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ABSTRACf 

The conformational and dynlL"1lic properties of peptides play critical roles in their 

biological functions. Various methods have been applied for studying peptide 

conformations and dynamics. 

On the basis of structure-function studies and NMR work on the conformation of 

CCK, we designed a series of conformationally constrained peptides to test the hypothesis 

of a C-terminal folded stl1lcture required for interaction with the CCK-B receptor. Various 

cyclic peptides were synthesized to explore the possible spatial arrangements of key amino 

acid side chain groups. Based on the NMR conformational studies and receptor binding 

assay data, it was suggested that a C-tenninal folded conformation of CCK4 is a necessary 

but not a sufficient structural feature for strong CCK-B receptor binding. 

In a series of tyrosine analogues, slow rotations around CP-Cy were studied by 

dynamic NMR. The free energies of activation (L\G:;t:) at their coalescence temperatures 

were estimated to be in the range of 14-20 Kcal!mol. This energy barrier is comparable to 

the one experienced by tyrosine aromatic rings in the interior of proteins, bioactive peptides 

or in peptide-protein complexes. This study demonstrates the ability of conformational 

constraints on restricting molecular motions. These tyrosine analogues with constrained 

side chains can be useful tools in studying the structure-function relationships of peptides 

and proteins. 

In peptides and proteins, amino acid residues are covalently linked together by either 

amide bonds or disulfide bonds. The molecules Me2SZ, N-methylacctamide and other 
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simple amides were used as models for disulfide or peptide bond linkages in our ab initio 

MO studies. An angular dependence of the 13C and 33S NMR chemical shifts on the C-S

S-C dihedral angle was predicted based on our calculations. The well-known synlanti 

dependence of 13C chemical shift around the peptide bond was found to have the same 

origin as the angular dependence of the ,,(-substituent effect. A systematic geometry 

optimization and chemical shift calculation on a model peptide, N-acetyl-N'-methyl glycine 

amide, enabled us to construct the first non-empirical energy surface and 13C NMR 

chemical shift surface for this molecule. The experimentally observed correlation between 

13C chemical shifts of Ca. in amino acid residues and protein secondary structures is 

attributed to the effect controlled by cp and 'I' dihedral angles. 



PART I. Conformational Studies of CCK-related Peptides 

General background: 

Peptide confonnation has played a central role in designing peptidic/nonpeptidic 

agonists and antagonists of honnone and neurotransmitter receptors. 1,2 Most importantly 

the infonnation on bioactive confonnations of peptide agonists and antagonists for a 

receptor may be very useful in designing nonpeptidic agents that may have desirable 

properties "in clinical applications. 

In general, a small peptide occurs in multiple confonnations in either solution or 

solid states due to its intrinsic flexibility. Its conformation observed in these cases may 

not be the one used by the peptide when it binds to its receptor. One of the most 

interesting examples is the situation of cyclosporin A, in which the cyclic peptide changes 

its conformation when binding to an acceptor protein.3 Another difficulty encountered in 

the study of bioactive confonnations is that the structure of the receptor binding site is 

usually unknown. In contrast, in the design of enzyme inhibitors, one often has a fairly 

well defined structure for the enzyme or at least its active site, and this can be used as a 

guide for designing transitional state analogs of its natural ligand. Although research 

examining the binding confonnation of ligands to their acceptors is rapidly expanding, the 

design of peptide analogs of a natural ligand for its receptor is still focused on the small 

molecule side. In this case, the "conformational constraint" approach used by Hruby4,5 

and other laboratories around the world6,7 has proven to be an effective method for 

studying the bioactive confonnations of peptides. The confonnational constraint is to 

"restrict a residue or group of residues to a sufficiently small region of confonnational 

space that when the peptide interacts with its receptor or some other acceptor molecule 

16 



(enzyme, carrier protein, etc.) the conformation seen in solution will remain due to the 

high activation energy or free energy needed to change that conformation."4 Through this 

method a stable conformation of the constrained peptide in its free fom! can be studied by 

various spectroscopic methods to provide information about its bioactive conformation. 

17 



Chapter 1·1. Introduction to CCK peptides: 

The name cholecystokinin (CCK) was given by Ivy and Oldberg8 in 1928 to 

describe a hormonal factor mediating gall bladder contraction. CCK is a polypeptide 

hormone that plays a major role in gut function, in digestive processes and in the control 

of the feeding behavior. CCK is also found in the brain in high concentration where it 

acts as a neurotransmitter and neuromodulator. A variety of biological functions are 

attributed to CCK, such as amylase secretion, stimulation of insulin release, control of 

food intake and satiety, mediation of pain and morphine analgesia, and facilitation of 

memory.9 Therefore, there is increasing interest toward the therapeutic potential of 

CCK for the treatment of a variety of gastrointestinal, neuropsychiatric disorders and 

some CCK-related CNS disorders.10 

CCK is a linear 33-arnino acid polypeptide that was the fIrst isolated in the CCK 

family. Among different biologically active forms including CCK-58, CCK-39, CCK-8 

and CCK-4, the C-terrninal octapeptide CCK26_33 (CCK-8) is the most abundant form 

both in the brain and in the periphery.II 

CCK -8: H -Asp-Tyr(S03 -)-Met -01 y-Trp-Met -Asp-Phe-NH2 

Two major CCK receptor types have been characterized, CCK-A and CCK-B. 

The CCK-A receptor has been cloned recently,I2 as has the canine parietal cell gastrin 

receptor, a highly homologous or even identical receptor to the CCK-B receptor.13 The 

CCK-A ("alimentary") receptors predominate in peripheral target organs such as the 

pancreas, gallbladder and ileum, and on vagal afferent fibers. In these organs they 

mediate pancreatic enzyme secretion, gallbladder and ileum contractions, and food intake 

18 



respectively,14.15 The CCK-B ("brain") receptors exist in numerous brain regions 

including the cerebral cortex, hippocampus and limbic structures.16-18 For CCK-A 

receptors, CCK-8 is the minimal active sequence.19 For CCK-B receptors CCK-4 is the 

minimal requirement.20 The native ligand CCK-8 is not selective for either of these two 

SUbtypes of CCK receptors. During the past decade many peptidic and nonpeptidic 

agonists and antagonists have been developed for pharmacological studies of CCK 

receptor subtypes and their biological functions.9,lO.20,21 

1. Antagonists for CCK receptors 

In the class of antagonists for CCK receptors, there are approximately five 

structural groups: (a) derivatives of cyclic nucleotides; (b) derivatives of amino acids; (c) 

partial sequences and derivatives of the C-terminal sequence of CCK; (d) benzodiazepine 

deri vati ves; and (e) nonpeptide "peptoids" based on fragments of the CCK molecule.9 

The most fruitful results have been obtained from benzodiazepine derivatives. 

Devazepide (MK-329, L-364,718) (see Figure I-I, (1» is a potent (IC5o = 0.08 nM), 

orally active and selective CCK-A antagonist.23-25 Another analogue L-365,260 (Figure 

I-I, (2») is a potent (ICso = 2 nM) and selective CCK-B antagonist.26,27 Two 

compounds which are derivatives of amino acids are representative; proglumide (D,L-4-

benzamido-N,N-di-n-propylglutaramic acid, CR 1409» (Figure I-I, (3» and benzotript 

(N-p-chlorobenzoyl-L-tryptophan) (Figure I-I, (5». They are both competitive CCK-A 

antagonists.28 In clinical trials proglumide was replaced by loxiglumide29 (CR 1505) 

(Figure I-I, (4». It was reported30,31 that the R configuration enantiomers of 

proglumide analogues have higher potency and selectivity for the CCK-A receptor. 

Improvements on the benzotript structure led to compounds (6) (ICso = 23 nM) and (7) 

19 
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Figure 1-1. Structures of some representative non-peptide antagnists 
of CCK receptors 
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(ICso = 21 nM) (Figure 1-1), which are selective CCK-A antagonists.32 A competitive 

CCK-B antagonist, LY-262864 (racemic, Figure 1-1, (8)) (IC50 = 6 nM), has a 

pyrazolidinone structure.33 

A variety of CCK peptide analogues showed interesting pharmacological 

propenies. A CCK7 analogue with a t-Boc blocked N-terminal and modified C-terminal, 

Boc-Tyr(S03H)-Met-Gly-D-Trp-Met-Asp-O(CH2h-phenyl, is a potent CCK-A 

antagonist (ICso = 30 nM),34 Another analogue of CCK7 with a pseudo peptide bond 

between positions 28 and 29, Boc-Tyr(S03H)-Nle"P[COCH2]Gly-Trp-Nle-Asp-Phe

~, is a potent agonist at the CCK-A receptor (ICso = 5 nM) and an apparent antagonist 

at the CCK-B receptor (ICso = 0.7 nM),35 A hydrazide of Boc-CCK4,36 Boc-Trp-Leu

Asp-Phe-NHNH2, showed antagonist activity at guinea pig CCK-A receptors and agonist 

activity at CCK-B receptors. A novel tripeptide analogue,37 Boc-Trp-Orn(Cbz)-Asp

NH2, is a weakly potent CCK-A antagonist (lCso = 230 nM). 

A number of "dipeptoid" CCK-B receptor antagonists were discovered by a 

deletion appm'lch.38 In this approach two amino acid residues in the CCK4 peptide were 

deleted and only Trp and Phe residues remained to keep the binding feature to CCK-:B 

receptor. Funher modifications led to a potent antagonist CI-98839 (PD-134308) (ICso = 

1.7 nM, Figure 1-1, (9)) to CCK-B. It has over WOO-fold selectivity for the CCK-B 

receptor. 

2. Agonists for CCK receptors 

In the category of CCK agonists, most analogues are modified native CCK8 or 

shorter peptides. Much of the earlier work was directed to enhancing the chemical and 

enzymatic stability of the nativl' peptide and to structure-function relationships. 
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Analogues produced are usually not selective to either CCK-A or CCK-B receptors. 

Only more recently have selective agonists of CCK-A or B receptors been synthesized. 

A CCK-A type agonist A-71738, desamino [Nle28 , Nle31 ., N-Me-Asp32]CCK7,40 shows 

high affinity (ICso = 0.42 nM) and selectivity (700-fold over CCK-B) for the CCK-A 

receptor. A novel CCK4 analogue, A-7162341 -43 (Figure 1-2, (1)), is a potent agonist at 

CCK-A receptors (ICso = 4 nM) and has lOOO-fold selectivity over CCK-B receptors. In 

the SAR study of CCK4 analogues, it was found that type-A selectivity and affmity were 

critically dependent on the nature of the substituent attached to tlle e-amino function of 

position 31 residue and on the distance of the substituent from the peptide backbone.43 

Table 1-1. Binding Potencies and Selectivities of CCK Analogues in Competition with 

[3H]-SNF-8702 and [125I]-Bolton-Hunter-CCK8 Receptor Binding to Guinea Pig 

Membranes. 

1C50 (nM) Selective 

No. Structure Brain Pancreas ratio PIB 

CCK-8 Asp-Tyr(S03 )-Met-Gly-Trp-Met-Asp-Phe-NHil 0.4 0.1 0.25 

SNF8702 Asp-Tyr-NMeNle-Gly-Trp-NMeNle-Asp-Phe-NH2s 1.01±0.07 957±103 948 

SNF8705 Gly-Trp-Nle-Asp-Phe-NHil 167 2175 12.9 

SNF8701 Gly-Trp-NMeNle-Asp-Phe-NH28 3.34 9000 2700 

SNF873 1 Tyr-Trp-Nle-Asp-Phe-NH2b 11 7460 678 

SNF9lOl Tyr-Trp-NMeNle-Asp-Phe-NH2b 1.2 2500 2080 

a Hruby, V. 1.; Fang, S.; Knapp. R. Kazmierski, W.; Lui, O. K. and Yamamura, H. I., 

Int. J. Peptide Protein Res., 19~1J, 35, 566-573. 

b Fang, S. et al., unpublished data. 
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Figure 1-2. Structures of several CCK agonists. 



Although the number of CCK-A selective agonists is small, more CCK-B 

selective agonists are available. Introduction of N-methylnorleucine in the position 28 

and 31 in place of Met in CCK8 and CCK5 led to highly potent and selective CCK-B 

agonists.44 In this class [N-MeNle28, N-MeNle31]CCK8 (NS) is a representative 

example (see Table 1-1.). Further modifications at position 28 by the incorporation of 

Phe analogues resulted in even more potent and selective CCK-B ligands.4S The most 

distinguished compound in this class is [D-Phe28 , N-MeNle31]CCK8 (NS) with ICso = 

0.79 nM and over 12,000-fold selectivity for CCK-B receptors.46 Similarly des amino

[Nle28 , N-MeLeu31]CCK7 and its analogue with a retro-inverso amide bond between Nle

Gly, Boc[gNle29mGly30, N-MeNle31]CCK7,47,48 showed selectivity for CCK-B 

receptors. 

Two series of cyclic peptides were synthesized with a good selectivity for the 

CCK-B receptor. In one series cyclizations were performed at the N-terminal site by 

formation of an amide between the sidechains of a Glu or Asp at position 26 and a D-Lys 

at position 30 in CCK8.49 The most potent analogue was obtained when a y-Glu was at 

position 26, with a Ki = 0.6 nM, and 4464-fold selectivity (Figure 1-2, (2)). In another 

series a succinic acid was used to bridge the two Lys sidechains at positions 28 and 31 by 

forming amide bonds. The most potent analogue JMV-31Os0 (Figure 1-2, (3)) in this 

series had an ICso = 1.3 nM and was about 1O,OOO-fold selective for CCK-B receptors. 

Since CCK4 is the minimal required sequence for CCK-B receptors, several short 

peptide analogues have been successfully synthesized to enhance the potency for CCK-B 

receptors. One is [N-MeNle31]CCK5 which is potent ICso = 3.34 nM and 2700-fold 

selective (see Table 1-1).44 The other one in this series is [Tyr30, N-MeNle31]CCKS (see 

Table I-I.) The most potent small peptide analogue so far is A-6338751 (Figure 1-2, (4)) 

resulting from a systematic substilution of each amino acid in CCK4 sequence, with an 
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ICso = 0.7 nM and type-B selectivity of 9000-fold. Another CCK4 analogue contains a 

diketopiperazine (Figure 1-2, (5)), and also is type-B selective.52 

3. A comparison between CCK·A and CCK·B selective ligands 

There is a wide distribution of molecular sU'uctures for the nonpeptidic CCK 

antagonists (see Figure 1-1). However, one may find a common feature among those 

nonpepridic ligands, i.e., they all have at least three lipophilic elements and some of them 

also have a hydrophilic carboxylic acid group. The lipophilic element can be an aromatic 

ring or an aliphatic chain. The relative spatial arrangements of these groups may 

detemline the selectivity of these ligands for the CCK-A and the CCK-B receptors. As 

demonstrated in the benzodiazepine derivatives, a simple inversion at the chiral center of 

the molecule led to two classes highly selective ligands for the CCK-A and the CCK-B 

receptors respectively. In the peptide antagonists of CCK receptors, there exists an 

interesting phenomenon that an agonist for one receptor subtype may turn out to be an 

antagonist for the other receptor sUbtype. For example, a CCK7 analogue Boc

Tyr(S03H)-Nle'P[COCH2]Gly-Trp-Nle-Asp-Phe-NH2 is an agonist for the CCK-A 

receptor but an antagonist for the CCK-B receptor. In contrast, another analogue Boc

Trp-Leu-Asp-Phe-NH-NH2 just show the opposite u·end. One also may notice that in 

these peptide antagonists for CCK receptors only one or two key amino acid residues in 

the native peptide sequence have been modified or deleted. This may disrupt the 

structural features required for activating the specific sUbtypes of CCK receptors. 

On the other hand, the structural features for CCK agonists are much more 

conservative. So far all of the agonists available have not deviated very far from the 

native peptide sequence. One distinctive difference between the requirements for the 
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CCK-A and the CCK-B receptor sUbtypes is the number of the key amino acid residues 

involved. For the CCK-B receptor, only the C-terminal four amino acid residues Trp

Met-Asp-Phe-NH2 appear to be adequate to give a full agonist activity. Structural 

modifications based on this fragment have led to highly potent and selective ligands. 

Some highly selective CCK8 analogues for the CCK-B receptor do have modifications at 

the N-terminal side of the sequence. Since these changes only improve selectivity and 

potency but are not necessary for the full agonist activity, they must have helped the C

terminal sequence to do its job better instead of being directly involved in the activation of 

the CCK-B receptor. However, this is not true for the CCK-A receptor agonists, because 

at least a CCK7 sequence or an aromatic residue plus a CCK4 fragment are required for 

the full agonist activity. It appears that the binding surfaces for the CCK-A and the CCK

B receptors are different, not only because a longer peptide sequence is required for the 

CCK-A receptor than the CCK-B receptor, but also because the conformation of the 

CCK4 fragment may be different for these two different receptor types. The evidence for 

the latter has come from examining the consequences of N-methylation at different 

positions of the CCK4 fragment. The CCK-B type selectivity was greatly enhanced by 

N-methylation at the Nle31 position (see Table 1-1). In CCK-A agonists, this imposed an 

adverse effect. Instead, N-methylation at the Asp32 position improved the selectivity of 

the peptide for the CCK-A receptor. 

4. Conformational requirements for CCK receptors 

Although knowledge of structure-activity relationships for CCK receptors has been 

greatly advanced, the conformational requirements for these receptor types still remains 

poorly understood. The major difficulty is that small peptides with the size of CCK-8 are 
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very flexible, i.e., the molecule will have many accessible conformational states at room 

temperature.53 NMR and fluorescence-transfer studies of CCK8(NS) and CCK8 itself in 

water and in dimethylsulfoxide solutions54 suggested that folded conformations are 

preferred in solution. They are characterized by C-terminal ~- and y-turns, and an 

equilibrium of a ~-turn and a y-turn at the N-terminal (Figure 1-3). The biological 

relevance of this folding tendency was investigated through the synthesis of cyclic 
I 

analogues mimicking the N-terminal ~-turn, such as Boc-y-D-Glu-Tyr(S03-)-Nle-D-Lys-

Trp-Nle-Asp-Phe-NH2 (Figure 1-2, (2».49 The conformation of this peptide has been 

studied by NMR in DMSO solution.55 It was shown that the cyclization in this peptide 

led to a conformation in which there may be a ~-turn around Trp-Nle at the C-terminal. 

In such a conformation the Trp and Phe side chains are far apart. Similarly another series 

of cyclic analogues of CCK8 were made that have high potency and selectivity for the 

CCK-B receptor, such as JMV310 and JMV320. s0 This implies that these constrained 

peptides fit into a conformation required by CCK-B receptor. On the other hand, the 

great loss of their binding affinity for the CCK-A receptor may simply suggest that their 

conformations are different from that required by the .CCK-A receptor. 

It has been known for some time that an N-methylated amino acid residue in a 

peptide restricts the accessible space of the amino acid in terms of <1>, 'I' angles.56 The 

most direct result of an N-methylated amino acid in a peptide sequence is facilitating 

peptide bond isomerization due to its tertiary amide bond nature. In small linear peptides, 

an N-methylated amino acid often forces a ~-turn type conformation. At the i+2 position 

of a ~-turn, it promotes a type-I ~-turn when it is in a trans peptide bond conformation 

and adopts a type-VI ~-turn wh.:n it is in the cis conformation.57 This very effective 

constraint was applied to CCK-8 in Hruby's laboratory. Two N-methyl norleucine 

residues were used to replace the two methionines in the CCK-8 sequence. 
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Figure 1-3. The preferential folded confonnation of CCK8 obtained from IH NMR and 

fluorescence data (from reference 54). 
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The resulting peptide SNF-S70244, Asp-Tyr-N-MeNle-Gly-Trp-N-MeNle-Asp-Phe

NH2, has high potency and selectivity for the CCK-B receptor. These N-MeNle residues 

introduced isomerism around the Tyr-N-MeNle and Trp-N-MeNle peptide bonds and 

made the cis peptide bond conformation accessible. More importantly two constrained 

pentapeptides, Gly -Trp-N -MeNle-Asp-Phe-NH2 and Tyr-Trp-N -MeNle-Asp-Phe-NH2, 

greatly enhanced potency and selectivity toward CCK-B receptors in comparison with 

their non-N-methylated precursors Gly-Trp-Nle-Asp-Phe-NH2 and Tyr-Trp-Nle-Asp

Phe-NH2, respectively (see Table I-I). It seems that N-MeNle may induce a ~-turn type 

structure around Trp-N-MeNle. In one example a ~-turn structure in this region was 

observed by 2D-NMR experiments for a cis amide bond isomer of [t-D-~MePhe28, N

MeNle31]CCKS (NS).45 The trend observed in the CCK4 analogues appears to be 

consistent with this ~-turn hypothesis. The proline analogue t-3pp51 should be similar to 

N-MeNle in terms of its ablility to force ~-turn type structures. Comparing these 

conformationally constrained CCK5 analogues with the CCK4 analogues (see previous 

discussion), it becomes clearer that one may be able to properly constrain the linear 

CCK4 to achieve the same effect as that of longer peptide sequence, e.g., SNF-S702, 
I I 

Boc-y-D-Glu-Tyr(S03-)-Nle-D-Lys-Trp-Nle-Asp-Phe-NH2 or the JMV310 series. 
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Chapter 1·2. Design and synthesis of novel conformationally constrained 

CCK5 peptides 

The design of novel constrained CCK5 analogs to search for the bioactive 

conformation for CCK-B receptor therefore becomes an interesting and challenging 

problem. To test the relevance of the ~-turn hyporhesis in the recognition of the CCK-B 

receptor, application of global conformational consrraints appears to be an obvious choice 

to restrict the accessible conformation of the CCK5 molecule into a folded conformation. 

It is known that cyclic pentapeptides often exist as ~-turn and/or 'Y-turn confonnations in 

solution and in crystals.6 Thus it can be used as a model for folded confonnations of 

CCK5. 

Simple model building on a computer using the computer modeling software 

SYBYL for a cyclic pentapeptide cyc1o[Gly-Trp-N-MeNle-Asp-Phe] based on its linear 

sequence Gly-Trp-N-MeNle-Asp-Phe-NH2 (Figure 1-4), showed a close similarity 

between the two peptides in a ~-turn like conformation. Especially in the region of Gly

Trp-N-MeNle-Asp, the side chain groups in the cyclic peptide have very similar 

arrangement to those in the linear peptide when it is in the ~-turn confonnation. 

