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Abstract: The side chain conformations of several residues of oxytocin and [8-arginine]vasopressin are compared by using
measurements of the circumjacent vicinal couplings of 'H®, '*C’, and !N’ to 8 protons and stereospecific 8 deuteration in
series of 18 specifically designed and synthesized isotopic isomers. The conformation(s) of half-cystyls-1 and -6 and tyrosyl-2
is (are) markedly similar when comparing the two peptides, and other residues show only small differences. Conformational
classes of side chain are identified. It is concluded that most of the side chain conformations are largely uninfluenced by the

differences in the primary structures of the two peptides.

In attempting to understand more fully the time-dependent or
dynamic conformations of peptides in solution, we have concen-
trated our attention on determining the distribution of rotamers
about individual torsion angles in oxytocin and [8-arginine]va-
sopressin (AVP). In examining these angles and their rotamer
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states, we have measured multiple homo- and heteronuclear
coupling constants about the angles. This approach is well cal-
ibrated for staggered rotamers about the x! angle in amino acids?
and has been used to refine the solution conformation of valino-
mycin® with the assumption that rigid torsion angles pertain for
the backbone in that case. In addition, we have applied this
approach to the x! angles of the half-cystyl bridge in oxytocin.*

(1) (a) Brief preliminary accounts of this work occur in: Cowburn, D.;
Live, D. H.; Fishman, A. J.; Wyssbrod, H. R.; Agosta, W. C. Pept., Struct.
Biol. Funct., Proc. Am. Pept. Symp, 6th, 1979 1979, 225-228, Cowburn, D ;
Live, D. H.; Agosta, W. C. Proc. SUNYA Conv. Discipline Biomol. Stereo-
dynamics, 2nd 1981, 2, 345-351. Taken in part from the Ph.D. Thesis of
A.J.F., The Rockefeller University, 1978. (b) Present address: Research
Service (151), VA Medical Center, New Orleans, LA 70146.

(2) Fischman, A. J.; Wyssbrod, H. R.; Agosta, W. C.; Cowburn, D. J. Am.
Chem. Soc. 1978, 100, 54-58.

(3) Bystrov, V. F.; Gavrilov, Y. D,; Ivanov, V. T.; Ovchinikov, Y. A. Eur.
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We present here data for the half-cystyl bridge in AVP and for
several other side chains in both oxytocin and AVP.

In these peptides, the two C*~C* torsion angles, x!’s, of the
cystine bridge are torsion angles in the 20-atom ring structure.
Other x!’s determine the relative orientations of their respective
side chains, and it had been generally assumed that rotations about
these C*—C# bonds are relatively free.

Previous experimental and theoretical studies of the confor-
mations of oxytocin and AVP in aqueous solution have suggested
that an equilibrium exists between several conformers of the ring
and of the side chains (reviewed in ref 4-6). Their precise
conformational characterization presents a considerable challenge,
because the NMR spectra are complex, because there are multiple
possible solutions for derived geometries from measured NMR
values, and because a completely general approach to derivation
of dynamic structures of relatively flexible molecules is not yet
at hand.” In this paper we show that the multiple circumjacent
coupling constants about the respective C*-C? bonds of several
residues are concordant with averaging among staggered rotamers.
In addition, we compare the derived apparent free energies of
rotamers of several residues of oxytocin and AVP, appropriate
model peptides, and free amino acids. Our conclusions are based
on measurement of circumjacent vicinal couplings between protons
on C? and the C® substituents 'H*, '*C’, and '*N’ and use of
stereospecific deuteration of protons on C? in 18 isotopic isomers
of oxytocin and AVP that were synthesized by using standard
techniques.

In conformational terms the results show that the C*~C? torsion
angles of the half-cystyl residues of AVP are eclipsed and pre-
dominantly fixed, similar to the situation previously found in
oxytocin.* Probes in the C-terminal acyclic tripeptide indicate
that noncovalent interactions with the cyclic portion are quite
minimal. Differences in side chain conformation between oxytocin
and AVP are few. At this level of detail, the conformations of

(4) Fischman, A. J.; Live, D. H.; Wyssbrod, H. R.; Agosta, W. C.; Cow-
burn, D. J. Am. Chem. Soc. 1980, 102, 2533-2539.

