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Hastings solution as bathing fluid. Milk-ejecting activity was
determined on urethane-anesthetized, lactating rabbits following
the procedure of van Dyke, er «/.,’ as modified by Chan.®
Avian vasodepressor assays were performed on conscious chickens
according to the procedure of Munsick, ef a/.¢! The pressor prop-
erties of the polypeptides were determined on atropinized, urethane-
anesthetized male rats following the procedures of the U. S. Pharma-
copeia.t2 The ability of the polypeptides to enhance water trans-
port (i.e., to induce antidiuresis) was examined in Inactin- and
ethanol-anesthetized, hydrated male Sprague-Dawley rats, accord-
ing to the method of Jeffers, et al.,%* as modified by Sawyer;é4
maximal depression_ of the rate of urine flow was taken as the
effective response. Water transport across the toad urinary bladder
was measured according to the method of Bentley?3 as modified by
Eggena, et al.3*

Lyophilization, Heat Treatment, Freezing, and Thawing of Asu
Analogs. Samples of Asu analogs were prepared for lyophilization
experiments in water (pH 6.0) and aqueous triethylamine (pH
= 9), and for heat treatment in water, as described by Yamanaka,
et al.'? After completion of the experiments the stock solutions
and experimental samples were diluted identically and assayed for
rat pressor activity®? in the case of Asu-LVP and Asu-AVP and
for avian vasodepressor assay®! in the case of Asu-LVT and Asu-
AVT. Another set of aliquots of Asu analogs dissolved in water
was frozen in a bath at —66° and thawed three times prior to bio-
assay; no loss of biological potency was detected. A four-point
procedure was used to compare the activities of experimental and
control samples, Three low doses of analog (one for each sample)
were compared with three high doses at random.

Preparation of Toad Bladder Adenylate Cyclase Extract. Female
toads, maintained on moist peat moss until sacrificed, were rapidly

(57) P. Holton, Brit.J. Pharmacol., 3, 328 (1948).

(58) R. A. Munsick, Endocrinology, 66, 451 (1960).

(59) H. B, van Dyke, K. Adamsons, Jr., and S. L. Engel, Rec. Progr,
Hormone Res., 11, 1 (1955).

(60) W, Y. Chan, J. Pharmacol. Exp. Therap., 147, 48 (1965).

(61) R. A. Munsick, W. H. Sawyer, and H. B. van Dyke, Endo-
crinology, 66, 860 (1960).

(62) "*'The Pharmacopeia of the United States,” 17th Revision,
Mack Publishing Co., Easton, Pa., 1965, p 750.

(63) W. A, Jeffers, M. M, Livezey, and J. H. Austin, Proc. Soc. Exp.
Biol. Med., 50, 184 (1942).

(64) W. H. Sawyer, Endocrinology, 63, 694 (1958).

pithed and exsanguinated by perfusion through the heart (ventricle)
with Ringer’s solution (Na*, 111.1; K*, 3.5; Cl-, 116.4; HCO,",
2.4; and Ca?*, 0.89 mM, total solute concentration 220 mOsm/kg
of H;O; pHin air 7.8-8.1). Both hemibladders were removed and
rinsed with Ringer’s solution at room temperature. The epithelial
cell layer was scraped off the bladder in a Petri dish maintained on
ice with the aid of two glass slides. All subsequent stages of prep-
aration were performed at 0-4°, The cells were collected in 2 ml
of 0.225 M sucrose containing 0.1 mM EGTA and 0.01 M Tris-HCl,
pH 7.5, and centrifuged at 300 X g for 5 min (supernatant dis-
carded). The packed cells were resuspended and again centrifuged
as before. They were then homogenized in 2 ml of the same su-
crose medium with a tight-fitting glass homogenizer and Teflon
pestle and centrifuged at 600 X g for 10 min. The supernatant
was discarded and the pellet (consisting mostly of broken cell
membranes as revealed by a phase contrast microscope) was re-
suspended in 2 ml of the same medium and centrifuged once more
at 600 X g for 10 min. The pellet was diluted to a protein con-
centration® of 1-2.5 mg/ml and quick-frozen in an acetone-Dry Ice
mixture. The preparation was stored at —70° for up to 4 hr prior
to use. A different bladder preparation was used for each inde-
pendent experiment.

