68 
5.66 
5.76 - 6.15 

5.86 

LYM100 SDS 
water - 6.55 

6.62 
5.44 
5.87 - 7.07 

7.29 

LYM50 SDS 
water - 6.65 

6.41 
5.37 
5.03 - 7.59 

7.15 

LYM110 SDS 
water - 6.61 

6.48 
5.54 
5.72 - 7.48 

7.26 

LYM147 SDS 
water - 6.43 

6.24 
5.31 
5.46 - 7.68 

7.29 

LYM1311 SDS 
water - 6.58 

6.55 
5.64 
5.69 - 7.40 

6.70 

LYM1312 SDS 
water - 6.54 

6.58 
5.44 
5.55 - 7.42 

6.86 
DAMGO: x5 is glycinol 
Rest: x5 is serine-CONH2 
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-Δδ/ΔT (ppb/˚K)  

 Y1 a2 G3 N(Me)Phe4*  x5* CONH2(1) CONH2(2) 

DAMGO SDS 
water - 7.6 

nd 
8.2 
nd  - 8 

nd - - 

LYM100 SDS 
water - 8 

10 
7.2 
9.6 

-2.6 
- 

7.4 
9.6 

6 
6.4 

7.6 
7.4 

LYM50 SDS 
water - 7.4 

8.8 
7 

8.6 
-2 
- 

7 
8.8 

4 
4.6 

6.2 
6.4 

LYM110 SDS 
water - 6.8 

8.8 
6.6 
8.6 

-1.2 
- 

7 
8.8 

4 
4.6 

7.2 
6.4 

LYM147 SDS 
water - 7.2 

9 
7.2 
9 

- 
- 

7 
9.4 

3.4 
4 

4.8 
6.4 

LYM1311 SDS 
water - 7 

8.6 
7 

8.4 
-1.4 

- 
6.4 
7.6 

4.6 
6 

5.6 
7 

LYM1312 SDS 
water - 6.6 

8.6 
6 
8 

-2 
- 

6.6 
8 

6 
5.4 

6.6 
6.4 

DAMGO: x5 is glycinol 
Rest: x5 is serine-CONH2 
N(Me)Phe4 the methyl group experiences shifts on its chemical shift indicating only a 
change of environment around the methyl group.  
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TABLES OF PEPTIDE CROSSPEAKS VOLUMES, DISTANCES AND 

CONNECTIVITIES 

 

 

DAMGO in SDS noesy 
Type Asg1 Asg2 Volume Distance Intensity Connectivity 
ex DAla2[αH]t Gly3[NH]c 2.77 3.83 m  
ex DAla2[NH]t DAla2[NH]c 2.96 3.79 m  
ex Gly3[NH]t Gly3[NH]c 1.87 4.09 m  
ex Gly5[NH]t Gly5[NH]c 4.34 3.55 m  
cis Tyr1[β2H]c DAla2[NH]c 0.7 4.81 w  
cis Tyr1[Arδ]c DAla2[NH]c 0.34 5.43 w (i, i+1) 
cis DAla2[βH]c Gly3[NH]c 0.36 5.38 w (i, i+1) 
cis Gly3[α1H]c Gly3[NH]c 0.9 4.62 w (i, i) 
cis Gly3[α2H]c Gly3[α1H]c 8.48 3.18 s (i, i) 
cis Gly3[α2H]c Gly3[NH]c 1.37 4.31 w (i, i) 
cis (NMe)Phe4[Me]c (NMe)Phe4[Arδ]c 0.78 4.73 w (i, i) 
cis (NMe)Phe4[Me]c Gly5[NH]c 0.18 6.05 w (i, i+1) 
cis Gly5[αH]c Gly5[NH]c 0.11 6.61 w (i, i) 
cis Gly5[β1H]c Gly5[NH]c 0.35 5.42 w (i, i) 
cis Gly5[β2H]c Gly5[β1H]c 14.33 2.91 s (i, i) 
cis Gly5[β2H]c Gly5[NH]c 1.26 4.37 w (i, i) 
trans Tyr1[αH]t Tyr1[β1H]t 6.54 3.32 m (i, i) 
trans Tyr1[αH]t Tyr1[β2H]t 4.58 3.52 m (i, i) 
trans Tyr1[αH]t Tyr1[Arδ]t 7.34 3.26 s (i, i) 
trans Tyr1[αH]t Tyr1[Arε]t 0.76 4.75 w (i, i) 
trans Tyr1[αH]t DAla2[NH]t 11.49 3.02 s (i, i+1) 
trans Tyr1[β1H]t Tyr1[αH]t 9.05 3.14 s (i, i) 
trans Tyr1[β1H]t Tyr1[Arδ]t 13.59 2.94 s (i, i) 
trans Tyr1[β1H]t Tyr1[Arε]t 0.65 4.87 w (i, i) 
trans Tyr1[β1H]t DAla2[NH]t 4.07 3.59 m (i, i+1) 
trans Tyr1[β2H]t Tyr1[αH]t 7.34 3.26 s (i, i) 
trans Tyr1[β2H]t Tyr1[β1H]t 91.32 2.14 s (i, i) 
trans Tyr1[β2H]t Tyr1[Arδ]t 17.68 2.81 s (i, i) 
trans Tyr1[β2H]t Tyr1[Arε]t 0.81 4.7 w (i, i) 
trans Tyr1[β2H]t DAla2[NH]t 3.96 3.61 m (i, i+1) 
trans Tyr1[Arδ]t Tyr1[Arε]t 35.13 2.51 s (i, i) 
trans Tyr1[Arδ]t DAla2[NH]t 1.06 4.49 w (i, i+1) 
trans DAla2[αH]t Gly3[NH]t 8.13 3.2 s (i, i+1) 
trans DAla2[βH]t Tyr1[Arδ]t 1.06 4.5 w (i, i+1) 
trans DAla2[βH]t Tyr1[Arε]t 0.27 5.64 w (i, i+1) 
trans DAla2[βH]t DAla2[αH]t 10.91 3.05 s (i, i) 
trans DAla2[βH]t DAla2[NH]t 5.46 3.42 m (i, i) 
trans DAla2[βH]t Gly3[NH]t 1.23 4.39 w (i, i+1) 
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trans DAla2[βH]t (NMe)Phe4[Arδ]t 0.13 6.4 w (i, i+2) 
trans DAla2[βH]t (NMe)Phe4[Arε]t 0.1 6.66 w (i, i+2) 
trans Gly3[α1H]t Gly3[α2H]t 18.85 2.78 s (i, i) 
trans Gly3[α1H]t Gly3[NH]t 5.85 3.38 m (i, i) 
trans Gly3[α2H]t Gly3[NH]t 5.5 3.42 m (i, i) 
trans Gly3[NH]t DAla2[NH]t 1.37 4.31 w (i, i+1) 
trans (NMe)Phe4[αH]t (NMe)Phe4[β1H]t 4.58 3.52 m (i, i) 
trans (NMe)Phe4[αH]t (NMe)Phe4[β2H]t 1.63 4.18 m (i, i) 
trans (NMe)Phe4[αH]t (NMe)Phe4[Arδ]t 3.2 3.74 m (i, i) 
trans (NMe)Phe4[αH]t Gly5[NH]t 1.67 4.17 m (i, i+1) 
trans (NMe)Phe4[β1H]t (NMe)Phe4[Arδ]t 4.28 3.56 m (i, i) 
trans (NMe)Phe4[β1H]t (NMe)Phe4[Arε]t 0.23 5.78 w (i, i) 
trans (NMe)Phe4[β2H]t (NMe)Phe4[β1H]t 34.37 2.52 s (i, i) 
trans (NMe)Phe4[β2H]t (NMe)Phe4[Arδ]t 5.82 3.38 m (i, i) 
trans (NMe)Phe4[β2H]t (NMe)Phe4[Arε]t 0.56 5.01 w (i, i) 
trans (NMe)Phe4[β2H]t Gly5[NH]t 1 4.54 w (i, i+1) 
trans (NMe)Phe4[Me]t Gly3[α1H]t 10.36 3.07 s (i, i+1) 
trans (NMe)Phe4[Me]t Gly3[α2H]t 13.79 2.93 s (i, i+1) 
trans (NMe)Phe4[Me]t Gly3[NH]t 3.34 3.71 m (i, i+1) 
trans (NMe)Phe4[Me]t (NMe)Phe4[αH]t 2.84 3.82 m (i, i) 
trans (NMe)Phe4[Me]t (NMe)Phe4[Arδ]t 2.43 3.92 m (i, i) 
trans (NMe)Phe4[Me]t (NMe)Phe4[Arε]t 0.42 5.24 w (i, i) 
trans (NMe)Phe4[Me]t Gly5[NH]t 2.52 3.89 m (i, i+1) 
trans Gly5[αH]t Gly5[NH]t 0.31 5.52 w (i, i) 
trans Gly5[β1H]t Gly5[NH]t 4.2 3.57 m (i, i) 
trans Gly5[β2H]t Gly5[NH]t 6.19 3.35 m (i, i) 

 

 