(5) Krishna, N. R.; Huang, D. H,; Glickson, J. D.; Rowan, R.; Walter, R.
Biophys. J. 1979, 26, 345-366.

(6) Meraldi, J. P.; Hruby, V. J.; Brewster, A. I. R. Proc. Natl. Acad. Sci.
US.A. 1977, 74, 1373-1377.

(7) Jardetzky, O. Biochim. Biophys. Acta 1980, 521, 227-232.
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Table 1. lsotopic Isomers of Protected Amino Acids Used in
Peptide Isomers

isotopic references to

amino acid® substitution synthesis
cysteine 82,83-H, 4,9

SN’ o-"H 4,9

13C, a-?H 4,9

@,83-2H, 4,9
tyrosine 82,83-’H, 9,10,b

ISN’ c

1B3C, a,8,e-2H; 9,10,12,b

a,83-*H, 13,5
phenylalanine  '3C’ ¢

ISN’ c

8,8,e.£-*H, d, 11 (pp 2164-2165)
glutamine v-?H, 14, 15,16, 17,¢
asparagine 83-?H 18,19,

1SN’, 83-?H 18,19, f ¢

6-*H, 19
leucine o,6-?H, 2

BN, a,v,8-7H, 2

13C, a,v,8-*H, 2
arginine v,6-*H, h

% The protecting groups used were as described in ref 8; tert-
butoxycarbonyl was used throughout for N protection; p-methyl-
benzy! was the side chain protection for cysteine and nitro for
arginine. All amino acids used were L. Resolutjon used standard
methods of ref 11, unless indicated. b Resolution used carboxy-
peptidase on trifluoroacetyl-DL-tyrosine. Reference 11, p 236.
¢ From Merck Sharpe & Dohme, Inc. ¢ Perdeuteriobenzyl
bromide was prepared by photobromination of perdeuteriotoluene
from Merck and subsequently reacted with diethy! acetamido-
malonate. € Substitution of 4 protons by deuterium proceeded to
only about 80% on a single exchange, and a sccond treatment was
required to produce [y-(96%)*H,]glutamic acid. f Under the con-
ditions used by us, using Proteus vulgaris as a source of aspartase,

a mixture of the possible isotopic isomers of combination of «, 82,
and 33 positions was formed. NMR (acetone, of the tert-butoxy-
carbony! derivative of asparagine) § 1.45 (s, 9 H), 2.73 (m, 0.09
H), 2.80 (br m, 0.51 H), 4.43 (d. 0.49 H); cf. unsubstituted mater-
ial 1.45 (s, 9H), 2.79 (octet, 2 H), 4.43 (t, | H). Trom this
analysis, it was concluded that the most likely composition was
83-?H:«,83-*H,:82-*H = 0.45:0.45:0.1. Full synthetic details
and NMR spectra are in the supplementary material. € **NH,Cl
used as the nitrogen source. " [y-*H,]Glutamine was converted
10 y-cyano-a-L-(carbobenzoxyamino)[y-?H, | butyric acid. ref 20a,
and then to [v,6-*H, Jornithine by deuteration using Raney nickel
and hydrolysis with DCL, ref 20. Conversion to nitroarginine used
standard methods, ref 11, p 1849.

the peptides in aqueous solution are very similar and little in-
fluenced by the changes (isoleucyl-3 — phenylalanyl-3; leucyl-8
— arginyl-8) between oxytocin and AVP. The implications of
these findings for the structure-activity relationships and for earlier
proposals of conformational differences in these peptides are
discussed.

Experimental Section

Isotopic Isomers. The methods of peptide synthesis and characteri-
zation for oxytocin and AVP have been previously described.? Table I
summarizes the isotopic isomers of amino acids used in the various
peptide isomers. Footnotes and references identify the sources of the
methods of synthesis of the amino acids and, where appropriate, the
methods of resolution and protection. Isotopic isomers of oxytocin, AVP,
and L-prolyl-L-leucylglycinamide (PLG) are summarized in Table II.
Code numbers in this table are used in the subsequent discussion.