Meanwhile, different cyc1ization schemes may also be exploited in order to sample 

different relative spatial orientations of several key residues in the CCK4 sequence, such 

as the twO aromatic rings of the Trp and Phe residues, and the carboxylic acid side chain 

of the Asp residue. Shown in Figure 1-5 are three categories of cyclizations used in this 

study. 

The first category is side chain-to-backbone cyclization through formation of an 

amide bond. The two peptides are designed based on the conformation of CCK8 in 

solution, in which the amino group of Gly is close to the side chain of the C-terminal Asp 



Figure 1-4. A stereo view of the mole<:ubr model for the two peptides after RMS fitting. 

The light lines are for the linear peptide, Gly-Trp-N-MeNle-Asp-Phe-NH2, and the thick 

lines :Ire for the cyclic peptide, cyclo[Gly-Trp-N-MeNle-Asp-Phe]. They were both 

constructed on a personal workstation IRIS (Silicon Graphics, Inc. Mountain View, CA) 

by using a molecular modeling software SYBYL 5.4 (Tripos Associates, Inc., St. Louis, 

MO). The molecules were energy minimized in vacuo for type-I p-tum conformations 

with exclusion of the electrostatic interactions. The default Tripos force field was used in 

these energy minimizations. 

31 



1. Side chain to backbone cyclization: 

[GIY-Trp-Leu-A~p-plle-NH2 

L'Y-Abu-:rrp-Leu-A~p-Phe-NH2 

LTrp-Leu-AsP-D-Phe-~lu-NH2 

LD-Trp-Leu-Asp-D-Phe-~lu-NH2 

LD-Trp-Leu-AsP-D-Phe-AsP'NH2 

2. Backbone to backbone cyclization: 

LGly-Trp-Leu-Asp-PheJ 

LGly-Trp-Leu-Asn-PheJ 

LGly-TrpoNMeNle'Asp-PheJ 

(DJ-2) 

(DJ-5) 

(DJ-7) 

(DJ-8) 

(DJ-9) 

(DJ-3) 

(DJ-4) 

(DJ-18) 

3. Side chain to side chain cyclization through disulfide bond fonnation: 

I I 
Trp-Cys-Asp-Phe-Cys-NH2 (DJ-12) 

I I 
Trp-D-Cys'Asp-Phe-Cys-NH2 (DJ-14) 

I I 
Trp-D-Cys'Asp-Phe-D-Cys-NH2 (DJ-16) 

Figure 1-5. Three categories of cyclic peptides designed for solid phase synthesis. 
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in space (Figure 1-3). By forming an amide bond between them, we expect that the 

confOImation of C-terminal pentapeptide observed in solution is stabilized without a need 

for three residues at the N-terminal of CCK8. The two different peptides are synthesized 

in order to optimize the ring size of the cyclic pan of the peptides, since 'Y-Abu has two 

more methylene groups than Gly does. The rest of the peptides in this category actually 

incorporate the side chains of Giu or Asp into the ring systems. The different lengths of 

Glu and Asp side chains change the ring sizes of the resulting peptides. D-Trp and D-Phe 

are incorporated into the peptides in order to explore the relative spatial relationships of 

the side chains of these residues. The second category is backbone-to-backbone 

cyclization through formation of an amide bond. A simple head-to-tail cyclization 

strategy is used to explore the global folding conformation. In one of these peptides, the 

Asp residue is replaced by an Asn residue that has very similar structure to Asp except 

that it does not have a negative charge. In another peptide, an N-methyl norleucine (N

MeNle) replaces Leu in analogy to the situation in linear pentapeptides (see previous 

discllssion). The third category is side chain-to-side chain cyclization through disulfide 

bond formation. Again different configurations of the Cys residues are used to sample 

variOlls conformations of the peptides. 

1. Synthetic strategy for cyclic pentapeptides: 

The synthesis of these cyclic peptides was performed by solid phase peptide 

synthesis (SPPS) techniques.58 The relatively simple operations of SPPS made it a very 

useful method in peptide synthesis. A combination of the speed of SPPS and the 

versatility of classical organic synthesis can make it a powerful tool in our investigation of 

the conformational properties of conformationally constrained peptides. 
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For cyclic peptides in the fIrst category, p-methylbenzhydrylamine (p-MHBA) 

resin was used as a polymer support. Peptide chains were synthsized on the resin 

through NCl-t-butyloxycarbonyl (Boc) protected amino acids. The side chain-te-backbone 

cyclization was realized through amide bond formation between a free carboxylic acid 

side chain of Asp and an amino group of the N-terminal Oly or y-Abu. The key step in 

this strategy is the orthogonal protection of the Asp side chain and of the backbone amino 

group. Since the NCl_Boc group used for the protection of amino groups is acid-liable, a 

base-liable protective scheme should be used for the Asp side chain so that it can be 

removed before cyclization. For this reason a 9-fluorenylmethyl ester is chosen for 

protecting the free carboxylic acid of Asp side chain. A 9-fluorenylmethyl ester is base 

liable and at same time is stable to the acidic conditions used in SPPS.58.59 It can be 

removed by treatment with 20% piperidine solution. The whole synthetic process for the 

peptides in this category can be summarized as building the peptide chain on a p-MHBA 

resin, removing the NCl_Boc protecting group at the N-terminal, removing the side chain 

protecting group of the Asp residue, formation of the amide bond between N-terminal 

amino group and the side chain carboxylic acid group of the Asp residue, and HF 

cleavage of the cyclized peptide from the resin (Figure 1-6). For DJ-7 - DJ-9, a similar 

strategy to that used in synthesis of the above peptides was applied. In this case, an 

amino acid Asp (or Olu) in place of Oly is used as the fIrst amino acid attached to the 

resin in order to link both ends of a CCK4 moiety. The Asp and Olu residues used here 

are orthogonally protected as previously described, i.e., the amino group is protected 

with NccBoc and the side chain carboxylic acid is protected as its OP-9-fluorenylmethyl 

ester. The synthesis starts with the coupling of the a-carboxylic acid of Asp (or Olu) to 

the p-MHBA resin. The elongation of the peptide chain of CCK4 then is performed with 

standard Boc-chemistry. Here the Asp in the sequence of CCK4 has an OP-benzyl ester 
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Figure 1-6. Representative synthetic scheme of the peptides in the fIrst category, 
using DJ-2 as an example. 
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protection,61 which is stable to the acidic conditions used here and can be removed in the 

HF cleavage stage. Finally, after removal of N-terminal NIl-Boc of Trp and the 9-

fluorenyl ester of Asp (or Glu), side chain-to-backbone cyclization can be performed. 

In the synthesis of cyclic peptides in the second category (Figure 1-5), several 

methods are exploited. First side chains are anchored to the polymer support in order to 

realize cyclization on the resin. For cyclo[Gly-Trp-Leu-Asn-Phe] (DJ-4), the side chain 

of the Asp residue was attached to the p-MHBA resin, and the NIl-Boc-Asp used was 

protected at a-carboxylic acid as Oa-9-fluorenylmethyl ester. Therefore a specially 

protected amino acid, Na-t-butyloxycarbonyl-Ou-9-fluorenylmethyl-L-aspartate, was 

prepared according to the often used Nu-t-butyloxycarbonyl-Ou-benzyl-OP-9-

fluorenylmethyl-L-aspartate (see Figure 1-7).62 The peptide chain elongation starts from 

Asp, and ends at Phe through Boc-chemistry. Procedures similar to those described 

previollsly were used to form the amide bond between the a-carboxylic acid of the Asp 

and the amino group of Phe. After HF cleavage, a cyclic peptide cyclo[Gly-Trp-Leu

Asn-Phe] (DJ-4) was obtained, in which the Asp is converted into Asn due to the use of a 

p-MHBA resin. Obviously, one has to use a different resin to maintain Asp in the 

sequence. This is achieved by using hydroxylmethyl resin. An ester bond instead of an 

amide bond is formed between the Asp side chain and resin. In this reaction, a catalyst 4-

dimethylaminopyridine (DMAP)63.64 was used in quite high ratio with respect to the 

reactants. The rest of the procedures used in cyclo[Gly-Trp-Leu-Asn-Phe] (DJ-4) also 

were used in the synthesis of cyclo[Gly-Trp-Leu-Asp-Phe] (DJ-3). However, a potential 

drawback of this method is that the use ofDMAP can cause racemization of amino acid.65 

To avoid this potential problem, a newly developed method by Osapay, Taylor and 

coworkers66•67 was applied for the synthesis of cyclo[Gly-Trp-N-MeNle-Asp-Phe] (DJ-

18). This method is based on oxime resin.68 •69 The first amino acid is attached to the 
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oxime resin through an ester bond. After peptide chain elongation, the free amino group 

at the N-terminal can neucleophilically attack the oxime ester bond under the catalysis of 

acetic acid (Figure 1-8). An amide bond is formed between the head and the tail of the 

peptide. At the same time, the peptide departs from the resin. In this study, 3-nitro

oxime resin 70 was prepared in order to enhance the stability of the oxime ester linkage 

during peptide synthesis (Figure 1-9). Boc-protected amino acids in their symmetric 

anhydride forms were used in the synthesis (Figure 1-10). Due to the less stable nature of 

the oxime ester bond of an oxime resin in comparison with an amide bond of an amide 

resin, e.g. a p-MHBA resin, less concentrated TFA (25% in DCM) solution was used for 

deprotection of amino groups. The success of the synthesis depends on the absence of 

nucleophiles during each step of reactions and washes. The advantage of this method 

includes its general applicability, its lack of strong acidic cleavage conditions, and its 

potenrial for high yield and high purity of products. Since most of the side products, 

which often include shorter peptides, are capped by acetyl group, they will not be cleaved 

off the resin in the cyclization process. 

The linear precursors of the pep tides in the third category are made using standard 

peptide synthesis procedures on p-MHBA resin.58 Sulfhydryl groups of cysteines are 

protected as their p-methylbenzyl sulfides. During HF cleavage, these protecting groups 

are removed. The cyclization can be achieved in highly dilute solution (0.4 mM), at 

pH=8.5. The disulfide bridge is formed by addition of 0.1 N aqueous potassium 

ferricynide (K3Fe(CN)6) solution71(Figure 1-11). Crude cyclic peptides can be obtained 

after removal of the excess K3Fe(CN)6 and water. 

2. Experimental description of syntheses. 
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Figure 1-8. Cyclization scheme on 3-nirro-oxime resin. 
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Figure 1-9. Reaction scheme for the preparation of 3-nitro-oxime resin. 
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Figure 1-10. Solid Phase Synthesis of Cyclo[Gly-Trp-NMeNle-Asp-Phe] 
with 3-nitro-oxime resin. 
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1) Dilute aqueous solution, pH=8.5 
2) 0.1 N K3Fe(CN)s titration 
3) Ion exchange resin IRA·68 

S s 
I I 

Trp-Cys-Asp-Phe-Cys-NH2 

Figure 1-11. Fonnation of disulfide bond in peptides of the third category, 
DJ-12 is used as an example. 
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The peptide analogs were synthesized using a Vega model 250 or model 1000 

(Vega Biotechnologies, Tucson, AZ.) peptide synthesizer. The outline of several typical 

synthetic routes is shown in previous figures (Figures 1-6, 1-8, 1-10 & 1-11). For the 

synthesis of cholecystokinin analogs we used the NIX-Boc strategy. NIX-Boc amino acids 

were either prepared in this laboratory according to published procedures 72 or purchased 

from Vega Biotechnologies (Tucson, AZ) and Bachem (Torrance, CA). Specially 

protected, N-methylated amino acids73 and oxime resin were prepared based on 

published procedures (see details in later discriptions). The synthetic protocols for 

different synthetic routes are shown in Figures 1-6, 1-8, 1-10 & 1-11 and Tables 1-2 & 1-3. 

Na.-t-Boc amino acids (2.5 eq.), HOBt (2.5 eq.) and DIC (2.5 eq.) were used for 

the most of coupling reactions. The completion of the coupling reaction was monitored 

by the ninhydrin test.74 The completion of coupling reactions for secondary amines was 

monitored by the choloranil test. 75 

General procedure for HF cleavage, removal of protecting groups and 

purification: Each peptide was deprotected and cleaved from the resin with anhydrous 

liquid HF (10 mL/g of resin) in the presence of anisole (-5%) and 1, 2-dithioethane 

(-5%) 76 at O°C for 45 mins. After removal of HF in vacuo, the free peptide was washed 

with either ethyl ether or ethylacetate to remove anisole and any by-products that are 

soluble in these solvents. Then it was extracted with glacial acetic acid several times. 

The combined extracts were lyophilized. The crude peptides were dissolved in DMF, 

centrifuged in a Beckman microcentrifuge for 5 min before loading on the HPLC column. 

All peptides were purified by RP-HPLC on a semi-preparative CiS bonded silica column 

(Vydac 218 TPlOlO, 1.0 x 25 cm) and eluted with a linear acetonitrile gradient (25-55% 

typically) over 30 min with a co-solvent of aqueous TFA buffer (0.1% vlv pH = 2.2). 

The linear gradient was controlled with a Spectra-Physics SP 8800 ternary pump system. 
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Table 1-2. Protocol used for peptide symhesis.a 

DescriEtion Rea~ems/solvents ReE Time (min) 

Deprotection 48% TFA, 2% anisole in DCM 2 2, 30 

Wash DCM 3 1 

Neuu'alization 10% DIEA in DCM 3 2 

Wash DCM 3 1 

MonitorNH2 Ninhydrin or Chloranil test 

Coupling 2.5 eq. Na.-Boc-amino acid 1 30-60 

2.5 eq. HOBt 

2.5 eq. DIC in DCM or DMF 

Wash DCM 3 1 

Monitor Ninh~drin or Chloranil test 

a Solvents for all washings and couplings were measured to volume of 10-20 mL/g resin. 
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Table 1-3. S~nthetic Erotocol used for c~clo[GI~-Tr~-NMeNle-AsE-Phe].a 

DescriEtion Reagents/solvents ReE Time (min) 

Wash DCM 3 2 

Deprotection 25% TFA, 2% anisole in DCM 2 2, 30 

Monitor NH2 Ninhydrin or Chloranil test 

Wash DCM 3 2 

iso-PrOH 3 2 

DCM 3 2 

DMF 2 2 

Coupling 2 eq. symmetric anhydride 1 15-30 

2.2 eq. DIEA in DMF 

Wash DMF 3 2 

Monitor Ninhydrin or Chloranil test 

Capping AC20, 2 mL, DIEA leq. in DMF 1 5 

Wash DMF 2 2 

i-PrOH 3 2 

DCM 3 2 

a Solvents for all washings and couplings were measured to volume of 10-20 mL/g resin. 
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The separation was monitored at 280 nm with an ABI Spectra-Flow 757 absorbance 

detector and the peaks were integrated with a Spectra-Physics SP4270 integrator. The 

purity of the finished peptides were checked by thin-layer chromatography (TLC) in three 

different solvent systems and by analytical RP-HPLC detection at 280 nm wavelengths. 

Thin-layer chromatography (TLC) was performed on 2.5 x 10 cm silica gel OF plates 

(Aneltech Inc., Newark, DE) using the following solvent system: a. n-butanollacetic 

acid/water/pyridine (15:3: 10: 12); b. n-butanol/aceric acid/pyridine/water (6: 1.2:4.8:6); c. 

ethyl acetate/pyridine/acetic acid/water (60:20:6: 11); d. EtOH/CHCI3 (1:3); e. 

CHCI3/MeOH/acetic acid (9:1:0.5). The formula weights of these pep tides were 

deteImined by fast atom bombardment (FAB) mass spectrometry at the Department of 

Pharmacology, University of Arizona, and at the Midwest Center for Mass Spectrometry, 

University of Nebraska-Lincoln. The amino acid compositions of these peptides were 

analysized at the Arizona Research Laboratories, Division of Biotechnology, 

Macromolecular Facility, University of Arizona. All of the physicochemical data are 

shown in Tables 1-4 and 1-5. 

Preparation of NU-t-butyloxycarbonyl-OP-benzyl-O(X-9-fluorenylmethyl-L-aspartate: 

Procedures similar to those used for preparation of Na.-t-butyloxycarbonyl-Oa.

benzyl-OP-9-fluorenylmethyl-L-aspartate62 were applied here. The reagents Na.-t

butyloxycarbonyl-OP-benzyl-L-aspartate, 8.3 g (25.7 mmol), and 9-fluorenylmethanol, 

4.8 g (24.5 mmol), were dissolved in 172 mL of dichloromethane (DCM) with stirring at 

O°C, and 33 mg (0.24 mmol) of 4-dimethylaminopyridine (DMAP) was added. Then 5.3 

g of N, N'-dicyclohexylcarbodiimide (DCC) in 30 mL of DCM was added during 10 

mins with stirring continued at O°C for an hour. The reaction mixture was filtered and the 

solution was diluted with 300 mL DCM. The diluted solution was extracted with 10% 
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citric acid (2 x 40 mL), water (1 x 40 mL), 2.5% NaHC03 solution (2 x 40 mL), water (1 

x 40 mL), saturated NaCI solution (1 x 40 mL). Then it was dried over anhydrous 

MgS04 for 15 min. After filtering out the solid, the solvent was evaporated in vacuum. 

Recrystalization with 75 mL of a mixed solvent methanol/ether/petroleum ether (b.p. 30-

60UC) (1:3:6, v/v/v), yielded pure product 9.8 g, m.p. 76-78°C, TLC (AcOEt : hexane = 

3 : 2) Rf = 0.88. 

Preparation of Na..t-butyloxycarbonyl-Oa....9-fluorenylmethyl-L-aspartate: 

N(l-t-butyloxycarbonyl-O~-benzyl-OU-9-fluorenylmethyl-L-aspartate (5.5 g) was 

dissolved in a mixture of MeOH (170 mL) and hexane (10 mL) and 300 mg of Palladium 

on activated carbon (10%) was added as a catalyst. Hydrogenolysis was performed at 

abollt 40 psi for 50 min. The reaction mixture was filtered through a celite covered 

porceline funnel. The solvent was removed under vacuum by a rotary evaporation. The 

residue solid was dissolved in 300 mL of ether. The ether solution was extracted with 

2.5% NaHC03 solution (40 mL), H20 (40 mL), 2.5% NaHC03 solution (40 mL), and 

H20 (40 mL). Combined aqueous solution was acidified to pH = 2 with 10% citric acid 

solution (-200mL) and extracted with ether (4 x 70 mL). The ether layer was washed 

with 50 mL of saturated NaCI solution and dried over anhydreous MgS04 for 15 min. 

After filtering off the drying agent, ether was evaporated. Recrystallization with a 

mixture of ether and methanol gave white crystals, 1.1 g (24.5%). TLC (EtOAC : 

Hexane = 3: 2), Rf= 0.63, m.p. 170-171°C. The low yield was due to an unoptimized 

recrystallization process. Another attempt resulted in a total yield of 54% from a two-step 

reaction starting from Nu-t-butyloxycarbonyl-OP-benzyl-L-aspartate. 

Prep-arntion of IGly-Trp-Leu-A~p-Phe-NH2 (DJ-2): 
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4-Methylbenzhydrylamine resin (1 % cross link) 1.7 g with a degree of 

substitution at 0.63 Meq/g was used. 0.133 g of NU-Boc-Phe (0.5 mmole) was coupled 

to the resin in order to make approximate 0.5 mmole resin with a lower substitution level 

(-0.3 Meq/g). The rest of free amino group on the resin were capped by AC20 in DCM 

for 5 min. Ninhydrin test showed absence of free amines. 

Peptide chain elongation was continued with standard NIX-Boc chemistry (see 

Figure 1-6 and Tables 1-2 & 1-3), during which NU-Boc-Asp(OP-Fm), NU-Boc-Leu, Nu

Boc-Trp(For) and NU-Boc-Gly were used to synthesize the peptide on the resin with the 

sequence Boc-Gly-Trp-Leu-Asp(OP-Fm)-Phe-resin. The N-terminal NU-Boc group was 

removed by TFA as usual. Then 50% piperidine in DMF was applied for one hour to 

remove the side chain protecting group of the Asp residue. The cyclization was 

preformed with 8 equivalents of benzotriazolyloxy-tris(dimethylamino)phosphonium 

hexafluorophosphate (BOP)77.78 and 10 equivalents of diisopropylethylamine (DIEA) in 

DMF overnight (about 12 hrs). A ninhydrin test showed the absence of free amino 

groups. The resin was washed with DMF, DCM and dried in vacuum. The resin with 

peptide weighed 2.0 g. The weight gain was 0.3 g. 

HF cleavage was done according to standard procedures described previously. 

RP-HPLC purification of the crude peptide was performed on a CIS semipreparative 

column with gradient of acetonitrile 30-60% over 30 min. The fraction at RT = 17 min 

was collected. After lyophilization the peptide was characterized by TLC, amino acid 

analysis and FAB-MS (Tables 1-4 & 1-5). 

Preparation of cyclo[Gly-Trp-Leu-Asp-Phel CD] -3 ): 

Hydroxymethyl resin (1 % cross link) (2.50 g) with a degree of substitution at 1.0 

Meq/g was used. A symmetric anhydride prepm'ed from NU-Boc-Asp(OU-Fm) (1.65g, 4 
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mmol) and DIC (0.28g, 2.2mmol) was used to couple to the hydroxymethyl resin with 

catalysis by DMAP 0.30 g. The mixture was shaken for 7 hrs to obtain 3.05 g of resin 

(0.46 mmole of protected Asp per gram based on weight gain). The rest of the free 

hydroxyl groups on the resin were capped by AC20 under catalysis of DMAP and DIEA 

in NMP for 3 hrs. 

Peptide chain elongation was continued with standard NIl-Boc chemistry (see 

Table 1-2), during which NIl-Boc-Leu, NIl-Boc-Trp(For), NIl-Boc-Gly and NIl-Boc-Phe 

were used to make the peptide on the resin with a sequence Boc-Phe-Gly-Trp(For)-Leu

Asp(Oct-Fm)-resin. Then 20% piperidine in NMP (20 min) was used to remove the (X-

OFm of the Asp residue. After washing with DeM, the Boc group at the N-terminal was 

removed by TFA as usual. The cyclization was preformed under similar conditions as 

used in the synthesis of lGly-Trp-Leu-A~p-Phe-NH2 (DJ-2). A ninhydrin test showed 

the absence of free amino groups; yield 2.94 g (the weight gain was 0.44 g). 

HF cleavage was performed according to standard procedures described 

previously. RP-HPLC purification of the crude peptide was performed on a CIS 

semipreparative column with gradient of acetonitrile 25-50% over 30 min. The fraction at 

RT = 19 min was collected. After lyophilization the peptide was characterized by TLC, 

amino acid analysis, FAB-MS and IH-NMR (Tables 1-4,1-5 and 1-8). 