DAMGO in water ROESY 
Type Asg1 Asg2 Connectivity 
ex DAla2[NH]c Tyr1[αH]t  
ex DAla2[NH]c DAla2[NH]t  
ex DAla2[NH]c Gly3[NH]t  
ex Gly3[NH]c DAla2[αH]t  
ex Gly3[NH]t Gly3[NH]c  
ex Gly5[NH]c Gly5[NH]t  
cis DAla2[NH]c Tyr1[β1H]c (i, i+1) 
cis DAla2[NH]c Tyr1[β2H]c (i, i+1) 
cis DAla2[NH]c Tyr1[Arδ]c (i, i+1) 
cis DAla2[NH]c DAla2[βH]c (i, i) 
cis Gly3[α1H]c Gly3[α2H]c (i, i) 
cis Gly3[NH]c DAla2[βH]c (i, i+1) 
cis Gly3[NH]c Gly3[α1H]c (i, i) 
cis Gly3[NH]c Gly3[α2H]c (i, i) 
cis Gly5[β1H]c Gly5[β2H]c (i, i) 
cis Gly5[NH]c Gly5[α2H]c (i, i) 
cis Gly5[NH]c Gly5[β1H]c (i, i) 
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cis Gly5[NH]c Gly5[β2H]c (i, i) 
trans Tyr1[αH]t Tyr1[β2H]t (i, i) 
trans Tyr1[β1H]t Tyr1[αH]t (i, i) 
trans Tyr1[β1H]t Tyr1[β2H]t (i, i) 
trans Tyr1[β2H]t Tyr1[αH]t (i, i) 
trans Tyr1[Arδ]t Tyr1[αH]t (i, i) 
trans Tyr1[Arδ]t Tyr1[β1H]t (i, i) 
trans Tyr1[Arδ]t Tyr1[β2H]t (i, i) 
trans Tyr1[Arδ]t DAla2[βH]t (i, i+1) 
trans Tyr1[Arε]t Tyr1[Arδ]t (i, i) 
trans Tyr1[Arε]t DAla2[βH]t (i, i+1) 
trans DAla2[αH]t DAla2[βH]t (i, i) 
trans DAla2[NH]t Tyr1[αH]t (i, i+1) 
trans DAla2[NH]t Tyr1[β1H]t (i, i+1) 
trans DAla2[NH]t Tyr1[β2H]t (i, i+1) 
trans DAla2[NH]t Tyr1[Arδ]t (i, i+1) 
trans DAla2[NH]t DAla2[αH]t (i, i) 
trans DAla2[NH]t DAla2[αH]t (i, i+1) 
trans DAla2[NH]t DAla2[βH]t (i, i) 
trans DAla2[NH]t Gly3[NH]t (i, i+1) 
trans Gly3[α1H]t Gly3[α2H]t (i, i) 
trans Gly3[α1H]t (NMe)Phe4[Me]t (i, i+1) 
trans Gly3[α2H]t (NMe)Phe4[Me]t (i, i+1) 
trans Gly3[NH]t DAla2[βH]t (i, i+1) 
trans Gly3[NH]t Gly3[α1H]t (i, i) 
trans Gly3[NH]t Gly3[α2H]t (i, i) 
trans (NMe)Phe4[αH]t (NMe)Phe4[Me]t (i, i) 
trans (NMe)Phe4[β1H]t (NMe)Phe4[αH]t (i, i) 
trans (NMe)Phe4[β1H]t (NMe)Phe4[β2H]t (i, i) 
trans (NMe)Phe4[β2H]t (NMe)Phe4[αH]t (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[αH]t (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[β1H]t (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[β2H]t (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[Me]t (i, i) 
trans (NMe)Phe4[Arε]t (NMe)Phe4[β1H]t (i, i) 
trans (NMe)Phe4[Arε]t (NMe)Phe4[β2H]t (i, i) 
trans (NMe)Phe4[Arε]t (NMe)Phe4[Me]t (i, i) 
trans Gly5[NH]t (NMe)Phe4[αH]t (i, i+1) 
trans Gly5[NH]t (NMe)Phe4[β2H]t (i, i+1) 
trans Gly5[NH]t (NMe)Phe4[Me]t (i, i+1) 
trans Gly5[NH]t Gly5[αH]t (i, i) 
trans Gly5[NH]t Gly5[β1H]t (i, i) 
trans Gly5[NH]t Gly5[β2H]t (i, i) 
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LYM100 in sds NOESY 
Type Asg1 Asg2 Volume Distance Intensity Connectivity 
ex DAla2[NH]t DAla2[NH]c 19456.1 1.73 s  
ex Gly3[NH]c Gly3[α1H]t 200.8 4.27 m  
ex Gly3[NH]t Gly3[α2H]c 86.35 4.99 w  
ex Gly3[NH]t Gly3[NH]c 1971.26 2.76 s  
ex (NMe)Phe4[Arζ]t Gly3[α2H]c 145.29 4.54 w  
ex Ser5[NH]c Gly3[α1H]t 60.25 5.33 w  
ex Ser5[NH]t (NMe)Phe4[αH]c 104.22 4.82 w  
ex Ser5[NH]c Ser5[αH]t 12.15 7.12 w  
ex Ser5[NH]c Ser5[NH]t 1849.77 2.8 s  
ex Ser5[CONH(1)]c Ser5[CONH(1)]t 1235.19 3.03 s  
ex Ser5[CONH(1)]c Ser5[CONH(2)]t 4180.1 2.38 s  
cis DAla2[βH]c DAla2[αH]c 1087.68 3.1 s (i, i) 
cis DAla2[NH]c Tyr1[αH]c 3927.45 2.41 s (i, i+1) 
cis DAla2[NH]c Tyr1[β2H]c 1710.57 2.84 s (i, i+1) 
cis DAla2[NH]c Tyr1[Arδ]c 93.92 4.92 w (i, i+1) 
cis DAla2[NH]c DAla2[αH]c 3209.62 2.51 s (i, i) 
cis DAla2[NH]c DAla2[βH]c 953.48 3.18 s (i, i) 
cis DAla2[NH]c Gly3[NH]c 125.23 4.66 w (i, i+1) 
cis Gly3[α1H]c (NMe)Phe4[αH]c 731.49 3.35 m (i, i+1) 
cis Gly3[α2H]c Gly3[α1H]c 3462.65 2.47 s (i, i) 
cis Gly3[NH]c Tyr1[αH]c 920.74 3.2 s (i, i+2) 
cis Gly3[NH]c DAla2[βH]c 183.77 4.34 w (i, i+1) 
cis Gly3[NH]c Gly3[α1H]c 372.36 3.81 m (i, i) 
cis Gly3[NH]c Gly3[α2H]c 432.87 3.7 m (i, i) 
cis Gly3[NH]c (NMe)Phe4[αH]c 42.14 5.69 w (i, i+1) 
cis (NMe)Phe4[β1H]c Gly3[α2H]c 199.59 4.28 m (i, i+1) 
cis (NMe)Phe4[β1H]c (NMe)Phe4[β2H]c 8286.2 2.07 s (i, i) 
cis (NMe)Phe4[β1H]c (NMe)Phe4[Me]c 743.28 3.34 m (i, i) 
cis (NMe)Phe4[β2H]c Gly3[α2H]c 1434.8 2.94 s (i, i+1) 
cis (NMe)Phe4[β2H]c (NMe)Phe4[β1H]c 5188.75 2.28 s (i, i) 
cis (NMe)Phe4[Arδ]c Gly3[α2H]c 493.99 3.61 m (i, i+1) 
cis (NMe)Phe4[Arδ]c (NMe)Phe4[αH]c 387.93 3.78 m (i, i) 
cis (NMe)Phe4[Arδ]c (NMe)Phe4[β2H]c 1315.79 2.99 s (i, i) 
cis Ser5[αH]c Ser5[βH]c 93 4.93 w (i, i) 
cis Ser5[NH]c Gly3[α2H]c 157.79 4.47 w (i, i+2) 
cis Ser5[NH]c (NMe)Phe4[αH]c 46.1 5.6 w (i, i+1) 
cis Ser5[NH]c (NMe)Phe4[αH]c 326.77 3.9 m (i, i+1) 
cis Ser5[NH]c (NMe)Phe4[β2H]c 136.77 4.59 w (i, i+1) 
cis Ser5[NH]c Ser5[αH]c 106.34 4.81 w (i, i) 
cis Ser5[NH]c Ser5[β1H]c 144.4 4.54 w (i, i) 
cis Ser5[NH]c Ser5[CONH(1)]c 77.93 5.09 w (i, i+1) 
cis Ser5[CONH(1)]c Ser5[αH]c 68.06 5.22 w (i, i+1) 
cis Ser5[CONH(1)]c Ser5[β1H]c 26.31 6.2 w (i, i+1) 
trans Tyr1[αH]t Tyr1[βH]t 2492.62 2.64 s (i, i) 
trans Tyr1[Arδ]t Tyr1[αH]t 3010.4 2.54 s (i, i) 
trans Tyr1[Arδ]t Tyr1[βH]t 7523.95 2.11 s (i, i) 
trans Tyr1[Arδ]t Tyr1[Arε]t 9536.66 2.51 s (i, i) 
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trans Tyr1[Arδ]t DAla2[βH]t 438.07 3.69 m (i, i+1) 
trans Tyr1[Arδ]t Gly3[α1H]t 114.96 4.74 w (i, i+2) 
trans Tyr1[Arε]t Tyr1[αH]t 359.54 3.83 m (i, i) 
trans Tyr1[Arε]t Tyr1[βH]t 538.47 3.55 m (i, i) 
trans Tyr1[Arε]t DAla2[βH]t 255.51 4.08 m (i, i+1) 
trans DAla2[NH]t Tyr1[αH]t 5095.26 2.28 s (i, i+1) 
trans DAla2[NH]t Tyr1[βH]t 2582.98 2.62 s (i, i+1) 
trans DAla2[NH]t Tyr1[Arδ]t 358.63 3.83 m (i, i+1) 
trans DAla2[NH]t DAla2[αH]t 1920.11 2.78 s (i, i) 
trans DAla2[NH]t DAla2[βH]t 877.75 3.23 s (i, i) 
trans DAla2[NH]t DAla2[βH]t 1965.78 2.76 s (i, i) 
trans DAla2[NH]t Gly3[αH]t 53.24 5.45 w (i, i+1) 
trans DAla2[NH]t Gly3[NH]t 780.02 3.31 s (i, i+1) 
trans Gly3[αH]t DAla2[βH]t 144.1 4.54 w (i, i+1) 
trans Gly3[αH]t (NMe)Phe4[Me]t 5360.22 2.26 s (i, i+1) 
trans Gly3[NH]t Tyr1[βH]t 60.4 5.33 w (i, i+2) 
trans Gly3[NH]t Tyr1[Arδ]t 7.13 7.83 w (i, i+2) 
trans Gly3[NH]t DAla2[αH]t 2899.68 2.56 s (i, i+1) 
trans Gly3[NH]t DAla2[βH]t 869.31 3.24 s (i, i+1) 
trans Gly3[NH]t Gly3[αH]t 4347.86 2.36 s (i, i) 
trans Gly3[NH]t (NMe)Phe4[Arδ]t 37.5 5.81 w (i, i+1) 
trans Gly3[NH]t (NMe)Phe4[Me]t 484.41 3.62 m (i, i+1) 
trans (NMe)Phe4[αH]t (NMe)Phe4[β1H]t 52.47 5.47 w (i, i) 
trans (NMe)Phe4[αH]t (NMe)Phe4[β2H]t 52 5.48 w (i, i) 
trans (NMe)Phe4[αH]t (NMe)Phe4[Me]t 93.8 4.92 w (i, i) 
trans (NMe)Phe4[β1H]t (NMe)Phe4[β2H]t 16486 1.79 s (i, i) 
trans (NMe)Phe4[β2H]t DAla2[βH]t 638.11 3.44 m (i, i+2) 
trans (NMe)Phe4[β2H]t (NMe)Phe4[β1H]t 15383.6 1.82 s (i, i) 
trans (NMe)Phe4[β2H]t (NMe)Phe4[Me]t 1473.27 2.92 s (i, i) 
trans (NMe)Phe4[Arδ]t DAla2[βH]t 134.46 4.6 w (i, i+2) 
trans (NMe)Phe4[Arδ]t Gly3[αH]t 367.01 3.82 m (i, i+1) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[αH]t 1920.27 2.78 s (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[β1H]t 2594.88 2.62 s (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[β2H]t 2693.44 2.6 s (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[Me]t 1010.51 3.15 s (i, i) 
trans (NMe)Phe4[Arε]t (NMe)Phe4[β2H]t 5943.62 2.21 s (i, i) 
trans (NMe)Phe4[Me]t DAla2[βH]t 323.3 3.91 m (i, i+2) 
trans (NMe)Phe4[Arζ]t DAla2[βH]t 144.72 4.54 w (i, i+2) 
trans (NMe)Phe4[Arζ]t Gly3[αH]t 212.54 4.23 m (i, i+1) 
trans (NMe)Phe4[Arζ]t (NMe)Phe4[αH]t 1348.1 2.97 s (i, i) 
trans (NMe)Phe4[Arζ]t (NMe)Phe4[β1H]t 1095.19 3.1 s (i, i) 
trans (NMe)Phe4[Arζ]t (NMe)Phe4[β2H]t 1273.27 3.01 s (i, i) 
trans (NMe)Phe4[Arζ]t (NMe)Phe4[Arε]t 7469.27 2.11 s (i, i) 
trans (NMe)Phe4[Arζ]t (NMe)Phe4[Me]t 620.45 3.45 m (i, i) 
trans Ser5[αH]t Ser5[βH]t 193 4.3 m (i, i) 
trans Ser5[NH]t Gly3[αH]t 371.85 3.81 m (i, i+2) 
trans Ser5[NH]t Gly3[NH]t 108.25 4.79 w (i, i+2) 
trans Ser5[NH]t (NMe)Phe4[αH]t 1405.83 2.95 s (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[β1H]t 1355.22 2.97 s (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[β2H]t 751.85 3.33 m (i, i+1) 
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trans Ser5[NH]t (NMe)Phe4[Arδ]t 78.07 5.09 w (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[Me]t 741.68 3.34 m (i, i+1) 
trans Ser5[NH]t Ser5[αH]t 980.76 3.16 s (i, i) 
trans Ser5[NH]t Ser5[βH]t 1282.22 3 s (i, i) 
trans Ser5[NH]t Ser5[CONH(1)]t 468.9 3.64 m (i, i+1) 
trans Ser5[NH]t Ser5[CONH(2)]t 159.58 4.46 w (i, i+1) 
trans Ser5[CONH(1)]t (NMe)Phe4[αH]t 84.93 5.01 w (i, i+2) 
trans Ser5[CONH(1)]t (NMe)Phe4[β1H]t 27.66 6.14 w (i, i+2) 
trans Ser5[CONH(1)]t (NMe)Phe4[β2H]t 9.87 7.39 w (i, i+2) 
trans Ser5[CONH(1)]t (NMe)Phe4[Me]t 30.73 6.03 w (i, i+2) 
trans Ser5[CONH(1)]t Ser5[αH]t 76.02 5.11 w (i, i+1) 
trans Ser5[CONH(1)]t Ser5[CONH(2)]t 16266 1.79 s (i, i) 
trans Ser5[CONH(2)]t (NMe)Phe4[αH]t 26.77 6.18 w (i, i+2) 
trans Ser5[CONH(2)]t Ser5[αH]t 71.72 5.17 w (i, i+1) 
trans Ser5[CONH(2)]t Ser5[βH]t 63.77 5.28 w (i, i+1) 