Strategy of Isotopic Substitutions. There are six homo- and hetero-
nuclear vicinal couplings between the two 3 protons present in most side
chains and the C* substituents 'H, 1*C’, and ’N’. A conservative strategy
for the NMR observation of a particular residue’s 3 protons and their
couplings to the C* substituents is to replace protons with deuterons in
other residues whose resonances fall close to those under investigation.
Enrichment of 1>C’ and !N in separate isotopic isomers, often accom-
panied by replacement with deuterium of 'H¢, leads to spectra readily

(8) Live, D. H.; Agosta, W. C.; Cowburn, D. J. Org. Chem., 1977, 42,
3556-3561.
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Figure 1. The 220-MHz 'H NMR spectra of the region between 1.555
and 1.789 ppm for three oxytocin isomers, showing the § protons of
leucyl-8 coupled to (A) « proton (OR-1), (B) '*N’ (OR-4), and (C) 1*C’
(OR-5), with simplification from v deuteration in all cases.

yielding the heteronuclear couplings. In several cases, one of a pair of
prochiral 8 protons of a residue has also been stereospecifically replaced
by deuterium in a separate isomer, so that the prochiral protons may be
independently identified. >*

For the two peptide hormones slightly different strategies of 8 deu-
teration were used. For oxytocin, the set of three residues, half-cystyl-1,
tyrosyl-2, and half-cystyl-6 were permuted through the various combi-
nation of two residues with 8 deuteration and one § protonated, with
appropriate C¢ substitution.?!’ For AVP, the 3 protons from half-cyst-
yl-1, tyrosyl-2, phenylalanyl-3, asparaginyl-5, and half-cystyl-6 and the
& protons of arginyl-8 overlap considerably,?? and for observation of the
first two residues, the asparaginyl-5 3's and arginyl-8 &’s were consistently
deuterated, Permutations were then taken among the C*-substituted
half-cystyl-1 and tyrosyl-2 residues, with phenylalanyl-3 and half-cystyl-6
B deuterated. In separate isomers, with perdeuteration of other protons
normally resonant in this region, we incorporated *C and '*N isotopic
isomers of half-cystyl-6 (PR-6 and -7), combinations of isotopic isomers
of phenylalanyl-3 and asparaginyl-5 (PR-2 and -8), and a combination
of natural half-cystyl-6 and phenylalanyl-3 (PR-1). This last isomer was
used to resolve unequivocally the assignments of this region.??

NMR Spectroscopy. Most proton spectra were measured on a Varian
HR-Nicolet Technology Corp. TT-220 spectrometer by using pulse—
Fourier transform techniques. In a few cases, spectra were also obtained
at 300 MHz on a Nicolet Magnetics NT-300 W or at 600 MHz on the
MPC 600 spectrometer at Carnegie-Mellon University?® by using the
frequency-swept correlation mode.?* Sample concentrations were in the
range 1-30 mg/mL, pH/pD was 4.0, and the temperature was 22-25 °C

(9) Fischman, Alan J., Ph.D. Thesis, The Rockefeller University, 1978.

(10) Upson, D. A.; Hruby, V. J. J. Org. Chem. 1976, 41, 1353-1358.

(11) Greenstein, J. P.; Winitz, M. “Chemistry of the Amino Acids™; Wiley:
New York, 1961.

(12) Loftfield, R. B. J. Am. Chem. Soc. 1950, 72, 2499-2503.

(13) Wightman, R. H.; Staunton, J.; Battersby, A. R.; Hanson, K. R. J.
Chem. Soc., Perkin Trans. 1 1972, 2355-2364.

(14) Manning, J. M.; Moore, S. J. Biol, Chem. 1968, 243, 5591-5597.

(15) Rittenberg, D.; Keston, A.; Schoenheimer, R.; Foster, G. L. J. Biol.
Chem., 1938, 125, 1-22. '

(16) Grisolia, S.; Burris, R. H. J. Biol. Chem., 1954, 210, 109-117.

(17) Schalk, W.; Wirth, P.; Dannenberg, G. E. M.; Schmeid-Kowarzik,
V. German Patent 1080113, 1960.

(18) (a) Krasna, A. J. J. Biol. Chem. 1958, 233, 1010~-1013. (b) Gawron,
O.; Fondy, J. P. J. Am. Chem. Soc. 1959, 81, 6333-6334.

(19) Blomquist, A. T.; Hiscock, B. F.; Harpp, D. N. J. Org. Chem. 1966,
31, 4121-4127.

(20) (a) Ressler, C.. Ratzkin, H. J. Org. Chem. 1961, 26, 3356-3361. (b)
Itoh, T. Bull. Chem. Soc. Jpn. 1963, 36, 25-29.