Preparation of cyclo[Gly-Trp-Leu-Asn-Phel CDJ-4 ): 

4-Methylbenzhydrylamine resin (1% cross link), 2.5 g, with a substitution of 

0.97 Meq/g was used. Na_Boc-Asp(oa_Fm) (0.411 g, 1.0 mmole) was coupled to the 

resin with HOBt (1 eq) and DIC (1 eq) for 1 hr in order to make approximate 1.0 mmole 

resin with a lower substitution leVel ,-0.4 Meq/g). Then the free amino group left on the 
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resin were capped by Ac20 with DIEA in DCM for 15 min. A ninhydrin test showed the 

absence of free amines. 

Peptide chain elongation was continued with standard NU-Boc chemistry except 

for the last amino acid (see Table 1-2), during which NU-Boc-Leu, NU-Boc-Trp(For), NU

Boc-Gly and NU-Fmoc-Phe were used to synthesize the peptide resin Fmoc-Phe-Gly

Trp(For)-Leu-Asn(Ou-Fm)-resin. The NU-Boc at the N-terminal was removed by TFA as 

usual. Then 20% piperidine in NMP (20 min) was used to remove both the protection of 

the Asp at its a-position and the Fmoc at the N-terminal. The cyclization was performed 

with a similar condition as in the synthesis of DJ-2. When the ninhydrin test was 

negative, the peptide resin was washed with DMF and DCM to give cyclo[Gly-Trp-Leu

Asn(OP-resin)-Phe]; yield 2.9 g. 

HF cleavage wasperformed as described previously. RP-HPLC purification of 

the crude peptide was performed on a CI8 semipreparative column with a 30-60% 

gradient of acetonitrile over 30 min. The fraction at RT = 13 min was collected. After 

lyophilization the peptide was characterized by TLC, amino acid analysis and FAB-MS 

(Tables 1-4 & 1-5). 

Preparation ofLY-Abu-Trp-Leu-A~p-Phe-NH2 CDJ-5): 

The title compound was prepared by methods similar to those for DJ-2. RP

HPLC purification of the crude peptide was perfOimed on a Cl8 semipreparative column 

with a 25-55% gradient of acetonitrile over 30 min. The fraction at RT = 22 min was 

collected. After lyophilization the peptide was cluu'acterized by TLC, amino acid analysis 

and FAB-MS (Tables 1-4 & 1-5). 

Preparation of !Trp-LeU-Asp-D-Phe-Glu-NH2 (DJ-7): 
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The title compound was prepared by methods similar to those for DJ-2. RP

HPLC purification of the crude peptide was perfOimed on a CI8 semipreparative column 

with a 25-50% gradient of acetonitrile over 25 min. The fraction at RT = 17 min was 

collected. After lyophilization the peptide was characterized by TLC, amino acid analysis 

and FAB-MS (Tables 1-4 & 1-5). 

Preparation of[D-Trp-Leu-Asp-D-Phe-GI~-NH2 (OJ-8): 

The title compound was prepared by methods similar to those for DJ-2. RP

HPLC purification of the crude peptide was performed on a CI8 semipreparative column 

with a 25-50% gradient of acetonitrile over 25 min. The fraction at RT = 13 min was 

collected. After lyophilization the peptide was characterized by TLC, amino acid analysis 

and FAB-MS (Tables 1-4 & 1-5). 

Preparation of [D-Trp-Leu-Asp-D-Phe-AJp-NH2 CDJ-9): 

The title compound was prepared by methods similar to those for DJ-2. RP

HPLC purification of the crude peptide was performed on a CIS semipreparative column 

with a 25-50% gradient of acetonitrile over 25 min. The fraction at RT = 19 min was 

collected. After lyophilization the peptide was ch:mtctel1zed by TLC, amino acid analysis 

and FAB-MS (Tables 1-4 & 1-5). 

Preparation of Trp-Cys-Asp-Phe-Cys-NH2_ WJ-l1); 

4-Methylbenzhydrylamine resin (1 % cross link), 3.4 g, with a substitution of 0.6 

Meq/g was used and coupled with NU-Boc-Cys(p-Mbzl) by HOBt and DIC. The resin (2 

mmol) was splitted into two parts to make pep tides DJ-ll/DJ-12 and DJ-13/DJ-14. 

Peptide chain elongation was continued with standard NU-Boc chemistry (see Table 1-2). 
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HF cleavage was done according to standard procedures described previously. RP

HPLC purification of the crude peptide was performed on a CIS semipreparative column 

with a 15-30% gradient of acetonitrile over 30 min. The fraction at RT = 15 min was 

collected. After lyophilization the peptide was characterized by TLC. amino acid analysis 

and FAB-MS (Tables 1-4 & 1-5). 

I t 
Preparation of Trp-Cys-Asp-Phe-Cys-NHz (OJ-12): 

100 mg of the crude product ofDJ-l1 right after HF cleavage was dissolved in 2-

3 mL of acetic acid. diluted with 800 mL of degased water. and the pH adjusted from 3.5 

to 8.5 with conc. NH40H. K3Fe(CN)6 solution (0.1 N) was added dropwise into the 

reaction solution to keep the color of the solution yellow. After stirring for one hour. the 

pH value of the solution was adjusted to 5 with acetic acid solution, and Amberlite lRA-

68 ion exchange resin (hydrochloride form. 10 mL settled volume) was added to the 

solution and stirred for one hour. The solution was filtered. concentrated and lyophilized 

to give the cyclized peptide. RP-HPLC purification of a small portion of the crude 

peptide was performed on a CIS semipreparative column with a 15-30% gradient of 

acetonitrile over 15 min. The fraction at RT = 13.0 min was collected. After lyophilization 

the peptide was characterized by TLC, amino acid analysis and FAB-MS (Tables 1-4 & 1-

5). 

Preparation of Trp-D-Cys-Asp-Phe-Cys-NH2• (DJ·13): 

The title compound was prepared by methods similar to those for DJ -11. RP

HPLC purification of the crude peptide was performed on a CIS semipreparative column 

with a 20-35% gradient of acetonitrile over 15 min. The fraction at RT = 13.8 min was 
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collected. After lyophilization the peptide was characterized by TLC, amino acid analysis 

and FAB-MS (Tables 1-4 & 1-5). 

Preparation ofTrp-D-cfs-Asp-Phe-C~s-NH2_ (DJ-14): 

The title compound was prepared by methods similar to those for DJ-12. RP

HPLC purification of the crude peptide was performed on a ClS semipreparative column 

with a 15-30% gradient of acetonitrile over 15 min. The fraction at RT = 13.3 min was 

collected. After lyophilization the peptide was characterized by TLC, amino acid analysis 

and FAB-MS (Tables 1-4 & 1-5). 

Preparation of Trp-D-Cys-Asp-Phe-D-Cys-NH2_ (DJ-15): 

The title compound was prepared by methods similar to those for DJ-l1. RP

HPLC purification of the crude peptide was perfonned on a ClS semipreparative column 

with a 15-35% gradient of acetonitrile over 20 min. The fraction at RT = 12.6 min was 

collected. After lyophilization the peptide was characterized by TLC, amino acid analysis 

and FAB-MS (Tables 1-4 & 1-5). 

Preparation of Trp-D-C§s-Asp-Phe-D-cls-NH2_ (DJ -1 0 ): 

The title compound was prepared by methods similar to those for DJ-12. RP

HPLC purification of the crude peptide was perfonned on a ClS semipreparative column 

with a 15-25% gradient of acetonitrile over 20 min. The fraction at RT = 14.7 min was 

collected. After lyophilization the peptide was characterized by TLC, amino acid analysis 

and FAB-MS (Tables 1-4 & 1-5). 

Preparation of 3-nitro-oxime resin 68,69 
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A 500 mL 3-necked round-bottom flask containing 100 mL of dry 1,2-

dichloroethane and 7.0 g of dry, thoroughly washed Biobeads SX-1, was equipped with 

a mechanical stirrer and a refluxing condenser attached to a drying tube. While stirring 

and refluxing of the mixture, 1.2 g of 3-nitrobenzoyl chloride was added into the flask. 

Then 9.0 mL of 1M aluminum chloride (AICI3) in nin'obenzene was added over 10 min. 

The reaction mixture was refluxed for 10 hrs. The resin was filtered and thoroghly 

washed with dioxane/4N HCI (3:1, v/v), 4 x 100 mL; dioxane/H20 (3:1, v/v), 3 x 100 

mL; DMF, 3 x 100 mL; and MeOH, 6 x 50 mL. Yield 7.9 g. The weight gain of 0.9 g 

indicated that there are 0.76 mmole of substitution per gram of resin. The formation of 

ketone was shown by the strong absorptions of carbonyl and nitro groups in the IR 

spectra: 1670 cm- l (C=O), 1540, 1320 cm- l (N02). The same set up was used in the 

next step. Hydroxylamine hydrochloride (7.0 g), pyridine (10 mL) and absolute ethanol 

(50 mL) were added into the flask. The 7.9 g of the resin obtained in the last step was 

added into the refluxing solution bit by bit over 30 min to avoid formation of big clump of 

resin. The reaction mixture was stirred at reflux for 8 hrs. After filtration, the resin was 

washed with 4 x 100 mL MeOH/H20 (3:1, v/v), 3 x 100 mL DMF, and 4 x 50 mL 

MeOH; yield, 7.91 g. The formation of oxime was followed by disappearance of the 

strong C=O absorption at 1670 cm- l and the appearance of a strong oxime OH absorption 

at -3500 cm- l in its IR spectra. Elemental analysis of the nitrogen content of the resin 

2.09% indicated that there were 0.75 mmol of oxime in each gram of resin, which was 

consistent with fact the that in the previous step 0.76 mmol/g was observed and the 

conversion from ketone to oxime is almost quantitative. 

Prep-aration of cyclo[Gly-Trp-N-MeNle-Asp-PheJ (OJ-18): 
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Oxime resin (3.0 g) was used to couple the first amino acid, Na.-Boc-Gly. NIX

Boc-Gly (0.6 g, 3 mmol) and DIC (3 mmol) were shaken with the resin in DCM for 12 

hrs. The Na.-Boc-Gly-resin (3.39 g), gave a degree of substitution of 0.73 mmol/g. NIX

Boc-Gly-resin (1.65 g) was used to continue the synthesis using a symmetric anhydride 

procedure (see Table 3). After the peptide on the resin Trp-N-MeNle-Asp-Phe-Gly

oxime resin was obtained, cyclization was performed under the catalysis of AcOH (10 eq) 

in DCM over 2 days. The peptide resin was filtered off and the resin was thoroughly 

washed with DCM, MeOH, AcOH, MeOH, and DCM. All of the filtrates were combined 

and the solvents were evaporated in vacuo. The crude product was dissolved in a mixture 

of DMF (4.0 mL) and AcOH (2.0 mL) and 210 mg of Pd-C (10%) and 210 mg of 

ammonium formate were added to the solution. The mixture was stirred and warmed to 

40-50°C to initiate the reaction. The reaction stopped in 5 hrs as indicated by analytical 

HPLC. The solvents were evaporated in vacuo. The peptide was purified by RP-HPLC. 

The gradient used for the CIS semipreparative column was 35-55% acetonitrile in 0.1 % 

aqueous solution over 20 min. The peak at RT = 15.8 min was collected. After 

lyophilization the peptide was characterized by TLC, amino acid analysis, FAB-MS and 

IH-NMR (Tables 1-4, 1-5 and 1-9). 
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Table 1-4. Anal~tical Data for CCK5 analogs. 

ILC Rf values HPLC* MS EQrmyla W~ight 

PeEtide a b c k' Calc. Found 

OJ-2, lOly-Trp-Leu-Mp-Phe-NH2 0.84 0.23** 0.07*** 12.1 617.7 617 

OJ-3, lOly-Trp-Leu-Asp-PheJ 0.81 0.08** 0.20*** 10.1 618.7 619 

OJ-4, [Gly-Trp-Leu-Asn-Phe1 0.80 0.54** 0.27*** 9.8 617.7 618 

OJ-18, LGly-Trp-NMeNle-Asp-PheJ 0.72 0.53** 0.12*** 18.1 632.7 633 

OJ-5, [y-Abu-Trp-Leu-Akp-Phe-NH2 0.85 0.48** 0.27*** 11.4 645.7 646 

OJ -7, [Trp-Leu-Asp-0-Phe-O~u-NH2 0.79 0.02** 0.14*** 10.0 689.7 690 

OJ-8, [0-Trp-Leu-Asp-0-Phe-mU-NH2 0.78 0.04** 0.15*** 10.0 689.7 690 

OJ-9, lO-Trp-Leu-Asp-0-Phe-AJ!p-NH2 0.88 0.88 0.89 10.6 675.7 676 

OJ-II, Trp-Cys-Asp-Phe-Cys-NH2 0.78 0.81 0.80 8.6 671.8 672 
I I 

OJ-12, Trp-Cys-Asp-Phe-C)ts-NH2 0.80 0.81 0.56 7.4 669.8 670 

OJ -13, Trp-O-Cys-Asp-Phe-Cys-NH 2 0.78 0.82 0.27 9.4 671.8 672 
I I 

OJ-14, Trp-0-Cys-Asp-Phe-Cys-NH2 0.61 0.76 0.10 8.1 669.8 670 

OJ-IS, Trp-0-Cys-Asp-Phe-0-Cys-NH2 0.71 0.80 0.76 8.7 671.8 672 
I I OJ-16, Trp-0-C)rs-Asp-Phe-0-Cys-NH2 0.57 0.70 0.25 8.0 669.8 670 

* The capacity factors (k') were calculated by k' = (tr-to)/to, where tr is the retention time 

for the sample peak, and to is the elution time of an unretained component (solvent). 

** Using solvent system d. 

*** Using solvent system e. 
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Table 1-5. Amino Acid Anal~sis Data. 

PeEtide Gl~ Leu Asx Phe Glx 1-Abu NMeNle 

DJ-2 1.15(1) 0.99(1) 0.60(1) 1.00(1) 

DJ-3 1.20(1) 1.07(1) 0.82(1) 1.00(1) 

DJ-4 1.25(1) 1.04(1) 0.88(1) 1.00(1) 

DJ-18 1.06(1) 1.01 (1) 1.00(1) 0.63(1) 

DJ-5 1.05(1) 0.65(1) 1.00(1) 1.10(1) 

DJ-7 1.06(1) 0.72(1) 1.00(1) 0.69(1) 

DJ-8 0.69(1) 0.74(1) 1.00(1) 0.69(1) 

DJ-9 1.10(1) 1.40(2) 1.00(1) 

DJ-ll 0.84(1) 1.00(1) 

DJ-13 0.88(1) 1.00(1) 

DJ-15 1.16~l) l.OO{12 
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Chapter 1·3. Comformational study of CCK·5 peptides: 

From previous discussion (Chapter I-I) one may realize that the comformations of 

the CCK pep tides have significant impacts on their selectivity and potency at the two 

receptor types for CCK8. Two linear peptides (H-Tyr-Trp-Nle-Asp-Phe-NH2 and H

Tyr-Trp-N-MeNle-Asp-Phe-NH2) have interesting recepter-binding property for the 

CCK-B receptor (Table I-I). The non-N-methylated linear CCK-5 analogue Tyr-Trp

Nle-Asp-Phe-NH2 showed a preference for the CCK-B receptor. The N-methylated 

peptide Tyr-Trp-N-MeNle-Asp-Phe-NH2 significantly increased the potency by almost 

lO-fold and the selectivity by about 3-fold for the CCK-B receptor (see Table I-I). The 

biological impact from the N-MeNle replacement of Nle is obvious in these two peptides. 

It was our hope to find some structural or more accurately conformational basis for such 

differences in biological activity. 

In the work described in Chapter 1-2 (PART I), it was intended to constrain the 

linear CCK5 fragment into some stable conformations that hopefully reach the bioactive 

conformation required by the CCK-B receptor and can also be studied by high resolution 

NMR spectroscopy. As one will see in Chapter 1-4 (PART I), unfortunately these cyclic 

analogs of CCK5 are less potent than the linear CCK5 or its N-methylated analogs. 

Since all of the side chian functional groups in native CCK5 are present in these cyclic 

pentapeptides, one has to believe that the conformation, i.e., the spatial arrangemnets of 

the functional groups, must have played a very important role in their receptor-binding 

processes. Therefore two cyclic analogs, cyclo[Oly-Trp-Leu-Asp-Phe] and cyclo[Gly

Trp-N-MeNle-Asp-Phe], were chosen for NMR study in comparison with the two linear 

CCK5 analogs in the hope to provide a better understanding of the structural basis for 

their biological activity. 
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The NMR techniques used in this work, mostly 2D NMR correlation 

spectroscopy, have been developed during the past two decades,?9 The application of 

NMR in biomolecular systems have been described in detail in several books and in a 

large body of literature.80,81 The general strategy adopted for the assignment and the 

interpretation of 2D NMR spectra of peptides consists of two steps. 

In the flrst step, assignments are made on the basis of scalar coupling between 

nuclei connected by two or more chemical bonds. These through-bond interactions are 

observed as spin coupling splitting of the NMR resonances in a ID spectrum, as well as 

by cross-peaks in a 2D contour map. Thus the 2D experiments like COSY, multiple 

quantum filtered COSY, TOCSY, etc., enable the identification of the amino acid residue 

types, according to the speciflc scalar connectivity patterns associated with their spin 

systems.92 When a particular residue occures only once along the peptide sequence, e.g. 

Gly which has two a-Hs and no P-H, the identification of its spin system allows the 

direct assignment of the relative resonances to the speciflc molecular location. The amino 

acids with aromatic side chains can be distinguished from those without such groups in 

relayed COSY experiments by the long rang coupling beween the P-Hs and the aromatic

Hs. The qualitative spin system identification, however, is not sufficient when a 

particular residue occurs repeatedly in a peptide sequence. 

The second step is to establish through-space connectivities. When two or more 

protons are close in space (less than 0.5 nm), the nuclear Overhauser effects (NOE) 

among them are detected by 2D NOESY and ROESY experiments. The observation of a 

dipolar connectivity between two nuclei is a direct consequence of a through-space 

interaction due to the structure of the molecule in solution. In this case the interaction is 

detern1ined by the distance between the two dipolar nuclei instead of the chemical bond 

connectivity. The spatial proximity relationships are more likely between nuclei in the 
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same or in consecutive residues. Thus the combination of correlation through coupling 

constants within a residue and the correlation through NOE between consecutive residues 

can give information on the sequence of a peptide. This is the basis of the so-called 

sequential assignment. 80 

Based on a correct assignment one can collect interresidue NOE or ROE (rotating 

frame NOE) interactions to help build a secondary structure for a peptide, i.e. a-helices 

or various types of p-turns.80 Another type of information detected in the 2D NOESY or 

ROESY experiments is chemical exchange. Chemical exchange can result in transfer of 

magnetization from one spin system to another. If the chemical exchange process is slow 

relative to the chemical shift difference of two or more states, but still of the order of the 

relaxation time, some magnetization transfer can take place before the system has relaxed 

back to equilibrium. In 2D NOESY spectra the exchange correlation peaks have the same 

sign as the diagonal peaks. In 2D ROESY spectra since all of ROE peaks are on the 

positive side of the plots, the exchange peaks are easily recognized because they are still 

on the negative side.82 

1. Linear CCK-S peptides: 

Shown in Figure 1-12(a) and (b) are the proton NMR spectra for the two peptides, 

Tyr-Trp-Nle-Asp-Phe-NHz and Tyr-Trp-N-MeNle-Asp-Phe-NHz. Entered in Tables 1-6 

and 1-7 are their IH-NMR chemical shifts, coupling constants and temperature 

coefficients of their amide protons. On the NMR spectra shown in Figure 1-12, the N

methylated peptide has two sets of resonance signals due to the isomerization around the 

peptide bond between Trp and N-MeNle. The ratio of the two isomers are observed to be 

5.2 : 1 by integration of indolyl NH resonances. The major isomer has a trans Trp-N-
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MeN Ie peptide bond, whereas the minor isomer has a cis peptide bond. These 

assignments are based on the NOE interactions around the Trp-N-MeNle peptide bond 

and the general trend of IH chemical shifts in simple amides.83 For the major isomer, 

strong NOE cross peaks are observed between the Trp aH and the N-MeNle NCH1 due 

to their short distance in a trans peptide bond in analogy to the general observation of 

sequential NOE along the peptide backbone,80 i.e., a~ <--> NHi+1• At the same time, 

the NOE cross peak between the Trp aH and the N-MeNle aH establishes the cis 

conformation around this bond in the minor isomer because of their closeness in the cis 

conformation (see Figure 1-13). Secondly, the N-MeNle NCH3 resonance of the trans 

isomer appears at a lower field than that of the cis isomer. In the trans isomer, NCH1 

is anti to the adjacent carbonyl group, thus it is more de shielded than the syn NCH3 

which exists in the cis isomer. This correlates well with the known general trends83 

observed in pep tides and simple amides. An exchange between the two isomers is slow 

enough to show two sets of resonances on the NMR spectra for the same peptide. This 

exchange process is also exhibited most obviously by the cross peaks of N-MeNle aH 

and NCH3 between the two isomers (Figure 1-14) and rwo sets of NOE cross peaks in the 

sequential region (Figure I-IS). 

The conformational properties of t~ese pep tides m'e most interesting for obtaining 

insight regarding the required conformational properties necessary for receptor binding. 

In general the small linear peptides of this size show few non-sequential interresidue 

NOEs due to their flexibility in solution. This is the case for both peptides. In the 2D 

NOESY spectrum of this peptide in DMSO-d6, all of rhe sequential NOEs are observed 

but non-sequential NOEs useful for deducing their secondary structures are generally not 

observed. The likely explanation is conformarional averaging.84 Comparing the 

common portion of the previous reported [Nle31 ]CCKS fragment and this peptide, 
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Figure 1-12. IH NMR spectra of two linear peptides, H-Tyr-Trp-Nle-Asp-Phe-NH2 and 

H-Tyr-Trp-N-MeNle-Asp-Phe-NH2 in DMSO-d6. Comparing the two spectra in both 

low field (a) and high field (b) regions, one can see clearly the two sets of the signals 

caused by the isomerization of the peptide H-Tyr-Trp-N-MeNle-Asp-Phe-NH2• 
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Figure 1-13. Isomerization of peptide bond in the N-methylated peptides. In IH NMR 

spectra, the two confonnations are distinquished by the NOE interactions of 

the a-H<-->a'-H, a-H<-->N-CH3 and by the chemical shifts ofN-CH3' 
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Table 1-6. IH NMR spectral parameters for H-Tyr-Trp-Nle-Asp-Phe-NH2. 