 

LYM100 in water ROESY 
Type Asg1 Asg2 Connectivity 
ex DAla2[NH]t DAla2[NH]c  
ex Gly3[NH]t Gly3[NH]c  
ex Ser5[NH]c Ser5[NH]t  
ex Ser5[CONH(2)]c Ser5[CONH(1)]c  
ex Ser5[CONH(2)]c Ser5[CONH(2)]t  
cis DAla2[αH]c DAla2[βH]c (i, i) 
cis DAla2[NH]c Tyr1[αH]c (i, i+1) 
cis DAla2[NH]c DAla2[βH]c (i, i) 
cis Gly3[α1H]c Gly3[α2H]c (i, i) 
cis Gly3[NH]c DAla2[αH]c (i, i+1) 
cis Gly3[NH]c Gly3[α1H]c (i, i) 
cis Gly3[NH]c Gly3[α2H]c (i, i) 
cis Ser5[αH]c Ser5[β1H]c (i, i) 
cis Ser5[NH]c (NMe)Phe4[Me]c (i, i+1) 
cis Ser5[NH]c Ser5[αH]c (i, i) 
cis Ser5[NH]c Ser5[β1H]c (i, i) 
trans Tyr1[αH]t Tyr1[β1H]t (i, i) 
trans Tyr1[αH]t Tyr1[β2H]t (i, i) 
trans Tyr1[β1H]t Tyr1[β2H]t (i, i) 
trans Tyr1[Arδ]t Tyr1[αH]t (i, i) 
trans Tyr1[Arδ]t Tyr1[β1H]t (i, i) 
trans Tyr1[Arδ]t Tyr1[β2H]t (i, i) 
trans Tyr1[Arδ]t DAla2[αH]t (i, i+1) 
trans Tyr1[Arδ]t DAla2[βH]t (i, i+1) 
trans Tyr1[Arε]t Tyr1[β1H]t (i, i) 
trans Tyr1[Arε]t Tyr1[β2H]t (i, i) 
trans Tyr1[Arε]t DAla2[βH]t (i, i+1) 
trans DAla2[αH]t DAla2[βH]t (i, i) 
trans DAla2[NH]t Tyr1[αH]t (i, i+1) 
trans DAla2[NH]t Tyr1[β1H]t (i, i+1) 
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trans DAla2[NH]t Tyr1[β2H]t (i, i+1) 
trans DAla2[NH]t Tyr1[Arδ]t (i, i+1) 
trans DAla2[NH]t DAla2[αH]t (i, i) 
trans DAla2[NH]t DAla2[βH]t (i, i) 
trans Gly3[α1H]t Gly3[α2H]t (i, i) 
trans Gly3[NH]t DAla2[αH]t (i, i+1) 
trans Gly3[NH]t DAla2[βH]t (i, i+1) 
trans Gly3[NH]t Gly3[α1H]t (i, i) 
trans Gly3[NH]t Gly3[α2H]t (i, i) 
trans (NMe)Phe4[αH]t (NMe)Phe4[β1H]t (i, i) 
trans (NMe)Phe4[αH]t (NMe)Phe4[β2H]t (i, i) 
trans (NMe)Phe4[β1H]t (NMe)Phe4[β2H]t (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[αH]t (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[β1H]t (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[β2H]t (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[Me]t (i, i) 
trans (NMe)Phe4[Arε]t (NMe)Phe4[αH]t (i, i) 
trans (NMe)Phe4[Arε]t (NMe)Phe4[β1H]t (i, i) 
trans (NMe)Phe4[Arε]t (NMe)Phe4[β2H]t (i, i) 
trans (NMe)Phe4[Arε]t (NMe)Phe4[Me]t (i, i) 
trans Ser5[αH]t Ser5[β1H]t (i, i) 
trans Ser5[NH]t (NMe)Phe4[αH]t (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[β1H]t (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[β2H]t (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[Arδ]t (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[Me]t (i, i+1) 
trans Ser5[NH]t Ser5[αH]t (i, i) 
trans Ser5[NH]t Ser5[β1H]t (i, i) 
trans Ser5[NH]t Ser5[CONH(1)]t (i, i+1) 
trans Ser5[NH]t Ser5[CONH(1)]c (i, i+1) 
trans Ser5[CONH(2)]t Ser5[αH]t (i, i+1) 
trans Ser5[CONH(2)]t Ser5[β1H]t (i, i+1) 
trans Ser5[CONH(2)]t Ser5[CONH(1)]t (i, i) 

 

 