(21) Wyssbrod, H. R.; Ballardin, A.; Schwartz, I. L.; Walter, R.; Van
Binst, G.; Gibbons, W. A.; Agosta, W. C,; Field, F. H.; Cowburn, D. J. Am.
Chem. Soc. 1977, 99, 5273-5276.

(22) Wyssbrod, H. R.; Fischman, A. J; Live, D. H,; Hruby, V. J;
Agarwal, N. S;; Upson, D. A. J. Am. Chem. Soc. 1979, 10!, 4037-4043.

(23) Bothner-By, A. A.; Dadok, J. “NMR in Biochemistry™; Opella, S. J.;
Lu, P. Eds.; Dekker: New York, 1979; p 189.

(24) Dadok, J.; Sprecher, R. F. J. Magn. Reson. 1974, 13, 243-257.
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Figure 2. The 220-MHz 'H NMR spectra of the region between 2.7 and
3.6 ppm for AVP (A) and three isotopic isomers with the 8 protons of
half-cystyl-1 (left-hand side) and tyrosyl-2 (right-hand side) coupled to
13C’ (1) and 'H* (2) in isomer PR-5 (B), to "N’ (1) and *C’ (2) in
isomer PR-4 (C), and to 'H® (1) and "N’ (2) in isomer PR-3 (D).
(B)-(D) are resolution enhanced (see ref 25).

unless otherwise indicated. Analysis of NMR data and necessary cal-
culations were carried out as previously described.*

Results

Oxytocin. In Figure 1 the 220-MHz spectra of the 8 protons
of the leucyl residue, reflecting coupling to their vicinal 'H?, 13C/,
and "N, are shown, with isomers OR-1, -4, and -5 illustrating
typical results. The appropriate couplings are summarized by
residue in Table IIT for this and the other residues subsequently
discussed. Spectra from other isomers are available in supple-
mentary material (see paragraph at end of paper regarding
supplementary material). Prochiral 8 protons were independently
identified by stereospecific deuteration for half-cystyls-1 and -6,
tyrosyl-2, and asparaginyl-5.

AVP. In Figure 2, the 220-MHz resolution-enhanced? spectra
of three isomers of AVP are shown, illustrating the signals from
the 8 protons of half-cystyl-1 and tyrosyl-2 in isomers PR-3, -4,
and -5, and comparing the isomers with the spectrum from natural
material. Spectra of additional isomers are available in the
supplementary material. The appropriate couplings for this and
other residues of AVP are summarized in Table III. Prochiral
B protons were independently identified by stereospecific deu-
teration for half-cystyls-1 and -6, tyrosyl-2, phenylalanyl-3, and
asparaginyl-5.

L-Prolyl-L-leucylglycinamide (PLG). Values for the vicinal
couplings of the isotopic isomers of PLG of Table II are sum-
marized in Table III.

In Table IV the derived populations of staggered rotamers are
presented for residues other than cysteine by using the standard
values previously obtained. Where appropriate, tests of the validity
of this analysis are also shown in Table IV. These are the sum
of individually derived populations and the ratios of R factors for
discriminating the assignments of the prochiral 8 protons. Both

(25) Ernst, R. R. 4dv. Magn. Reson. 1966, 2, 1-135; Wittbold, W. M.;
Fischman A. J.; Ogle, C.; Cowburn, D. J. Magn. Reson. 1980, 39, 127-135.
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Figure 3. Loci of log R (fit of observed and calculated J’s) as a function
of x! for various combinations of the couplings of the two 3 protons of
half-cystyl-1 in AVP (left) and half-cystyl-6 (right) to the « substituents.
In each, log R is calculated as a function of x' for (a) the six circum-
jacent couplings (see Table IV), (b) the pair to 'H, (c) the pair to N/,
(d), the pair to 13C’, and (e) the same set as (a) with the assignments of
B2 and 33 reversed. The solid vertical bar on the left is one base-ten log
unit (i.e., a decade of R).

these tests have been previously described.>*

In Figure 3, the degrees of fit between observed and calculated
values of couplings, assuming that the appropriate x! is fixed,?*
are shown for the half-cystyls-1 and -6 of AVP.

Discussion

We discuss first the results for individual torsion angles.

