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Abstract: The tricosapeptide corresponding to the C-terminal sequence of secretin, S5-27, and three analogues in which side-
chain carboxyl groups are replaced by carboxamides, 9-Gln-S5_27, 15-Asn-S5-27, and 9-Gln-15-Asn-S5-27, were prepared. 
They were synthesized simultaneously via stepwise chain lengthening with active esters, by the "in situ" technique. A com­
parison of the CD spectra of aqueous solutions of the four tricosapeptides provided evidence for the participation of ion pairs 
in the stabilization of the secondary-tertiary structure of secretin. The salt bridges were found to contribute in a cooperative 
way to a defined architecture. 

The discovery of the gastrointestinal hormone secretin by 
Bayliss and Starling3 in 1902 was followed by the isolation4 

of the pure peptide and the elucidation5 of its structure by 
Jorpes, Mutt, and Magnusson. The sequence of the 27 
amino acid residues (Figure 1) was proved by synthesis.6 

Conformational studies by ORD-CD 1 ' 7 and by NMR spec­
tra8 revealed that the single chain of secretin has, in aque­
ous solutions, a folded9 and partially helical structure.10 It 
was not a priori obvious that a relatively short peptide chain 
should have a preferred conformation. The recognition that 
secretin can be considered a miniature protein with a de­
fined architecture prompted further investigations into the 
nature of the intramolecular forces that cause folding of 
peptide chains. 

Discussion 

Our earlier studies demonstrated that, in secretin, folding 
and helicity are dependent on each other,7 and thus the ge­
ometry of the molecule is determined by long-range, coop­
erative interactions. In the present paper, we report the re­
sults of experiments designed to examine the possible role of 
ion-pair formation in folding. The sequence of the hormone 
(Figure 1) contains four arginine residues with readily pro-
tonated guanidino groups. There are three acidic residues in 
the sequence: aspartic acid in positions 3 and 15, and glu­
tamic acid in position 9. Of these, the aspartyl residue in 
position 3 clearly plays no role in the stabilization of the 
conformation: the C-terminal tricosapeptide (S5-27) exhib­
its ORD-CD spectra that are almost identical with those of 
the entire chain.7 On the other hand, it was conceivable that 
the glutamyl residue and/or the aspartyl residue in position 
15 participate in the formation of intramolecular ion pairs 
("salt bridges") such as the ones shown in Figure 2. For 
these reasons, we decided to synthesize and to study analo­
gues of the C-terminal tricosapeptide, S5.27, in which these 
acidic residues are replaced by amino acids with non-ioniz-
able side chains. In order to keep the modification of the 
parent molecule to a minimum, asparagine was selected to 
replace aspartic acid and glutamine to substitute for glu­
tamic acid. In this way, the shape, size, and polar character 
of the side chains probably remain unaltered, while their 
ion-forming ability is eliminated. Therefore, three analo­
gues of S5-27, namely 9-glutamine-Ss_27, 15-asparagine-
S5_27, and 9-glutamine-15-asparagine-S5_27, were synthe­
sized. As a control of the synthetic procedure, the unaltered 
tricosapeptide S5.27 was also prepared. 

For the synthesis of the four tricosapeptides, the stepwise 
strategy1 ' was applied. The procedure used in the first syn­
thesis of secretin was followed, except that o-nitrophenyl es­

ters '2 rather than p-nitrophenyl esters13 were employed for 
the incorporation of most of the amino acid residues. Also, 
in some steps, acylation by active esters was catalyzed by 
the addition of 1-hydroxybenzotriazole.14 From the dodeca-
peptide stage on, the syntheses were facilitated by the appli­
cation of the "in situ" technique,15 and it became possible 
to carry out the preparation of the four tricosapeptides16 si­
multaneously. 

