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Abstract - Leu-enkephnlin (LIZ) and its amide (LEA) were 
studied by meene of =B NklR spectroscopy, at low tempera- 
tures, in one of the so-called cryoprotective mixtures 
(water/DMSJ in particular1.i.e. mixtures that reremble weter 
in many properties and that reach high values of the 
viscosity.‘Phe temperature coefficients of amide protons were 
measured in en unusually wide temperature renge (t54 to -30 
OC). All values for both LE and LISA nre larger than those 
expected for protona involved in hydrogen bonds. Owing to 
the increased viscosity of the medium, it MO possible, for 
* first time, to detect several intro- and inter-residue 
nuclear Overheuser effects. This imolies that the structure 
of these peptides is not completely random, but a detailed 
analysis of both temperature coefficients and NOESY spectra 
does not support the existence of a single folded conforma- 
tion either for LE and LBA. On the other hand, it proved 
possible to detect, for Lg, * fraction of * conformer 
characterized by a short Gly’ NI! - Gly’ NIi distance. Yhfs 
finding is consistent with a type I (or type I’) g-turn but 
not with type II g-turns. 

Introduction 

The structure-activity relationship of endogenous opioid peptides is 

dominated by conformational effects, owing to the flexibility of linear 

peptidee. Structural studies in the solid etate are of limited usefulness 

since the conformation of the asymmetric unit ia greatly influenced by 

lattice forces. Solution studies can be more useful, particularly those 

based on highly regiospecific techniques such as NMR spectroscopy. In 

principle, this technique allowa one to monitor intrinsic conformational 

tendencies aa well aa the influences of the environment. There are however 

two fundamental difficulties. In solution, a flexible molecule is seldom 

characterized by a single (or a few stable) conformation(a) of minimum 
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energy but rather by a complex mixture of guasi ieoenergetic conformations 

averaged in the NMR time-scale. Secondly, the environment in which the 

biological interaction taken place influences the conformational 

equilibrium, but it is very difficult to reproduce even some features of 

this environment in solution studiesa. 

Although the structure of opioid receptors is not known from direct 

studies, all models, based essentially on the properties of rigid 

nonpeptide agonistsa--s ,point to a highly hydrophobic pocket containing a 

specific anionic subsite (that fnteracte with the positive nitrogen present 

in all opioids). Accordingly, on the basis of energy calculations, many 

authors have proposed, for the biologically active conformations of 

enkephalins, folded conformations in which all hydrophobic side-chains are 

exposed7-24. 

The problem of simulating the phyeico-chemical environment inside the 

receptor has been addressed specifically in our laboratory'. We have shown 

that complexation of the -NIG- group of enkephalin amides with a crown 

ether can be likened to the binding of the same group to the anionic 

aubsite of the receptor, whereas a relatively apolar solvent, like 

CDCL,can play the role of the hydrophobic cavity. These experimental 

conditions favor folded conformations of the family of j3-turnal.6. 

It is equally important to study the conformational state of these 

peptides in the transport fluid and at the interface between water and 

cellular membrane. It has been pointed outX5-30 that the state of linear 

peptide hormones in water is probably random but that, even before a pep- 

tide binds to a protein receptor, the change from the bulk of the aqueous 

environment to the water-membrane interface, and finally to the apolar 

environment of the membrane lipids, can induce a transition from more or 

less disordered "random coils" to fairly ordered folded conformations. 

Indeed most NWR studies on opioid peptides have been performed in very 

polar media typical of the conditions of the transport fluide3=-3s, but 

there is no general agreement on the conformation adopted in these media. 

For instance, in spite of many claims a~*=e--3= in favor of the presence of 

folded structures in solutions of enkephalins, Iiigashijima et al.== have 

demonstrated that Mets-enkephalin amide assumes, in DMSOac,an essentially 

extended conformation, whereas the dipolar form of Met5-enkephalin in the 

same solvent contains only a small fraction of a disordered folded 

structure, owing to the strong electrostatic interaction between the char- 

ged ends of the peptide. 

The uncertainty on the solution conformation of these molecules is 

linked in part to the intrinsic difficulty of extracting structural data 
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from the complicated averages measured by NI4R paramstersss, but also to the 

fact that in-these studies the structural determination is often based only 

on the temperature coefficients of the chemical shifts of amide protons. 