Adenylate Cyclase Assays. Adenylate cyclase activity was as-
sayed according to previously described methods®.¢ with the fol-
lowing modifications: (a) assays were performed at pH 8.0, the
optimum pH for neurohypophyseal hormone stimulation;¢ (b)
incubation periods were 20 min; and (¢) the final protein concen-
tration of the toad bladder adenylate cyclase preparation was
0.5-2.0 mg/ml of incubation mixture.
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Abstract: A comparison of the effects of solvents on the ORD spectra of secretin, glucagon, and lysozyme re-

vealed different types of conformational freedom.

and several peptides corresponding to longer C-terminal sequences of its chain.

In this respect, there is considerable similarity between secretin

The analogy in the solvent-induced

conformational change suggests that, in water, the C-terminal part of the hormone is not helical.

I I:arlier studies of the ORD-CD spectra of the gastro-
intestinal hormone (porcine) secretin revealed the
existence of a preferred conformation in its 27-mem-
bered peptide chain. The close similarity of these
* Address correspondence to this author at Case Western Reserve
University.
(1) The preceding paper of this series is: A. Bodanszky, M. A.

Ondetti, V. Mutt, and M. Bodanszky, J. Amer. Chem. Soc., 91, 944
(1969).
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Asp-Ser-Ala-Arg-Leu-Gln-Arg-Leu-Leu-Gln-Gly-Leu-Val-NH,
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porcine secretin?

spectra with those of (hen egg white) lysozyme indi-
cated the presence of a helical? portion in the molecule.

(2) V. Mutt, E. J. Jorpes and S, Magnusson, Eur. J. Biochem., 15, 513
(1970).
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Figure 1. ORD curves of secretin in water, 0.35 mg/ml (O), and
in methanol, 0.50 mg/ml (A).

Examination of the N-terminal and C-terminal halves
of the chain, however, failed to determine the position
of the helical stretch; in fact, no significant helicicity
could be recognized in either half. To reconcile these
contradictory findings, a folded model was proposed!
for secretin, built on the assumption of long-range co-
operative interactions between the amino acid residues
near each end of the chain. Some experimental sup-
port for such a folded, compact molecule was found in
the 220-MHz nmr spectrum* of secretin and in studies®
of its diffusion through membranes. Assignment of the
helical stretch to the sequence encompassing the amino
acid residues 6-13, based on the distribution of non-
polar amino acids® and on the analogy with glucagon,’
remained somewhat speculative and required additional
experimentation. This paper reports an attempt to
clarify this problem through a study of solvent-induced
conformational changes.

The well-known® increase in helix content of linear
peptides by organic solvents was confirmed in the case
of secretin (Figure 1). Preliminary experiments indi-
cated that methanol, trifluoroethanol, and 2-chloro-
ethanol exert similar effects on the ORD spectra.
Subsequently, 2-chloroethanol-water mixtures were
used, and the changes caused by the organic solvent
were followed by plotting the values of mean residue
rotation at 233 nm vs. chloroethanol concentration.
It should be noted, however, that with increasing
chloroethanol concentration, not only was the depth of
the 233-nm trough increased, but the general character
of the spectra was also modified. To establish whether

(3) The expressions “helix,” *‘helical,” *‘helicicity,”” and ‘‘helical
stretch’” are used throughout this paper to denote a rigid part of a
peptide chain that reveals itself in ORD-CD spectra similar in every
respect (trough at 233 mim, peak below 200 nm) to those of peptides with
well-established helix content. The authors arc aware of the need for
reservations pointed out by L. C. Craig (Proc. Nat. Acad. Sci. U. S, 61,
152 (1968)).

(4) D. J. Patel, M. Bodanszky, and M., A, Ondetti, Macromolecules,
3, 694 (1970).

(5) L. C. Craig, personal communication.