Experimental Section 

Capillary melting points are reported uncorrected. The solvents 
were reagent grade; DMF was stored over a Linde 4XA molecular 
sieve. For TLC, precoated silica gel plates (Merck) and microcrys-
talline cellulose plates (Analabs) were used with the following sys­
tems: (A) A-BuOH-AcOH-H2O (4:1:1); (B) n-BuOH-Pyr-
AcOH-H2O (15:12:3:10); (C) n-BuOH-Pyr-AcOH-H20 (30: 
12:3:10); uv, ninhydrin spray, fluorescamine'7 spray (2 mg of fluo-
rescamine in 10 ml of acetone), chlorination,18 charring,19 and the 
Sakaguchi reaction were used for detection. For quantitative 
amino acid analysis, samples were hydrolyzed with constant boil­
ing HCl in evacuated, sealed ampoules at 110 0C for 16 h, and the 
ratio of amino acids determined on a Beckman-Spinco 120C in­
strument according to the method of Spackman, Stein, and 
Moore.20 For enzymatic hydrolysis, aminopeptidase M (Rohm) 
was applied;21 because of lack of separation, GIn and Asn were not 
determined. 

For analysis by fluorescence of countercurrent distributions, a 
Hitachi Perkin-Elmer fluorescence spectrophotometer MPF-2A 
was used. Aliquots from each tube were diluted to 3.0 ml with a 
0.1 M phosphate buffer (pH 8.4) and mixed with 1.0 ml of fluores­
camine reagent (2 mg per 10 ml of acetone). The excitation wave­
length was set at 390 nm and relative fluorescence read at 480 nm. 

All "in situ" operations,15 including coupling, deblocking, and 
isolation of intermediates, were carried out in 40-ml glass centri­
fuge tubes fitted with standard 24/40 ground-glass tapered joints. 

Benzyloxycarbonyl-L-leucyl-L-leucyl-L-glutaminylglycyl-L-
leucyl-L-valinamide (I). The protected pentapeptide intermediate 
was prepared essentially as described before,6 except that o-nitro­
phenyl esters12 rather than their para analogues were applied for 
the incorporation of benzyloxycarbonylglutamine and, at the pen­
tapeptide stage, for benzyioxycarbonylleucine. The results were 
comparable with those reported earlier.6 After deprotection of the 
pentapeptide derivative, acylation with benzyioxycarbonylleucine 
0- and /vnitrophenyl ester was catalyzed with an equivalent 
amount of 1-hydroxybenzotriazole.14 Parallel experiments demon­
strated the efficacy of this catalyst. Without catalysis, several 
hours were needed for completion of the acylation. In the presence 
of 1-hydroxybenzotriazole, the ninhydrin reaction was negative 
after 0.5 h. The products were comparable by melting point 
(264-266 0C dec) and TLC (R1A 0.75); [a]25D -43 0C (c 2, 
AcOH). Amino acid analysis: GIu, 1.0; GIy, 1.0; VaI, 1.0; Leu, 3.1. 

Anal. Calcd for C38H62N8O9: C, 58.9; H, 8.1; N, 14.4. Found: 
C, 58.7; H, 8.1; N, 14.5. 
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HIS-SER-ASP-GLY-THR-PHE-THR-SER-GLU-LEU-SER-ARG-LEU-ARG 
I 2 3 4 5 6 7 8 9 IO Il 12 13 14 

ASP-SER-ALA-ARG-LEU-GLN-ARG-LEU-LEU-GLN-GLY-LEU-VAL-NH2 
15 16 17 18 19 20 21 22 23 24 25 26 27 
Figure 1. The amino acid sequence of porcine secretin. 
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Figure 2. Possible salt bridges in secretin. 
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A'-Butyloxycarbonyl-O-benzyl-L-seryl-L-alanylnitro-L-arginyl-
L-leucyl-L-glutaminylnitro-L-arginyl-L-leucyl-L-leucyl-L-glutam-
inylglycyl-L-leucyl-L-valinamide (II). The protected hexapeptide I 
was treated with HBr in acetic acid and acylated in the presence of 
triethylamine with benzyloxycarbonylnitro-L-arginine-2,4-dinitro-
phenyl ester.22 For the incorporation of the subsequent residues, 
with the exception of arginine, o-nitrophenyl esters12 of benzyloxy-
carbonyl amino acids were used. The last amino acid added, 0-
benzyl-L-serine, was protected by the /-butyloxycarbonyl group. 
To reduce the time needed for coupling and thereby to keep the 
formation of a pyroglutamyl peptide at a minimum, the leucine 
residue was introduced in the presence of the catalyst 1-hydroxy-
benzotriazole (1 equiv). Acylation with benzyloxycarbonyl-L-ala-
nine was catalyzed likewise. Otherwise, the synthesis closely fol­
lowed the one described earlier.6 The protected dodecapeptide 
amide appeared as a single spot on TLC (RfA 0.42), mp 250-260 
0C (lit.6 245-248 0C). Amino acid analysis: Ser, 0.80; GIu, 2.0; 
GIy, 1.0; Ala, 1.0; Leu, 3.8; VaI, 1.0; Arg, 1.8; NH3, 3.2. 