The interpretation of these coefficients in terms of hydrogen bonds is 

fairly straightforward when they are close to zero, but it is very dif- 

ficult in all other cases, at least in polar solvents*'. Besides, they are 

usually measured in temperature ranges of only 30 V,owing to the high -- 

melting temperature of DRSO (18 "C) and to the danger of damaging delicate 

peptides at temperatures higher than 60 “C. 

The best way to overcome these difficulties would be to detect long- 

range nuclear Overhauser effects (NOE). Cyclic peptidesSX-s4-aS and small 

proteinsS7-40 give strong NOES that can be used as powerful constraints in 

molecular mechanics and molecular dynamics simulations of the conformation. 

On the contrary, in medium-sized linear peptides NOES are often very small 

or quite undetectable. This behavior can be attributed to a combination of 

several causes; the two most important ones are the conformational flexibi- 

lity and the unfavorable values of the correlation times ro. At the high 

fields necessary to fully analyze their XII spectra, these peptides may have 

values of the product UT- close to unity. This condition, in turn, corre- 

sponds to a minimum of spin-lattice relaxation time and to NOES close to 

zero*L. It is possible, in principle, to approximate the extreme narro- 

wing condition ( o= to= l 1) by using spectrometers that operate at 

lower fields, but for complex spectra like those of many peptides with 

biological activity, this solution is not practical because of the loss of 

resolution. Another way of affecting or0 is to vary the viscosity via a - 

twperature change since, according to the microviscosity theo*a,the 

correlation time is tirectly proportional to the viscosity of the solvent. 

However, the changes of viscosity in the tsmperature range useful for NMR 

measwts of bioactive peptides are quite -11 for the pure solvents 

usually employed in these 8tudies, i.e. water and IJHSO. Owing to the 

possibility of leughtsmiug to by increasing the viscosity 8m unu8ual 

solvents have been employed, like glacial acetic acid.= or phosphoric 

acid.. and, for peptides in particular, sulfolane instead of DM!SOes. Howe- 

=, all the quoted SOlvex& provide eWi mt8 with properties drasti- 

cally different frcm those of biological 8ystem8. 

A satisfactory aneue.rtom8nyoftheproblmsoutlinedabove can be 

furnished bythe u8eOf the 8O-t~lledc1yOprotectivenixtpte8. Donsou and 

Petsko4. have shcnm that aixture8 of water and alcohols, water and dire- 

thylforurfde or water and MI60, at lw t empeIY%tPreS, have properties clo8e 

to those of water atrocmtsmperature. Thesemixtures havein fact beeu 
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used to investigate several enzyme-catalyzed reaction8 at low tempera- 

tures*= and, lore recently, to study the carbon-13 K?llR relaxation of [l- 

xW]acetyl-chJIpDtrypsin~v. Ry using such mixtures it is possible to reach 

unusually lcnv temperatures, for a polar environment, that may possibly 

favor certain families of conformations. Purthermore, the lowering of 

temPeratuna increases dramatically the viecositp= thus making the RtXs 

observable also in medium-sixed peptides.*. Finally, in these conditions 

(low temperature and high viscosity), it may be assumed that water is 

partly ordered, i.e. in a state resembling that at the interfaces0 between 

themembraneand the transport fluid, at which thepeptidemolecules start 

to assums sm preferential conformations. 

We have studied Leus-enkephalin, Tyr-Gly-Gly-Phe-Leu (LR), and its 

amide (LEA) in a cryoprotective mixture by means of 500 HEX =H RXR epec- 

troscoW with the aim of measuring temperature coefficients in a tempera- 

ture range much wider than in all previous studies and of detecting 

structurally diagnostic RORe. 

RESULTS 

The room temperature epectra of LB and LEA in a 8O:lO:lO DMS&~r~H~OraH~O 

(v/v) mixture resemble the literature spectra of the same compounds and of 

related opioid peptides in pure polar solvents, a circumstance that greatly 

facilitates the identification of the reBOMnce~. 

TABLE I 
Chemical ehlfta @pm, referred to internal TSP) of Leu-enke 
and Leu-enkephalln amide In DMSO& -HAI *HnO 84X10:1 8 

halln 
mlx- 

tureat297K. 