LYM50 in sds NOESY 
Type Asg1 Asg2 Volume Distance Intensity Connectivity 
ex Gly3[NH]t Gly3[NH]c 3.33 3.66 m  
ex Ser5[NH]c Ser5[NH]t 3.53 3.62 m  
ex Ser5[CONH(1)]c Ser5[CONH(1)]t 3.13 3.70 m  
ex Ser5[CONH(1)]c s1 0.40 5.22 w  
cis DAla2[NH]c Tyr1[αH]c 4.85 3.44 m (i, i+1) 
cis DAla2[NH]c Tyr1[β1H]c 1.99 3.99 m (i, i+1) 
cis DAla2[NH]c Tyr1[β2H]c 1.09 4.41 w (i, i+1) 
cis DAla2[NH]c Tyr1[Arδ]c 0.86 4.59 w (i, i+1) 
cis DAla2[NH]c Gly3[NH]c 0.19 5.92 w (i, i+1) 
cis Gly3[α1H]c Gly3[α2H]c 9.39 3.08 s (i, i) 
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cis (NMe)Phe4[βH]c (NMe)Phe4[αH]c 0.68 4.77 w (i, i) 
cis (NMe)Phe4[β2H]c (NMe)Phe4[αH]c 1.30 4.28 w (i, i) 
cis Ser5[NH]c Gly3[NH]c 0.36 5.31 w (i, i+2) 
cis Ser5[NH]c (NMe)Phe4[β2H]c 0.42 5.17 w (i, i+1) 
cis Ser5[NH]c (NMe)Phe4[Me]c 0.56 4.93 w (i, i+1) 
cis Ser5[NH]c Ser5[β1H]c 0.39 5.22 w (i, i) 
cis Ser5[CONH(1)]c Ser5[CONH(2)]t 11.25 2.99 s (i, i) 
trans Tyr1[αH]t Tyr1[β1H]t 12.42 2.94 s (i, i) 
trans Tyr1[αH]t Tyr1[β2H]t 8.56 3.13 s (i, i) 
trans Tyr1[β1H]t Tyr1[αH]t 6.79 3.25 s (i, i) 
trans Tyr1[β2H]t Tyr1[αH]t 10.73 3.01 s (i, i) 
trans Tyr1[Arδ]t Tyr1[αH]t 6.99 3.23 s (i, i) 
trans Tyr1[Arδ]t Tyr1[β1H]t 18.94 2.74 s (i, i) 
trans Tyr1[Arδ]t Tyr1[β2H]t 17.03 2.79 s (i, i) 
trans Tyr1[Arδ]t Tyr1[Arε]t 32.13 2.51 s (i, i) 
trans Tyr1[Arδ]t DAla2[βH]t 1.66 4.11 w (i, i+1) 
trans Tyr1[Arε]t Tyr1[β1H]t 0.98 4.49 w (i, i) 
trans Tyr1[Arε]t Tyr1[β2H]t 1.28 4.29 w (i, i) 
trans DAla2[αH]t DAla2[βH]t 12.02 2.95 s (i, i) 
trans DAla2[NH]t Tyr1[αH]t 12.47 2.94 s (i, i+1) 
trans DAla2[NH]t Tyr1[β1H]t 4.87 3.44 m (i, i+1) 
trans DAla2[NH]t Tyr1[β2H]t 5.36 3.38 m (i, i+1) 
trans DAla2[NH]t Tyr1[Arδ]t 1.24 4.31 w (i, i+1) 
trans DAla2[NH]t DAla2[αH]t 7.18 3.22 s (i, i) 
trans DAla2[NH]t DAla2[βH]t 10.32 3.03 s (i, i) 
trans DAla2[NH]t Gly3[NH]t 1.65 4.11 w (i, i+1) 
trans Gly3[αH]t (NMe)Phe4[Me]t 22.69 2.66 s (i, i+1) 
trans Gly3[NH]t DAla2[αH]t 8.52 3.13 s (i, i+1) 
trans Gly3[NH]t DAla2[βH]t 3.55 3.62 m (i, i+1) 
trans Gly3[NH]t Gly3[αH]t 10.66 3.01 s (i, i) 
trans Gly3[NH]t (NMe)Phe4[β1H]t 0.35 5.33 w (i, i+1) 
trans Gly3[NH]t (NMe)Phe4[Me]t 1.71 4.09 w (i, i+1) 
trans (NMe)Phe4[αH]t (NMe)Phe4[β1H]t 8.38 3.14 s (i, i) 
trans (NMe)Phe4[αH]t (NMe)Phe4[β2H]t 2.53 3.83 m (i, i) 
trans (NMe)Phe4[αH]t (NMe)Phe4[Me]t 3.24 3.68 m (i, i) 
trans (NMe)Phe4[β1H]t DAla2[βH]t 3.11 3.70 m (i, i+2) 
trans (NMe)Phe4[β1H]t (NMe)Phe4[αH]t 1.79 4.06 w (i, i) 
trans (NMe)Phe4[β1H]t (NMe)Phe4[β2H]t 50.34 2.33 s (i, i) 
trans (NMe)Phe4[β1H]t (NMe)Phe4[Me]t 4.00 3.55 m (i, i) 
trans (NMe)Phe4[β2H]t (NMe)Phe4[αH]t 3.85 3.57 m (i, i) 
trans (NMe)Phe4[β2H]t (NMe)Phe4[β1H]t 45.94 2.36 s (i, i) 
trans (NMe)Phe4[β2H]t (NMe)Phe4[Me]t 2.42 3.86 m (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[αH]t 2.78 3.77 m (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[β1H]t 9.66 3.06 s (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[β2H]t 6.97 3.24 s (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[Me]t 2.32 3.89 m (i, i) 
trans (NMe)Phe4[Me]t Gly3[αH]t 22.61 2.66 s (i, i+1) 
trans (NMe)Phe4[Me]t (NMe)Phe4[αH]t 3.25 3.67 m (i, i) 
trans Ser5[αH]t Ser5[β1H]t 2.95 3.73 m (i, i) 
trans Ser5[αH]t Ser5[β2H]t 0.78 4.66 w (i, i) 
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trans Ser5[β1H]t Ser5[β2H]t 30.78 2.53 s (i, i) 
trans Ser5[β1H]t s1 2.09 3.95 m (i, i+2) 
trans Ser5[β2H]t Ser5[β1H]t 36.09 2.46 s (i, i) 
trans Ser5[β2H]t s1 3.70 3.60 m (i, i+2) 
trans Ser5[NH]t (NMe)Phe4[αH]t 2.87 3.75 m (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[β1H]t 1.75 4.07 w (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[β2H]t 3.06 3.71 m (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[Arδ]t 0.53 4.97 w (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[Me]t 2.40 3.86 m (i, i+1) 
trans Ser5[NH]t Ser5[αH]t 1.09 4.41 w (i, i) 
trans Ser5[NH]t Ser5[β1H]t 1.85 4.04 w (i, i) 
trans Ser5[NH]t Ser5[β2H]t 1.98 3.99 m (i, i) 
trans Ser5[NH]t Ser5[CONH(1)]t 1.41 4.22 w (i, i+1) 
trans Ser5[NH]t Ser5[CONH(2)]t 0.60 4.87 w (i, i+1) 
trans Ser5[NH]t s1 0.24 5.67 w (i, i+2) 
trans Ser5[NH]t s5eq 0.74 4.70 w (i, i+2) 
trans Ser5[CONH(1)]t (NMe)Phe4[αH]t 0.15 6.15 w (i, i+2) 
trans Ser5[CONH(1)]t (NMe)Phe4[Me]t 0.12 6.33 w (i, i+2) 
trans Ser5[CONH(1)]t Ser5[αH]t 0.23 5.73 w (i, i+1) 
trans Ser5[CONH(1)]t Ser5[β1H]t 0.28 5.52 w (i, i+1) 
trans Ser5[CONH(1)]t Ser5[β2H]t 0.15 6.10 w (i, i+1) 
trans Ser5[CONH(1)]t Ser5[CONH(2)]t 37.50 2.44 s (i, i) 
trans s1 s3 15.37 2.84 s (i, i) 
trans s1 s4 1.55 4.16 w (i, i) 
trans s1 s5ax 0.47 5.08 w (i, i) 
trans s1 s5eq 0.37 5.28 w (i, i+2) 
trans s2 s1 4.30 3.51 m (i, i) 
trans s2 s3 9.10 3.09 s (i, i) 
trans s3 s1 3.89 3.57 m (i, i) 
trans s3 s2 3.29 3.67 m (i, i) 
trans s3 s4 5.28 3.39 m (i, i) 
trans s4 s3 2.23 3.91 m (i, i) 
trans s4 s5ax 3.67 3.60 m (i, i) 
trans s4 s5eq 3.62 3.61 m (i, i) 
trans s5ax s3 1.84 4.04 w (i, i) 
trans s5eq s1 2.62 3.81 m (i, i+2) 
trans s5eq s4 3.83 3.57 m (i, i+2) 
trans s5eq s4 6.56 3.27 s (i, i+1) 
trans s5eq s5ax 21.27 2.69 s (i, i) 
trans s5eq s5ax 20.37 2.71 s (i, i) 
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LYM50 in water ROESY 
Type Asg1 Asg2 Connectivity 
cis DAla2[NH]c DAla2[αH]c (i, i) 
cis DAla2[NH]c DAla2[βH]c (i, i) 
cis Gly3[NH]c Gly3[α1H]c (i, i) 
cis Gly3[NH]c Gly3[α2H]c (i, i) 
trans Tyr1[Arδ]t Tyr1[αH]t (i, i) 
trans Tyr1[Arδ]t Tyr1[β1H]t (i, i) 
trans Tyr1[Arδ]t Tyr1[β2H]t (i, i) 
trans Tyr1[Arδ]t DAla2[αH]t (i, i+1) 
trans DAla2[NH]t Tyr1[αH]t (i, i+1) 
trans DAla2[NH]t Tyr1[β1H]t (i, i+1) 
trans DAla2[NH]t Tyr1[β2H]t (i, i+1) 
trans DAla2[NH]t DAla2[αH]t (i, i) 
trans DAla2[NH]t DAla2[βH]t (i, i) 
trans Gly3[NH]t DAla2[αH]t (i, i+1) 
trans Gly3[NH]t DAla2[βH]t (i, i+1) 
trans Gly3[NH]t Gly3[α1H]t (i, i) 
trans Gly3[NH]t Gly3[α2H]t (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[β1H]t (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[β2H]t (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[Me]t (i, i) 
trans Ser5[NH]t (NMe)Phe4[αH]t (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[β1H]t (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[Me]t (i, i+1) 
trans Ser5[NH]t Ser5[αH]t (i, i) 
trans Ser5[NH]t Ser5[β1H]t (i, i) 
trans Ser5[NH]t Ser5[β2H]t (i, i) 
trans Ser5[NH]t Ser5[CONH(1)]t (i, i+1) 

 

 

LYM110 in sds NOESY 
Type Asg1 Asg2 Volume Distance Intensity Connectivity 
ex DAla2[NH]t DAla2[NH]c 6.6427 3.134911545 s  
ex Gly3[NH]t Gly3[NH]c 0.3604 5.095090871 w  
ex (NMe)Phe4[Me]c (NMe)Phe4[Me]t 16.2066 2.701888434 s  
ex Ser5[NH]c Ser5[NH]t 0.5939 4.688103347 w  
ex Ser5[CONH(1)]c Ser5[CONH(1)]t 0.3674 5.078781619 w  
ex Ser5[CONH(1)]c Ser5[CONH(2)]t 0.3217 5.192472689 w  
cis DAla2[NH]c Tyr1[αH]c 1.2933 4.117808871 m (i, i+1) 
cis DAla2[NH]c Tyr1[β1H]c 0.2038 5.602932208 w (i, i+1) 
cis DAla2[NH]c Tyr1[β2H]c 0.0864 6.464433031 w (i, i+1) 
cis DAla2[NH]c Gly3[NH]c 0.0699 6.69683916 w (i, i+1) 
cis Gly3[α1H]c Gly3[α2H]c 2.7417 3.63311721 m (i, i) 
cis Ser5[NH]c Gly3[NH]c 0.057 6.928463316 w (i, i+2) 
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cis Ser5[NH]c Ser5[β1H]c 1.9626 3.841292975 m (i, i) 
trans Tyr1[αH]t Tyr1[β1H]t 9.1304 2.97304236 s (i, i) 
trans Tyr1[αH]t Tyr1[β2H]t 6.5528 3.142039055 s (i, i) 
trans Tyr1[β1H]t Tyr1[αH]t 3.3913 3.506617233 m (i, i) 
trans Tyr1[β2H]t Tyr1[αH]t 8.082 3.034097902 s (i, i) 
trans Tyr1[Arδ]t Tyr1[αH]t 5.1815 3.267433926 s (i, i) 
trans Tyr1[Arδ]t Tyr1[β1H]t 13.129 2.798406428 s (i, i) 
trans Tyr1[Arδ]t Tyr1[β2H]t 12.1001 2.836729366 s (i, i) 
trans Tyr1[Arδ]t Tyr1[Arε]t 25.3356 2.508 s (i, i) 
trans Tyr1[Arδ]t DAla2[βH]t 1.8445 3.881232159 m (i, i+1) 
trans Tyr1[Arε]t Tyr1[β1H]t 0.568 4.723073186 w (i, i) 
trans Tyr1[Arε]t Tyr1[β2H]t 1.0277 4.27863269 m (i, i) 
trans DAla2[αH]t DAla2[βH]t 8.5435 3.00614617 s (i, i) 
trans DAla2[NH]t Tyr1[αH]t 5.5067 3.234452877 s (i, i+1) 
trans DAla2[NH]t Tyr1[β1H]t 2.0784 3.804765329 m (i, i+1) 
trans DAla2[NH]t Tyr1[β2H]t 2.3127 3.737628916 m (i, i+1) 
trans DAla2[NH]t Tyr1[Arδ]t 0.4745 4.866798457 w (i, i+1) 
trans DAla2[NH]t DAla2[αH]t 1.5885 3.979100069 m (i, i) 
trans DAla2[NH]t DAla2[βH]t 3.0324 3.572604847 m (i, i) 
trans DAla2[NH]t Gly3[NH]t 0.8197 4.44297199 w (i, i+1) 
trans Gly3[αH]t (NMe)Phe4[Me]t 4.2777 3.373502299 m (i, i+1) 
trans Gly3[NH]t DAla2[αH]t 3.8275 3.436609592 m (i, i+1) 
trans Gly3[NH]t DAla2[βH]t 4.2943 3.371325361 m (i, i+1) 
trans Gly3[NH]t Gly3[αH]t 3.184 3.543675026 m (i, i) 
trans Gly3[NH]t Gly3[α2H]t 3.0951 3.560439552 m (i, i) 
trans Gly3[NH]t (NMe)Phe4[Arδ]t 0.2479 5.422963025 w (i, i+1) 
trans Gly3[NH]t (NMe)Phe4[Me]t 0.1046 6.261726824 w (i, i+1) 
trans (NMe)Phe4[αH]t (NMe)Phe4[β1H]t 3.5438 3.481004065 m (i, i) 
trans (NMe)Phe4[αH]t (NMe)Phe4[β2H]t 1.2726 4.128897275 m (i, i) 
trans (NMe)Phe4[αH]t (NMe)Phe4[Me]t 3.5824 3.474724569 m (i, i) 
trans (NMe)Phe4[β1H]t DAla2[βH]t 2.5266 3.682928739 m (i, i+2) 
trans (NMe)Phe4[β1H]t (NMe)Phe4[β2H]t 23.1372 2.546229806 s (i, i) 
trans (NMe)Phe4[β1H]t (NMe)Phe4[Me]t 1.1722 4.185838276 m (i, i) 
trans (NMe)Phe4[β2H]t (NMe)Phe4[β1H]t 23.7537 2.535094696 s (i, i) 
trans (NMe)Phe4[β2H]t (NMe)Phe4[Me]t 0.5907 4.692326635 w (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[αH]t 1.1263 4.213798043 m (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[β1H]t 4.7567 3.314350526 s (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[β2H]t 3.8809 3.428682907 m (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[Me]t 1.2073 4.165305544 m (i, i) 
trans (NMe)Phe4[Me]t Gly3[αH]t 5.9668 3.191482624 s (i, i+1) 
trans (NMe)Phe4[Me]t (NMe)Phe4[αH]t 0.5567 4.738918003 w (i, i) 
trans Ser5[αH]t Ser5[β1H]t 1.5125 4.011746668 m (i, i) 
trans Ser5[β1H]t Ser5[β2H]t 9.7889 2.938734935 s (i, i) 
trans Ser5[β2H]t Ser5[β1H]t 6.9409 3.112051437 s (i, i) 
trans Ser5[NH]t (NMe)Phe4[αH]t 0.3986 5.010255215 w (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[β1H]t 0.4995 4.825327733 w (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[β2H]t 1.1056 4.226845685 m (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[Me]t 0.2629 5.370123828 w (i, i+1) 
trans Ser5[NH]t Ser5[β1H]t 0.7716 4.487977744 w (i, i) 
trans Ser5[NH]t Ser5[β2H]t 0.3283 5.174927272 w (i, i) 
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trans Ser5[NH]t s1 0.0957 6.355222228 w (i, i+2) 
trans Ser5[NH]t s5eq 0.3342 5.159587598 w (i, i+2) 
trans Ser5[CONH(1)]t Ser5[CONH(2)]t 1.009 4.291747901 m (i, i) 
trans s1 s3 6.5814 3.13975926 s (i, i) 
trans s2 s1 0.9035 4.371475395 w (i, i) 
trans s2 s3 15.2185 2.730365303 s (i, i) 
trans s3 s1 6.7019 3.130279189 s (i, i) 
trans s3 s2 11.9901 2.841050348 s (i, i) 
trans s4 s3 66.4702 2.135558963 s (i, i) 
trans s4 s5eq 1.1187 4.218555736 m (i, i) 
trans s5ax s3 0.5526 4.744760013 w (i, i+2) 