Anal. Calcd for C71H121N23O21: C, 52.2; H, 7.5; N, 19.7. Calcd 
for C7IHi2IN23O2I-H2O: C, 51.7; H, 7.5; N, 19.5. Found: C, 52.0; 
H, 7.6; N, 19.2. 

Protected Tricosapeptides. Four portions (0.78 g each) of com­
pound II were placed in four 40-ml centrifuge tubes. After depro-
tection with trifluoroacetic acid (TFA), the chain was lengthened 
by acylation with active esters. In a typical cycle, the protected te-
tradecapeptides Boc-Arg(N02)-Asp(Bzl)-Ser(Bzl)-Ala-Arg-
(N02)-Leu-Gln-Arg(N02)-Leu-Leu-Gln-Gly-Leu-Val-NH2 and 
Boc-Arg(N02)-Asn-Ser(Bzl)-Ala-Arg(N02)-Leu-Gln-Arg-
(N02)-Leu-Leu-Gln-Gly-Leu-Val-NH2 were treated with 99% 
TFA (5 ml per tube) for 15 min at room temperature. The TFA 
was removed in vacuo, the residues were triturated with ether (30 
ml per tube) and centrifuged, and the solid product was washed 
twice with ether (20 ml per washing per tube). The trifluoroacetate 
salts were dried in vacuo over NaOH. Small samples were exam­
ined on TLC (system A). The partially deprotected tetradecapep-
tides were dissolved in DMF (about 9 ml per tube); a Thermolyne-
Max-Mix shaker was used to facilitate dissolution. Triethylamine 
was added dropwise until an alkaline reaction was detected in the 
vapor phase above the surface of the solution with moist indicator 
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Figure 3. Countercurrent distribution (200 transfers) of the tricosapep­
tide 9-Gln-15-Asn-S5-2?: (•) experimental values; (O) calculated 
values (K = 0.4). 

paper. Boc-Leu-ONO,12,15 enough to produce a 0.1 M solution, 
was added, followed by an equimolar amount of 1-hydroxybenzo-
triazole. More triethylamine was added, just enough to maintain 
the slight alkalinity of the reaction mixture. The acylation was 
complete (negative ninhydrin and fluorescamine spot tests) within 
2 h. The solvent was removed in vacuo, and the residues were 
treated with EtOAc (30 ml per tube). The precipitates were sepa­
rated by centrifugation, washed four times with EtOAc (30 ml per 
tube each time), dried in air, and finally in a desiccator over P2Os. 
Quantitative yields were obtained in this particular step, and yields 
better than 95% were observed in each chain-lengthening cycle. 
Small samples were removed for quantitative amino acid analyses, 
and the syntheses were continued. For the incorporation of threo­
nine, f-butyloxycarbonyl-L-threonine-2,4-dinitrophenyl ester6 was 
applied. Melting points and RfA values of the protected intermedi­
ates are listed in Table I. 

Free Tricosapeptides. The deprotection and purification of 9-
Gln-15-Asn-Ss-27 is described here as a typical example. A sample 
(200 mg) of the protected tricosapeptide was treated with TFA 
(1.0 ml) at room temperature for 15 min. Ether (9 ml) was added, 
and the precipitate was centrifuged, washed with ether, and briefly 
dried in air. The product was dissolved in 80% acetic acid (30 ml) 
and hydrogenated in the presence of a Pd-black catalyst23 for 40 h. 
After the catalyst and solvent were removed, the residue was dis­
solved in a small volume of H2O (5 ml) and lyophilized. The re­
duction of nitro groups was ascertained by examination of the uv 
spectrum. 