(6) M. F. Perutz, J. C. Kendrew, and H. C. Watson, J. Mol. Biol., 13,
669 (1965)

(7) Cf. footnote 29 in ref 1.

(8) G. D. Fasman in "Poly-a-amino Acids,” Vol. I, G, D, Fasman,
Ed., Marcel Dekker, New York, N. Y., 1967, p 499,
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Figure 2. Mean residue rotation at 233 nm of lysozyme, 0.52
mg/ml (C), glucagon, 0.58 mg/ml (A), and secretin, 0.52 mg/ml
(O), in water—chloroethanol mixtures.

the solvent-induced changes can characterize the con-
formational freedom of peptide chains, two additional
compounds, the pancreatic hormone glucagon and the
enzyme (hen egg white) lysozyme, were also examined.
Glucagon, already thoroughly studied in this respect by
Gratzer and his coworkers,? is closely related’ to se-
cretin and reveals no significant helicicity in its ORD
spectra, but can suffer major conformational changes.
Lysozyme, a protein that exhibits ORD-CD spectra
similar to those of secretin,! because it contains 8
sheets, several short helical areas, and four disulfide
bridges,® was not expected to undergo gross changes in
its architecture on the addition of organic solvents to
the aqueous solutions. The comparison of solvent-
induced changes in these compounds demonstrated
three different types of conformational freedom (Figure
2): rigidity in lysozyme, a great readiness for change
at already low chloroethanol concentrations, and also a
second rise in helicicity!! at high organic solvent con-
centrations in glucagon,!? and a more limited ability to
change its original architecture, in the case of secretin.

The clear-cut differences in the solvent-induced con-
formational changes in three different molecules
(Figure 2) were considered auspicious for an extension
of the study to peptides representing partial sequences
of secretin.

(9) W. B. Gratzer, G. H. Beaven, H. W. E. Rattle, and E. M. Brad-
bury, Eur. J. Biochem., 3, 276 (1965).

(10) C. F. Blake, D. F. Koenig, G. A. Mair, A, C. T. North, D. C.
Phillips, and V. R. Sarma, Nature (London), 206, 757 (1965).

(11) The second step might be related to the agglomeration of gluca-
gon molecules; the curve is steeper at higher concentrations of the
peptide. Cf.ref 9 and also M. H. Blanchard and M. V. King, Biochem.
Biophys. Res. Commun., 25, 298 (1966); D. J. Patel, Macromolecules, 3,
448 (1970); H. Bornet and H. Edelhoch, J, Biol. Chem., 246, 1785
(1971).

(12) The solvent-induced conformational change of glucagon in
Figure 2 is somewhat different from that described by Gratzer and his
assoclates (ref 9). These authors used mixtures of solutious of glucagon
in water and in 2-chloroethanol, whereas in the present studies the or-
ganic solvent was added to aqueous solutions of the peptides. In some
exploratory experiments, solutions of the peptides in chloroethanol were
diluted with water and the changes observed were not cxactly the same,
This hysteresis might be caused by incompletely reversible association of
peptide chains in organic solvents.
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Figure 3. Mean residue rotation at 233 nm of secretin, 0.52 mg/ml
(O), Sis—z, 0.56 mg/ml (A), and Si_1s, 0.51 mg/ml (Q), in water—
chloroethanol mixtures.

