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IH NMR study of choZecystokinin fragment fCCE27-33) in fc2H3)2S0 and in 2H20 at 
dif erent pH shows that s&fated (CCK7J and non suZfated (JJS-CCK7I peptides are 
un ci!tz r preferentially foZded conformations characterized by a 8-turn inchding 
the sequence Gly-Trp-Met-Asp with a H-bond between the CO of GZy and the NH of 
Asp. This structure is probably stabiZized by an ionic interaction between Tyr 
and Asp. Moreover, the N-terminal part of CCK7 forms a C7 structure with a 
weak H-bond between the CO of Gly and the NH of Trp. In this model a21 CCK7 
hydrophobic side chains are in close vicinity, far from the hydrophiZic sul- 
fate group. Full interaction with brain CCK6 receptors could require both the 
sulfate group and the maintening of conformational constraints. 

Cholecystokinin is a 33 aminoacid peptide originally isolated from the 

gastrointestinal tract (1) where it produces gallblader contraction (2) and 

pancreatic enzyme secretion (3). Recently high concentration of the cholecys- 

tokinin C-terminal octapeptide (CCK26-33 or CCK8) has been found in the brain 

(4-6) and various experiments suggest that this peptide behaves as a neuromo- 

dulator in the central nervous system (7). The structural characteristic of 

the CCK26-33 fragment Asp-(S03H)Tyr-Met-Gly-Trp-Met-Asp-Phe-NH2 is the pre- 

sence of an unusual sulfated tyrosine in position 27. Structure activity stu- 

dies have shown that neither the N-terminal Asp26 residue nor a free ammonium 

group are required for activity since CCK27-33 (CCK7) and its N-protected deri- 

vatives (acetyl, terbutyloxycarbonyl or benzyloxycarbonyl) have the same poten- 

cy than the CCK8 fragment in peripheral or central bioassays (8-9). On the 

contrary,the biological activity of these cholecystokinin-related peptides 

strongly depends on the presence of the sulfate group, since its removal leads 

to about a 100 fold loss of potency (9). Moreover, the CCK5 fragment (penta- 
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gastrin) displays only a ten times lower activity than CCK8 for the displace- 

ment of 125 I CCK33 binding to guinea pig brain but is unable to displace this 

iodinated cholecystokinin from pancreas receptors (10). Taking into account 

all these features it was of great theoretical interest to study the conforma- 

tional behaviour of sulfated and non-sulfated cholecystokinin. As we have 

shown in the case of enkephalins (ll), such a structural investigation is a 

prerequisite for a rational design of potent agonists or antagonists. At this 

time only the non-sulfated CCK, (NS-CCK7) has been studied by fluorescencetrans- 

fer energy (12). In this paper, we report preliminary results on the first 'li 

NMR conformational study of the potent sulfated CCK7 and its inactive analog 

NS-CCK7. 

MATERIAL AND METHODS 

Sulfated and non-sulfated CCK7 were synthesized following previously des- 
cribed procedures (13). The purity of both compounds was checked by HPLC on a 
Cl8 p-bondapak column using triethylamine-phosphoricacid buffer (pH 6.6) / 
acetonitrile as solvents. The NMR samples were prepared by dissolution of the 
peptides in H 0 or *H20. The solutions were adjusted to the appropriate pH 
value by HCl f  or *HCl) or NaOH (or NaO*H) and then lyophilized. The dried pep- 
tides were dissolved in *H20 or (C*H3)2SO at a concentration of 5.10-3M. The 
pH values of aqueous solutions were measured with a microelectrode (Ingold 
405.M3) using a pH meter Taccusel pHN 75 without correction for the deuterium 
effect. pKa values were determined from titration curves. Spectra were run in 
the Fourier transform mode at 270 MHz on a Bri.lker WH 270 spectrometer and at 
400 MHz on a Briiker WM 400 spectrometer, both equipped with aspect 2000 compu- 
ter and Briiker temperature controller. Resolution enhancement were achieved 
usin 

P 
a gaussian multiplication of the F.I.D. Chemical shifts are given in 

Ppm 0.01 ppm from tetramethylsilane (Me4Si) as internal reference in (C*H3)2 
SO solutions and from Me4Si in CC14 as external reference in *H20 solutions. 
Complete assignment of each spectrum was performed by selective irradiation 
experiments and comparison with the spectra of the related CCK5 and CCK6 
fragments. 

RESULTS 

'H NMR study of CCK7 and NS-CCK7 in (C*H,),SO solutions. 