Half-Cystyl Residues 1 and 6. The conformational details of
x| and x¢ in oxytocin have been previously reported and discussed.*
Plots of fits* of calculated to observed couplings (R) for a fixed
angle in the range —180 to +180° are shown in Figure 3 for AVP.
For half-cystyl-1 it is readily apparent that in AVP, as in oxytocin,
a fixed angle of —120° is strongly supported. On the other hand,
a simple fixed angle analysis is inadequate for half-cystyl-6 in both
molecules. The observed couplings in AVP are very similar to
those in oxytocin, and for each peptide there are two substantial
minima (Figure 3a, right) around +120 and -80°. In oxytocin?
the minimum at +120° was distinguishably lower, but only at the
90% confidence level; in AVP the two minima are statistically
indistinguishable. Further investigations of these x§’s are under
way to identify more specifically their partition functions. The
observation of similar values in AVP, compared with oxytocin,
establishes that self-consistent and satisfactory measurements of
these relatively small couplings can be obtained by using a number
of synthetic isotopic isomers for individual measurements.

Tyrosyl-2. We have obtained a complete set of circumjacent
couplings from the C® substituents of tyrosyl-2 to the H®s and
identified the prochiral H’s by stereospecific substitution. This
analysis, available for both oxytocin and AVP, is therefore com-
parable in level of detail to that obtained for the half-cystyl
residues. As one can see in Table III, the coupling values about
x! for tyrosyl-2 are very similar, comparing oxytocin and AVP.
Without further analysis of data, we may then readily conclude
that these x5’s of the peptides are behaving similarly in the two
peptides. On the assumption that staggered rotamers exist, it is
also possible to calculate the small energy differences between
the rotamer states, and these may also be compared for the two
peptides. The largest differences in these free energies comparing
oxytocin and AVP is then less than 30 cal mol™,? quite insig-

(26) Full details of comparable calculation for a number of side chains are
given in Fischman, A. J.; Wyssbrod, H. R.; Agosta, W. C; Field, F. H;
Gibbons, W. A.; Cowburn, D., J. 4m. Chem. Soc. 1977, 99, 2953-2959. In
the Tyr-2 cases, the largest differences occur between the relative energies of
the rotamer at -60° compared to that at +60°, which are 905 cal/mol for
oxytocin and 875 cal/mol for AVP.
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Table II. Isotopic Isomers of Oxytocin, AVP, and L-Prolyl-L-leucylglycinamide Synthesized and Used in This Report

isotopic substitution for

residue residue angle simplification or 3J value,
isomer no. no. name investigated nuclei coupled  observation other purpose Hz
Oxytocin
OR-1 1 Cys x! SN- 1SN’ a-*H
Hp2 ~3.4¢
Hg3 -2.0
2 Tyr 8-*H,
6 Cys 8-*H,
8 Leu x! Ho- v,6-*H,
Hg2 10.4
Hp3 5.1
OR-2 1 Cys g-?H,
2 Tyr -2H,
6 Cys x! N - SN a-*H
Hg2 -2.3
Hg3 -3.9
8 Leu SN
OR-3 1 Cys x! 13C- BC a-*H
Hg2 3.1
Hg3 5.0
2 Tyr 8-*H,
4 Gln x! Ho- v-*H,
Hg2 b
Hg3 b
5 Asn X! Ha-Hg2 83-*H 8.1
9 Gly SN’
OR-4 1 Cys -2H,
2 Tyr 8-*H,
5 Asn x! SN-
Hg3 1SN’ 82-*H ~2.4
6 Cys x! 13C- 13 «?*H
Hp2 2.0
Hg3 2.3
8 Leu x! BN - 1SN «,7,8-*H,
Hg2 -1.8
Hg3 -4.3
OR-5 1 Cys 8-*H,
2 Tyr x! SN
Hg2 -3.1
Hg3 -2.1
6 Cys 8-*H,
8 Leu x! 1B3C- 1B3C
Hg2 @,7,8-*H, 3.4
Hg3 1.2
OR-6 1 Cys x! «,33-*H, ¢
2 Tyr g-*1,
6 Cys x! «,83-*H, c
9 Gly «2-*H
OR-7 2 Tyr x! «,83-*H, c
2 Pro 20% U4 13C
OR-8 1 Cys g-*H,
2 Tyr x! 13C- e
Hg2 3.0
Hg3 4.4
6-H,
8 Leu «,8-?H,
AVP
PR-1 1 Cys g-2H,
Tyr g-*H,
3 Phe x! Ha-
Hp2 5.5
Hg3 8.9
5 Asn g-*H,
6 Cys x! Ho-
Hg2 3.1
Hg3 10.5
8 Arg v,6-*H,
PR-2 1 Cys -?H,
2 Tyr 8-*H,
3 Phe x! 13C- BC
Hg2 2.3
Hg3 3.3
S Asn x! N 1SN’ 82-*H -2.6
Hg2
6 Cys -2H,
8 Arg v.5-*H,
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Table 11 (Continued)
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isotopic substitution for