Experimental Section

Optical rotatory dispersion (ORD) spectra were observed at room
temperature with a Carey Model 60 spectropolarimeter, in fused
quartz cells of 1- and 5-mm pathlength., Curves were recorded in
longer pathlength cells at first. Then when absorption near lower
wavelengths became too high, the solutions were transferred to
shorter pathlength cells and recording was continued, but starting
at higher wavelengths again. Rotation values were calculated
from both curves; if values from overlapping portions did not
agree, new recordings were made. Base lines were always taken
with each run, every cell separate. Because of the low solubility
of glucagon (Calbiochem) in water, acetic acid was added to pH
2-3 to prepare a stock solution of 1-2 mg/ml. After passage of
the solution through a millipore filter, the concentration was deter-
mined from the uv absorption at 278 nm; Ei em! ™&/™! 2,38 was used
for calculation.? Lysozyme from egg white, recrystallized three
times, was purchased from Pentex. Solutions (1-2 mg/ml) were
prepared as described for glucagon, and Ej.m!™&/™! 2.63 at 280
nm was used for calculation of the concentration.!®* Aliquots of
the stock solutions were diluted with water and with 2-chloro-
ethanol (Matheson Coleman and Bell, Chromatoquality Reagent).
Porcine secretin (acetate salt) was a synthetic sample!* and the
peptides representing its partial sequences were obtained from
intermediates in the synthesis. Peptides Spo-z, Sy-27, and Sie-2r
were deprotected by hydrogenation in acetic acid in the presence
of a 1097 Pd/charcoal catalyst, and were isolated by freeze drying
of the concentrated solutions. The peptides were examined by
chromatography in a BuOH-pyridine-AcOH-H.O system!® on
Whatman 3MM paper, and by quantitative amino acid analysis®
of their hydrolysates on a Beckman Spinco Model 120B analyzer.
Concentrations of the aqueous stock solutions of the peptides were
calculated from these analyses. In calculating mean residue rota-
tions, [m],"7 no corrections were made for the refractive indices
of the solvents.

(13) A.J. Sophianopoulos, C. K. Rhodes, D. N. Holcomb, and K. E.
Van Holde, J. Biol. Cirem., 237, 1107 (1962).

(14) M. Bodanszky, M. A. Ondetti, S. D. Levine, V. L. Narayanan,
M. von Saltza, J. T. Sheechan, N. J, Williams, and E. F. Sabo, Chem.
Ind. (London), 1757 (1966); M. Bodanszky and N. J. Williams, J, Amer.
Chem. Soc., 89, 685 (1967); M. Bodanszky, M. Ondetti, S. D. Levine,
and N. J. Williams, ibid., 89, 6753 (1967); M. A. Ondetti, V. L. Nara-
yanan, M. von Saltza, J. T. Sheehan, E. F. Sabo, and M. Bodanszky,
ibid., 90, 4711 (1968).

(15) S. G. Waley and J. Watson, Biochem. J., 57, 529 (1954).

(16) D. H. Spackman, W. H. Stein, and S. Moore, 4Anal. Chem., 30,
1190 (1958).

(17) F. A. Bovey, "Polymer Conformation and Configuration,”
Academic Press, New York, N, Y,, 1969, p 101,

A E
T S T T
T T G
8
N O S B F
T e
(4
I O O
G
D
IS Y T I T I
© © 0 © © OFE © O 0 ©0 O OFE
O N ¢ 0 ® Oc¢ O N ¢ @ © O¢
NN N N No N N N N N0

Figure 4. Changes in the character of ORD curves of Si_1s (A-D})
and Sis_sz (E-G) on addition of 2-chloroethanol to agueous solu-
tion: A, E, water; B, F, 33% chloroethanol; C, G, 667 chloro-
ethanol; D, 837 chloroethanol.

Results and Discussion

Extensive displacement of water, probably through
the decrease of competition for potential intraturn
hydrogen bonds, seems to be sufficient for helix forma-
tion in many peptides. Indeed, most of the peptides
examined in this study gave ‘“helical” ORD spectra in
neat chloroethanol or in solvent mixtures with high
chloroethanol-water ratios. Therefore, a simple com-
parison of spectra taken under nonaqueous conditions
is not too revealing. More information could be ob-
tained from ORD spectra at lower chloroethanol con-
centrations. Partial displacement of water by organic
solvent seems to produce helices in some chains in
which the sequence ‘“cooperates.” For the sake of
simplicity, a sequence that can be induced to form a helix
by moderate concentrations of an organic solvent will
be designated as an S-helicogenic sequence.™ The
solvent-induced changes in secretin' and in two tetra-
decapeptides, Si—1s and Sy, representing sequences
1-14 and 14-27 of the hormone, are shown in Figure 3,
which gives clear evidence of the similarity in respect to