Residue Leu-enkephalin Leu-enkephalin-RIiv 

a 3.90 3.90 
BJ. 3.00 2.90 

Tyr= Pa 2.90 2.80 
Ara.s 7.07 7.04 
Arr.5 6.74 6.71 

RR 9.76 8.13 
Gly= ax 3.83 3.80 

a0 3.70 3.70 

RR 8.09 -7.2 
Glys ax 3.70 3.70 

aa 3.64 3.60 

RR 8.00 8.11 
a 4.50 4.50 

Phe' Ba 3.00 3.10 
Ba 2.80 2.80 
Ar 7.27 7.27 

RR 8.47 8.05 

;x 4.50 1.59 4.50 1.53 
L8UB w 1.55 1.47 

Y 2.70 2.69 
6x 0.91 0.88 
61 0.84 0.82 
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Host assignments were performed by means of 2D COSY and NOESY experiments. 

In fact, to-the best of our knowledge, our sequential assignment of Gly' 

and Gly' resonances was performed for the first time from NOESY experiments 

(vide infra) without any recourse to analogs with specific substitutions. -- 

Table I summarizes all relevant chemical shift information. Most chemi- 

cal shifts differ only slightly from the corresponding ones in water Or 

DRSO',aI-"0. 

Figure 1 and figure 2 show the temperature dependence of the chemical 

shifts of the amide protons for LB and LBA respectively between 243 

and 327 K. It can be appreciated that the temperature range is much wider 

(84O) than those usually found in the literature (ca. 30°) up to now. 

This is a consequence of the use of a cryoprotective mixture that allows 

the measurement of good spectra at unusually low temperatures, at least for 

very polar solvents. All Leu-enkephalin NH protons share a linear behavior 

(see Figure l), with fairly large temperature coefficients. This behavior 

is closer to that observed in water rather than in DMSO, both for Leu- 

enkephalina. and Met-enkephalinas. In fact, a detailed study of the latter 

peptide as a function of both solvent and concentration has shown that the 

temperature coefficient of Met' Nli, which is large and negative in HaO, 

becomes smaller in DMSO at concentrations between 6 and 25 mM, indicating a 

partial shielding from the solvent. 

TABLE II 
Tern erature coetfldents ot the NH rwonancea ot Leu*nkephalln 
and eu-enkephalin-NH= (101 dWdT) e 

Residue Leu-enkephalin Leu-enkephalin-NRa 

Gly= -5.5 -4.9 

Gly= -4.9 / 

Phe. -5.8 -4.8 

Leu= -7.1 -7.1 

The data of Table II show that none of the amide protons of LB and LBA 

in the cryoprotective mixture is effectively shielded from the solvent 

and/or involved in a stable intramolecular hydrogen bonding. The only 

possible exception is the Gs NR of LEA, but it is not possible to draw 

reliable conclusions from the three observable points at high temperatures 

(Figure 2). At all other temperatures this resonance was hopelessly ob- 

scured by other peaks. 
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L’ 

0’ 

F4 

Figure 1. Tmpe.rature dependence of the chepical shifts of the amide protons 

of Lea-enkephalin (LE) in a 80t10810 DMSOM:~SO:~H~O mixture. The peptide 

concentration was 8 mlI. The chticalshifts are in pm, referred to 

internal TSP. The lines are labeled with the one-letter code of the 

corresponding residue. 
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s/ppl 

5.0 

7.8 
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Figure 2. Temperature dependeauze of the cheafcal shifts of the amide 

protons of Leu-enkepha1.i.n amide (LEA) in a 80:10:10 nI!Is&sr=AaOx=HnO 

mixture. The peptide concentrationwas ErlI. The chemical shifts are in 

PBr referred to internal TSP. The lines are labeled with the one-letter 

code of the corresponding residue. The tro lines corresponding to the two 

protons of the terrminal amide are both labeled HE=. 
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It is appropriate to recall at this point that since the chemical 

shifts are simple linear expansions of the contribution of individual 

conformers, it may be very difficult to detect small populations of folded 

conformers from chemical shifts or from their temperature coefficients. 

Besides, in a polar solvent, the change from the "bound" (i.e. intramole- 

cularly hydrogen bonded) to the "free" state (i.e. hydrogen bonded to 

solvent molecules) may imply only a small chemical shift change. Thus it is 

imperative to be able to measure NOES since their strongly non linear 

dependence on interatomic distance can be suited to detect even small 

populations of well defined conformers containing short proton-proton dis- 

tances. 