The crude peptide was dissolved in both layers (2 ml each) of 
the solvent system «-butanol-0.1 M phosphate buffer (pH 7) and 
distributed24 in an automatic Craig instrument (3 ml of each phase 
per tube) through 200 transfers. The distribution of the peptide 
was first scanned by spot tests and then determined quantitatively, 
with fluorescamine, on 0.2-ml aliquots taken from every 5th tube, 
from tube No. 40 to tube No. 70. The distribution curve is shown 
in Figure 3. The contents of tubes 47-67 were pooled and diluted 
with ethanol (60 ml), and the solution was stored in the cold (5 
0C) overnight. The bulk of the phosphates was removed by filtra­
tion, and the filtrate was diluted with water (to a volume of 3 1.), 
acidified to pH 3, and treated with alginic acid (E. Mendell Co.) 
(2.5 g).24 The alginic acid was collected on a filter, washed with 
ice-cold 0.001 N HCl (5 ml), and eluted with 0.2 N HCl (18 ml). 

Table I. Decomposition Points and Rf Values (TLC) of Protected Intermediates 

Protected peptide 

Tridecapeptide 
Tetiadecapeptide 
Pentadecapeptide 
Hexadecapeptide 
Heptadecapeptide 
Octadecapeptide 
Nonadecapeptide 
Eicosapeptide 
Heneicosapeptide 
Docosapeptide 
Tricosapeptide 

9-Glu, 15-Asp 
Lit.6 

308 
300 
245 
240 
240 
305 
315 
320 
315 
315 
310 

Decomposition points" 

9-Glu, 
15-Asp 

320 
310 
245 
241 
248 
320 
325 
323 
328 
324 
326 

9-Gln, 
15-Asp 

320 
322 
318 
324 
326 

9-Glu, 
15-Asn 

320 
310 
230 
240 
245 
320 
328 
325 
328 
324 
327 

9-Gln, 
15-Asn 

339 
323 
328 
324 
327 

9-Glu, 
15-Asp 

0.51 
0.48 
0.46 
0.51 
0.52 
0.55 
0.52 
0.54 
0.53 
0.61 
0.60 

RfA values (TLC1 silica gel) 

9-Gln, 
15-Asp 

0.49 
0.51 
0.51 
0.59 
0.59 

9-Glu, 
15-Asn 

0.41 
0.39 
0.37 
0.46 
0.48 
0.55 
0.48 
0.53 
0.52 
0.59 
0.60 

9-Gln, 
15-Asn 

0.46 
0.50 
0.48 
0.58 
0.58 

aThe decomposition points were found to be dependent on rate of heating and decomposition occurred gradually. 
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Figure 4. CD spectra (in H2O) of tricosapeptides: (• • •) S5-27; (—) 9-
Gln-Ss-27; (—) 15-Asn-S5-27; ( ) 9-Gln-15-Asn-S5-27. 

The eluate was passed through a column (1.25 X 22 cm) of 
DEAE-Sephadex in the acetate cycle, and the chloride-free solu­
tion was lyophilized. The peptide content of the product as calcu­
lated from the recovery of the amino acid analysis was 22 mg: Asp, 
0.9; Thr, 1.7; Ser, 2.8; GIu, 3.0; GIy, 1.1; Ala, 0.9; VaI, 1.0; Leu, 
6.1; Phe, 0.9; NH3, 5.2; Arg, 4.0. Enzyme hydrolysis: NH3, 1.1; 
Arg, 4.0; Asp. 0.0; Thr, 1.8; Ser, 3.0; GIu. 0.0; GIy, 1.0; Ala, 1.1; 
VaI, 0.9; Leu, 6.3; Phe, 0.9. 

9-Gln-Ss_27 was purified similarly. The K value (because of me­
chanical difficulties, only approximate) is about 0.9. Amino acid 
analysis: Asp, 0.9; Thr, 1.7; Ser, 2.5; GIu, 3.0; GIy, 1.0; Ala, 1.0; 
VaI, 0.9; Leu, 5.9; Phe, 0.9; NH3, 4.5; Arg, 4.0. Enzyme hydroly­
sis: NH3, 1.9; Arg, 4.0; Asp, 1.0; Thr, 2.0; Ser, 3.0; GIu. 0.0; GIy, 
1.0; Ala, 1.2; VaI, 0.9; Leu, 6.0; Phe, 0.7. 