residue residue angle simplification or 3J value,
isomer no. no. name investigated nuclei coupled  observation other purpose Hz
PR-3 1 Cys x! Ho-
Hp2 5.4
Hg3 4.7
2 Tyr Xl ISN’_ ISN’
Hp2 -3.1
Hg3 -1.8
g ghe g:gz ring-*H,
sn -2H,
6 Cys 8-*H,
8 Arg v,6-*H,
PR-4 1 Cys x! ISN'- 1SN’ a-*H
Hp2 ~2.0
Hg3 -3.5
2 Tyr x! 13C- BC «-*H
Hg2 3.0
Hg3 4.4
5 Asn &2H,
6 Cys -*H,
8 Arg v,6-*H,
PR-5 1 Cys x! 13C- 13C
Hg2 5.8
Hg3 2.8
2 Tyr x! Ho-
Hg2 6.7
Hg3 8.1
g E;he gil}-{l, ring-2H;
sn 3
6 Cys 5.’}{:
8 Arg 7,6 '2H4
PR-6 1 Cys 8-*H,
2 Tyr 8-*H,
;oo
6 CYS Xl ISN’_ HN’ a-’HZ
Hg2 -2.3
Hg3 ~45
8 Arg 755'2H4
PR-7 1 Cys g-*H,
2 Tyr 5-2H,
3 Phe g-*H,, ring-*H,
6 Cys x! 13C- 1B3C a-*H
Hg2 2.1
g A Hg3 1.8
g ,6-2H
9 Gly 1SN’ K *
PR-8 1 Cys g-*H,
2 Tyr 8-*H,
3 Phe X! ISN' - 1SN
Hp2 -3.5
Hg3 -2.0
5 Asn Ha-Hg2 83-*H 7.7
6 Cys g-*H,
8 Arg v,6-*H,
PR-9 1 Cys x! 83,a-%H, ¢
2 Tyr x! 83,0-*H, ¢
3 Phe 8-*H,
5 Asn g-*H,
6 Cys B.’ Hz
8 Arg v,6-2H
PR-10 1 Cys g2H,
3 Phe X! 83.0-2H, c
4 Gin x! «-*H,
Ha-
Hp2 5.4
Hg3 8.6
5 Asn g-?H,
6 Cys x! 83,0-*H,
7 Pro U-*H,
8 Arg x! Ho~ 7’5_2 H‘
Hp2 4.5
Hg3 9.0
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Table Il (Continued)

Cowburn et al.

isotopic substitution for

' residue residue angle simplification or %/ value,
isomer no. no. name investigated  nuclei coupled observation other purpose Hz
L-Prolyl-L-leucylglycinamide
PLG-1 2 Leu x! 'Ha- TH- @,6-'H,
Hg2 HA? 9.7
HB3 HB? 5.7
PLG-2 2 Leu x! SN'- PN'- @,7,6-?H,
Hg2 He? -2.1
Hg3 HA? —4.1
PLG-3 2 Leu x! - 13C- a,v,8-*H,
Hg2 HP? 3.9
Hg3 HP? 2.3

@ Three-bond 'SN-'H vicinal couplings assumed negative throughout. ? Not completely analyzable due to chemical shift overlap. Sum of

couplings available from observation of H®. See the text. ¢ Stereospecific deuteration of one g proton permitted direct assignment of the

prochiral g protons of this residue in this isomer.

nificant compared to thermal fluctuation at room temperature.