Figure 3 shows the low field portion of a phase sensitive NOESY spectrum 

of LE in the mentioned mixture at 277 K, with a mixing time of 500 ms. Ae 

it is well known, in such spectra cross peaks indicate dipolar coupling, 

and thus spatial proximity between two protons. Intrestingly, our exprimen- 

tal conditions favor the observation of many negative effects. In parti- 

cular, sequential NOE connectivities from the NH resonances (labeled along 

the diagonal in the lower part of Figure 3) to C, H's are of importance 

since they are diagnostic for sequence specific assignments. LE contains 

two Gly residues at sites 2 and 3, whose NH's resonate at 8.19 and 8.76 

ppm. The lowest field resonance shows, among others, a cross peak with C, Ii 

of Tyr' (labeled Y%.) at 3.96 ppm, while no such peak is observed for the 

Gly NH at 8.19 ppm. This unambigously ascribes the NH at 8.76 ppm to Glya 

(Ga) and, consequently, the one at 8.19 ppm to Glyr (G'). The other NH's 

also give rise to cross peaks with C, H of the preceding residue (La- 

with F',; F%,, with Gso; G'm and G3_), as well as some intraresidue 

effects, all marked in Figure 3. Furthermore, the cross-peak (circled in 

Figure 3) that links the NH's of the two Gly's, is the only clue for the 

identification of a well defined conformational feature of the molecule 

(vide infra). Along with these effects due to the increased stiffness of 

the backbone, brought about by the increased viscosity of the medium, 

equally important are those relating backbone and side-chains. This type of 

NOES can give information about the orientation of the side-chains. For 
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1 20 

1 30 

L_ 4.0 

PPm 

E 5.0 

I_ a0 

I_ 20 

1 a0 

i_ 9.0 

Figure 3. Low field region of a phase aennitive NOB8Y 6pe4ctnm of8 nlI 

Leu-enkep=n in a 8O:lO:lO DMSQasraHnOrxHaO mixture at 277 K with a 

mixing time of 500 ms. The shown spectral region ( ox - 0.2 to 9.2 pp, 

Wn = 6.4 to 9.2 ppm) contains cross peaks which manifest WOEa from amide 

and aromatic protons. All the effects are labeled using the one-letter code 

for the residues. The circled cross-peak connecting the Glyl and Glp HIi's 

is of diagnostic value in diecrimtnating within type I and type II fbturns. 
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example, the presence of cross-peaks between the Gly' NH and the Ha.8 and 

the &Ha protons of Tyrl (labeled YIa.8 and YIP, reepectively) indicates 

that the amide proton feels the presence of the aromatic ring, so that its 

spectral apearence at 8.76 ppm could be due, inpart, to the deehielding 

effect of the rings=. cm the other hand, the absence of effects relating 

the ring protone of Phe. with both Gly' and/or Leu= indicates that the ring 

doee not interact with the backbone protons. 

No long range effects have been detected that could support the proposed 

head to tail electrostatic interactiona for the ewitterfonic enkephalin. 

It irr likely that this interaction ie not sufficient to impose very short 

dietancea between hydrogen6 of the first and last residues, although it 

favors all folded conformations. 

More difficult is the interpretation of the corresponding data for LEA. 

Figure 4 ehowe the aromatic and amide region of the LEA NOESY epectrum with 

500 ms mixing time. As it can be seen in the lower left corner, the NH's of 

Gly=, Phe* and Leu5 (G", F' and L', respectively) all resonate at 8.19 ppm, 

while the Glyr NH is buried under the eignale of Phe* aromatics at 7.22 

ppm. In these conditions, specific assignments of the effects are pre- 

cluded, but a qualitative interpretation of the data is possible if we 

assume that no big difference8 exist in solution between the two studied 

enkephalins. 

Except for the effect between the Glya NH and the CnIia of Tyrl, present 

in LE (Figure 3) but absent in LEA (Figure 4), all others are observed and 

labeled in Figure 4. Some ambiguitiee could be removed by inspecting the 

2.8 - 4.0 ppm region of LEA (Figure 5). For example, the position of the 

Gly' NH is identified by the cross peak at 7.22 ppm (G*-),which is aligned 

with thoee linking the C,,li~ and the ring protons of Phe. (Fe-). The (Xi of 

Tyr= is here better recognized by the well resolved pair of cross peaks 

with the CdH3 at 3.91 ppm (Y',), while it ie very small in Figure 4 (Y', 

croeepeak) being bleached out by water irradiation. A comparison with the 

corresponding region of LE (not shown) helped in the identification of the 

cross peaks (Figure 5). 