15-Asn-Ss-27 was purified as described above. The K value (be­
cause of mechanical difficulties, only approximate) is about 0.7. 
Amino acid analysis: Asp, 1.1; Thr, 2.0; Ser, 2.9; GIu, 3.0; GIy, 1.1; 
Ala, 1.1; VaI, 0.9; Leu, 6.4; Phe, 0.9; NH3, 4.6; Arg, 4.0. Enzyme 
hydrolysis: NH3, 1.0; Arg, 4.0; Asp. 0.0; Thr, 1.8; Ser, 3.0; GIu, 
1.1; GIy, 0.9; Ala, 0.9; VaI, 0.8; Leu, 6.2; Phe, 0.9. 

S5-27 was also purified as described above. The K value is 2.2. 
Amino acid analysis: Asp, 1.0; Thr, 2.0; Ser, 2.7; GIu, 3.0; GIy, 1.0; 
Ala, 1.2; VaI, 1.1; Leu, 6.2; Phe, 1.0; NH3, 3.7; Arg, 3.9. Enzyme 
hydrolysis: NH3, 1.1; Arg, 3.9; Asp, 0.8; Thr, 1.9; Ser, 3.0; GIu, 
0.9; GIy, 0.8; VaI, 1.2; Leu, 6.5; Phe, 1.0. 

The four tricosapeptides, while homogeneous on thin layers of 
silica gel (system C), were indistinguishable from each other with 
respect to R/ values (0.30). On thin layers of cellulose (system A), 
small differences were noted: S5.27. 0.48; 9-Gln-Ss_27, 0.44; 15-
Asn-S5,27, 0.40; 9-Gln-15-Asn-S5_27, 0.40. Attempted gel electro­
phoresis failed because of poor staining. Thin-layer electrophoresis 
on microcrystalline cellulose plates (20 cm in length) showed the 
compounds to be homogeneous. All four tricosapeptides moved 
toward the cathode with a relative mobility of 0.7, in a buffer of 
pH 3.5 (pyridine-AcOH-H20, 1:10:489; 400 V; 1.5 h). The mi­
gration of arginine is defined as unity. In a buffer of pH 6.4 (pyri-
dine-AcOH-H20, 100:2.5:400), the following relative mobilities 
(A/Arg) were observed (400 V, 1 h): S5-27, 0.38; 9-Gln-S5-27, 0.72; 
15-Asn-S5_27, 0.70; 9-Gln-15-Asn-S5-27, 0.81. 

ORD and CD spectra were recorded at room temperature with a 
Cary Model 60 spectropolarimeter fitted with a Model 6001 CD 
attachment. Cylindrical fused quartz cells of 1, 5, and 10 mm path 
length were used. Ultra-pure grade guanidine hydrochloride 
(Schwarz-Mann) was used without further purification. Other 

0 2 4 6 
cone. GuCI (moles/Jfc) 

Figure 5. The effect of guanidinium chloride on the rotation (at 233 
nm) of S5_27 (•) and 9-Gln-15-Asn-S5-27 (O). 

chemicals used were reagent grade. All solutions were centrifuged. 
Their pH was determined on a Radiometer Model 4 pH meter, but 
was not adjusted to any specified value because previous experi­
ments had demonstrated that the ORD-CD spectra were not de­
pendent on either pH or peptide concentration over the range of 
values measured. The concentration of the solutions was calculated 
from the recovery of quantitative amino acid analyses. Mean resi­
due ellipticity values (in deg cm2/decimol) were not corrected for 
the refractive indexes of the solutions, but the method of correction 
used by Tanford et al.25 was applied for the values of rotation mea­
sured in guanidinium chloride solution. The concentration of gua­
nidinium chloride was determined from the refractive index of the 
solutions.26 The reversibility of "denaturation" was shown by di­
luting a solution of high salt concentration and comparing the 
values of rotation with those observed in solutions prepared at the 
lower concentration of guanidinium chloride. 