Resonance alH(ppm) J (Hz) EEb/K Other resonances of the side chain 

Tyr ex 3.65 3JaW = 4.2 ArH's: 3', 5'H, 6.98 (8.5Hz); 

~' 2.92 3Ja~" = 8.5 2', 6'H, 6.65 (8.5Hz). 

~" 2.61 2Jp'W' = 14.0 

Trp NH 8.46 3JaN = 7.2 -5.6 ArH's: 2'H, 7.12 (2.3Hz); 

ex 4.65 3JaW = 4.7 4'H, 7.83 (8.2Hz); 5'H, 7.04(8.0Hz); 

po 3.13 3Jap" = 8.8 6'H,6.95 (7.5Hz); 7'H, 7.31(8.0Hz); 

~" 2.97 2JWW' = 14.8 1'NH, 10.79 (2.3Hz). 

Nle NH 8.19 3JaN = 7.7 -8.1 'Y & a CH2, 1.16 .... 1.26, 

ex 4.24 3JaW = 5.0 co-CH3,0.81 (7.0Hz) 

po 1.60 3J~" = 8.3 

~" 1.49 2Jp'~" = 
Asp NH 8.19 3JaN = 7.7 -6.1 

ex 4.50 3JaW = 6.4 

~' 2.64 3J~" = 7.3 
~" 2.47 2JwW' = 16.7 

Phe NH 7.83 3JaN = 8.2 -6.8 ArR's: a1H 7.20, (multiplet). 

ex 4.35 3JaW = 4.8 
~' 3.02 3Ja~" = 8.6 
~" 2.84 2J§,~" = 13.9 
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Table 1-7. IH NMR spectral parameters for H-Tyr-Trp-N-MeNle-Asp-Phe-NH2. 
Resonance Major isomer Minor Isomer tlo(ppm) 

o(ppm) J (Hz) ppb/K o(ppm) J (Hz) ppb/K 

Tyr ex 3.89 3JctI3' - 4.4 3.93 -0.04 

P' 3.00 3Ja l3" = 8.8 

pIt 2.77 2JI3'I3" = 14.2 
3', 5' 7.05 3JHH = 8.4 
2', 6' 6.69 

Trp NH 8.99 3JaN = 8.1 -6.2 9.03 -5.3 -0.04 
ex 5.00 3Ja l3' = 5.4 5.08 -0.08 

P' 3.18 3Ja l3" = 8.3 

pIt 3.03 2JI3'I3" = 9.7 
l'NH 10.83 2.4 10.91 -0.08 
2'H 7.21 1.8 
4'H 7.59 8.0 7.52 -0.07 
5'H 7.07 8.0 
6'H 7.00 11.5 
7'H 7.34 11.5 

N-MeNle N-CH3 2.82 2.61 +0.21 
ex 4.96 3Ja l3' = 5.2 4.14 +0.82 

P' 1.72 3JctI3,,= 10.1 1.48 +0.24 

pIt 1.51 0.56 +0.95 

'Y 1.09 0.34 +0.75 

0 1.24 0.92 +0.32 

Ol-CH3 0.82 0.63 +0.19 
Asp NH 8.00 3JaN = 8.9 -8.3 8.10 3JaN = 8.0 -5.9 -0.10 

ex 4.55 3Ja l3' = 5.9 4.50 +0.05 

po 2.67 3Ja l3"= 7.8 

pIt 2.47 2JI3'I3" = 16.5 
Phe NH 7.80 3JaN = 8.2 -5.2 7.86 3JaN = 8.3 -6.6 -0.06 

ex 4.40 3Ja l3' = 4.8 4.35 +0.05 

P' 3.00 3Ja l3" = 8.4 

pIt 2.84 2JI3'I3" = 14.0 
ArH's 7.20 
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Figure 1-14. The all and ~H region of a 2D NOESY spctrum of H-Tyr-Trp-N-MeNle

Asp-Phe-NH2 shows the exchange cross peaks of N-MeNle aH and N-CH3 between the 

cis and trans confonnations, and NOE cross peaks in the two conformations indicating a 

cis and a trans amide bond. 
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cross peaks along the peptide chains for the two conformations of H-Tyr-Trp-N-MeNle-

Asp-Phe-NH2. 
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they have almost identical1H chemical shifts and coupling constants. This may suggest 

that they have very similar conformational and dynamic properties, which obviously 

includes their great flexibility. 

Upon replacing the Nle31 by N-MeNle in the peptide, the resulting N-methylated 

peptide has distinct difference in terms of their behavior in the NMR spectra. First of all, 

the isomerism of the N-methylated peptide bond produced two sets of resonance signals 

with different chemical shifts. The chemical shifts of both isomers are significantly 

different from those of Tyr-Trp-Nle-Asp-Phe-NH2• These differences cannot be 

interpreted as simple due to N-methylation of a peptide bond. The conformational impact 

of the N-methylation of Trp-Nle peptide bond on the whole peptide chain has to be 

considered. In short peptides such as tBuCO-X-Y-NHMe, a pn turn was observed in 

the crystal structure when the residue Y was methylated. 57 For the minor isomer, which 

has a cis conformation around Trp-N-MeNle peptide, usually a PVI turn is adopted in the 

solid state. In this case, unfortunately, the direct evidences from NOE interactions are not 

observed .. However, the chemical shift differences of the same protons in the two 

isomers show the largest magnitude at Trp-N-MeNle site and much smaller size at more 

remme residues (Table 1-7). Although the lH chemical shifts in this case can offer little 

specific information on the secondary structure of the peptide, the small chemical shift 

differences of the two isomers at remote sites from the isomeric peptide bond indicate that 

the topograghic features of the two isomers should not be significantly different in such 

an aromatic residue-rich peptide, since the anisotropic shielding effects of the aromatic 

rings will be reflected by large chemical shift changes due to their different orientations. 

It is noted that the N-MeNle side chain exhibits significantly different chemical shift 

patterns in the two isomers. In the lH NMR spectrum of Boc-N-MeNle with the same 

solvent, its 'Yand 0 methylene hydrogens have almost same chemical shifts, and their 



68 

chemical shifts in the two isomers are almost identical. Even in the non-N-methylated 

peptide, the Nle 'Yand 8 methylene hydrogens are not well resolved in the NMR spectra. 

However in the N-methylated peptide, they have quite different chemical shifts in two 

isomers. Also the 'Y and 8 methylene hydrogens are well separated. The obvious 
I 

chemical shift degeneracy observed here has to be attributed to the different anisotropic 

environments caused by aromatic side chains in the two isomers and perhaps to the 

restricted dynamics which reduces averaging of the chemical shifts. In terms of 

anisotropic shielding effects of the aromatic rings,93 the proton chemical shift differences 

observed for the 'Y- and 8-methylene groups (0.15 ppm in the trans conformation and 

0.58 ppm in the cis conformation) suggest that these groups are spatially close to the 

aromatic rings (the distances should be within 6 A according to the anisotropic shielding 

map of Johnson and Bovey94). The most probable aromatic ring for such a shielding 

effect is indole side chain of the Trp residue, since it is the neighbouring amino acid 

residue. However, the possible participation of aromatic rings from Tyr and Phe can not 

be excluded because the conformation of the peptide in the solution has not been solved. 

The relative orientations of these aromatic rings to the aliphatic side chain of N -MeNle are 

still undetermined. 

The temperature coefficients (!l.8/!l. T) of all amide protons of both peptides are 

larger than -5 ppb/K. Such a large magnitude of temperature dependent chemical shift 

change for NHs precludes any unexposed NH due to intermolecular hydrogen bonds. 

The dynamic process of peptide bond isomerization may enhance the solvent exposure of 

the NHs. One of the consequences of introducing a N-MeNle residue in this peptide is 

that the difference of free energy !l.G for the trans and the cis peptide bond in DMSO-d6 

solution is reduced greatly from the non-N-methylated peptide, ~G300K > 2.75 Kcal/mol, 

to the N-methylated peptide, L\G3OOK = 0.98 Kcal/mol. The eqUilibrium between the trans 
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and the cis fonns is considerably shifted to the cis side, although the trans isomer is still 

the predominant form. The preference of the trans form is largely due to the overall 

stability of the peptide in this solvent instead of the local effect. This becomes obvious 

when one inspects the lH NMR spectrum of NU-Boc-N-MeNle, in which the two 

isomers are equally populated in DMSO-~ solution, leading to .1G300K = O. 

2. Cyclic CCK·5 peptides: 

Cyc1o[Gly-Trp-Leu-Asp-Phe] (DJ-3) and cyclo[Gly-Trp-N-MeNle-Asp-Phe] 

(DJ-18) were studied for comparison with their corresponding linear peptides. The two 

ends of these peptides are covalently linked together, which should constrain the peptides 

into some stable confonnations that can be studied more in detail by NMR spectroscopy. 

For cyc1o[Gly-Trp-Leu-Asp-Phe] (Table 1-8), the 2D-NOESY spectrum showed few 

cross peaks, possibly due to the intennediate tumbling rate of the molecule. Spectral 

assignment was made based on 2D-COSY and ROESY spectrum. In the lH-NMR spectra 

of this peptide, the NHs of Gly, Asp and Phe overlap as a broad single peak (Figure 1-

16). It prevented observation of any possible NOE interaction among them in the 

ROESYexperiment. A series of variable temperature experiments indicated that the NH 

of Leu has a relatively low tempreature dependence of -1.7 ppb/K in comparison with 

other NHs (-3.8 ..... -7.6 ppb/K). This may suggest that the Leu NH is either involved in a 

hydrogen bond or is relative unexposed to the solvent due to the hindrance of the 

surrounding groups. There are many ways in which Leu NH can be involved in 

hydrogen bond, such as in a B-turn or a "(-turn or in a hydrogen bond with Asp side 

chain. And it can also be burried in between hydrophobic side chains of Trp and Leu. 

Due to the absence of the support from NOE interaction, it is difficult to further specify 
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the conformational features of the molecule. The broad NH peaks may suggest extensive 

exchange going on either among NHs, H20 or among different closely related 

conformational states. 

N 

o 

m 
N 

m 
o 

Figure 1-16. The aH and NH region of a 20 NOESY spcrrum shows the sequential NOE 

cross peaks along the peptide chains for cyclo[Gly-Trp-Leu-Asp-Phe] (DJ-3), 
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Table 1-8. IH-NMR spectral parameters of cyclo[Gly-Trp-Leu-Asp-Phe]. 

Amino Acid OIH (ppm) JHH (Hz) OlIffI' (ppb/K) Others 

Oly NH 8.42 3JNa.'=5.5 -4.0 
a'H 3.87 
a"H 3.37 2Ja'a,,=14.3 

Trp NH 8.10 3JNa=8.1 -7.6 Indolyl NH: 10.80 

aH 4.41 3JaP,=6.1 2'H: 7.15, 4'H: 7.54, 

WH 3.13 3Jap,,=8.7 5'H: 6.98, 6'H: 7.05, 

W'H 2.99 2Jp'P',=14.7 7'H: 7.32. 

Leu NH 7.97 3JNa=9.0 -1.7 
aH 4.16 3JaW=9.0 

~H 1.44 3JaW·=5.9 

yH 1.40 
OlCH3 0.82,0.77 3J=5.8 

Asp NH 8.28 3JNa=7.5 -3.8 
aH 4.29 3JaW=7.9 

WH 2.70 3Jap,,=5.2 

W'H 2.54 2JWp'·=16.2 

Phe NH 8.37 3JNa=8.0 -4.5 Aromatic H: 7.16-7.25 
aH 4.31 3Jap.=6.1 

WH 3.07 3Jap,,=8.4 

W'H 2.88 2JI3'I3'.=13.6 
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For cyclo[Gly-Trp-N-MeNle-Asp-Phe], a very complex IH NMR spectrum was 

observed. From the one dimensional1H-NMR spectrum, the indolyl NH region of Trp 

(-10.8 ppm) suggests that there might be at least three stable conformations for this 

molecule. They are in the ratio of 48.9%:45.4%:5.7%. Through phase sensitive double 

quantum filtered COSY spectrum, this conformational isomerism is confIrmed. In the NH 

and aH cross region of the spectrum (see Figure 1-17) fIfteen NH-aH cross peaks were 

observed. Each conformer should give rise to five cross peaks (Gly contributes two, N

MeNle contributes none, all other amino acids each contribute one). Thus in total three 

conformations were confIrmed. In conjuction wit~ 2D-ROESY experiments, the spectral 

assignment has been completed for the two major conformers (1, II) and part of the minor 

conformer (m) (Table 1-8, Figure 1-17 and 1-18). Furthermore, the exchange path was 

also deduced from the information available through the ROESY experiment. In ROESY 

experiment, the ROE cross peaks are observed in the opposite side of diagonal peaks, and 

exchange peaks which raise from exchange among different conformations are observed 

at the same phase as the diagonal peaks. The most obvious example is the Trp NH 

(Figure 1-19). Exchange cross peaks were observed between two major conformers (I 

and II) and between II and m, but not between I and III. It suggested that the eqUilibrium 

occurs between I and II, II and m. Based on this information and integration of peak 

areas of the indolyl NHs, an energy diagram can be drawn to represent the relative energy 

levels of three conformations of the molecule and an eqUilibrium equation can be written 

to show the exchange paths among them (See Figure 1-21). 

Specific conformational information for these conformers has been obtained from 

2D-ROESY experiments. First of all, the amide bond conformation around Trp-N

MeN Ie has been established based on both ROE and proton chemical shifts as done for 

those linear peptides (see previous section). Conformer I has a trans amide bound, and 
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conformer II has a cis amide bond. For conformer III, besides a cis amide bond between 

Trp-N-MeNle, a cis amide bond around N-MeNle-Asp is also observed. This is quite 

consistent with the exchange path previously deduced for these three conformers. Since 

conformer III has two cis amide bonds, it can not exchange with conformer I directly but 

must go through conformer II which already has one cis peptide bond. The non

sequential interresidue ROE's were mostly located in the NH region (Figure 1-22). In 

conformer I, interactions of NH (Trp) <--> NH (Gly), NH(Gly) <--> NH(Phe), 

NH(Phe)<-->NH(Asp), NH (Trp) <--> NH(Phe) are observed in the ROESY spectra 

(Figure 1-22(a)). These ROE interactions showed a rather folded conformation caused by 

cyclization. Similarly in conformer II, ROE cross peaks of NH (Trp) <--> NH (Gly), 

NH(Gly) <--> NH(Phe), NH(Phe)<-->NH(Asp), and NB(Trp)<J.->(Asp) are observed 

(Figure 1-22(b)). In this case the observation of NHCTrp) <--> NH(Asp) instead of 

NH(Trp)<-->NHCPhe) may indicate that in conformer II, due to the cis peptide bond of 

Trp-N -MeNle, the NHs of Trp and Asp are closer than those in conformer I. This would 

make the conformer II a more compact confomer than the conformer I in terms of distance 

between Trp and Asp. For conformer ill, little information was obtained except for that 

used to identify the two cis peptide bonds. 

From the ROE patterns, it appears that the N-methylated amino acid residues 

make this cyclic pentapeptide much more constrained than the non-N-methylated one, 

since the conformations in cyclo[Gly-Trp-N-MeNle-Asp-Phe] were better defined. The 

chemical shifts of NHs in this moleule were well spread probablely due to its more rigid 

conformations. In contrast, the NBs of Gly, Phe and Asp of cyclo [Gly-Trp-Leu-Asp

Phe] are broad and overlap t"~ch other. 
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Figure 1-17. 2D phase sensitive DQF-COSY (aH,NH cross section) of cyclo[Gly-Trp

N-MeNle-Asp-Phe] (DJ-18) shows total fifteen cxH-NH cross peaks, which indicate 

three confonners of the same molecule. 
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Figure }-18. 2D ROESY (aH,NH cross section) shows the sequential ROEs for the two 

major confonnations I and n of cyclo[Gly-Trp-N-MeNle-Asp-Phe) (DJ -18) in DMSO-d6 

sol ution at room temperature. 
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Figure 1-19. 2D ROESY (NH,NH cross section) shows the exchange cross peaks of 

amide protons among three conformations and the ROE cross peaks for each 

confonnation of cyc1o[Gly-Trp-N-MeNle-Asp-Phr I (DJ -18) in DMSO-d6 solution. 
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Figure 1- 2Q 2D ROESY (a.H,~H cross section) shows the exchange cross peaks of aHs 

among three confonnations and the ROE cross peaks for each confonnation of cyclo[Gly-

Trp-N-MeNle-Asp-Phe] (DJ-18) in DMSO-d6 solution at room temperature. 
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Figure 1-21. Conformational equilibrium of three confOImations in the N-methylated 
cyclo[Gly-Trp-NMeNle-Asp-Phe] (DJ-18) in DMSO-d6 solution. 
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N-MeNle 

N-MeNle 

( b ) 

Figure 1-22. Schematic presentation of ROE interactions of backbone protons in 

confonnation 1 (a) and confonnation II (b) of the peptide cyclo[Gly-Trp-N-MeNle-

Asp-Phe] (OJ-18) in DMSO-d6 sollltil.lll at room temperature. 
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Table 1-9. IH-NMR Parameters for C~clo[Gll-TrE-NMeNle-AsE-Phe]. 

C~mfQ!ID~[-I ConfQrmer-II QQnfQrm~r-III 

Amino Acid BH (ppm) J HH (Hz) BH (ppm) JHH (Hz) BH (ppm) JHH (Hz) 

Gly NH 8.89 3Ja.'N=7.3 7.78 3Ja'N=7.5 7.82 3Ja 'N=6.2 
a'H 4.13 3Ja."N=5.1 4.14 3Ja"N=3.7 3.83 3Ja."N=5.5 
a"H 2.94 2Ja.'a.,,=13.6 3.37 2Ju'a.',=14.7 3.62 2Ja'a,,=15.1 

Trp NH 7.64 3Ja'N=9.3 8.28 3JuN=7.5 8.56 3JaN=7.3 

a.H 4.96 3JaW=6.8 4.79 3JuW=9.8 4.53 3JaW=7.9 

P'H 3.04 3JaW,=6.8 3.39 3Ju~"=2.6 3Ja~"=7.9 

P"H 2.95 2JWP',=14.5 3.01 2Jp'W=12.8 

Indoryl NH 10.91 4J=2.1 10.74 4J=2.2 10.66 4J=2.2 

2'H 7.19 3J=7.9 6.99 3J=7.9 

4'H 7.69 4J=1.0 7.55 4J=1.2 6.95 

5'H 6.95 7.00 

6'H 7.02 7.07 

7'H 7.28 7.33 

NMeNleNMe 2.98 2.52 2.40 
a.H 3.37 3JaW=9.1 4.24 3.91 

P'H 1.86 3Ja~,,=6.1 1.75 2.75 

P"H 1.76 1.10 1.17 
y'H 1.15 0.84 0.29 
y"H 1.05 0.40 

OCH2 1.21 

roCH3 0.83 0.41 0.32 

Asp NH 8.01 3JaN=8.1 7.53 3JaN=7.8 8.03 
a.H 4.45 3Ja~,=9.8 4.47 3Ju~'=7.9 4.68 

P'H 2.78 3Jap',=3.4 2.55 

P"H 2.66 2Jp'W=16.7 

Phe NH 7.84 3JaN=6.8 8.25 3JaN=8.3 7.56 
aH 4.30 3Jap'=9.8 4.28 3Jup'=6.4 

P'H 3.08 3Ja~,,=3.8 3.11 3Ju~,,=8.7 

P"H 2.82 2J~'~"=12.4 2.82 2J!l'~,,=13.9 
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3. Description of NMR experiments: 

Peptide samples (3.5-6 mg) were dissolved in DMSO-d6 (0.35-0.5 mL). All 

experiments were carried out on a Bruker AM-500 specn-ometer equipped with an Aspect 

3000 computer. The temperature at the probe was maintained at 300±2°K by the variable 

temperature unit of the spectrometer. Proton chemical shifts are reported relative to the 

signal of DMSO-d6 at 2.49 ppm. 

All one dimensional 1 H NMR spectra were recorded with a 6021 or 7042 Hz spectral 

width and 32 K data size, which achieved digital resolution of 0.4 Hz. The FIDs were 

mUltiplied with a Gaussian window functions prior to Fourier transformation to enhance 

the resolution of the spectra. However, for the purpose of quantitative analysis, the FIDs 

were directly Fourier transformed without applying any window functions. The 

temperature studies were perfonned in the range of 300 OK to 320 oK with 5° increments. 

2D double quantum-filtered COSY spectra85 were recorded by using the pulse 

sequence 900-t l -900-Ll-900-acquisition in phase sensitive mode utilizing the time 

proportional increment (TPPI) along tl .86 A total of 60 scans were collected into 2K data 

blocks for each of 560 tl data sets with a relaxation delay of 1-1.5 s, Ll= 3 ms, and 

spectral width in Fl and F2 of 7042 Hz. The data matrix was zero-filled to 2K in F I , and 

apodized with a shifted sine bell in both dimensions before Fourier transformation. The 

phase sensitive NOESY spectra87,88 were recorded with the pulse sequence 900 -tl -90o-Ll-

900-acquisition. 128 scans were collected into 2K data blocksior each of 256 tl values 

with a relaxation delay of 1-1.5 s, mixing time Ll= 0.3 - 0.5 ms, and a spectral width in 

F 1 and F2 of 7042 Hz. Processing parameters are similar to those above. 

2D ROESy89.90 experiment was carried out with the sequence 900 -t l -Ll-acq, 

where Ll (spin lock time) = 180-250 ms. The low spin lock power was supplied through 
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the decoupler channel. 2D-TOCSy91,9o spectra were recorded with the pulse sequence 

900 -t1-MLEV-17-acq. Other acquisition parameters are similar to those above. 



Chapter 1·4. Discussion of binding data of conformationally constrained 

CCK5 peptides 

The binding assays for CCK-A and CCK-B receptors were performed in 

Professor Henry I. Yamamura's laboratory95 of the Department of Pharmacology, 

University of Arizona. The CCK receptor binding affinity of the analogs was measured 

for their ICso values for the displacement of Bolton-Hunter labeled [125I]CCK octapeptide 

from receptors on guinea pig pancreatic membranes (for CCK-A receptor), or guinea pig 

cortical membranes (for CCK-B receptor).96 The procedures used for binding studies 

with pancreatic membranes followed those of Stegerwalt and Williams,97 while cortical 

membrane studies paralleled those of Saito et al.98 The magnitude of ICso value indicates 

the ability of the peptide to inhibit the binding of the labeled ligand at the specific receptor. 