 

 

LYM110 in water ROESY 
Type Asg1 Asg2 Connectivity 
cis DAla2[NH]c Tyr1[β1H]c (i, i+1) 
cis DAla2[NH]c Tyr1[β2H]c (i, i+1) 
cis DAla2[NH]c DAla2[βH]c (i, i) 
cis DAla2[NH]t DAla2[NH]c (i, i) 
cis DAla2[NH]c Gly3[NH]c (i, i+1) 
cis DAla2[NH]c (NMe)Phe4[αH]c (i, i+2) 
cis Gly3[α2H]c Gly3[α1H]c (i, i) 
cis Gly3[NH]c DAla2[βH]c (i, i+1) 
cis Gly3[NH]c Gly3[α1H]t (i, i) 
cis Gly3[NH]c Gly3[α1H]t (i, i) 
cis Gly3[NH]c Gly3[α2H]t (i, i) 
cis Gly3[NH]c Gly3[α2H]t (i, i) 
cis Gly3[NH]t Gly3[NH]c (i, i+1) 
cis Gly3[NH]c Ser5[β1H]t (i, i+2) 
cis Ser5[β1H]c Ser5[αH]c (i, i) 
cis Ser5[β1H]c Ser5[β2H]c (i, i+1) 
cis Ser5[β1H]c s1 (i, i+2) 
cis Ser5[β2H]c Ser5[αH]c (i, i) 
cis Ser5[β2H]c Ser5[β1H]c (i, i+1) 
cis Ser5[β2H]c s1 (i, i+1) 
cis Ser5[NH]c (NMe)Phe4[Me]c (i, i+1) 
cis Ser5[NH]c Ser5[αH]c (i, i) 
cis Ser5[NH]c Ser5[β1H]c (i, i) 
cis Ser5[NH]c Ser5[β2H]c (i, i) 
cis Ser5[NH]c Ser5[CONH(1)]c (i, i+1) 
cis Ser5[NH]c z6 (i, i+2) 
cis Ser5[CONH(1)]c Ser5[αH]c (i, i+1) 
cis Ser5[CONH(1)]c Ser5[β1H]c (i, i+1) 
cis Ser5[CONH(1)]c Ser5[CONH(1)]t (i, i) 
cis Ser5[CONH(1)]c Ser5[CONH(2)]c (i, i) 
cis Ser5[CONH(2)]c Ser5[αH]c (i, i+1) 
cis Ser5[CONH(2)]c Ser5[β1H]c (i, i+1) 
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trans Tyr1[αH]t Tyr1[β1H]t (i, i) 
trans Tyr1[αH]t Tyr1[β2H]t (i, i) 
trans Tyr1[β1H]t Tyr1[β2H]t (i, i) 
trans Tyr1[β2H]t Tyr1[β1H]t (i, i) 
trans Tyr1[Arδ]t Tyr1[αH]t (i, i) 
trans Tyr1[Arδ]t Tyr1[β1H]t (i, i) 
trans Tyr1[Arδ]t Tyr1[β2H]t (i, i) 
trans Tyr1[Arδ]t Tyr1[Arε]t (i, i) 
trans Tyr1[Arδ]t DAla2[αH]t (i, i+1) 
trans Tyr1[Arδ]t DAla2[βH]t (i, i+1) 
trans Tyr1[Arε]t Tyr1[β1H]t (i, i) 
trans Tyr1[Arε]t Tyr1[β2H]t (i, i) 
trans Tyr1[Arε]t DAla2[βH]t (i, i+1) 
trans DAla2[αH]t DAla2[βH]t (i, i) 
trans DAla2[NH]t Tyr1[αH]t (i, i+1) 
trans DAla2[NH]t Tyr1[β1H]t (i, i+1) 
trans DAla2[NH]t Tyr1[β2H]t (i, i+1) 
trans DAla2[NH]t Tyr1[Arδ]t (i, i+1) 
trans DAla2[NH]t DAla2[αH]t (i, i) 
trans DAla2[NH]t DAla2[βH]t (i, i) 
trans DAla2[NH]t Gly3[NH]t (i, i+1) 
trans Gly3[α1H]t Gly3[α2H]t (i, i) 
trans Gly3[α1H]t (NMe)Phe4[Me]t (i, i+1) 
trans Gly3[α2H]t Gly3[α1H]t (i, i) 
trans Gly3[α2H]t (NMe)Phe4[Me]t (i, i+1) 
trans Gly3[NH]t DAla2[αH]t (i, i+1) 
trans Gly3[NH]t DAla2[βH]t (i, i+1) 
trans Gly3[NH]t Gly3[α1H]t (i, i) 
trans Gly3[NH]t Gly3[α2H]t (i, i) 
trans Gly3[NH]t Gly3[α2H]t (i, i) 
trans Gly3[NH]t (NMe)Phe4[Me]t (i, i+1) 
trans (NMe)Phe4[αH]t (NMe)Phe4[β1H]t (i, i) 
trans (NMe)Phe4[αH]t (NMe)Phe4[β2H]t (i, i) 
trans (NMe)Phe4[αH]t (NMe)Phe4[Me]t (i, i) 
trans (NMe)Phe4[β1H]t (NMe)Phe4[β2H]t (i, i) 
trans (NMe)Phe4[β1H]t (NMe)Phe4[Me]t (i, i) 
trans (NMe)Phe4[β2H]t (NMe)Phe4[β1H]t (i, i) 
trans (NMe)Phe4[β2H]t (NMe)Phe4[Me]t (i, i) 
trans (NMe)Phe4[Arδ]t Gly3[α1H]t (i, i+1) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[αH]t (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[β1H]t (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[β2H]t (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[Me]t (i, i) 
trans (NMe)Phe4[Arε]t (NMe)Phe4[αH]t (i, i) 
trans (NMe)Phe4[Arε]t (NMe)Phe4[β1H]t (i, i) 
trans (NMe)Phe4[Arε]t (NMe)Phe4[β2H]t (i, i) 
trans (NMe)Phe4[Arε]t (NMe)Phe4[Me]t (i, i) 
trans (NMe)Phe4[Arζ]t Gly3[α1H]t (i, i+1) 
trans (NMe)Phe4[Arζ]t (NMe)Phe4[αH]t (i, i) 
trans (NMe)Phe4[Arζ]t (NMe)Phe4[β1H]t (i, i) 
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trans (NMe)Phe4[Arζ]t (NMe)Phe4[β2H]t (i, i) 
trans (NMe)Phe4[Arζ]t (NMe)Phe4[Me]t (i, i) 
trans (NMe)Phe4[Arζ]t Ser5[β2H]t (i, i+1) 
trans Ser5[αH]t Ser5[β1H]t (i, i) 
trans Ser5[αH]t Ser5[β2H]t (i, i) 
trans Ser5[β1H]t Ser5[αH]t (i, i) 
trans Ser5[β1H]t Ser5[β2H]t (i, i+1) 
trans Ser5[β2H]t Ser5[αH]t (i, i) 
trans Ser5[β2H]t Ser5[β1H]t (i, i+1) 
trans Ser5[β2H]t s1 (i, i+2) 
trans Ser5[NH]t (NMe)Phe4[αH]t (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[αH]t (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[β1H]t (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[β2H]t (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[Me]t (i, i+1) 
trans Ser5[NH]t Ser5[αH]t (i, i) 
trans Ser5[NH]t Ser5[β1H]t (i, i) 
trans Ser5[NH]t Ser5[β2H]t (i, i) 
trans Ser5[NH]t Ser5[NH]t (i, i) 
trans Ser5[NH]t Ser5[CONH(1)]t (i, i+1) 
trans Ser5[NH]t Ser5[CONH(2)]t (i, i+1) 
trans Ser5[NH]t s1 (i, i+2) 
trans Ser5[CONH(1)]t (NMe)Phe4[αH]t (i, i+2) 
trans Ser5[CONH(1)]t (NMe)Phe4[Me]t (i, i+2) 
trans Ser5[CONH(1)]t Ser5[αH]t (i, i+1) 
trans Ser5[CONH(1)]t Ser5[β2H]t (i, i+1) 
trans Ser5[CONH(1)]t Ser5[CONH(2)]t (i, i) 
trans Ser5[CONH(2)]t Ser5[αH]t (i, i+1) 
trans Ser5[CONH(2)]t Ser5[β2H]t (i, i+1) 
trans s1 s2 (i, i) 
trans s1 s3 (i, i) 
trans s1 s4 (i, i) 

 

 