Results 

Optical rotatory dispersion and circular dichroism pro­
vide a simple method for studying the conformation of se­
cretin. These spectra reveal a partially helical structure sta­
bilized by folding of the chain.7 Therefore, the ORD-CD 
spectra were also used in this study as evidence for folding. 
As shown in Figure 4, the CD spectrum of 9-Gln-15-Asn-
S5-27 is markedly different from that of S5-27. Thus re­
placement of both carboxyl groups with carboxamides led 
to a significant loss of "structure". In the CD spectrum of 
this analogue, the trough at about 222 nm is less pro­
nounced than in the spectrum of Ss-27. The lower wave­
length trough with a minimum of about 204 nm in S5-27 is 
shifted to 200 nm and increased in ellipticity in 9-Gln-15-
Asn-Ss-27. The spectra of the monosubstituted analogues, 
9-Gln-S5_27 and 15-Asn-Ss_27. are intermediate between 
those of S5-27 and the disubstituted analogue. We consider 
this as evidence for the involvement of both carboxyl groups 
in salt bridges. While the effect of replacing glutamic acid 
by glutamine could also be attributed to the difference in 
their conformational parameters,27 this is considered un­
likely because no dramatic enhancement of helical charac­
ter was observed during stepwise chain lengthening when 
glutamic acid was incorporated into position 9, or even at 
the next step where this residue was not N-terminal.28 

Therefore we believe that the change caused by replacing 
glutamic acid by glutamine in S5-27 is due to the loss of an 
ion pair. 

The finding that ion bridges play an important role in the 
stabilization of the conformation in secretin prompted ex­
periments aimed at disrupting these salt bridges. It was 
somewhat surprising to note that, in 0.1 M NaOH, 6 M 
LiCl and 1.5 M NaCl, the ORD spectra were essentially 
the same as those observed in water. The emergence of a 
small trough at 209 nm was seen in 0.1-1.0 M HCl; KCl 
had no effect at low concentrations and caused turbidity at 
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a concentration of 2.7 M. Sodium chloride behaved similar­
ly. The lack of any major effect of these electrolytes on the. 
salt bridges could be explained by the assumption that elec­
trostatic interaction is only one of the forces that contribute 
to a stable architecture, and that there is a degree of coop-
erativity25 between the different forces. Supporting evi­
dence for this assumption was found in the effect of guani-
dinium chloride on the ORD spectra of the tricosapeptides. 
This reagent is known to interfere not only with Coulombic 
interactions, but also with hydrogen bonding, and indirectly 
with hydrophobic interactions as well. As expected, at high 
concentrations, guanidinium chloride disrupted the secon­
dary-tertiary structure of S5.27 (Figure 5). With increasing 
concentrations of the reagent, the decrease in rotation at 
233 nm is at first moderate and gradual. A more abrupt 
change in the rotation takes place in solutions equal to and 
higher than about 2.5 M GuCl. The curve in Figure 5 dem­
onstrates cooperativity between the various stabilizing forc­
es; only a gradual drop in rotation was found in the case of 
9-Gln-15-Asn-S5_27. The other two analogues were not ex­
amined by this method because, as mentioned, the spectra 
of the two monosubstituted derivatives are intermediate be­
tween those of the unsubstituted and disubstituted tricosa­
peptides and the interpretation of changes in these interme­
diate spectra, in view of the inherent experimental error, 
seemed to be unwarranted. 

Conclusions 

The comparison of the CD spectra of aqueous solutions 
of S5_27, 9-Gln-S5-27, 15-Asn-S5-27, and 9-Gln-15-Asn-
S5-27 revealed that replacement of carboxyl groups by car-
boxamides significantly diminishes the helical character of 
secretin. Consequently, the assumption that ion pairs play 
an important role in the stabilization of the folded, partially 
helical structure is supported by these experiments. Ob­
viously, in addition to ion pairs, other forces such as hydro­
gen bonding and hydrophobic interaction contribute at least 
equally to the formation of a well-defined architecture. This 
was shown by the observation that the spectra of the ana­
logs of Ss_27 still do not correspond to those of peptides with 
random conformations. Also, spectra taken in solutions of 
increasing guanidinium chloride concentration demonstrate 
cooperativity between the various stabilizing forces. 
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