The ICso values of conformationally constrained CCK5 peptides in comparison with the 

linear CCK5 are shown in Table 1-10. 

Most of the peptides bind with low affinity to the CCK-A receptor, since the N

terminal residues required for CCK-A activity are absent. These peptides also show 

weak binding affinity to the CCK-B receptor. Inspecting the data for analogs in the fIrst 

category, one may see that peptides with larger ring sizes (e.g. DJ-5, DJ-7, DJ-8) have 

decreased affinity for CCK-B receptor in comparison with those having smaller ring sizes 

(e.g. DJ-2, DJ-3, DJ-9). This simple correlation between the ring size and the binding 

affInity for the CCK-B receptor may indicate the key amino acid residues involved in 

binding process should be close in space. 

In the third category, peptiJes DJ-ll, DJ-12 and DJ-13 show preference for 

CCK-B receptors, though their binding affinity to CCK-B is weaker by one order of 

magnitude than the linear CCK-5. Tht:' interesting feature is that when two cysteines are 
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Table 1-10. Inhibition Binding Data for constrained CCK5 analogues vs. [3H]SNF8702 

at Guinea Pig Brain and [125I]-Bolton-Hunter-CCK8 at Guinea Pig Pancreas. 

Code Structure IC50 (nM) PIB 

pancreas brain 

8705 Gly-Trp-Nle-Asp-Phe-NH2 2,200 170 12.9 

DJ-2 [Gly-Trp-Leu-A~p-Phe-NH2 2,000 6,050 0.33 

DJ-5 ['YAbu-Trp-Lel!-A~p-Phe-NH2 >20,000 >10,000 

DJ-3 [Gly-Trp-Leu-Asp-Phe] 45,600 1,780 25.6 

DJ-4 [Gly-Trp-Leu-Asn-Phe] >10,000 >20,000 

DJ-18 [Gly-Trp-NMeNle-Asp-PheJ 10,000a 11,182 

DJ-7 [ Trp-Leu-Asp-D-Phe-Glh-NH2 >10,000 >10,000 

DJ-8 [D-Trp-Leu-Asp-D-Phe-Glh-NH2 >20,000 >20,000 

DJ-9 [D-Trp-Leu-Asp-D-Phe-As'p-NH2 >20,000 6,320 

DJ-11 Trp-L-Cys-Asp-Phe-L-Cys-NH2 60,000 4,680 12.8 

DJ-12 
I I 

Trp-L-Cys-Asp-Phe-L-Cys-NH2 60,000 5,215 11.8 

DJ-13 Trp-D-Cys-Asp-Phe-L-Cys-NH2 60,000 2,126 29.8 

DJ-14 
I I 

Trp-D-Cys-Asp-Phe-L-Cys-NH2 1O,000b 10,060 

DJ-15 Trp-D-Cys-Asp-Phe-D-Cys-NH2 IO,OOoc 218,300 

DJ-16 
I I 

Trp-D-Cys-Asp-Phe-D-Cys-NH2 IO,OOOd 23,680 

a 20% Inhibition; b lO%Inhibition; c 15-20% Inhibition; d No inhibition. 
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both in the L configuration, the formation of disulfide bond does not change the affinity 

to CCK-B for its linear precursor as in DJ-ll and DJ-12. When one of the cysteines has 

aD-configuration, cyclization reduces the binding affinity of its linear precursor, as 

shown in DJ-13 and DJ-14. When both cysteines are in D-configuration, both linear and 

cyclic peptides lose affinity to the receptor. This may imply that in the first case the 

conformations of linear and cyclic peptides are similar. But this is no longer true for the 

second and third cases. From these analogs it can be seen that some significant change in 

the amino acid residues can be made on the original CCK4 sequence. As long as the 

main features required for the receptor binding are conserved, the resulting peptides still 

bind to the receptor (e.g., DJ -11 and DJ-12). 

The most interesting result was obtained in the second category of the cyclic 

peptides. Comparing DJ-3 and DJ-4, the only difference between them is that the Asp 

residue in DJ-3 has a negative cil .• rge in its side chain but the Asn residue in DJ-4 does 

have. This key feature makes DJ-4 further lose its affinity to CCK-B receptor, which 

confmns the importance of the electrostatic interaction as one of the binding elements. In 

cyclo[Gly-Trp-N-MeNle-Asp-Phe] (DJ-18), an N-MeNle residue is introduced into the 

cyclic CCKS as was done previously for linear CCKS analogs.44 The intention was to 

further restrict the cyclic pentapeptide into a ~-turn like conformation around Trp-N

MeNle, as probably occurs in the corresponding linear CCKS analog. If this folded 

conformation fulfills the requirement for the recognition of the CCK-B receptor, one 

should expect an improved or at least equivalent binding affinity and selectivity for the 

CCK-B receptor. However, a simple cyclization product of the linear CCK5, Cyclo[Gly

Trp-Leu-Asp-Phe] (DJ-3), showed u" . iLlUS preference but weak affinity for the CCK-B 

receptor. In comparison with its linear precursor, it has lost more than one order of 

magnitude in its binding affinity for the CCK-B receptor. Upon introducing the N-
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MeNle residue in this cyclic pentapeptide, Cyclo[Gly-Trp-N-MeNle-Asp-Phe] (DJ-18) 

further decreased affinity for both receptors. This may suggest that the effects of N

MeNle in the linear and cyclic CCK5 are different. Since the nature of N-MeNle in 

restricting local <I> and 'If angles should be the same in the linear and cyclic peptides, a 

logical interpretation for this data may be that the loss of affinity for the CCK-B receptor 

in the cyclic peptide is simply caused by the cyclization to force the molecule into an 

incorrect conformation. 

Comparing the cyclic N-methylated pentapeptide cyclo[Gly-Trp-N-MeNle-Asp

Phe] (DJ-18) (see Table 1-10) with its linear precursor, Gly-Trp-N-MeNle-Asp-Phe-NH2 

or Tyr-Trp-N-MeNle-Asp-Phe-NH2 (Table I-I), it is interesting to see that the simple 

cyclization causes a change of the binding affinity by as much as four orders of 

magnitude (104). Simple N-methylation of Gly-Trp-Nle-Asp-Phe-NH2 or Tyr-Trp-Nle

Asp-Phe-NH2 enhances binding affinity for the CCK-B receptor by almost two orders of 

magnitude (102). The linear pentapeptides locally constrained by an N-MeNle residue 

here and the recently reported locally constrained CCK4 by introducing a trans-3-n

propyl-L-proline into position-31 show nM binding affinity for the CCK-B receptor.51 It 

seems that in these linear peptides all of these constraints were made in order to increase 

the stability of the p-turn conformation around Trp-Nle residues. However, the C

terminal Phe is not constrained in these linear peptides. As suggested in Roques' study 

the Phe residue may be involved in a "(-turn conformation in solution, and the Phe side 

chain may have some distance from the Trp side chain.55 If this is important in the 

bioactive conformation, then most of cyclic peptides with global constraints made in our 

study would fail to adopt tl.: type of conformation. Therefore it is possible that a single 

p-turn conformation is \1\< sufficient for the bioactive conformation. The relative 

orientation of Phe residue may be more important. 
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Another obsen/ation can be made based on the NMR results obtained in this study 

and in the previous study on the linear CCK5 analog44, Gly-Trp-N-MeNle-Asp-Phe

NH2. In general, introducing an N-methylated amino acid residue into CCK pep tides 

makes the cis peptide bond conformation more accessible. One could easily be attempted 

to correlate the increased population of the cis peptide bond conformation with the 

enhanced binding affinity, since the cis peptide bond conformation is absent (by IH

NMR) in the [Nle31 ]CCK5 but weighs about 25% in the [N-MeNle31 ]CCK5.44 

However, one has to remember that in the native CCK peptides the cis peptide bond 

conformation was not observed. Also in our cyclic peptides cyclo[Gly-Trp-N-MeNle

Asp-Phe] (DJ-18), the cis peptide bond conformation was observed with high population 

of 45.4%. However its binding affinity for the CCK-B receptor is about two orders of 

magnitude smaller than the linear [Nle31]CCK5. Based on these observations, it appears 

that the cis peptide bond conformation around Trp-N-MeNle residues may not be directly 

involved in the receptor recognition process, instead certain conformational consequences 

introduced by the cis peptide bond in other part of the peptide may be correlated with that 

occurs in the native CCK peptides, which leads to the observed enhancement of binding 

affinity for the CCK-B receptor. 

Based on the above discussion, it appears that to further study the "bioactive 

conformation" of CCK-B ligands, one may design a p-turn mimetic for residues Gly

Trp-Met-Asp connected to an unrestricted Phe residue outside the p-turn moiety. In such 

a structure the three key residues Trp, Met and Asp will be arranged in a folded 

conformation and the Phe residue still has its freedom to adopt the correct conformation 

needed by the CCK-B receptor. 

Since the cyclic peptide analogs synthesized in this study bind weakly to the 

CCK-B receptor sites and functional assay results are not available, it is not clear if these 
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compounds are agonists or antagonists. The original motivation was to search for the 

bioactive conformation of CCK-B agonists. To do so all of the residues in CCK4 

sequence are important. Only their relative spatial arrangement are varied in these cyclic 

peptide analogs. If they show weak agonist activity, it may suggest that their 

conformations are constrained away from the required one. Lower population of the 

acti ve conformation in these analogs or higher energy barriers for these pep tides to 

convert them into active conformation made them less efficient in recognizing the CCK-B 

receptor. On the other hand, if they are weak: antagonists, it may indicate that they can 

not bind to the CCK-B receptor in its biological relevant conformation due to the 

cyclization. Only certain part of these molecules may be recognized since antagonists of 

CCK-B do not require all the residues in CCK4 as in the case of dipeptoids. Based on 

the information of the functional data, one may be able to go further in designing new 

analogs with the aid of the structure-function relationships of agonists or antagonists. 
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PART II. Dynamic Properties of Tyrosine Analogs with Locally 

Constrained Side Chains 

1. General introductions: 

It was observed nearly twenty years ago that the aromatic sidechains of tyrosine and 

phenylalanine in the interior of proteins undergo restricted rotation (with lifetime 't = 10-2 

- 10-3) around their C~-CY bonds due to the severe steric 'constraints imposed by the 

dense packing of surrounding atoms.l-5 In NMR spectra, the symmetric aromatic 

protons fell into intermediate exchange region on the NMR time scale of chemical shifts. 

The molecular mechanism of the rotational motion of aromatic sidechain in proteins have 

been studied in detail using various molecular dynamics methods.6 It was shown from 

the study of bovine pancreatic trypsin inhibitor (BPTI) that a tyrosine residue in the 

interior of the protein is subjected to enormous constraints in terms of its Xl and X2 

dihedral angles. Essentially only two conformations are allowed for the aromatic ring, X2 

"" ± 900
•4 The rate of 1800 flipping motion of the aromatic ring between the two states3 

is influenced by many i'.~·tors. For example in BPTI, the location of the tyrosine residues 

in the protein and the pressure of the environment7 may lead to different flipping rates of 

tyrosine aromatic rings. The same fd coat protein functions both as a major structural 

element of virus, and as a membrane-bound protein after infection and prior to assembly 

during the viral life cycle. In both functional forms of the fd coat protein, slow 1800 ring 

flips of the tyrosine sidechains were observed.8,9 

Similar restricted side chain rotation also occurs in bioac~ve peptides. For example, in 

methionine-enkephalin, a slow rotational motion rate of the order of -400 sec- l was 
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observed for the tyrosine ring of this linear pentapeptide. lO It is also realized that the 

sidechain conformation and dynamics have great impact on the recognition processes of 

these peptides by their receptors and the activation processes of the receptors and in , 

peptide-carrier protein interactions. One example is from the interaction of a 

neurohypophyseal hormone oxytocin. 11 It binds to its carrier protein neurophysin with 

different modes. The position-2 tyrosine ring undergoes fast rotation in its free solution 

form. When it is bound to neurophysin, the rate of its tyrosine ring flip becomes 102 s-1 

or I()4-108 s-1 depending on the mode of binding. In one binding mode a slower ring 

flip motion (102 s-I), which is comparable to those observed in the interior of proteins, 

was attributed to the same type of origin as that experienced by tyrosines in proteins. 

Since the aromatic ring in position-2 of neurohypophyseal hormones is essential for 

interaction with neurophysin proteins,12,13 the peptide-protein complex may make the 

position-2 tyrosine ring experience the same packing force as occurred in the interior of 

proteins. 

In order to study the structure-function relation of protein and peptides, a series of 

unusual amino acids with their side chain constrained into some particular conformations 

have been developed in Hruby's laboratory.14,15 A set of tyrosine analogues with 

substitutions at ~-position and on the aromatic ring showed restricted ring flipping motion 

on the 1 H NMR chemical shift time scale. These synthetic amino acids could be useful 

tools for investigating the dynamic properties of aromatic sidechains in proteins and 

peptides. Presented here is a study of the dynamic property of the tyrosine analogues and 

their synthetic intermediates (Figure IT-I). 
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Figure II-I. Nomenclature of acyl-oxazolidinones 

2. Description of the NMR experiments: 

The samples16 are dissolved in DMSO-d6 or CH30H-c4. Nitrogen gas was bubbled 

through the sample solution for fifteen minutes before use. AlllH-NMR experiments 

were performed on a Bruker AM-250 NMR spectrometer equipped with an Aspect 3000 

computer. The probe temperature is controlled by the variable temperature unit on the 

spectrometer and calibrated with a thermal couple in a 5-mm NMR sample tube. The 

precision of the temperature control is believed to be within ± 10 K. All spectra were 

recorded with spectral width of 2500 Hz, 16K data points (zero filled to 32K before FT). 

The NMR time scales are different depending on what parameter is monitored 

(Figure II-2),17 The chemical shift time scale rely on the resonance frequency of the 

nuclei observed, normally 10°-10-3 sec for proton. Any processes faster than this will 

not be detected on the spectra in terms of line shape because all of the signals will look 

very sharp. For processes slower than this, they will be detected as separate entities on 

the spectra. Only those exchange processes with lifetime of 10°-10-2 sec show 

significant changes in their spectra. The typical change is in the line shape. By changing 

the temperature the rate of the exchange process is altered and the line shape of the signals 
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involved in the exchange changes accordingly. Normally coalescence of several peaks 

corresponding to different confonnational states or reaction sites can be observed with an 

increase of temperature. Detailed discussions of dynamic NMR (DNMR) and its 

applications in chemistry can be found in several books and a large body of literature,1S-

20 

-15 -14 -13 -12 -11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 

10 10 10 10 '~ '~ 1'~ '~ '~ '~ '~ '~ t~ '~ 10 10 to 

66 I 

2 3 4 
10 10 10 

II III 

6J 

II III 

61,/T,.21 
------------------~-------------------~----II----~------II-I-----

I Roglon of foal ax chango 

II Roglon of Inlormodiolo ollchango 
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Figure II-2. Time scales in seconds defined by NMR parameters (from ref.17). 
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In this study however only free energy of activation .1GiJ!: and lifetime 't of the 

exchange processes at coalescence temperature T c were estimated according to the well 

known equations for the two-site model:21,22 

1 {2 
'tc=-=--

kc 1t.1v 
(1) 

.1GiJ!: = 4.57 Tc { 9.97 + 10glO (Td.1v)} c 
(2) 

Where .1v is the difference of chemical shifts of the two sites at the coalescence 

temperature, here it is approximated by the difference of chemical shifts at room 

temperature. 

3. Results and discussion 

On the IH-NMR spectra of compounds examined in this study except II-6, II-5 and 

II-l1, the 2' and 6' methyl groups exhibited two distinct single peaks at room 

temperature. For some of these compounds, the 3' and 5' aromatic protons also showed 

different chemical shifts. On increasing the temperature, these pairs of distinct resonance 

signals especially the two for 2' and 6' methyl groups move closer and coalesce at certain 

temperature (T c) then become sharper single peaks with further increase of temperature. 

This process is best delineated by the stack plot of spectra for compound II-I at different 

temperatures (Figure II-3). For compounds II-5, 6 and 11, only single peaks were 

observed for the aromatic methyl groups on their NMR spectra at room temperature, no 
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Figure II-3. 1 H NMR spectra of compound II-I (see Table II-I) in DMSO-d6 at different 

temperatures, showing the coalescence of the two methyl resonances at -2.3 ppm. 



Table II-I. Chemical shift difference (~v) at room temperature, lifetime (1:), free energies of activation (~G;tTJ and 

coalescence temperatures (Tc). 

Code Structures ~G;t Tc (kcaVmol) Tc (K) ~v (Hz) 1: (sec-I) 

CH30,%h> 
II-I I Br 1\ 

~ N 0 
16.8 323 13.1 3.4 x 10-2 

f( 
CH3 CH3 0 0 

CH30nh> 
II-2 I N3 r--\ >20.1 >373 5.5 > 8.2 x 10-2 

~ N 0 
f( 

CH3 CH3 0 0 

CH30VXh. I Br'" 
II-3 .:. r--\ 

17.0 351 86.8 5.2 x 10-3 
~ N 0 

-; f( 
CH3 CH3 0 0 

CH30W;h> 

11-4 
I ~3 1\ 
~ N 0 

3.8 x 10-3 -; n 14.2 315 119.2 
CH3 CH3 0 0 

CH,o~h> 
II-5 

I ~3 1\ 
~ N 0 a a a a 

n 
CH3 0 0 

\.0 
lJ1 



Table II-I. (con't) 

CH30~~ 
II-6 

I ~3 h a a a a 
~ N 0 

-= I( 
CH3 CH3 0 0 

CH,o~~ 
II-7 I h 

1.8 X 10-2 
.0 N 0 15.2 301 15.2 

f( 
CH3 CH3 0 0 

II-8 CH30~h 
I h 

.0 N 0 15.1 305 15.1 1.1 X 10-2 

Y 
CH3 CH3 0 0 

II-9 HO~ I .:,H3Br 
.0 OH 15.6b 301b 15.6b 3.2 X 10-2b 

CH3 CH3 0 

CH,o~ II-lO I .:,H3Br 
16.2 313 16.2 3.4 X 10-2 

.0 OH 

CH3 CH3 0 

CH30~ II-II I ~ ~H3Br 
~ OH a a a a 

CH3 CH3 0 

a No slow exchange was observed at room temperature and -70°C in CH30H-d6• b Measured in CH30H-d6 solvent. 
~ 
0' 
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matter whether the aromatic ring is mono or bis-methylated. No obvious line broadening 

was detected for these compounds in CH30H-d6 solvent even at -70°C. 

The observation of different chemical shifts for the 21 and 61-methyl groups is 

obviously due to the anisotropy of their chemical environments as they are 

diastereotopic.23 However the methyl groups in compounds II-5 were observed as a 

single peak in its NMR spectrum caused by a fast rotation around rotable bonds at room 

temperature. A restricted rotation around X2 angle appears to be the reason for the two 

aromatic methyl groups to show their chemical shift nonequivalence. Since any 

significant slow rotation around Xl angle would show its effects on the chemical shifts 

and coupling constants in the NMR spectra for ~-protons, ~-methyls or even more 

remote protons in the molecules. Over the range of temperatures, no significant changes 

were observed for all other protons except for the two aromatic methyls where restricted 

rotations occur. This provides evidence that the rotation around Xl angle is either much 

faster or much slower than the rotation around the X2 angle. The sole consequence of this 

restricted rotation is the appearance of the chemical shift nonequivalence for the 21,61-

methyl protons or 31,51-aromatic protons. The rest of the resonance signals in the 

spectrum of the molecule is not disturbed by the exchange of the 2"61-methyls or 31,51 

protons because to them these pairs of groups are chemically equivalent. 

Entered in Table 1-1 are the coalescence temperature (T C), separation of the chemical 

shifts (~v) of the two 21, 61 methyl groups (at room temperature), the free energies of 

activation (~G;i:) and lifetimes (1:) at coalescence temperatures estimated by equations (1) 

and (2). Their coalescence temperatures Tc (300-370oK or 27-100°C) and their free 

energies of activation ~G;i:(14-20 kca1/mol) fall into the same range of values as those of 

21, 61-disubstituted phenyl aliphane derivatives.22 However, their free energies of 
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activation vary with the nature of the aliphatic chain and the number of substitution on the 

aromatic ring. There are several features worth noting: 

1). II-I and II-2 are both in the (2R, 3S) configurations. The azide group at position-2 

significantly increases the barrier of rotation around X2 angle relative to the bromine 

group. 

2). II-3 and II-4 are both in the (2S, 3R) configurations. The trend is opposite to the 

above. The azide group at position-2 decreases the barrier of rotation around X2 angle 

relative to the bromine group. 

3). II-? and II-8 are lacking substitutions at position-2, the different configurations at 

position-4 in 2-oxazolidinone moiety do not change the barrier significantly. This is 

probably due to the longer distance between the aromatic methyls and the 2-oxazolidinone 

moiety and the absence of a substituent at position-2 to force the 2-oxazolidinone into an 

uncomfortable confonnation. Since the enantiomer of IT-8 should have the same energy 

barrier as II-8 does, one may compare it with IT-? to conclude that in this particular case if 

the configuration at 2-oxazolidinone is the same the change of configuration at the ~

position would not influence the barrier of rotation significantly. However this 

conclusion can not be generalized to the other compounds in which a-substituents exist. 

In II-9 and IT-lO, it seems that with the same configuration at a position, ~-(S)-methyl 

led to a slightly larger barrier. This trend may not be as definite as the others described 

previously, since different solvents were used for these two compounds. The difference 

of their .1G:;Cs are not large enough to override other factors. 

4). Comparing II-4 and 11-5, it becomes obvious that the ~-substitution has a much more 

profound effect on restriction of rotation of X2 angle than the a-substitution does. This is 

also supported by other a-substituted compollnds which are not listed here. This effect is 
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comprehensible because the close contact between the p-methyl and 2' or 6'-methyls is 

obvious. 

5) On comparing II -4 with II -6, or II -9 with II -11, one can easily notice another large 

effect, i.e., removing one of the two ortho methyl groups greatly reduces the rotational 

barriers around X2 angle. This can also be understood based on the interpretation for the 

p-methyl effect. 