LYM147 in sds NOESY 
Type Asg1 Asg2 Volume Distance Intensity 
ex DAla2[NH]c Tyr1[β1H]t 335.056 4.06  
ex DAla2[NH]t DAla2[NH]c 10528.6 2.29  
ex Gly3[NH]t Gly3[NH]c 741.82 3.56  
ex Ser5[CONH(1)]c Ser5[CONH(1)]t 900.84 3.44  
ex Ser5[CONH(1)]c Ser5[CONH(2)]t 3439.23 2.75  
cis Tyr1[ArH]c Ser5[αH]c 47.9767 5.61 (i, i+1) 
cis DAla2[NH]c Tyr1[αH]c 890.815 3.45 (i, i+1) 
cis DAla2[NH]c Tyr1[β2H]c 152.431 4.63 (i, i+1) 
cis DAla2[NH]c Tyr1[Arδ]c 57.2141 5.45 (i, i+1) 
cis DAla2[NH]c Gly3[NH]c 54.5581 5.50 (i, i+1) 
cis Gly3[α1H]c Gly3[α2H]c 1121.02 3.32 (i, i) 
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cis Gly3[NH]c DAla2[βH]c 78.39 5.17 (i, i+1) 
cis Gly3[NH]c Gly3[α1H]c 187.394 4.47 (i, i) 
cis Gly3[NH]c Gly3[α2H]c 220.651 4.35 (i, i) 
cis (NMe)Phe4[β2H]c (NMe)Phe4[Me]c 276.911 4.19 (i, i) 
cis Ser5[NH]c Gly3[α2H]c 137.182 4.71 (i, i+2) 
cis Ser5[NH]c (NMe)Phe4[αH]c 66.455 5.32 (i, i+1) 
cis Ser5[NH]c (NMe)Phe4[β2H]c 65.7769 5.33 (i, i+1) 
cis Ser5[NH]c (NMe)Phe4[Me]c 106.079 4.92 (i, i+1) 
cis Ser5[NH]c Ser5[αH]c 380.782 3.98 (i, i) 
cis Ser5[NH]c Ser5[β1H]c 121.527 4.81 (i, i) 
cis Ser5[NH]c Ser5[β2H]c 62.9244 5.37 (i, i) 
trans Tyr1[ArH]t Gly3[αH]t 75.3583 5.21 (i, i+1) 
trans Tyr1[ArH]t Gly3[α2H]t 88.8274 5.07 (i, i+1) 
trans Tyr1[ArH]t (NMe)Phe4[αH]t 280.201 4.18 (i, i) 
trans Tyr1[ArH]t (NMe)Phe4[β1H]t 592.423 3.69 (i, i) 
trans Tyr1[ArH]t (NMe)Phe4[β2H]t 791.162 3.52 (i, i) 
trans Tyr1[ArH]t (NMe)Phe4[Me]t 307.24 4.12 (i, i) 
trans (NMe)Phe4[ArH]t (NMe)Phe4[β1H]t 1969.49 3.02 (i, i) 
trans (NMe)Phe4[ArH]t (NMe)Phe4[β2H]t 1853.9 3.05 (i, i) 
trans (NMe)Phe4[ArH]t (NMe)Phe4[Me]t 717.249 3.58 (i, i) 
trans Tyr1[αH]t Tyr1[β1H]t 878.042 3.46 (i, i) 
trans Tyr1[αH]t Tyr1[β2H]t 956.165 3.41 (i, i) 
trans Tyr1[β1H]t Tyr1[αH]t 3626.55 2.73 (i, i) 
trans Tyr1[β1H]t Tyr1[β2H]t 47356.6 1.78 (i, i) 
trans Tyr1[β2H]t Tyr1[αH]t 3194.48 2.79 (i, i) 
trans Tyr1[Arδ]t Tyr1[β1H]t 3791.64 2.71 (i, i) 
trans Tyr1[Arδ]t Tyr1[β2H]t 3909.18 2.70 (i, i) 
trans Tyr1[Arδ]t Tyr1[Arε]t 6041.05 2.51 (i, i) 
trans Tyr1[Arδ]t DAla2[βH]t 538.304 3.75 (i, i+1) 
trans Tyr1[Arε]t Tyr1[αH]t 194.386 4.45 (i, i) 
trans Tyr1[Arε]t Tyr1[β1H]t 290.585 4.16 (i, i) 
trans Tyr1[Arε]t Tyr1[β2H]t 334.859 4.06 (i, i) 
trans DAla2[αH]t DAla2[βH]t 623.191 3.66 (i, i) 
trans DAla2[NH]t Tyr1[αH]t 2637.94 2.88 (i, i+1) 
trans DAla2[NH]t Tyr1[β1H]t 1104.79 3.33 (i, i+1) 
trans DAla2[NH]t Tyr1[β2H]t 972.182 3.40 (i, i+1) 
trans DAla2[NH]t Tyr1[Arδ]t 195.962 4.44 (i, i+1) 
trans DAla2[NH]t DAla2[αH]t 1091.83 3.34 (i, i) 
trans DAla2[NH]t DAla2[βH]t 869.882 3.46 (i, i) 
trans DAla2[NH]t Gly3[NH]t 395.287 3.95 (i, i+1) 
trans Gly3[αH]t (NMe)Phe4[Me]t 3275.42 2.78 (i, i+1) 
trans Gly3[NH]t DAla2[αH]t 1696.44 3.10 (i, i+1) 
trans Gly3[NH]t DAla2[βH]t 264.665 4.22 (i, i+1) 
trans Gly3[NH]t Gly3[αH]t 1916.34 3.04 (i, i) 
trans Gly3[NH]t Gly3[α2H]t 1943.61 3.03 (i, i) 
trans Gly3[NH]t (NMe)Phe4[Arδ]t 293.612 4.15 (i, i+1) 
trans Gly3[NH]t (NMe)Phe4[Me]t 343.075 4.05 (i, i+1) 
trans (NMe)Phe4[αH]t (NMe)Phe4[β1H]t 308.024 4.12 (i, i) 
trans (NMe)Phe4[αH]t (NMe)Phe4[β2H]t 93.5028 5.02 (i, i) 
trans (NMe)Phe4[αH]t (NMe)Phe4[Me]t 144.159 4.67 (i, i) 
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trans (NMe)Phe4[β1H]t (NMe)Phe4[αH]t 1643.11 3.12 (i, i) 
trans (NMe)Phe4[β1H]t (NMe)Phe4[β2H]t 8049.2 2.39 (i, i) 
trans (NMe)Phe4[β1H]t (NMe)Phe4[Me]t 1335.48 3.23 (i, i) 
trans (NMe)Phe4[β2H]t (NMe)Phe4[αH]t 963.293 3.41 (i, i) 
trans (NMe)Phe4[β2H]t (NMe)Phe4[β1H]t 9510.93 2.33 (i, i) 
trans (NMe)Phe4[β2H]t (NMe)Phe4[Me]t 677.818 3.61 (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[αH]t 1356.15 3.22 (i, i) 
trans (NMe)Phe4[Me]t Gly3[αH]t 14.5828 6.85 (i, i+1) 
trans (NMe)Phe4[Me]t (NMe)Phe4[αH]t 1580.46 3.14 (i, i) 
trans (NMe)Phe4[Me]t (NMe)Phe4[Me]t 6367 2.49 (i, i) 
trans Ser5[αH]t Ser5[β1H]t 104.996 4.93 (i, i) 
trans Ser5[β1H]t Ser5[αH]t 761.159 3.54 (i, i) 
trans Ser5[β1H]t Ser5[β2H]t 2501.39 2.91 (i, i) 
trans Ser5[β1H]t s1 296.739 4.14 (i, i+2) 
trans Ser5[β2H]t Ser5[αH]t 991.788 3.39 (i, i) 
trans Ser5[β2H]t Ser5[β1H]t 6333.04 2.49 (i, i) 
trans Ser5[β2H]t s1 935.942 3.42 (i, i+2) 
trans Ser5[NH]t (NMe)Phe4[αH]t 1175.27 3.29 (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[β1H]t 263.388 4.23 (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[β2H]t 490.009 3.81 (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[Arδ]t 23.1747 6.34 (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[Me]t 335.581 4.06 (i, i+1) 
trans Ser5[NH]t Ser5[αH]t 454.618 3.86 (i, i) 
trans Ser5[NH]t Ser5[β1H]t 438.125 3.88 (i, i) 
trans Ser5[NH]t Ser5[β2H]t 394.665 3.95 (i, i) 
trans Ser5[NH]c Ser5[NH]t 643.858 3.64 (i, i) 
trans Ser5[NH]c Ser5[CONH(1)]c 52.6451 5.53 (i, i+1) 
trans Ser5[NH]t Ser5[CONH(1)]t 306.233 4.12 (i, i+1) 
trans Ser5[NH]t Ser5[CONH(2)]t 154.074 4.62 (i, i+1) 
trans Ser5[NH]t s1 56.0647 5.47 (i, i+2) 
trans Ser5[NH]t s5eq 24.9602 6.26 (i, i+2) 
trans Ser5[CONH(1)]t (NMe)Phe4[αH]t 38.8314 5.82 (i, i+2) 
trans Ser5[CONH(1)]t (NMe)Phe4[β1H]t 55.8649 5.47 (i, i+2) 
trans Ser5[CONH(1)]t (NMe)Phe4[β2H]t 23.8194 6.31 (i, i+2) 
trans Ser5[CONH(1)]t (NMe)Phe4[Me]t 22.417 6.37 (i, i+2) 
trans Ser5[CONH(1)]t Ser5[αH]t 139.045 4.70 (i, i+1) 
trans Ser5[CONH(1)]t Ser5[β1H]t 57.0365 5.46 (i, i+1) 
trans Ser5[CONH(1)]t Ser5[β2H]t 25.9046 6.22 (i, i+1) 
trans Ser5[CONH(1)]t Ser5[CONH(2)]t 8232.41 2.38 (i, i) 
trans Ser5[CONH(2)]t Ser5[αH]t 163.37 4.58 (i, i+1) 
trans s1 s3 6.626 7.81 (i, i) 
trans s1 s5ax 22.0664 6.39 (i, i) 
trans s2 s1 1441.4 3.18 (i, i) 
trans s2 s3 1951.79 3.03 (i, i) 
trans s3 s1 2251.64 2.96 (i, i) 
trans s3 s2 2218.17 2.96 (i, i) 
trans s4 s3 3388.51 2.76 (i, i) 
trans s4 s5eq 82.4282 5.13 (i, i) 
trans s5ax s3 697.158 3.59 (i, i) 
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LYM147 in water ROESY 
Type Asg1 Asg2 Connectivity 
ex DAla2[NH]t DAla2[NH]c  
ex Gly3[NH]c Gly3[α2H]t  
ex Ser5[NH]c Ser5[NH]t  
ex Ser5[CONH(1)]c Ser5[CONH(1)]t  
cis DAla2[NH]c DAla2[βH]c (i, i) 
cis DAla2[NH]c (NMe)Phe4[αH]c (i, i+2) 
cis Gly3[α2H]c Gly3[α1H]c (i, i) 
cis Gly3[NH]c Tyr1[αH]c (i, i) 
cis Gly3[NH]t Gly3[NH]c (i, i) 
cis Ser5[β1H]c Ser5[αH]c (i, i) 
cis Ser5[β1H]c s1 (i, i+2) 
cis Ser5[β2H]c s1 (i, i+2) 
cis Ser5[NH]c (NMe)Phe4[Me]c (i, i+1) 
cis Ser5[NH]c Ser5[αH]c (i, i) 
cis Ser5[NH]c Ser5[β1H]c (i, i) 
cis Ser5[NH]c Ser5[β2H]c (i, i) 
cis Ser5[NH]c z6 (i, i+2) 
cis Ser5[CONH(1)]c Ser5[αH]c (i, i+1) 
cis Ser5[CONH(1)]c Ser5[β1H]c (i, i+1) 
cis Ser5[CONH(1)]c Ser5[CONH(2)]c (i, i) 
trans Tyr1[αH]t Tyr1[β1H]t (i, i) 
trans Tyr1[αH]t Tyr1[β2H]t (i, i) 
trans Tyr1[β1H]t Tyr1[β2H]t (i, i) 
trans Tyr1[β2H]t Tyr1[β1H]t (i, i) 
trans Tyr1[Arδ]t Tyr1[αH]t (i, i) 
trans Tyr1[Arδ]t Tyr1[β1H]t (i, i) 
trans Tyr1[Arδ]t Tyr1[β2H]t (i, i) 
trans Tyr1[Arδ]t Tyr1[Arε]t (i, i) 
trans Tyr1[Arδ]t DAla2[βH]t (i, i+1) 
trans Tyr1[Arε]t Tyr1[β1H]t (i, i) 
trans Tyr1[Arε]t Tyr1[β2H]t (i, i) 
trans Tyr1[Arε]t DAla2[βH]t (i, i+1) 
trans DAla2[αH]t DAla2[βH]t (i, i) 
trans DAla2[NH]t Tyr1[αH]t (i, i+1) 
trans DAla2[NH]t Tyr1[β1H]t (i, i+1) 
trans DAla2[NH]t Tyr1[β2H]t (i, i+1) 
trans DAla2[NH]t Tyr1[Arδ]t (i, i+1) 
trans DAla2[NH]t DAla2[αH]t (i, i) 
trans DAla2[NH]t DAla2[βH]t (i, i) 
trans DAla2[NH]t Gly3[NH]t (i, i+1) 
trans Gly3[α1H]t Gly3[α2H]t (i, i) 
trans Gly3[α1H]t (NMe)Phe4[Me]t (i, i+1) 
trans Gly3[α2H]t Gly3[α1H]t (i, i) 
trans Gly3[α2H]t (NMe)Phe4[Me]t (i, i+1) 
trans Gly3[NH]t DAla2[αH]t (i, i+1) 
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trans Gly3[NH]t DAla2[βH]t (i, i+1) 