The spectra of CCK7 (Fig. 1) and NS-CCK7 were done after lyophilitation 

of aqueous solutions adjustedat pH 5. In these conditions, it can be assumed 

that for both peptides, the amino group of Tyr 27 is under its protonated form 

whereas the Asp3* @-carboxy group is deprotonated. According to its strong 

acidity the sulfate group is negatively charged. The protons chemical shifts 

of CCK7 and NS-CCK7 are reported in Table 1. A great similarity occurs bet- 

ween both spectra for the tetrapeptide fragment Trp-Met-Asp-Phe-NH2, while 

significant differences are observed in the N-terminal tripeptide Tyr-Met-Gly. 

So, as compared to NS-CCK-/, 

the NH of Met*% 

the NH of Gly is deshielded (0.10 ppm) in CCK7 but 

and Tyr o, B-protons are upfield shifted (Table 1). This lat- 

ter effect cannot be related to the 0-sulfatation of tyrosine since, owing to 

its electroattractive effect, the sulfate group should induce a deshielding 

of Tyr ~1 and B-protons as it appears on aromatic signals (Table 1). Likewise, 
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Figurs 1. 'fl h%&? spectra of svtfated CC$, in t~H,i,SU soZutia (w~x~O-~M) 
at 400 MHz. 

a modification of the pKa value of Tyr ammonium group in CCK, as compared to 

NS-CCK7 cannot be put forward to explain the shielding of CCK7 Tyr protons 

since as shown by the titration curves in D20 (Fig. 2) both peptides display 

very similar pKa values. Therefore, chemical shift differences occuring at 

the Tyr-Met-Gly level between CCK7 and its non sulfated analog are probably 

due to conformational differences between both peptides. This assumption is 

reinforced by examination of the amide protons temperature dependency. 

Indeed, in CCK7 and NS-CCK7 a relatively weak variation is observed for 

Asp-NH resonances (-3.4 and -3.6 ppm/"C, respectively) but the temperature 

coefficient of the Trp-NH chemical shift is significantly smaller in CCK7 

(-4.4 ppm/"C) than in NS-CCK7 (-7 ppm/"C). These results strongly suggest a 

similar kind of folding for the C-terminal peptide backbone in both peptides 

but the presence of an additional bending in the N-terminal tripeptide moiety 

of CCK7. These assumptions are supported by the values of 3HNH-a coupling 

constants which are related to the backbone $-angles (14). So, a set of (p and 

$ angles, consistent with a BI-turn can be derived from the value of 7.5 Hz 

measured for 3J NH-a in Trp and Met residues which are located at the corner of 

the chain reversal. Likewise, the 3JNH-c, 

for Metz8 (7 Hz) 

coupling constants determined in CCK7 

; Gly (5.5 HZ) and Trp (7.5 Hz) seem in favour of the invol- 

vement of these three residues in a C7 y-turn. These proposed models are 

strengthened by the aminoacids side-chains conformations sincefor all residues 

measurements of the 3Jc,-B indicate a great preference for a tg- conformer 
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Table 1. Chemical shifts of the sulfated and non-sulfated CCK7 protons and 

amide temperature dependency in (C2H,)2S0. 

residue 
NS-CCK, 

NH * HcxQ HBa 

TyrC -- 3.65 2.66 
2.88 

Met 8.7gb 4.26 1.71 
f-16.0) 1.89 

GUY 8.17* 3.58 
C-6.31 3.68 

Tw 8.06b 4.45 2.92 
f-7.01 3.08 

Met 8. lob 4.15 1.74 
(-5.8) 1.82 

Asp 7.96b 4.34 2.36 
i-3.6) 2.47 

Phe 7.74b 4.25 2.77 
(-4.4) 3.00 

CCK7 

NH a 
Ha" HBa 

2.62 -- 3.49 2.85 

f-12.01 8.67b 
4.25 1.76 

1.91 

(-6.6) 8.27b 
3.57 
3.70 

(-4.4) 8.05b 
4.45 2.94 

3.10 

f-5.2) 8.0gb 
4.16 1.73 

1.82 

(-3.4) 7.95b 
4.34 2.31 

2.36 

f-5.0) 7.81b 
4.28 2.77 

3.02 

al The chemicaL shifts are expressed in ppm using TMS as internal references. 
b) SZope of the &en&a2 shift variation in function of the temperature in 

X lo3 ppm per 9. 

” The chemical shifts of Tyr aromatic protons ore respectively 6.94 ppm and 

6.61 ppm in NS-CC+ and 7.03 ppm and 7.00 ppm in CCK7. 

(50 to 60 %). This feature corresponds to a favourable disposition of hydro- 

phobic lateral chains around the folded backbone. 

pH Titrations of CCK7 and NS-CCK7 in *H20. 