In summary, all of the compounds except II-5, II-6 and 11-11 showed restricted 

rotation around the X2 angle with a rate comparable to that of tyrosine or phenylalanine in 

the interior of proteins or peptide-protein complexes. Although the nature of these 

restricted rotations are the same, their origins are quite different. In proteins, peptides or 

peptide-protein complexes, the motion of aromatic rings are hindered by atoms close to 

them in space. These atoms may be from nearby amino acid residues or even remote 

residues in the same or different molecule. In the constrained tyrosine analogs studied 

here the effect is rather local. As discussed above, the major contribution comes from the . 
interaction between p-methyl and 2' or 6'-methyl groups in the same amino acid 

sidechain. This local effect is so great that it has comparable magnitude with the global 

effect formed by large proteins or peptides. It is not difficult for one to imagine that if 

such a constrained amino acid is incorporated into a protein, e.g., BPTI, a combination of 

the local and the global effects would make the ring flipping motion nearly impossible! It 

would be very interesting to see the structural and functional consequences of such a 

modification. 

Although the coexistence of p-methyl and 2', 6'-dimethyl groups is the major 

contribution to such large rotational barriers ( > 14 kcal/mol), the a-substituents which 

corresponds to the N-tenninal in a peptide chain, and the variation at the 2-oxazolidinone 
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moiety which corresponds to the C-terminal side of a peptide chain also can make 

significant contributions to the barriers. One would expect that in peptides or proteins, 

both N - and C-terminal structures would have significant contributions to the rotational 

barriers around X2. These contributions (e.g., .1.10;t: = 2 ,.., 4 kcal/mol) would certainly 

be large enough to significantly modify the conformation or dynamics of a protein or a 

peptide and further contribute to its biological functions. 

The rotation around X2 angle for those analogs without a p-methyl group and with 

only one ortho methyl at the aromatic ring is not slow enough to be observed on the NMR 

time scale used in this study. It does not mean that they should behave the same way as 

an unsubstituted tyrosine. Assuming that the compound 11-6 has a similar magnitude of 

/!"y with compound 11-4 since the only difference between them is the number of aromatic 

methyl groups, it can be estimated that the ring flip of the compound II-6 has a life time 

shorter than 3.8 x 10-3 sec at -70°C. This will give a free energy of activation lower than 

9.0 Kcal/mol at this temperature. These analogs are definitely subjected to different levels 

of constraint, even though less severe than those of p-methyl-2',6'-dimethyl tyrosines. 

Their conformational and dynamic properties are still the task of further studies. 

Incorporating unnatural amino acids into peptides by chemical methods has been a 

routine practice in study of structure-function relationships.24 In the study of enkephalin 

analog [D-Pen2, D-pen5]enkephalin (DPDPE), the tyrosine residue has been replaced by 

a 2', 6'-dimethyl-tyrosine.25 The resulting peptide showed increased potency to Band J.L 

receptors, which indicates the potential of these sidechain constrained amino acids. p

methyl tyrosines and 2'-methyl tyrosine have also been applied in DPDPE to give various 

modification for the biological activity of the resulting peptides.26 After all, these 

tyrosine analogs can provide us a series of useful rools in studying the structure-function 
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relationship of peptides. Resent advances on protein synthesis by chemical methods27 

and by genetic engineering28-30 made it possible to incorporate unnatural amino acids into 

proteins. By using the early developed genetic engineering methods, several unnatural 

amino acids have recently been introduced into proteins tor studying protein stability,31. 

Similarly incorporating the above discussed tyrosine analogues into proteins to study 

conformational or dynamic properties of modified proteins becomes possible. This 

provides great hope to better understand the structure-function relationships of proteins 

and peptides. 
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PART III. Theoretical Studies of Peptide Conformations and 

Conformational Dependencies of 13C Chemical Shifts in Peptides and 

Proteins. 

Chapter 111·1. Ab initio MO Studies of the Rotational Barriers, 33S and 13C 

Chemical Shiel dings for Dimethyl Disulfide 

1 . Introduction 

The disulfide bridge is one of the two major covalent linkages between amino acids in 

polypeptides and proteins.1 It has been known that, disulfides in protein structures 

enhance the overall stability of some particular conformations.2 In recent years, the use of 

conformational constraints has gained general attention in peptide synthesis.3 In 

particular, disulfide formation has been used to limit the number of conformational states 

and to force J3-turn type conformations. Following current trends, which make use of 

molecular mechanics and molecular dynamics to study conformational properties of 

peptides and proteins, refinement of force fields demands accurate experimental data or 

high-level, ab initio quantum chemical calculations for small but representative fragments 

of peptides and proteins. 

In many experimental and theoretical studies dimethyl disulfide has been a model for 

the disulfide linkages in proteins or peptides.4 Previous theoretical studies of dimethyl 

disulfide gave two energy barriers for rotation about the S-S bond. The trans-barrier is 

lower than the cis-barrier. The barriers create two minimum energy conformations with 

C-S-S-C torsional angles near +90° or -90°. Alrhough the geometry of (CH3hS2 was 
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detennined experimentally by microwave spectroscopy and by electron diffraction 

methods, the only known experimental value corresponds to an "effective rotational 

barrier" around the S-S bond is 6.8 kcal/mol from gas phase thennodynamic studies.s 

This value has been taken as the trans-barrier height. There appears not to be an 

experimental value for cis-barrier height even though this is very important in the 

refinement of the molecular mechanics force field. This situation also occurred for the cis

barrier in n-butane.6 

Few ab initio calculations of dimethyl disulfide epergy barriers make use of large 

basis sets and full geometry optimization (see Table Ill-I). Literature values for the cis

and trans-barriers, which range from 9.4-24.1 kcal/mol and from 5.72-12.7 kcal/mol, 

respectively, show some convergence with improved quality of the computations. These 

calculated results make use of large basis sets, fully optimized geometries, and electron 

correlation effects. These are all important factors for good quality calculations of energy 

barrier heights.6•7 In the absence of accurate experimental data, the intent was to produce 

more reliable torsional barriers for (CH3)2S2 for refinement of molecular mechanics force 

fields. 

Several physical properties have been used to study the confonnations around the 

disulfide bridge. These include optical rotation,S vibrational frequencies,9 and ionization 

potentials. 10 Another possibility for experimental investigation of the torsion angle 

dependence is presented here. A series of ab initio IOLO MO calculations were 

perfonned to explore the confonnational dependence of the 13C and 33S isotropic chemical 

shieldings for dimethyl disulfide. 



Table ill-I. Ab initio Calculations of Torsional Barriers For Dimethyl Disulfide. 

Dihedral Angles Energy Barriers 

Methods (deg) (kcaVmol) 

cis trans 

STO-3G (rigid rotor)a 90 18.0 4.4 

STO-3G* (rigid rotor)a 90 24.1 12.7 

MB (rigid rotor)b,c 82.84 13.11 10.39 

DZ (rigid rotor)c,d 86.23 16.03 9.16 

STO-3G (opt.)e 89.5 15.62 5.05 

HF/4-31G//HF/STO-30e 89.5 18.47 6.04 

STO-3Gf 12.68 6.27 

DH+df 16.49 8.00 

HF/3-21G*//HF/3-21G*g 88.4(opt.) 11.97 5.69 

HF/6-31G*1I6-31G*h 87.29(opt.) 11.36 5.72 

HF/4-31G*//HF4-31G*i 90(fixed) 11.5 5.7 

CIl4-31G*//HF/4-31G*i 90(fixed) 9.4 6.0 

a Boyd, R. J.; Perkynst, 1. S.; Ramani, R., Can. 1. Chern. 1983,61, 1082-1085. 

b Minimum basis set: MB. c Pappas, J., A. Chern. Phys. 1976,12, 397-405. 
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d Double-~ basis set: DZ. e Eslava, L. A.; Putnam, Jr., 1. B.; Pedersen, L., Int. 1. Pept. 

Protein Res., 1978,11, 149-153. f Renugopalakrishnan, V.; Walter, R. Z. 

Naturforseh, 1984, 39A, 495-498. g Ha, T., 1. Mol. Semet., 1985, 122, 225-234. 

h Ref. 24. i Ref. 29. 
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Table Ill-2. Geomeuies and Energies ofDimeth~1 Disulfide 0Etimized with HF/6-31G*. 

CSSC SS CS SSC Erel 

deg A A deg kcal/mol 

0.0 2.111 1.812 106.3 11.27 

30.0 2.091 1.811 105.2 7.62 

60.0 2.061 1.814 103.8 1.96 

87.4 2.053 1.815 103.1 o.ooa 

120.0 2.067 1.815 101.7 2.03 

150.0 2.084 1.812 99.4 4.61 

180.0 2.090 1.811 98.2 5.50 

a The total energy at this point is -874.247655 a.u. 

Table llI-3. Total Energies of Dimethyl Disulfide.a 

Basis set HF CISD CISD(Q) MP2 MP3 MP4 

6-31G** -874.257107 -874.801322 -874.849869 -874.873644 

6-31IG** -874.315927 -874.843291 -874.923449 -874.887300 -874.935542 -874.962656 

a Based on the lowest energy geometry optimized at MP2/6-31G**. All values in a.u.'s. 
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2. Computation methods 

Ab initio molecular orbital calculations6 were performed either with Oaussian8811 or 

Oaussian9012 codes on Convex 220 or Cray Y-MP computers. Initially, a set of 

optimized geometries was obtained at different dihedra~ angles around the disulfide bond 

at the 6-310* level (a double-~ basis set with d-orbitals on carbon and sulfur atoms) 

using OAMESS.13 The resulting geometries were used as input for further geometry 

optimization and for the chemical shielding calculations. Energies were analyzed in tenns 

of a truncated Fourier-type expansion of the potential function14 

V(</» = (1/2)V1(1 - cos</» + (l/2)v2(1- cos2</» + (1/2)V3(1 - cos3</». (1) 

where the coefficients Vi have been interpreted in terms of electronic and steric effects.14.1S 

Oeometries were additionally optimized assuming C2 symmetry at the MP2/6-310** 

level, e.g., second-order Moller-Plesset perturbation theory with the standard double-~ 

basis set and a set of polarization functions on all atoms. The geometry was fully 

optimized at the energy minimum point. The other two points were established by fixing 

the dihedral angles of C-S-S-C at 00 or 1800 while all other parameters were optimized 

(see Table 1II-2). 

To investigate the effects of larger basis sets and electron correlation on the torsional 

barriers, standard split valence and triple split valence basis sets with polarization 

functions, 6-310** and 6-3110**, respectively, were used in conjunction with electron 

correlation treatments through configuration interaction (CI)16 with single and double 

excitations (CISD) and Moller-Plesset (MP)!7 perturbation theory up to fourth-order 
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(MP4). The lowest total energies obtained with different basis sets and CI and MP 

treatments are included in Table III-5. Relative energies corresponding to the three 

conformations are tabulated in Table 1II-4. In these tables CISD(Q) denotes the CISD 

energy which includes contributions from unlinked quadruple excitations as estimated 

from Davidson's formula. 1S These single point energy calculations made use of the 

previously described optimized geometries at the MP2/6-31G** level (see Table ill-2). 

All chemical shielding calculations in this study were based on the IGLO (individual 

gauge for localized orbital) formulation of Kutzelnigg and Schindler. 19 Problems 

associated with origin dependence usually found in coupled Hartree-Fock (CHF) 

shielding computations, arising from a common origin and an incomplete basis set20 are 

less severe in the IGLO method. In this method localized MO's associated with inner 

shells, bonding orbitals and lone pairs have unique origins for the calculation of 

diamagnetic and paramagnetic terms. In a recent study of the conformational dependence 

of 13C chemical shifts of hydrocarbons,21 it was shown that double-~ quality basis sets 

give reasonable results for most situations. For dimethyl disulfide, however, shielding 

calculations at the double-~ level are not adequate even to predict conformational trends. 

Difficulties with shielding calculations with a small basis set on sulfur have been noted 

previously.22 Calculations for (CH3hS2 were based on a (9,5/5) Huzinaga set23 

contracted to a triple-~ (51111;311/311) set with d- and p-type polarization functions on 

S, C and H. Geometries optimized at the HF/6-31G* level were used in the shielding 

calculations. 

3. Results and discussion: 
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(1). Geometries. Optimized results at the HF/6-310* level in Table 1II-2 are similar 

to those reported by Aida et al.24 Bond lengths, internal angles, and dihedral angles are 

specified by two-, three-, or four-atom labels. The dependence of the S-S bond length 

and S-S-C bond angles on the dihedral angle around the S-S bond reflects the change of 

S-S bond strength or force constant.9•24 The MP2/6-310** optimized geometry is also 

given in Table 1II-5. A significant improvement over Hartree-Fock level optimization is 

the decrease of the dihedral angle around the S-S bond from 87.39° (HF/6-310*) to 

84.81 ° (MP2/6-31 0 **). The latter value is in good agreement with the experimental 

(microwave) value of 84.7° in Table III-5. The only significant difference (0.02 A) 

between the optimized and the experimental geometries occurs for the S-S bond length. 

This difference is comparable to the difference between microwave spectroscopic and 

electron diffraction data in Table 1II-5 and a similar disparity occurs for H2S2.2S 

Moreover, the microwave spectroscopic study4a assumed that methyl groups are exactly 

staggered whereas these optimized results here indicate that the methyl groups are twisted 

from the staggered conformation in agreement with the gas phase electron diffraction 

results.4b 

(2). Torsional Energy Barriers. Calculated relative energies at 30° intervals of the 

dihedral angle are given in Table 1II-2 (HF/6-310*). These exhibit a qualitatively correct 

(CH3hS2 potential surface which is characterized by an energy minimum near 85°. These 

data are also plotted (triangles) in Figure 1II-1 as a function of the dihedral angle <1>. Cis

and trans-barrier heights are close to those reported by Aida et a1.24 After an analysis in 

terms of a Fourier-type expansion of the potential function,14.1S a representation of the 

energy profile was obtained in the form of eq 1 with VI = -3.68, V 2 = -8.37 and V3 = 

-2.01 kcal/mol respectively. The solid line in Figure III-1 is a plot of eq 1 with these 
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Table llI-4. Relative Energies (kcallmol) ofDimeth~1 Disulfide at Three Conformations. 

CSSC(deg.) HF CISD CISD(Q) MP2 MP3 MP4 

6-;210** B~~i~ Set 

84.8 0.00 0.00 0.00 0.00 

0.0 11.09 11.48 10.97 11.10 

180.0 5.47 6.19 5.90 6.14 

6-311G** Basis Set 

84.8 0.00 0.00 0.00 0.00 0.00 0.00 

0.0 10.86 11.41 11.21 11.80 11.25 11.40 

180.0 5.23 5.94 5.97 6.33 6.45 6.27 

Table ill-5. MP2/6-31G** 0Etimized and EXEerimental Geometries ofDimeth~1 Disulfide. 

Geometrical Optimized Values Microwave Electron 

Parameters a (leng!hs in A, an~les in degree) sEectroscoE~b Diffractionc 

CSSC 84.8 0.0 180.0 84.7 83.9±0.09 

SS 2.054 2.122 2.098 2.038 2.022±0.003 

CS 1.810 1.804 1.804 1.810 1.806±0.002 

CSS 102.0 105.2 96.7 102.8 104.1±0.3 

CHI 1.088 1.088 1.086 1.097 1.090±0.007 
CH2 1.085 1.085 1.086 

CH3 1.086 1.085 1.086 

SCHI 106.7 104.3 106.5 108.9 106.5±1.0 
SCH2 110.8 112.6 111.2 

SCH3 111.5 112.6 111.2 

SSCHI 177.8 180.0 180.0 

SSCH2 59.0 62.8 61.4 

SSCH3 -63.6 ··62.8 -61.4 

a Bond lengths, internal angles and dihedral angles are specified by two-, three-, or four

atom labels. Subscripts 1,2 and 3 are used to specify parameters involving three different 

hydrogens. b Ref. 4a. c Ref. 4b. 
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values of Vi' The most important term here is the two-fold term V Z which is the 

predominant term for a disulfide bridge to adopt a skew conformation. 14 The VI term, 

which is associated with dipole - dipole interactions, and to a smaller extent the V3 term, 

which involves bond repulsion terms, make the (CH3}zSz cis-barrier higher than the trans

barrier.14.15 This analysis is consistent with previous MO studies on disulfides.z4,z6 

Since the (CH3)zSz potential curve in Figure III-l is relatively flat at the bottom of the 

well, there is little energy penalty for distorting a disulfide bond from its lowest energy 

dihedral angle within this range. As little as 2 kcal/mol can cause the rotation of the C-S

S-C dihedral angle from 60° to 120°. This suggests that the disulfide bridge offers 

considerable flexibility for peptide and protein conformations and it is consistent with the 

fact that in peptides and proteins those disulfide bridges which are not severely 

constrained have dihedral angles in the range 60-120°.27 

In contrast to the n-butane situation,6,Z8 electron correlation effects increase the 

dimethyl disulfide barrier heights (see Table III-4). These calculations show an 

interesting trend for (CH3}zSz: within the Hartree-Fock limit larger basis sets seem to give 

lower barrier heights, but when using the same basis set (especially at the triple split 

valence basis level), CI or MP results tend to increase the barrier heights by 0.6 ,., 1.0 

kcallmol. These results are different from the recent observation by LOOSZ9 wherein the 

cis barrier height was decreased 2.1 kcal/mol upon inclusion of electron correlation effects 

through CI/4-310*. It seems likely that the differences arise because a different geometry 

was used for the minimum energy conformation (the dihedral angle of the S-S bond was 

fixed at 90°) and the author used a smaller basi.:: <1t;>t. Viewing the experimental barrier 

from gas phase thermodynamic properties as an Ole 1 •• · .. ti ve barrier" for internal rotation, at 
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elevated temperatures the value of 6.8 kcal/mol may correspond to a weighted average of 

cis and trans barriers.s Calculations reported here, which do not include zero-point 

energy corrections, suggest that the cis and trans torsional barriers are 11.40±0.20 

kcal/mol and 6.27±0.20 kcal/mol, respectively. Recent experimental results for cyclic 

tetrapeptides30 indicate values of 1O.8±O.2 kcal/mol for the disulfide cis-barrier. In the 

NMR study of 1,2-dithiane31 where the six-membered ring precludes the possibility for 

trans arrangements, it was concluded that the disulfide cis-barrier is 11.6 kcal/mole. In 

comparison, an NMR study of the rotational barrier in molecules such as 

PhCH2SSC(CH3)3, for example, shows a value of 6.8±0.7 kcal/mol,32 Since the large 

bulky groups would substantially raise the cis-barrier heights, this value could represent 

an upper limit for the trans-barrier height in dimethyl disulfide. 

(3). Chemical shielding. 

(a) Conformational Dependence of the Isotropic 33S Shielding in (CH3hS2' 

Entered in Table 111-6 are the calculated IGLO 13C and 33S chemical shieldings results at 

30° intervals of the C-S-S-C dihedral angle <j>. These data are also plotted (triangles) in 

Figure 111-2 as a function of the C-S-S-C torsional angle in the range 0° - 180°. From the 

linear regression analysis of the results in Table ill-6 it can be seen that the conformational 

dependencies are well represented by the Fourier expansion 

0(33S) = 6.8 cos<j> + 18.8 cos2<j> + 0.4 cos3<j> + 1.1 cos4<j> 

- 0.7 cos5<j> - 1.1 cos6<j> + 702.5 ppm (2) 

with standard deviation less than 0.1 ppm. The solid curve in Figure 1II-2 is a plot of the 
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Table lII-6. IGLO Results For 33S And 13C Chemical Shieldings of Dimethyl Disulfide l1• 

Dihedral Angle Chemical Shielding and Chemical Shift (ppm) 

of CSSC (deg.) 

0(33S) O(33S)c 0(13C) O(13C)d 

0.0 728.0 -84.4 199.1 14.8 

30.0 719.1 -75.5 197.7 16.2 

60.0 694.0 -50.4 195.5 18.4 

87.4b 685.9 -42.3 193.1 20.8 

110.0 686.3 -42.7 191.5 22.4 

150.0 706.1 -62.5 194.6 19.4 

180.0 715.1 -71.5 196.4 17.5 

11 Geometry based on HF/6-31G* optimization. Basis sets for shielding calculations are 

described in the text. b The total energy at this point is -874.006314 a.u .. C The chemical 

shifts are relative to carbon disulfide (0 = 643.6 ppm). The shielding calculation made use 

of the same basis sets and the optimized geometry at the HF/6-31G* level. d The chemical 

shifts are relative to TMS which is 2.3 ppm downfield from methane (0 = 216.2 ppm). 

The shielding calculation made use of the same basis sets and the optimized geometry at 

the HF/6-31G* level. 
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shielding based on eq 3. There is a substantial chemical shift range of almost 50 ppm in 

Figure 111-2, but 33S resonance in these compounds might be very broad.33 The 

magnitudes of computed 33S chemical isotropic shielding values in Table III-6 are 

consistent with IOLO results with comparable basis sets. The experimental value of the 

33S chemical shift for (CH3hS2 seems not to have been reported.33 

(b) Conformational Dependence of the Isotropic 13C Shielding in (CH3hS2' 

Included in Table III-6 are also the IOLO results for the isotropic 13C chemical shielding 

in (CH3hS2 for representative torsional angles </>. These are plotted (triangles) in Figure 

III-3 as a function of the dihedral angles in the range 0° - 180°. Analysis of the chemical 

shieldings in terms of a truncated Fourier expansion gives the following equation: 

O(13C) = 2.0 cos</> + 2.5 cos2</> - 0.8 cos3</> + 0.3 cos4</> 

+ 0.2 cos5</> + 195.0 ppm (3) 

with standard deviation less than 0.1 ppm. The 13C shielding results from eq 3 are plotted 

(solid curve) in Figure ill-3 as a function of dihedral angle. 

For dimethyl disulfide at the equilibrium geometry the calculated 13C NMR CH3 

chemical shift is 22.4 ppm which is in good agreement with the experimental value of 

22.2 ppm measured in CDCl3 solution with tetramethylsilane (TMS) as reference.34 The 

calculated value was first referenced to the IOLO shielding result (216.2 ppm) for 

methane (optimized geometry), which was obtained with the same basis set, then relative 

to TMS by means of the experimental (-2.3 ppm) chemical shift of CH4.35 This agreement 

strongly suggests that the basis sets used here :.1'C adequate to reproduce conformational 
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chemical shift trends around the disulfide bond. Even though the 13C chemical shifts 

exhibit a range of more than 7 ppm in Figure III-3, there does not yet appear to be 

unambiguous conformational data for comparison. In studies of cystine residues of 

protected and unprotected oxytocin intermediates, it has been proposed36 that the observed 

13C chemical shifts arise from variations of the C-S-S-C dihedral angle associated with 

amino group charge density changes. 