trans Gly3[NH]t Gly3[α1H]t (i, i) 
trans Gly3[NH]t Gly3[α2H]t (i, i) 
trans Gly3[NH]t (NMe)Phe4[Me]t (i, i+1) 
trans (NMe)Phe4[αH]t (NMe)Phe4[β1H]t (i, i) 
trans (NMe)Phe4[αH]t (NMe)Phe4[β2H]t (i, i) 
trans (NMe)Phe4[αH]t (NMe)Phe4[Me]t (i, i) 
trans (NMe)Phe4[β1H]t (NMe)Phe4[β2H]t (i, i) 
trans (NMe)Phe4[β1H]t (NMe)Phe4[Me]t (i, i) 
trans (NMe)Phe4[β2H]t (NMe)Phe4[β1H]t (i, i) 
trans (NMe)Phe4[β2H]t (NMe)Phe4[Me]t (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[β1H]t (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[β2H]t (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[Me]t (i, i) 
trans (NMe)Phe4[Arζ]t (NMe)Phe4[β1H]t (i, i) 
trans (NMe)Phe4[Arζ]t (NMe)Phe4[β2H]t (i, i) 
trans (NMe)Phe4[Arζ]t (NMe)Phe4[Me]t (i, i) 
trans Ser5[αH]t Ser5[β1H]t (i, i) 
trans Ser5[αH]t Ser5[β2H]t (i, i) 
trans Ser5[β1H]t Ser5[αH]t (i, i) 
trans Ser5[β1H]t Ser5[β2H]t (i, i) 
trans Ser5[β2H]t Ser5[αH]t (i, i) 
trans Ser5[β2H]t Ser5[β1H]t (i, i) 
trans Ser5[β2H]t s1 (i, i+2) 
trans Ser5[NH]t (NMe)Phe4[αH]t (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[β1H]t (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[β2H]t (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[Me]t (i, i+1) 
trans Ser5[NH]t Ser5[αH]t (i, i) 
trans Ser5[NH]t Ser5[β1H]t (i, i) 
trans Ser5[NH]t Ser5[β2H]t (i, i) 
trans Ser5[NH]t Ser5[CONH(1)]t (i, i+1) 
trans Ser5[NH]t s1 (i, i+2) 
trans Ser5[CONH(1)]t Ser5[αH]t (i, i+1) 
trans Ser5[CONH(1)]t Ser5[β1H]t (i, i+1) 
trans Ser5[CONH(1)]t Ser5[β2H]t (i, i+1) 
trans Ser5[CONH(1)]t Ser5[CONH(2)]t (i, i) 
trans s1 s2 (i, i) 
trans s1 s4 (i, i) 
trans s2 s3 (i, i) 
trans s2 s3 (i, i) 
trans s4 s3 (i, i) 
trans s4 s3 (i, i) 
trans s5 s4 (i, i) 
trans s6 s5 (i, i) 
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LYM1311 in sds NOESY 
Type Asg1 Asg2 Volume Distance Intensity Connectivity 
ex Gly3[NH]c Gly3[NH]t 547.16 3.49 m  
ex Gly3[NH]c (NMe)Phe4[Me]t 214.64 4.08 m  
ex Ser5[CONH(1)]c Ser5[CONH(1)]t 211.74 4.09 m  
ex Ser5[CONH(1)]c Ser5[CONH(2)]t 277.48 3.91 m  
ex Ser5[CONH(2)]c Ser5[αH]t 1200.58 3.06 s  
cis DAla2[NH]c Tyr1[αH]c 587.60 3.45 m (i, i+1) 
cis DAla2[NH]c Tyr1[β1H]c 181.74 4.19 m (i, i+1) 
cis DAla2[NH]c DAla2[αH]c 233.26 4.02 m (i, i) 
cis DAla2[NH]c DAla2[βH]c 385.32 3.70 m (i, i) 
cis Gly3[αH]c (NMe)Phe4[αH]c 384.85 3.70 m (i, i+1) 
cis Gly3[α2H]c (NMe)Phe4[αH]c 369.63 3.73 m (i, i+1) 
cis Gly3[NH]c DAla2[αH]c 414.81 3.66 m (i, i+1) 
cis Gly3[NH]c DAla2[βH]c 189.67 4.17 m (i, i+1) 
cis Gly3[NH]c Gly3[α1H]c 201.20 4.12 m (i, i) 
cis Gly3[NH]c (NMe)Phe4[αH]c 42.20 5.35 w (i, i+1) 
cis (NMe)Phe4[β2H]c (NMe)Phe4[αH]c 265.49 3.94 m (i, i) 
cis (NMe)Phe4[Arδ]c (NMe)Phe4[αH]c 190.99 4.16 m (i, i) 
cis (NMe)Phe4[Arδ]c (NMe)Phe4[β1H]c 492.19 3.55 m (i, i) 
cis (NMe)Phe4[Arδ]c (NMe)Phe4[β2H]c 612.10 3.43 m (i, i) 
cis (NMe)Phe4[Arδ]c (NMe)Phe4[Me]c 243.72 3.99 m (i, i) 
cis (NMe)Phe4[Me]c Gly3[α1H]c 181.04 4.20 m (i, i+1) 
cis (NMe)Phe4[Me]c (NMe)Phe4[αH]c 63.74 5.00 w (i, i) 
cis (NMe)Phe4[Me]c Ser5[β1H]c 84.68 4.76 w (i, i+1) 
cis Ser5[β1H]c Ser5[β2H]c 276.05 3.91 m (i, i) 
cis Ser5[NH]c Gly3[α1H]c 74.45 4.87 w (i, i+2) 
cis Ser5[NH]c Gly3[α2H]c 43.70 5.32 w (i, i+2) 
cis Ser5[NH]c (NMe)Phe4[αH]c 264.54 3.94 m (i, i+1) 
cis Ser5[NH]c (NMe)Phe4[β2H]c 43.57 5.32 w (i, i+1) 
cis Ser5[NH]c (NMe)Phe4[Me]c 74.22 4.87 w (i, i+1) 
cis Ser5[NH]c Ser5[β1H]c 187.68 4.17 m (i, i) 
cis Ser5[NH]c Ser5[β2H]c 29.01 5.70 w (i, i) 
cis Ser5[NH]c Ser5[NH]t 546.58 3.49 m (i, i) 
cis Ser5[NH]c Ser5[CONH(1)]c 30.98 5.63 w (i, i+1) 
cis Ser5[CONH(1)]c Ser5[CONH(2)]c 1103.85 3.11 s (i, i) 
trans Tyr1[αH]t Tyr1[β1H]t 728.48 3.33 m (i, i) 
trans Tyr1[αH]t Tyr1[β2H]t 1050.65 3.13 s (i, i) 
trans Tyr1[Arδ]t Tyr1[αH]t 1264.25 3.04 s (i, i) 
trans Tyr1[Arδ]t Tyr1[β1H]t 2897.54 2.64 s (i, i) 
trans Tyr1[Arδ]t Tyr1[β2H]t 3186.83 2.60 s (i, i) 
trans Tyr1[Arδ]t Tyr1[Arε]t 3979.18 2.51 s (i, i) 
trans Tyr1[Arδ]t DAla2[αH]t 283.73 3.89 m (i, i+1) 
trans Tyr1[Arδ]t DAla2[βH]t 191.76 4.16 m (i, i+1) 
trans Tyr1[Arε]t Tyr1[αH]t 181.91 4.19 m (i, i) 
trans Tyr1[Arε]t Tyr1[β2H]t 280.95 3.90 m (i, i) 
trans Tyr1[Arε]t DAla2[βH]t 52.80 5.15 w (i, i+1) 
trans DAla2[NH]t Tyr1[αH]t 1895.61 2.84 s (i, i+1) 
trans DAla2[NH]t Tyr1[β1H]t 582.59 3.45 m (i, i+1) 
trans DAla2[NH]t Tyr1[β2H]t 855.82 3.24 s (i, i+1) 
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trans DAla2[NH]t Tyr1[Arδ]t 173.77 4.23 m (i, i+1) 
trans DAla2[NH]t DAla2[αH]t 975.89 3.17 s (i, i) 
trans DAla2[NH]t DAla2[βH]t 793.76 3.28 s (i, i) 
trans DAla2[NH]t Gly3[α1H]t 14.48 6.39 w (i, i+1) 
trans DAla2[NH]t Gly3[α2H]t 2.99 8.32 w (i, i+1) 
trans DAla2[NH]t Gly3[NH]t 242.05 4.00 m (i, i+1) 
trans DAla2[NH]t (NMe)Phe4[Me]t 27.50 5.75 w (i, i+2) 
trans Gly3[α1H]t (NMe)Phe4[Me]t 1424.44 2.98 s (i, i+1) 
trans Gly3[α2H]t (NMe)Phe4[Me]t 1522.70 2.94 s (i, i+1) 
trans Gly3[NH]t DAla2[αH]t 1053.32 3.13 s (i, i+1) 
trans Gly3[NH]t DAla2[βH]t 462.82 3.59 m (i, i+1) 
trans Gly3[NH]t Gly3[α1H]t 870.74 3.23 s (i, i) 
trans Gly3[NH]t Gly3[α2H]t 785.36 3.29 s (i, i) 
trans Gly3[NH]t (NMe)Phe4[Me]t 222.11 4.06 m (i, i+1) 
trans Gly3[NH]t Ser5[αH]t 1010.54 3.15 s (i, i+2) 
trans (NMe)Phe4[αH]t (NMe)Phe4[β1H]t 79.13 4.82 w (i, i) 
trans (NMe)Phe4[αH]t (NMe)Phe4[β2H]t 144.30 4.36 w (i, i) 
trans (NMe)Phe4[αH]t (NMe)Phe4[Me]t 109.91 4.56 w (i, i) 
trans (NMe)Phe4[β1H]t DAla2[βH]t 94.64 4.68 w (i, i+2) 
trans (NMe)Phe4[β1H]t (NMe)Phe4[Me]t 655.87 3.39 m (i, i) 
trans (NMe)Phe4[β2H]t (NMe)Phe4[β1H]t 8498.67 2.21 s (i, i) 
trans (NMe)Phe4[β2H]t (NMe)Phe4[Me]t 404.17 3.67 m (i, i) 
trans (NMe)Phe4[Arδ]t DAla2[βH]t 58.98 5.06 w (i, i+2) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[αH]t 589.38 3.45 m (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[β1H]t 849.68 3.24 s (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[β2H]t 693.79 3.36 m (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[Me]t 310.49 3.84 m (i, i) 
trans (NMe)Phe4[Arε]t DAla2[βH]t 33.15 5.57 w (i, i+2) 
trans (NMe)Phe4[Arε]t (NMe)Phe4[Me]t 49.99 5.20 w (i, i) 
trans (NMe)Phe4[Me]t DAla2[βH]t 20.96 6.01 w (i, i+2) 
trans (NMe)Phe4[Me]t Gly3[α1H]t 1853.70 2.85 s (i, i+1) 
trans (NMe)Phe4[Me]t Gly3[α2H]t 2572.32 2.70 s (i, i+1) 
trans (NMe)Phe4[Arζ]t DAla2[βH]t 69.40 4.92 w (i, i+2) 
trans (NMe)Phe4[Arζ]t (NMe)Phe4[αH]t 447.05 3.61 m (i, i) 
trans (NMe)Phe4[Arζ]t (NMe)Phe4[β1H]t 173.61 4.23 m (i, i) 
trans (NMe)Phe4[Arζ]t (NMe)Phe4[β2H]t 147.67 4.34 w (i, i) 
trans (NMe)Phe4[Arζ]t (NMe)Phe4[Arε]t 2913.39 2.64 s (i, i) 
trans (NMe)Phe4[Arζ]t (NMe)Phe4[Me]t 121.61 4.49 w (i, i) 
trans Ser5[β1H]t (NMe)Phe4[Me]t 21.07 6.01 w (i, i+1) 
trans Ser5[β1H]t Ser5[β2H]t 193.97 4.15 m (i, i) 
trans Ser5[NH]t Gly3[α1H]t 16.26 6.27 w (i, i+2) 
trans Ser5[NH]t Gly3[α2H]t 14.22 6.41 w (i, i+2) 
trans Ser5[NH]t (NMe)Phe4[αH]t 683.04 3.36 m (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[β1H]t 460.30 3.59 m (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[β2H]t 283.61 3.89 m (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[Arδ]t 36.24 5.49 w (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[Me]t 234.83 4.02 m (i, i+1) 
trans Ser5[NH]t Ser5[β1H]t 570.74 3.47 m (i, i) 
trans Ser5[NH]t Ser5[β2H]t 273.67 3.92 m (i, i) 
trans Ser5[NH]t Ser5[CONH(1)]t 66.74 4.96 w (i, i) 
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trans Ser5[NH]t Ser5[CONH(1)]t 119.98 4.50 w (i, i) 
trans Ser5[CONH(1)]t Ser5[αH]t 603.22 3.43 m (i, i+1) 
trans Ser5[CONH(1)]t Ser5[αH]t 958.31 3.18 s (i, i+1) 
trans Ser5[CONH(1)]t Ser5[CONH(2)]t 3465.38 2.57 s (i, i) 