The spectra of both sulfated and unsulfated peptides have been studied 

in the 2 to 10 pH range. The CCK7 spectrum at pH 5 is shown on Fig. 2. At this 

pH, chemical shifts of CCK7 and NS-CCK7 protons are similar except for those 

of Tyr, Met 28 and Gly residues which are more shielded in the non sulfated 

cholecystokinin. It can be observed that in (C2H3)2S0, the reverse effect is 

observed for a and S-Tyr signals. Furthermore, the titration curves of CCK7 

and NS-CCK7 in 2H20 show very interesting results. Hence, titration of the 

carboxy group of Asp leads to very weak effects on the cx and t3 protons of Phe, 

Tyr and Met (28 and 31) in NS-CCK, whereas significant shifts are observed on 

all CCK7 residues unless Phe B-protons and those belonging to Trp and Met 31 

residues. Likewise, titration of the N-terminal Tyr (pKa 'L 7.4) in CCK7 is 

clearly felt on all cx and i protons but not on those of Trp and 
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Figure 2. 'H NMR spectrum (400 MMz) of sulfated CCK7 (%!i.10m3M) in 2H20 
solution (pH ?J 5). 

Phe while in NS-CCK7 measurable effects are induced only on Gly and Met 28 

protons (Fig. 3). These findings reflect through space effects related to 

peptide puckering (15,16). So, it seems that in 2H20 the two peptides exhi- 

bit preferential folded structures which appear more defined in CCK7 than in 

NS-CCK7. As in (CzH3)2S0 the conformers population of lateral chains is lar- 

gely in favour of the tg- orientation. 

OISClJSSION 

The different results obtained in this NMR study clearly show that CCK7 

and NS-CCK7 exist preferentially in solution under folded conformations, which 

seem more puckered in the sulfated peptide than in the non-sulfated one. It is 

very interesting to notice that similar conformations are found in (C2H3)2S0 

and in 2H20. Indeed, it is unusual for linear peptides to have well defined 

structures in aqueous solutions (16). A Dreiding model of CCK7 proposed confor- 

mation is shown in Figure 4. This folded conformation, probably induced by the 

high content of hydrophobic side chains in this peptide, may be stabilized by 

an ionic interaction between the charged Tyr and Asp residues. A B-bend inclu- 

ding the sequence Gly-Trp-Met-Asp with an hydrogen bond between the NH of Asp 

and the CO of Gly is observed in the C-terminal part of both peptides. Occur- 

rence of such a folded structure is reinforced by low temperature dependency 

of Asp amide proton. Moreover according to the derived $J, $ angles of Trp and 

Met residues, the B-bend is probably of type I. However some differences appear 
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Figure 3. 'H NMR titration curves in 2H20 for NS-CCK7 A and CCK7 B . 
Upper curves : chemical shift variations of a-protons. 
Lower curves : chemical shift variation of 13 and y-protons. 
* At 270 MHz, the signa of the tie f3 protons are overlapped, 
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in the conformation of CCK7 and NS-CCK7 N-terminal part. In the sulfated pep- 

tide, rather weak temperature variation of Trp-NH, proximity between Gly-CH2, 

Met28 -Ha and Asp-carboxyl group evidenced through titration experiments lead 
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Phe 

Figure 4. hiding model of the proposed folded cafomation of sulfated CCK7 
in solution. 

to propose a y-turn for the sequence Met 28 -Gly-Trp with a hydrogen bond bet- 

ween the CO of Met and the NH of Trp. This C, structure is favoured by the 

presence of a flexible glycine as central residue. 

In relation with this highly puckered backbone, the lateral chains are 

directed away in their preferential tg- conformation leading to a hydrophobic 

surrounding of the B-turn. In CCK7 the presence of a y-turn leads to a parti- 

cular orientation of the sulfated tyrosine at the opposite of the hydrophobic 

part of the molecule, whereas in NS-CCK7, the peptide N-terminal moiety remains 

more flexible. This sulfate induced folding could be accounted for both by 

the hydrophilic properties and the steric hindrance of this group. In aqueous 

solution, it can be assumed that organisation of water molecules around the 

charged sulfate produces a very important solvatation sphere which increases 

the folding tendency of the remaining residues. 

In conclusion, the folded conformation of NS-CCK7 supports the assumption 

of a Ftype structure proposed by Schiller et al. (12) from fluorescence ener- 

gy transfer. The highly folded conformation of sulfated CCK7 in aqueous solu- 

tion could explain its ability to cross the blood-brain barrier and therefore 

its pharmacological activity in CNS after systemic administration. Finally, 

affinity for brain receptors increases from CCK4 to sulfatedCCK7 (10). This 

could indicate that a full interaction with a single type of receptors requi- 

res not only the sulfate group but also the conformational constraints obser- 

ved in CCK7. Such an hypothesis may be tested using appropriate cyclic chole- 

cystokinin analogues, which synthesis is now in progress. 
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