From the IOLO studies of 13C shielding in hydrocarbons1S.16 it has been shown that 

the most important changes in the total shielding arise from paramagnetic contributions to 

the localized MO's. To study the origin of the angularly dependent substituent effects, the 

individual bond paramagnetic contributions (PBC) to the (CH3hS2 13C shielding from the 

four localized bonds (Cl-Sl, CI-Hl, Cl-fu and Cl - H3 in 1) on carbon were fit in the 

least squares sense to truncated Fourier series. These PBC are plotted as a function of the 

dihedral angle <l> in Figure IlI-4. The paramagnetic bond contributions associated with the 

Cl-Sl bond are plotted (open circles) in Figure I11-4. They vary by somewhat more than 

1 ppm over the whole range of dihedral angles. The average of the PBC from the Cl-fu 

and CI-H3 bonds (open squares in Figure III-4) is llsed since this has a periodicity of 

180°. These contributions vary by no more than 1 ppm over the whole range. The 

angularly independent changes involving the CI-Hl bond (triangles in Figure III-4) is the 



119 

major term. From these data it can be seen that the conformational dependence of the 13C 

shielding in (CH3)2S2 is almost entirely attributable to the PBC for the CI-Hl bond which 

points away from the lone pair on 82. 

Radom, Hehre, and Pople discussed the significance of the various Vi terms in eq 1 

to the conformational dependence of the energies. 14 Although there is no obvious reason 

that the torsional features of the shielding should parallel the energies, in some cases they 

are similar. For example, the calculated isotropic 13C shielding in ethane is very 

accurately described by the 3-fold term.21 This term corresponds to interactions between 

the C-H bonds which energetically favor staggered conformations. From eq 3 it can be 

seen that the 13C isotropic shielding has contriburiolli> from the two-fold term which are 

slightly larger than the one-fold term. Radom and coworkers14 analyzed the one-fold term 

as arising from local dipole interactions at the two ends of the molecule. The two-fold 

term, which is ascribed to interactions (back donation) between lone pairs and bond pairs, 

and is the dominant factor leading to the skew conformation of (CH3h82. The back

donation of a 82 lone pairs to a bond pair on Cl might explain why paramagnetic bond 

contributions from the CI-Hl bond dominate the conformational features of the isotropic 

13C shielding in (CH3h82. 
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Chaptert 111·2. Ab initio IGLO Study of the SynlAnti Dependence of the 

13C NMR Chemical Shifts in Simple Amides 

1. Introduction: 

The peptide bond is the linkage between amino acids in polypeptide and protein 

backbones. 1 Amides provide the simplest models for the structural and conformational 

characteristics of such linkages. Because of the partial double-bond character of the C-N 

amide bond, there is a substantial rotational barrier2 (ca. 20 kcaVmol) that permits both 

trans and cis planar conformations. 

o~ R' (syn) 
o~ H (syn) 

/ / ~c ~c N .. 
N 

I \ "' 

R/ \ 
H ( anti) R' (anti) 

trans cis 

The trans conformation has lower energy than the cis. Recent theoretical and 

experimental studies of N-methylacetamide show that the energy difference between the 

two conformations does not change significantly in going from the gas phase to dilute 

aqueous solution.3-s As a consequence, the NMR signals for the cis form has much less 

intensity than for the trans form of simple amides.3 For peptides and proteins, the cis 

form of peptide bonds is not as common.6 In the case of tertiary amides, i.e. N,N

dimethylamide,7 X-prolines or alkylated peptide bonds,9 an equilibrium between both 

confoffilations is often observed. Normally, the cis and the trans forms show different 

1H, 13C, and 15N chemical shifts and the well-known syn/ami dependence of 13C chemical 
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shifts for N -alkyl carbons is often used to assign conformations around the amide bond. 10 

The low frequency shifts of the N-alkyl carbons, which are syn to the carbonyl group, 

have been attributedll with little theoretical evidence to steric interactions12 between the N

methyl group and the carbonyl oxygen. With the development of improved ab initio 

molecular orbital algorithms for calculations of chemical shielding,13 a major interest from 

these laboratories is using l3C chemical shifts for conformational studies.14.15 Presented 

here is a study of the factors which control the conformational dependencies of 13C 

chemical shifts around the peptide bond. For these studies ab initio IGLO shielding 

calculations are used to explore the syn/anti dependence of l3C chemical shifts in some 

simple amides. From an analysis of the paramagnetic bond contributions to the shielding, 

it is clear that these differences have the same electronic origins as the ,),-effect in n

butane. 

2. Calculations: 

The molecular structures for N-methylformamide (NMF) , N-methylacetamide 

(NMA), N,N-dimethylformamide (DMF) and N,N-dimethylacetamide (DMA) are fully 

optimized ones at the HF/6-31G* level using the Gaussian 88 codes. 16 Geometries of 

NMF and NMA were optimized for both trans and cis forms. All calculations of chemical 

shielding were based on these optimized geometries and the ab initio lGLO (individual 

gauge for localized orbitals) formulation of Kutzelnigg and Schindler1? This method has 

been applied with good success to a large number of calculations of shielding for 

elements in the first and second rows. In this method localized MO's, which are 

associated with inner shells, bonding orbitals and lone pairs, have unique origins for the 

calculation of diamagnetic and paramagnetic tem1S. Localized origins methods such as 
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IGLO provide a satisfactory description of chemical shielding using modest basis 

sets. 13.17 Qualitatively, this can be easily rationalized. The chemical shielding is very 

sensitive to the cancellation between large diamagnetic oJ and paramagnetic contributions 

(jP of opposite sign. The paramagnetic contributions are much more difficult to calculate 

than the diamagnetic tenns, but these vanish if the origin is at the center of spherical 

orbitals. Since localized quantities such as bonds and lone pairs tend to be roughly 

spherical, the resulting decrease in paramagnetic shielding magnitudes produces smaller 

cancellation errors between O'd and O'P. All shielding calculations were based here on 

Huzinaga Gaussian lobe basis setslS (7,3/3) contracted to a double-~ (DZ, Basis Set I) 

(411;21/21) set and a (9,5/5) setlS in the contraction of a triple-~ (Basis Set II119) (51111; 

311/311) set with d- andp-type polarization functions on non-hydrogen and hydrogen 

atoms respectively. Calculated values of 0' are absolute shieldings with respect to the bare 

nuclei. These shieldings are converted to chemical shifts (0) relative to TMS for 

comparison with experimental results. All computations were perfonned using a Convex 

C220 minisupercomputer. 

3. Results and discussions: 

(1) Structural Data. Previous ab initio calculations3.4.20.21 of optimized amide 

geometries made use of basis sets that are comparable to those used here. The optimized 

structural data for NMF, NMA, and DMF were compared with and shown to be in 

reasonable agreement with the experimental data.22 However, experimental molecular 

geometries appear not to be currently available for the cis-NMF and cis-NMA. Depicted 

in Figure III-5 are the fully optimized (HF/6-31G*) bond lengths and bond 
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Figure ill-5. These figures give the optimized geometries (HF/6-31G*) for cis- and trans-NMF and NMA. 

Bond lengths are in Angstroms. The dihedral angles for the <x-CH3 and N-CH3 hydrogens are as follows: 

trans-NMF, LC'-N-Cs-H = 0.00, ±119.47°; cis-NMF, LC'-N-Ca-H = 0.00, ±119.26°; trans-NMA, 

LC'-N-Cs-H = 0.00, ±119.49°, LN-C'-C<x-H = 180.00, ±60.17°; cis-NMA, LC'-N-Cs-H = 0.00, 

±119.69°, LN-C'-C<x-H = 180.00,±59.68°. 
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Figure ill-6. The optimized geometries (HF/6-31G*) for DMF and DMA. 

Bond lengths are in Angstroms. The dihedral angles for the a-CH3 and 

N-CH3 hydrogens are as follows: DMF, LC'-N-Cs-H = 0.00, ±120.04°, 

LC'-N-Ca-H = 0.00, ±119.86°; DMA, LC'-N-Cs-H = 0.00, ±120.26°, 

LC'-N-Ca-H = 0.00, ±120.26°, LO-N-Ca-H = 0.00, ±119.40°. 
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angles for the syn and anti conformations of N-methylformamide (NMF) and the cis and 

trans arrangements of N-methylacetamide (NMA). The fully optimized geometrical data 

for N,N-dimethylformamide (DMF) and N,N-dimethylacetamide (DMA) are presented in 

Figure 111-6. In all cases the molecules were assumed to have Cs symmetry. Data in 

these two figures clearly show that replacement of hydrogen by methyl leads to 

substantially larger C'-N-C bond angles: for the cis amide arrangement the C'-N-C bond 

angle increases from 125.4° in N-methylformamide to 129.4° in N-methylacetamide. 

However, for the trans amide arrangement there is ~ssentially no change in the internal 

angles. The same trend is observed between DMF and DMA, for which the C'-N-C(anti) 

angle increases from 120° to 125°. This increase and Cex-C'-N angles greater than Hex-

C'-N angles, almost certainly arise from the increased steric interaction between the two 

terminal groups Rand Me(N) as H is replaced by CH3. The orientations of all methyl 

groups are shown in Figures 111-5 and 111-6. The full conformational spaces associated 

with methyl group rotations were not investigated here. The methyl group arrangements 

for trans-NMF and trans-NMA are based on previous ab initio studies while those for 

DMF and DMA are assumed by analogy.20 Because the barriers to rotation about the 

single bonds are low, the calculated minimum energy conformations are quite dependent 

on the size of the basis set.21 Although methyl group orientations may be different in 

solution than in the gas phase, these seem not to be important factors for the syn/anti 

dependence of the 13C chemical shifts investigated here. Moreover, preliminary IOLO 

results for shielding with rigid methyl rotation suggest that rotarner averaging has small 

effects on the calculated and experimental chemical shifts. 

Bond lengths and calculated (Basis Set 11119) bond orders for the N-C bonds of the 

various amides are collected in Table ill-7. In all cases the anti N-C bonds are slightly 
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shorter than the syn N-C bonds. This trend was noted in a previous MO study of N

methylacetamide.4 The correlation is the expected one in which bond lengths increase 

with bond orders. 

Table I11-7. A Comparison of Calculated N-C Bond Lengths and Bond Orders for the 

Amides. 

NMF NMA DMF DMA 

Bond Len~ths, A 

N-C (syn) 1.446 1.445 1.446 1.448 

N-C (anti) 1.443 1.444 1.442 1.445 

Bond Orders 

N-C (syn) 0.840 0.860 0.860 0.879 

N-C (anti) 0.883 0.877 0.898 0.889 

(2) Chemical shifts. The calculated IGLO results (Basis Sets 114 and ID19) for the 

isotropic 13C chemical shielding were obtained for the six amides of this study. As 

expected from a large number of shielding calculations, larger basis sets almost always 

give better agreement with the experimental data. Conformational trends, however, are 

sometimes implicit in the smaller basis set. 14 For example, the syn/anti dependence of 

the methyl chemical shifts of these amides was also obtained with a double-~ basis set. 

However, only the 13C isotropic results using Basis Set III14,19 are included here. All 

shielding values were converted to chemical shifts by means of the calculated CH4 

isotropic shielding (216.2 ppm) which was obtained with the same basis set and the 

experimental chemical shift for methane (-2.3 ppm).23 Calculated IGLO results for all 
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Table IIl-8. Calculated 13C Isotropic Chemical Shifts (Basis Set I1l19) in a Series of 

SimEle Amides ComEared with EXEerimental Solution Valuesa 

Compound oCCs) O(Ca) L\o o(en) L\o o(C=O) L\o 
NMF trans cis trans cis 

calcd 22.9 26.2 -3.3b 159.6 162.1 -2.5b 

expt (H20)C 25.4 29.0 -3.6b 165.5 168.7 -3.2b 

(D20)d 26.8 30.3 -3.5b 166.5 169.7 -3.2b 

(CDCI3)e 24.6 28.2 -3.6b 162.8 166.0 -3.2b 

(DMSO-d6)f 24.15 27.48 -3.33b 161.98 165.43 -3.45b 

DMF 

calcd 28.3 33.2 -4.9g 161.9 

expt (H20)C 32.3 37.9 -5.6g 165.6 

(CDCI3)h 31.45 36.49 -5.04g 162.65 

(C6D6)h 30.71 35.28 -4.57g 161.89 
NMA trans cis cis trans trans cis 

calcd 23.7 27.2 -3.5i 20.6 22.5 -1.9i 166.2 167.4 -1.2i 

expt (DMSO-d~f 25.51 29.07 -3.56i 20.05 22.39 -2.34i 170.00 172.55 -2.55 
DMA 

calcd 30.4 33.2 -2.si 22.4 167.2 

expt (H20)C 36.2 39.1 -2.9i 21.5 175.7 

(CDCI3)h 34.99 38.01 -3.02i 21.49 170.39 

(C6D6)h 34.58 37.11 -2.5~ 21.32 169.29 

a All values are in ppm referenced to tetramethylsilane (TMS). Calculated isotropic l3C chemical 

shifts are referenced to TMS using the IGLO result for methane 13C shielding (Basis Set m19) in 

combination with the experimental solution value (-2.3 ppm) for methane. Thus, 0 = 216.2 - 2.3 - cr. b 

The Ao are the differences between the chemical shifts of trans-NMF and cis-NMF molecules. c Dorman, 

D. E.: Bovey, F., J. Org. Chern. 1973,38, 1719-1722. d Gate, E. N.: Hooper, D. L.: Stevens, M. F. 

G.: Threadgill, M. D.: Vaughan, K., Magn. Reson. Chern. 1985,23,78-82. e Dorie, J.: Gouesnard, J. 

P.: Mechin, B.: Naulet, N.: Martin, G. J., Org. Magn. Chern. Reson. 1980,13, 126-132. f Fritz, H.: 

Kristinsson, H.; Mollenkopf, M.: Winkler, T., Magn. Reson. Chern. 1990,28, 331-336. g The Ao 
are the differences between the chemical shifts of the Cs and Ca carbons of DMF. h Fritz, H.: Hug, P.: 

Sauter. H.; Winkler. T.: Logemann. E .• Org. Magn. Resop. 1977.9. 108-112. i The Ao are the 

differences between the chemical shifts in the trans-NMA and the cis-NMA molecules. j These are the 

differences between the anti and syn carbons of DMA. 
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carbons of the amides are entered in Table III-S along with the experimental 13C NMR 

chemical shift data. The various carbons are labeled as in Figures III-5 and ill-6: the N

methyl carbons, which are syn and anti to the C=O bond, are denoted Cs, and Ca , 

respectively. Both NMA and DMA have carbons Ca which are a-to the C=O bond 

In those cases in which measurements were performed in several ~olvents, the 13C 

shifts in Table III-S increase monotonically by as much as 5 ppm with increasing solvent 

polarity. With these large, solvent-induced changes in the measured chemical shifts, it 

would not be surprising to find even larger disparities than noted here between the 

calculated "gas phase" chemical shifts and the experimental chemical shifts. The 

calculated chemical shifts in Table III-8 are about 1.25 - 5.9 ppm smaller than the 

experimental ones which were measured in solvents with the smallest dielectric constants. 

Differences Ao in the calculated and experimental shift data for the syn Cs and anti Ca 

carbons are also included in Table III-S. It is these differences which are of interest for 

conformational assignments. In contrast to the large chemical shift variations with 

solvent, the Ao's vary by no more than 1 ppm, hence the agreement between calculated 

and experimental values is almost independent of solvent. Except for DMF in Table lII-8 

(for which the differences are in the range -4.6 to -5.6 ppm depending on solvent) the syn 

Cs carbon resonances are 2.8 to 3.6 ppm to low frequency of the anti Ca carbon 

resonances. The source of these differences will now be examined using the IOLO 

paramagnetic bond contributions (PBC) for the amides and by analogy to a previous 

study of the conformational dependencies of the 13C shielding in aliphatic 

hydrocarbons. 14 

Viewing the N-methyl groups as substituents which are "(- to the carbonyl oxygen, 
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within this series of amides the confonnational trends are consistent with those for the 

well-known y-effects in hydrocarbons.ll The conformational dependencies of the a-, 

~-, and y-effects in the 13C NMR spectra of hydrocarbons were investigated by means 

of the ab initio IOLO method. These results showed that the 13C resonance for the Cl 

methyl of cis-n-butane should be 2.5 ppm to low frequency of the Cl methyl of trans-n

butane,14 a result in reasonable correspondence with 13C NMR data for cyclic 

hydrocarbons. In an attempt to sort out the electronic factors which are responsible for 

the confonnational y-effects, localized paramagnetic shielding contributions, which are 

associated with the bonds (PBC) of n-butane, were examined as a function the dihedral 

angle about the C2-C3 bond. The 13C shielding arises almost entirely from diamagnetic 

and paramagnetic contributions associated with the four bonds on carbon. However, the 

torsional dependence of the Cl chemical shift in n-butane is almost entirely determined by 

the paramagnetic bond contributions (PBC) for the CI-C2 bond. It was shown14 that the 

PBC for the CI-C2 bond has a dependence on dihedral angle <t> about the C2-C3 bond, 

which is given approximately by the expression Op(PBC) = 1.3 cos <I> - 16.5 ppm.14 

Therefore, for butane in the cis and trans arrangements the CI-C2 PBCs are -15.2 and 

-17.8 ppm, respectively. The difference between these accounts for essentially all of the 

2.5 ppm shift of the cis-n-butane relative to trans-n-butane. The syn/anti dependencies 

of the N-methyl chemical shifts in the simple amides have an almost identical origin. The 

IOLO paramagnetic bond contributions associated with the N-methyl carbon atoms for 

each of the amides are entered in Table 111-9. Only those PBC's associated with the four 

bonds on the methyls are included. It can be seen from these data that about two-thirds of 

the observed syn/anti changes (Table 111-8) arise from the differences .1(PBC) of the 

PBC's for the N-C bonds (Table 111-9). Not only are the trends in the same direction as 

for cis- and trans-n-butane, the magnitude of .' • 1C) due to the y-oxygen is only slightly 
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larger than for a y-methyl. It is interesting to note from the data in Table 1II-9 that for 

each of the amides the PBC's for the C-R bond pointing toward the C=O groups are not 

only smaller in magnitude, they are in a direction opposite to the c-effect. This situation is 

similar to that for Cl shielding in n-butane for which the only important PBC's arise for 

the C-R bonds pointing away from the C4 methyl! 14 

Table ilI-9. Calculated 13C Paramagnetic Bond Contributions (Basis Set III) for the 

Methyl Groups in a Series of Simple Amidesa 

Bond Cs Ca -~(PBC) Cs Ca -~(PBC) 

N-methylfonnamide N-M~thylm.;~lmDid~ 

trans cis trans cis 
N-C -10.8 -13.2 -2.4 -11.3 -13.3 -2.0 

C-Rb -16.2 -15.8 0.4 -16.6 -16.2 0.4 

2(C-H)c -15.5 -15.5 0.0 -15.3 -15.6 -0.3 

N I N-DimethylformamiQe N I N-Dimethylacetamide 

N-C -13.3 -16.3 -3.0 -13.9 -15.9 -2.0 

C-Rb -17.7 -17.4 0.3 -18.8 -17.8 1.0 

2(C-H)c -15.8 -16.0 -0.2 -15.8 -16.0 -0.2 

aAll values are in ppm. b C-R bond in the plane of the molecule. c C-R bonds out of 

the molecular plane. 

An explanation of the syn/anti dependence in terms of paramagnetic bond 

contributions is a useful one but it does not fully identify the electronic origin. It may be 

useful to note that there is a qualitative correlation between the N-C paramagnetic bond 

contributions and the N-C bond orders. From Table 1II-7 it can be seen that the 

calculated bond orders for an N-C bond, which is anti to the carbonyl, are invariably 

larger than an N-C which is syn to the carbonyl: Although there is not an explicit 

theoretical relationship between bond orders and the paramagnetic bond contributions in 
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the IOLO formulation, it is not surprising that the increase of the atomic orbital 

coefficients, leading to an increased bond order, might also make the paramagnetic 

contributions more negative. 

The experimental 13C chemical shifts for the carbonyls of cis- and trans- N

methylformamide and cis- and trans-N-methylacetamide in Table 111-8 also exhibit 

syn/anti dependencies which are satisfactorily reproduced by the IOLO results. 

Furthennore, the 13C NMR data for the Ca carbons in cis- and trans-N- methylacetamide 

in Table 111-8 show an approximate 2 ppm shift to lower frequency for the cis compared 

to the trans arranged N-methyl group. This is completely consistent with the arguments 

given above. 
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Chapter 111·3. Ab i1litio MO Study of the Conformational Dependence in 

l3C Chemical Shift of Ca of N·Acetyl.N'-methyl Glycine Amide: A Model 

For Peptides and Proteins: 

1. Introduction: 

In organic chemistry and biochemistry, 13C-NMR spectroscopy has been widely used 

for structure detennination and conformational studies. 1 Since the 13C chemical shift is 

quite sensitive to the electronic environment of the nuclei, the conforma~onal dependence 

of 13C-NMR chemical shifts (oe) has been a research subject for many years.2 In 1980, 

TonellP attempted to apply the well-known substituent effects1 (~-, y-effects) of the 13C_ 

NMR chemical shifts to the polypeptide backbone carbons (mainly ~ and carbonyl 

carbons). The oes of carbonyl carbons are different for different amino acids in the same 

position of a sequence, and also are different for the same residue in the different 

positions of a sequence. These differences in oe were qualitatively interpreted in terms of 

various co~binations of ~- and y-substituent effects. Further, a simple conformational 

dependence (trans/gauche) of the y-effect was used to account for the observed 

magnitudes of 13C NMR chemical shifts.3 Subsequently, it was shown2 from solid state 

NMR experiments that the Ca and C=O 13C signals of amino acids in the a-helix form 

are shifted downfield by 3.5 ..... 8.1 ppm with respect to those in the ~-sheet form, while the 

C~ oe in the a-helix appears upperfield by 0.8-5.2 ppm with respect to that of the ~

sheet form. Furthermore, chemical shift cheange in peptides was also observed in 

conformations other than a-helix and ~-sheets, e.g., 31-helix.4 In the latter case the oe of 

C=O is much more sensitive to the two conformations (form I and II of 3 I-helices) than 

that of Ca. Asakawa and coworkers5 recently demonstrated that the oes of carbonyl 



133 

carbons of Gly and L-Ala residues in peptides are not only conformationally dependent 

but also change with the hydrogen bond length. Due to the introduction of improved 

isotropic substitution strategies6 and the developments of new methodologies in 

heteronuclear multidimensional NMR,7 more 13C chemical shift data are available for 

peptides and proteins in solution state. Recently, at least two reports have appeared that 

summarize for the statistical correlation of Be with the secondary structures of proteins. 8,9 

Both groups observed a strong correlation of Ca oe with the secondary structures of 

proteins mainly a-helix and ~-sheet, i.e., the oe of the Ca in an a-helix appears at lower 

field than that in a ~-sheet. Similar correlations also are found for carbonyl carbon and 

C~, although theoretical bases for these correlations remain poorly understood.8 

The conformational dependencies of Be have been studied theoretically by Ando and 

coworkers with a serniempirical finite perturbation INDO (FPT INDO) method.10 Based 

on the calculated Be contour maps for the C~, Ca and carbonyl carbons in N-acetyl-N'-

methyl-L-alanine amide, it was proposed that intermolecular hydrogen bonding (in their 

model II) is required in the calculation in order to reproduce the experimental chemical 

shift trends for the Ca and carbonyl carbons, but is not required for Be of C~. Without 

including the intermolecular hydrogen bonding (in their model I), the calculated 13C 

chemical shifts of Ca and carbonyl carbon conflict with the experimental data. The 

reason for including a hydrogen bond in the calculation of Be of carbonyl carbon is 

obvious because the C=O is directly involved in a hydrogen bond. Since recent studies 

indicated that significant effects of hydration on chemical shielding occur at carbonyl 

oxygen which may have large effects on 13C chemical shifts of C=O carbons 

subsequently. However, it is less obvious why Ca is influenced significantly by the 

hydrogen bond at NH where Ca is not directly involved. 
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Figure 1II-7. The structure of N-acetyl-N'-methylglycine amide and definitions of~, 

'" and w dihedral angles. 