(18) The expression “helicogenic” was proposed (M. Bodanszky,
Nobel Symp., in press) for sequences that contain nonpolar amino acids,
three—four residues apart.
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Figure 5. Mean residue rotation at 220 nm of secretin, 0.52
mg/ml (O), glucagon, 0.58 mg/ml (A), lysozyme, 0.52 mg/ml (O),
Sis-z1, 0.56 mg/ml (A), Sx_z7, 0.30 mg/ml (@), and S;-14, 0.52 mg/ml
(@), in water—chloroethanol mixtures.

conformational freedom between secretin and its C-
terminal “half” S;s_. Peptide S;_1: requires a consid-
erably higher concentration of 2-chloroethanol for a
corresponding conformational change, and therefore
has no true S-helicogenic sequence. Plotting [mly; vs.
2-chloroethanol concentration results in a gross over-
simplification, since the solvent-induced changes are not
limited to the value of optical rotation at the 233-nm
trough. The disappearance of the lower wavelength
trough at about 205 nm with the concomitant emergence
of a peak below 200 nm (Figure 4) provides more con-
vincing evidence of helix formation. The values of
mean residue rotation at 220 nm can be measured with
less exactitude than those at 233 nm, but are perhaps
more characteristic. The different degrees of confor-
mational freedom in secretin, glucagon, S;_11, S1:—97, and
Sys—o7 are demonstrated in Figure 5, which has [m]x, as
the ordinate. A spectrum should not be considered
helical if the rotation at 220 nm has a negative value.
Of the chains in Figure 5, only glucagon, secretin, and
S14—97 contain S-helicogenic sequences.

The requirements for S-helicogenic character of
Sii—w7 were analyzed by a further anatomy of the sec-
retin chain, The C-terminal hexapeptide S;_s7, octa-
peptide Sy,—or, decapeptide Sis-97, and hendecapeptide
Sis—27 do not show the same readiness to form helices as
secretin, the tricosapeptide S;_p7, or even the tetrade-
capeptide Sii_p; (Figures 3 and 6). Moreover, an S-
helicogenic sequence is found in the tridecapeptide
Si5-97 (identical with one of the two thrombinic frag-
ments of secretin!®). A certain length, perhaps about

(19) V. Mutt, S. Magnusson, J. E. Jorpes, and E. Dahl, Biochemistry,
4, 2358 (1965).
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Figure 6. Mean residue rotation at 233 nm of C-terminal peptides
of secretin in water—chloroethanol mixtures: S;_»7 (tricosapeptide),
0.36 mg/ml (O), Sis-z (tridecapeptide), 0.40 mg/ml (@), Sieor
(dodecapeptide), 0.13 mg/ml (A), Su-z (hendecapeptide), 0.80
mg/ml (A), Si—27 (decapeptide), 0.42 mg/ml (0), Se:—2r (hexapeptide),
0.30 mg/ml (m).

12 residues, might be a requirement in S-helicogenic
sequences. From the effect of chloroethanol on the
conformation of C-terminal sequences of 12 residues or
longer, the impression was first gained that the short
helical stretch of secretin resides in this part of the
molecule, while the N-terminal sequence plays, in
water, the stabilizing role. However, the considerable
conformational freedom recognized in secretin, and the
distinct analogy (¢f. Figure 3) in the solvent effect be-
tween the hormone and its C-terminal sequences,
prompted a different interpretation: the solvent-in-
duced conformational change of secretin occurs in the
C-terminal half of the chain.

Conclusion

The N-terminal half of secretin, when separated from
the rest of the chain, cannot be induced to form a helix
at low concentrations of 2-chloroethanol; its sequence
is not S-helicogenic. The C-terminal half of the mole-
cule behaves in this respect very much like the full
chain. Therefore, it is reasonable to assume that in
aqueous solutions the C-terminal part of the hormone
has considerable conformational freedom and, hence, is
not helical. Stabilization of the short helix in secretin
must rest on more subtle interactions than those pro-
vided by the displacement of water with 2-chloro-
ethanol.
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