It seema fair to conclude that the dramatic increase of the Overhaueer 
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Figure 4. Aromatic and amide region of the LEA phase sensitive MXSY 

spectrum with 500 ms mixing time. Experimental conditions as those of 

Figure 3. 
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Figure 5. -Phase sensitive IVOESY spectrum of LEA showing cross peaks from a 

and p protons. All conditions are the same~ as those described in Figure 3. 
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effects in the cryoprotective solutions of enkephalins can not be attibuted 

solely to the increase of rotational to, brought about by the increase of 

viscosity. We believe that the change in the "structure" of the solvent 

reflected by the high viscosity favors a narrowe r conformer distribution. 

Figures 3 - 5 show that our experimental conditions favor both intra- and 

inter-residue NOES; this implies that the structure of the two enkephalins 

is not completely random. In fact, the very detection of strong intraresi- 

due effects points to a collection of conformers with similar backbone 

constraints since a truly random distribution of main chain conformations 

would induce a parallel random distribution of side-chain conformers. 

An NOE with great diagnostic potential is that between the NW's of Glya 

and Glys. It points to a local folded form and, if we limit our analysis to 

p-turns, it can be used to discriminate among various types. For turns of 

type I, the shortest distances are that between NIV and N?Ia and that 

between NIV and NIV, which are of the order of < 2.5 A sa. Also diagnostic 

for turns of type I are the effects between J3-proton(s) and NW of following 

residues, whose distances can be as low as 2.9 A sa. For turns of type II 

the shortest distances are those between CA% and N?I*+'1- (of the order of 

2.2 A) and that between NH= and NH. (2.4 A). The distinction between the 

two types relies on the presence (type I) or absence (type II) of the 

effect between NW= and NH', since in the type II the distance between these 

protons increaaee to 4.5 A. 

The presence of an effect between the NW's of Gly' and Glyr diacrimi- 

nates between the two types, indicating that LE in our solvent system 

contains a conformer with either a type I or a type I' &turn. 

The abgence of effects for larger interatomic distances indicates that 

their (smaller) NOES are nullified by the small value of the population. 

However, it is interesting to point out that this conformer is similar to 

the folded conformer we found for the crown ether complex of LISA in chloro- 

form'. It is conceivable that the small population of the B-turn that shows 

up when moving from bulk water to the partially ordered water of the 

cryoprotective mixture may increase dramatically when LE enters the lipid 

phase of the membrane to approach the receptor. This view is consistent 

with the proposal of a catalytic role of the membrane='-'0 but it also 

hints that the 'seed" of the bioactive conformation can exist in the tran- 

sport fluid already. 

NxPERINKNTAL 

[Leu=]-enkephalin was a gift from prof.Fred Naider (The City University 
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of New York, St.George Campus), and the corresponding amide was purchased 

from Sigma (St.Louis MO, USA). Both were used without further purification. 

=I&,0 (99.9 8 atom =H), MS&s (99.8 

propionate-2,2,3,3a., TSP (98 % atom 

no, Italy). 

% atom =m) and sodium 3trimethysylyl- 

'Ii) were purchased from C.Erba (Mila- 

1-D NMR spectra were recorded at 500 MHe in the Fourier mode, with 

quadrature detection on a Bruker NM-500 spectrometer. Peptide solutions 

were 8 mM in 80:lO:lO DMSasr XIilO: =HaO (v/v). For the variable tempera- 

ture experiments the range spun was from 243 to 327 K. Chemical shifts are 

reported as 6's in ppm from internal TSP. The water signal was suppressed 

by a low power selective irradiation in the homogatsd mode. 

2-D NOESY experiments5~*a~ were run in the phase-sensitive mode using 

quadrature detection in w1 by time proportional phase incrementation of 

the initial pulse5'. Data block sires were 2048 addresses in tl and 512 

equidistant tz values, adding 80 transients for each t+ value, with a 

relaxation period of 1.5 s between them, and a spectral width of 6000 Hz, 

yielding a resolution of 5.6 Hz/point. Before Fourier transformation, the 

time domain data matrix was multiplied by a Lorentx Gauss function in both 

dimensions. 
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