A preliminary study of N-acetyl-N'-methyl-glycine amide (Figure 1II-7) and N

acetyl-N'-methyl-L-alanine amide in these laboratories was based on several available ab 

initio geometries ll which did not include intermolecular hydrogen bonds. Ab initio 

IOL012 calculations of 13C chemical shifts produced reasonable magnitudes for the Ca 

Be changes in different conformations of Gly and Ala dipeptides. For instance, the range 

of calculated Be for Ca is 11.6 ppm in six different conformations of Gly dipeptide. In 

the two conformations defined by (~= -85.7°, '" = -57.7°) and (~= -117.1°, 'If = 16.0°), 

which are the closest to the regular a-helix (-48°, -57°) and p-sheet (-139°, 135°), the 

calculated 13C chemical shifts of Ca in Gly dipeptide, 39.2 and 29.8 ppm, respectively. 

The calculated results differ by 9.4 ppm in comparison with the experimental results 

which differ by 3.5 .... 8.1 ppm for the two conformations. It appears that it is not 

necessary to include an intermolecular hydrogen bond to describe the conformational 

dependence of Be of Ca using the ab initio IGLO method. However, to ascertain the 

possible cause of the conformational dependence of Be for Ca in peptides of proteins, 

several IOLO calculations for a small number of conformations scattered in ~, '" space are 

insufficient. A systematic change of each dihedral angle will be required. 
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Presented here is a theoretical study of conformational dependence of 13C chemical 

shift in N-acetyl-N'-methyl glycine amide with the intention of understanding the 

electronic origins for experimental trends. The model glycine dipeptide is chosen for two 

reasons. First, because glycine is the smallest among the 20 natural amino acids and has a 

unique property, i.e., its lack of chirality at Ca, the energy contour generated by the 

empirical force field ECEPP in <p, 'I' space shows a C2 symmetry about its center (<p=oo, 

'1'=0°).13 A C2 rotation of one half of the plot in the plane of the paper gives the other 

half. The amount of work for both geometry optimization and shielding calculations is cut 

in half. All other amino acids introduce at least a ~-carbon and would substantially 

increase the number and length of computations. Second, since the confonnational 

dependencies of Ca chemical shift are observed for nearly all the amino acid including 

Gly, a common electronic origin is expected. For simplicity, no interresidue hydrogen 

bonds are included in this model. A recent theoretical study of blocked Gly and Ala 

dipeptides by Head-Gordon and coworkers14 revealed that the difference between N

acetyl and N-formyl blocking groups on the energies and the optimized structures of the 

molecules are insignificant. On the basis of their benchmark work, they were able to 

replace the N-acetyl by a N-formyl block group to simplify calculations. Unfortunately, 

in the study of the 13C chemical shift of Ca the methyl group in N-acetyl may not be 
I 

ignored, since it is at ,,{-position to the Ca. To study the conformational dependence of 

the Ca oc, possible contributions from the ,,{-effect have to be considered. 

2. Theoretical methods: 
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Geometry optimizations were performed with the Gaussian 90 codes. 15 The 

geometries of N-acetyl-N'-methylglycine amide were fully optimized with only <1> and \jf 

angle constraints. The default "tight" conditions for convergence of geometry 

optimizations were used (maximum force = 1.5 x 19-5 a.u., RMS force = 1.0 x 10-5 a.u., 

maximum displacement = 6.0 x 10-5 a.u. and RMS displacement = 4.0 x 10-5 a.u.),16 

Hartree-Fock (HF) level of theory in conjunction with a small split-valence basis 

including a set of d-orbitals as polarization functions on all nonhydrogen atoms (3-

21G*)17 was used in the geometry optimizations. In a previous detailed investigationI4 

the small split-valence 3-21G basis set behaved reasonably well for geometry 

optimizations in comparison with the results obtained with larger basis sets. Since no 

attempt was made to further optimize the geometries with any other basis sets in our 

study, a set of polarization functions was included to improve the quality of optimized 

geometries. 17 The Gly dipeptide is an achiral molecule and its energy map in <1>, \jf space 

has C2 symmetry. Only half of the number of molecular structures is needed to construct 

the whole matrix in <1>, \jf space. A grid with 30° intervals was used to give a total 169 

(132 ) data points for the whole matrix. Thus only 84 data points (<1>, \jf) were actually 

calculated and the rest were based on symmerry. 

Chemical shift calculations for the 84 conformations were carried out with the 

IGL088 version (see previous chapter for IGLO). All calculations here were based on , 

Huzinaga Gaussian lobe basis sets (7,3/3) contracted to a double-~ (DZ, Basis Set I) 

(411 ;21/21) set. 18 In previous studies on the conformational dependencies of 13C 

chemical shifts,19 it was shown that the conformational dependence is usually reproduced 

at the DZ level calculations but larger basis sets always give better results in terms of 

absolute chemical shielding. For rnui :i.,tlles of this size, applications of larger basis sets 
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are currently prohibitive due to the number of calculations involved, DZ basis sets are 

almost the only choice. It is expected that the shielding results for nitrogen and oxygen 

will be poor with such a small basis set. Recent study using "locally dense" basis sets20 

on heavy atoms offers promise for improving the quality of the shielding results for these 

nuclei. All IOLD calculations in this study used optimized geometries at the HF/3-210* 

level.1? The symmetry of the molecule was also exploited for the shielding data in 

building the whole matrix in <1>, \jf space before generating the 3-D surface plot and its 2-D 

projection. All calculations were performed on a Convex C-220 in the Department of 

Chemistry, University of Arizona. Each of the IOLO calculations with DZ basis set uses 

2.5 hours of cpu time. 

The 3-D surface plots and 2-D projections of energy, Ca chemical shifts of Oly 

dipeptide were generated by a commercial plotting package Axum® on a personal 

computer. Using built-in 2D or 3D spline algorithms (cubic or bicubic spline 

interpolation) in this program,21 the final plots were smoothed based on the actually 

calculated data points. 

3. Results and discussion: 

(1) Energy surface of GRy dipeptide in <1>, 'JI space. Shown in Figure III-S is 

an energy surface plot of Oly dipeptide in <1>, 'JI space and its projection on (<I>, 'JI) plain. 

The energies are from HF/3-210* calculations based on optimized geometries. The 

lowest energy is found at the conformation (150°,180°) with -451.2921446 hartrees. 

This point is set as the zero of energy and the relative energies of all other points are 

converted to the unit of Kcal/mol as depicted in Fi!!ure Ill-S. In this study, no attempt 
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was made to locate the energy minima or any transition states among them. Several 

general features of the energy contour plot are compared with a recent careful study on the 

glycine dipeptide analogue by Head-Gordon et al,J4 the available empirical energy contour 

maps of glycine dipeptide using the ECEPP force field,13 and a force field developed by 

Weiner and coworkers.22 

Except for one feature, the energy map of Gly dipeptide at the HF/3-21G* level in 

Figure III-8 is quite similar to that of the Gly dipeptide analog (GDA) obtained at the 

HF/3-21G leve}l4. In the GDA energy map,14 an energy minimum at (-121.9°, 25.2°) 

was identified as a stationary point P at the HF/3-21G level but disappeared at the HF/6-

31 +G* level of calculation. This energy minimum did not appear in the energy surface of 

Oly dipeptide at the HF/3-210* level. The agreement between result at the HF/6-31 +0* 

(in ODA)14 and the HF/3-210* levels suggests that the stationary point p which appears 

at the HF/3-210 level may be an artifact due to a small rigid basis. In this case it appears 

that the inclusion of a set of polarization function in 3-21G improves the energy surface. 

It is of interest to compare the energy surface of Oly dipeptide based on ab initio MO 

results with those from empirical force field methods. Two available energy maps for Oly 

dipeptide are from the ECEPp13 and that by Weiner, et al.,22 which are among widely 

used force fields in conformational studies of peptides and proteins. The most obvious 

difference between the energy map from the ECEPP and the one resulting from ab initio 

calculations occurs in the region A around (-60°, -50°) which usually corresponds to the 

right-handed a-helical conformation in proteins. In the ECEPP plot13 there is an obvious 

low energy region which corresponds to the experimental information. Usually, it will 

favor a right-handed a-helix conformation as a lower energy contribution to the protein 
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structure. On the ab initio energy surface of Gly dipeptide or of GDA14 such an obvious 

energy minimum does not exist, although this region is still energetically accessible by the 

molecule. This implies that the tendency of the empirical force field ECEPP to form an (X.-

helical conformation is overemphasized in comparison with the ab initio MO result in 

vacuum. Such a tendency for protein conformations might be a result of solvent effects. 

collective hydrogen bonding effect. or a combination of both. In the empiIical force field 

these effects may have been incorporated into the local force field parameters in order to 

produce results in agreement with experimental observations. On the other hand, the 

energy map for glycine dipeptide using the force field developed by Weiner and 

coworkers22 looks more like the one presented here. The significant difference between 

this force field and the previous one is probably the use of partial charges taken from 

Mulliken populations of ab initio calculations.22 

(2) The 13C chemical shift of Co. in Gly dipeptide. Depicted in Figure DI-

9 is a surface plot of the calculated Be (relative to TMS) of Co. as a function of the <1>, 'II 

angles. The chemical shift at the highest field in (<1>. 'II) space is 34.9 ppm at (120°, 

-150°)/(-120°, 150°) and the chemical shift at the lowest field is 45.2 ppm at (0°, 

30°)/(0°, -30°). Due to the conformational dependence the variation of the calculated Be 

is about 10 ppm. This value is large enough to cover the experimentally observed Be 

variation of a-carbon associated with conformational changes in peptides and proteins.2 

Although the calculated chemical shifts are about 4--5 ppm smaller than experimental Bes 

(see Table llI-lO), the size of this discrepancy is expected for calculations with DZ basis 

set from previous experience.19,23 The really imponant issue here, however, is not the 

absolute chemical shift value but the conformational dependence of Be, i.e., the relative 

chemical shift change over different conformations. Inspection of the calculated Be of Co. 
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shows that 8e is 41.3 ppm for the a-helix region (_48°, -57°) and is about 3.2 ppm larger 

than that in ~-sheet region (-139°, 135°), 8e = 38.1 ppm. In a-helix and ~-sheet 

conformations the calculated ~8e = 3.2 ppm of Gly dipeptide Ca fall into the 

experimentally observed range 3.5-8.1 ppm for common amino acids in peptides or 

proteins.2 The chemical shift difference of 3.2 ppm is comparable to more recent data of 

Wishart et al.,9 which for the a-helix conformation with respect to ~-sheet shows an 

averaged downfield shift of 2.6 ppm in glycine residue. This trend from our ab initio 

IOLO calculations is in good agreement with the experimental data of Spera and Bax,8 in 

which an average ~8e of 3 ppm was observed for common amino acids between a-helix 

and ~-sheet conformations. Larger chemical shift differences (~oe up to 5.6 ppm) were 

observed for other amino acids,9 e.g., Val and Arg. However, in the analysis of 

experimental data, parallel and antiparallel ~-sheet conformations were not distinguished. 

It is obvious from our results that they should have different Ca chemical shifts. The Ca 

of Gly in parallel ~-sheet conformations may appear at lower field by 2 ppm than that in 

antiparallel ~-sheets. If a comparison is made betw'een a-helix and antiparallel ~-sheet 

conformations, a difference of 5.2 ppm rather than 3.2 ppm in the calculated chemical 

shift of Co. is expected. This may explain some of the larger chemical shift differences 

observed in the experimental data. As shown in the experimental data, the chemical shifts 

of Ca in the same amino acid residue at a same type of conformation can vary 2-4 ppm. 

This flunctuation of 13C chemical shifts has been attributed to the variations of the 

secondary sctructure of proteins8, since large deviations (up to 7°) in the dihedral angles 

'1>, 'I' from the mean values of a-helices were observed in the crystal strutures of proteins 

and peptides. This can be easily seen in our calculated 0('1>, '1') map base on the ab initio 

IOLO method. For instance, in the ~-sheet conformation a deviation of 10° from the 

regular <I> and 'I' angles will cause a change about 1-1.5 ppm in the chemical shift of Ca 
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according to the calculated Be values. Therefore, the observed statistical distributions of 

Be in a large number of experimental data is confim1ed on the basis of the results from our 

theoretical calculations. However, this may nor be the only contributing factor to the 

spread of the observed Be values (see disscusion on the side chain effect later in the text). 

So far, correlations between 13C NMR chemical shifts of Ca and only a few protein 

secondary structures, mainly a-helix and ~-sheet, were observed experimentally.2,8,9 It 

is apparent from the calculated Ca chemical shift map (Figure ill-9) that the variation of 

the Co. chemical shift induced by conformation changes is not limited to these two most 

often observed conformations. Other secondary structures mainly 31O-helices and reverse 

turns also induce changes in the calculated chemical shift of Co., which are listed in Table 

lII-lO. Since the Gly dipeptide is not chiral and its o(13C) map has a C2 symmetry, its 

Ca B(13C) has the same values in aL-helix, ~-turns (type-!', II' and III') as in their 

counterparts aR-helix, ~-turns (type-I, II and IIi). Although the conformationally 

induced chemical shift were predicted among these folded structures, the magnitude of 

~Bes is generally smaller than that between a-helices and ~-sheets. This trend in Be is 

consistent with the confonnational features determined by the two dihedral angles <\> and 

'1'. The most obvious situation is the identical (<\>, \jI) values for amino acid residues at i+ 1 

positions of of type-I ~-tum and type-Ill ~-turn and the i+2 position of the type-III ~

tum, which correspond to the identical Be of Co. in Gly. All the Be for the reverse turns 

are actually distributed in between the two limits posed by the two most often observed 

conformations in proteins, a-helices and ~-sheets. Due to the large deviations of Be from 

the mean values observed in these two conformations,8,9 it is still a question whether or 

not the predicted conformation dependent oc can be used practically to distinguish the fine 

conformational features beyond the general classification of the helices and ~-sheets. 
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However, in small conformationally constrained peptides, where reverse turn 

conformations are often observed, the calculated Ca chemical shift map should be helpful 

in the interpretation of the experimental chemical shifts. 

Figure ill-lO. The calculated Be of Ca in Gly dipeptide at various conformations . 

<I> \jI .Qc of Ca (ppm) 

Conformations (0) (0) calc. eXE·d 

aR-helixa -48 -57 41.3 45.7 

31O-helixa -74 -4 40.4 

Parallel ~-sheeta -119 113 38.1 43.1e 

Antiparallel ~-sheetb -139 135 36.1 

~-turn (type I),C i+1 -60 -30 40.7 

~-turn (type I),C i+2 -90 0 39.6 

~-turn (type II),C i+ 1 -60 120 41.2 

~-turn (type m,c i+2 80 0 40.1 

p-ulrn (type III),C i+1 -60 -30 40.7 

~-turn (type III),C i+2 -60 -30 40.7 

a The definition follows that in ref.26; b The definition follows that in ref.27; c The 

definition follows that in ref.28; d Data are the mean value for the particular 

conformations, from ref. 9; e In ref.9 this chemical shift was assigned to p-strands, no 

distinction was made between parallel and antiparallel p-sheets. 

To see the trend of the conformation dependency more clearly, we have plotted the 

calculated chemical shift of Ca in two other ways (Figure III-lO(a) and Figure III-lO(b». 

In figure III-lO(a), cross sections along \jI axis were plotted with 30° interval while 
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changes of the calculated chemical shift along <!> axis can be seen clearly. The general 

feature for the change of chemical shift along <!> axis is characterized by a maxima at <!> = 0° 

and two minima at <!> = ± 120°. This is a most accurate description for the slices taken 

close to \jf = 0°. However this general feature is modified to a different extent when the 

slices are taken from \jf angles away from 0°. Although the cross sections are plotted for 

\jf angles between 0° and 180°, the shape of plots for \jf angles between 0° and -180° 

should be obvious based on the knowledge that this molecule possesses a C2 symmetry. 

In figure III-lOCb), on the other hand, cross sections along <!> axis were plotted with 30° 

interval, while changes of the calculated chemical shift along \jfaxis can be seen. It was 

recognized that the chemical shifts are larger (lower field) when \jf angle is between 60° 

and -60° and then become smaller (shift to higher field) when the \jf angle is close to ± 

180°. However, the common feature of calculated chemical shift change along the \jfaxis 

is less obvious than that along the <!> axis. To funher explore the possible cause of these 

observed trends in Ca chemical shifts, we have analyzed the individual localized orbital 

contributions to the total chemical shielding of the Ca. In the present version of IOLO 

method, the sum of diamagnetic and paramagnetic contributions from each localized 

orbitals is calculated. Usually the diamagnetic contributions are independent of 

conformational changes and the conformational dependence of 13C chemical shifts are 

largely due to the change in paramagnetic localized orbital contributions. Therefore the 

change in the sum of diamagetic and paramagnetic contributions from each localized 

orbital actually reflects the change in its paramagnetic contributions. From these analyses 

it is clear that the first order (or the largest) localized orbital contributions to the chemical 

shielding of the Ca are from those localized orbital associated with the bonds directly 

connected to Ca, i.e., Ca-C, Ca-N bond::; .,1lJ two Ca-H bonds. Not only they make 

major contributions to the paramagnetic sll" :;ding, they also dominate the conformational 
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dependence of the shielding or chemical shift. Since the paramagnetic local orbital 

contributions to the chemical shieldings are negative, they are plotted as their absolute 

values in order to compare them with total chemical shifts. As shown in figure III

lO(c)(d), the sum of orbital contributions over Ca-C, Ca-N and two Ca-H bonds 

already gives the overall shape of the conformation dependence in Co. chemical shift. The 

changes in paramagnetic contributions from localized orbitals (LO's) one-bond away from 

Co. atom are generally small (usually within 0.5 ppm, sometimes can be as large as 1 

ppm), which are the second order effects comparing with the large first order effects. 

Further analysis of individual first order effects indicates that the general trend in the Be of 

Co. along <I> axis is determined primarily by the paramagnetic bond contributions from Ca

C and Ca-N bonds (see figure III-lO(c)), while that along y axis is a comprehensive 

effect from the four bonds directly attached to the Co. atom (see figure III-lO(d)). Since 

the sum of orbital contributions over these bonds already exhibits the general features 

observed in the Be plots. This is not a simple coincidence since these two bonds have to 

be rotated when <I> and 'V angles vary. It is the rotation of these bonds that change their 

paramagnetic contributions to the total shieldings of the Co. atom and further lead to the 

conformational dependence of the Co. chemical shift. These theoretical analyses in 

conjunction with all available experimental data suggest that the conformational 

dependence of Be of Co. of amino acid residues in proteins and peptides is a local effect 

dominated by <I> and \jf angles in which the Co. is directly involved. Therefore, it indicates 

that it is not necessary to invoke the hydrogen bonding model to reproduce the 

conformational dependence of Co. chemical shift as was used by Ando and coworkers in 

their semiempirical MO study.5 
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Although the effect of the sidechains in other amino acid residues were not considered 

in this study, on the basis of available experimental data it seems that the general trend for 

confromational dependence of Ca chemical shift is observed for almost all of the amino 

acid residues no matter what their side chain conformations are. This also indicates that 

the observed trend is mainly associated with the backbone conformation instead of the 

side chain conformation. However, the side chain effect may not be ignored since the 

chemical shift values for the Ca of the same amino residue in the same type of 

conformation are distributed over a wide range of 4-6 ppm (for some residues the range it 

is even larger). This large distribution can not be compledy explained by the fluctuation 

of <1> and", angles in the specific conformations such as helices and ~-strands. The side 

chain effects have to be considered. At least two types of effects on the DC of Ca can be 

imposed by adding an aliphatic side chain to the glyCine residue. The well-known a-, ~

substitution effects l in 13C-NMR spectroscopy will produce a low field shift in the DC of 

Ca. Furthermore, the conformationally dependent "(-effectI9 will also modify the DC of 

Ca according to the Xl angles. The ,,(-effect normally produces high field shifts in the DC 

of Ca. 

In summary, we have demonstrated in this study that the 3-210* basis set used in 

our ab initio MO calculations improves the quality of the energy surface in (<1>, "') space 

for Oly dipeptide in comparison with the results obtained at the HF/3-210 level. We also 

have constructed a 13C chemical shift map for the Ca atom based on the 10LO 

formulation. The trend of the conformation dependence of the ~DC predicted here is in 

good agreement with the available experimental data. The large deviation of secondary 

shifts around the mean values observed in experimental DC data have been rationalized as 

flunctuations in the <1> and", angles and possibly conformation-related side chain effects. 
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Further analysis of the individual localized orbital contributions to the total shieldings 

indicated that the conformation dependency of Ca oe in Gly residue is a local effect, 

which is mainly determined by the angularly dependent paramagnetic shielding 

contributions from bonds directly attached to Ca atom. 
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