 

 

LYM1311 in water ROESY 
Type Asg1 Asg2 Connectivity 
ex DAla2[NH]t DAla2[NH]c (i, i) 
ex Gly3[NH]t Gly3[NH]c (i, i) 
ex Ser5[NH]c Ser5[NH]t (i, i) 
cis Gly3[NH]c DAla2[αH]c (i, i+1) 
cis Gly3[NH]c Gly3[α1H]c (i, i) 
cis Ser5[αH]c Ser5[β2H]c (i, i) 
cis Ser5[NH]c Ser5[αH]c (i, i) 
cis Ser5[NH]c Ser5[β1H]c (i, i) 
cis Ser5[CONH(1)]c Ser5[αH]c (i, i+1) 
cis Ser5[CONH(1)]c Ser5[β1H]c (i, i+1) 
cis Ser5[CONH(1)]c Ser5[CONH(2)]c (i, i) 
trans Tyr1[αH]t Tyr1[β1H]t (i, i) 
trans Tyr1[αH]t Tyr1[β2H]t (i, i) 
trans Tyr1[β1H]t Tyr1[β2H]t (i, i) 
trans Tyr1[Arδ]t Tyr1[αH]t (i, i) 
trans Tyr1[Arδ]t Tyr1[β1H]t (i, i) 
trans Tyr1[Arδ]t Tyr1[β2H]t (i, i) 
trans Tyr1[Arδ]t Tyr1[Arε]t (i, i) 
trans Tyr1[Arδ]t DAla2[βH]t (i, i+1) 
trans Tyr1[Arε]t DAla2[βH]t (i, i+1) 
trans DAla2[αH]t DAla2[βH]t (i, i) 
trans DAla2[NH]t Tyr1[ArH]t (i, i+1) 
trans DAla2[NH]t Tyr1[αH]t (i, i+1) 
trans DAla2[NH]t Tyr1[β1H]t (i, i+1) 
trans DAla2[NH]t Tyr1[β2H]t (i, i+1) 
trans DAla2[NH]t DAla2[βH]t (i, i) 
trans DAla2[NH]t Gly3[NH]t (i, i+1) 
trans Gly3[α1H]t Gly3[α2H]t (i, i) 
trans Gly3[α1H]t (NMe)Phe4[Me]t (i, i+1) 
trans Gly3[α2H]t (NMe)Phe4[Me]t (i, i+1) 
trans Gly3[NH]t DAla2[αH]t (i, i+1) 
trans Gly3[NH]t DAla2[βH]t (i, i+1) 
trans Gly3[NH]t Gly3[α1H]t (i, i) 
trans Gly3[NH]t Gly3[α2H]t (i, i) 
trans (NMe)Phe4[β1H]t (NMe)Phe4[β2H]t (i, i) 
trans (NMe)Phe4[β1H]t (NMe)Phe4[Me]t (i, i) 
trans (NMe)Phe4[β2H]t (NMe)Phe4[Me]t (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[αH]t (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[β1H]t (i, i) 
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trans (NMe)Phe4[Arδ]t (NMe)Phe4[β2H]t (i, i) 
trans (NMe)Phe4[Arδ]t (NMe)Phe4[Me]t (i, i) 
trans (NMe)Phe4[Arζ]t (NMe)Phe4[αH]t (i, i) 
trans (NMe)Phe4[Arζ]t (NMe)Phe4[β1H]t (i, i) 
trans (NMe)Phe4[Arζ]t (NMe)Phe4[β2H]t (i, i) 
trans (NMe)Phe4[Arζ]t (NMe)Phe4[Me]t (i, i) 
trans Ser5[αH]t Ser5[β1H]t (i, i) 
trans Ser5[NH]t (NMe)Phe4[αH]t (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[β1H]t (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[β2H]t (i, i+1) 
trans Ser5[NH]t (NMe)Phe4[Me]t (i, i+1) 
trans Ser5[NH]t Ser5[β1H]t (i, i) 
trans Ser5[NH]t Ser5[CONH(1)]t (i, i+1) 
trans Ser5[CONH(1)]t Ser5[β1H]t (i, i+1) 
trans Ser5[CONH(1)]t Ser5[β2H]t (i, i+1) 
trans Ser5[CONH(1)]c Ser5[CONH(1)]t (i, i) 
trans Ser5[CONH(1)]t Ser5[CONH(2)]t (i, i) 
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TABLES OF PEPTIDES:  CONNOLLY SURFACES AREAS 

 

Peptide Connolly Surfaces 
bent backbone family 

Hydrophilic 
Area 

Lipophilic 
Area 

Total 
Area 

DAMGO 

 

78.44 312.31 390.75 

LYM100 

 

84.28 313.46 397.74 

LYM50 

 

159.316 310.50 469.82 

LYM110 

 

180.835 301.872 482.71 
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LYM147 

 

304.557 334.648 639.21 

LYM1311 

 

132.43 322.8 455.23 

 

 

Peptide Connolly Surfaces 
Extended backbone family 

Hydrophilic 
Area 

Lipophilic 
Area 

Total 
Area 

LYM100 

 

103.99 292.35 396.34 

LYM50 

 

192.31 293.20 485.51 
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LYM110 

 

192.19 311.45 503.64 

LYM147 

 

282.07 298.16 580.23 
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PHARMACOLOGY PLOTS 
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Pharmacology studies done by Prof. Bilsky's lab .   Pharmacology of DAMGO, LYM100, LYM50, 
LYM110, LYM147, LYM1311, and LYM1312 
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DIFFUSION COEFFICIENT PLOTS AND TABLES OF LINEAR FIT 

EQUATIONS 
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Peptide Linear Fit eq. R2 

LYM100 water Y=2.33-4.87x R2=0.99985 

LYM1311 water Y=2.34-3.89x R2=0.99989 

LYM1312 water Y=2.36-4.34x R2=0.99993 

LYM100 sds Y=2.34-0.51x R2=0.99929 

LYM1311 sds Y=2.31-0.82x R2=0.9998 

LYM1312 sds Y=2.33-0.79x R2=0.99992 

SDS micelles  Y=2.26-0.58x R2=0.99989 

Linear equations and R2 from diffusion experiments of phosphopeptides and parent 
peptides  
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Peptide Linear Fit eq. R2 

DAMGO Y=2.31-4.92x R2=0.99963 

LYM100 Y=2.33-4.87x R2=0.9997 

LYM50 Y=2.30-4.63x R2=0.998 

LYM110 Y=2.37-4.65x R2=0.9997 

LYM147 Y=2.34-3.89x R2=0.9998 

DAMGO Y=2.33-0.62x R2=0.9996 

LYM100 Y=2.34-0.51x R2=0.9986 

LYM50 Y=2.4-0.95x R2=0.9918 

LYM110 Y=2.31-0.61x R2=0.9998 

LYM147 Y=2.31-0.82x R2=0.9999 

SDS micelles Y=2.26-0.58x R2=0.9978 

Linear equations and R2 from diffusion experiments of glycopeptides and parent peptides  
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pKa PLOTS 
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Top: pKa titration for LYM1311, bottom: the first derivate to find the inflection points.  
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LYM1311 Trial 1 Trial 2 Trial 3 Average Std. Dev. 

pKa1 2.63 2.59 2.74 2.65 0.078 

pKa2 6.08 6.11 5.97 6.05 0.074 

pKa3 8.12 8.07 7.98 8.06 0.071 

 

 

LYM1312 Trial 1 Trial 2 Trial 3 Average Std. Dev. 

pKa1 3.37 3.39 3.31 3.36 0.042 

pKa2 7.35 7.64 7.67 7.55 0.177 
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