Phenylalanyl-3 (AVP) and Isoleucyl-3 (Oxytocin). The values
of the six circumjacent couplings from the C* substituents to the
HPs in phenylalanyl-3 are similar to those of the adjacent Tyr-2
(Table III). A simple interpretation of this observation is that
both residues are relatively free, and that rotamer states reflect
both the simple primary effect of the peptide backbone on the side
chain via steric exclusion and also the influence of solvation. The
single observed coupling in isoleucyl-3 of oxytocin provides little
information about the behavior of this side chain, but it is com-
patible with a conformation similar to that of phenylalanyl-3 in
AVP.

Glutaminyl-4. In oxytocin, the chemical shifts of the 8 protons
are equal at all fields employed, and no analysis of the apparent
coupling to H® is possible, even though 4 deuteration does indeed
simplify the spectrum to a doublet. In AVP, on the other hand,
sufficient separation of the 8 proton shifts gives '"H*~'H? couplings
consistent with averaging. The sum of couplings *J('H*-H??)
+ 3J(*H-'H®) for AVP is equal to that observed in oxytocin.

Asparaginyl-5. Since the separate isotopic isomers used con-
taining 83-2H and ['*N’,33-2H] were mixtures with respectively
«,83-2H, and “N’,a,83-2H, isomers (Table I, footnote d), the
resulting spectra are somewhat complex. For the 33-2H isomers
in oxytocin (OR-3), a triplet is observed for the 32 proton with
the outer line positions being field (220-600 MHz) and tem-
perature (4-61 °C) independent. These outer lines are separated
by 8.1 Hz. For AVP, the equivalent separation is 7.7 Hz. From
spectral analyses of results at different fields, the central line from
the «,83-2H, isomer is chemically shifted 0.0067 ppm from its
3-2H isomer in each peptide. For the '"N’-substituted asparaginyl
isomer, the transitions of the 8 proton are all equally split by
couplings at 2.4 Hz in both peptides. The incomplete set of
circumjacent couplings H*-H#2, 8.1, 1SN’~-H"2, -2.4, and H*-H#"?
+ He-H?3, 14.4, is characteristic of rotational isomerism about
the a—@ bond with high population occupancy at x” = -60 and
+180° and significantly reduced occupancy at +60° in oxytocin.
These proton—proton coupling results for oxytocin are comparable
to those reported for the asparaginyl residue in [Ala?]oxytocin.”’

Arginyl-8 (AVP) and Leucyl-8 (Oxytocin). These residues, in
the center of the tripeptide tail pendent to the ring, would be
expected to be particularly sensitive to any noncovalent tail-ring
interaction. Comparisons of other properties of leucyl residues
in oxytocin to those in the respective tripeptides by "N NMR?
or in derivatives by hydrogen exchange? have shown no evidence
for noncovalent interactions in aqueous solution.

In oxytocin and PLG the leucyl residues have circumjacent
couplings quite similar to those of the free amino acid, leucine.?

(27) Buku, A.; Fischman, A. J.; Wittbold, W. M., Wyssbrod, H. R. Pept.,
Proc. Am. Pept. Symp., 7th, 1981 1981, 347-354.

(28) Live, D. H.; Wyssbrod, H. R.; Fischman, A. J.; Agosta, W. C;
Bradley, C. H.; Cowburn, D. J. Am. Chem. Soc. 1979, 101, 414-479.

(29) Krauss, E. M.; Cowburn, D. Biochemistry, 1981, 20, 671-679.

(30) Unpublished results from this laboratory.

4 U = uniformly labeled.

For example, in Table IV the sums of the derived unequivocally
identified populations? is 0.98 for oxytocin and 0.81 for PLG. The
difference between these experimental values and the value ex-
pected if only the three staggered rotamers are populated, 1.0,
is small, especially for oxytocin. As an alternative to examining
the sum of these elements, R-factor analysis can be applied. The
calculated R factors for the rotamer model for the 32 and $3
proton assignments in Table IV are 0.041 (oxytocin) and 0.055
(PLG), while the reversed assignments yield R factors of 0.442
and 0.329, respectively. The ratios of these R factors confirm
that the possibility of misassignments can be rejected at the 0.005
level of significance.

The observed couplings of Table III for leucyl residues are quite
precisely determined, certainly better than 0.1 Hz, except for the
13C’-H? value in oxytocin. At first sight, the calculated popu-
lations in Table IV differ to a much greater degree than might
be expected. Such discrepancies might arise from inaccurate data,
from use of an inappropriate model and method of calculation,
or from mischoice of standard values for trans and gauche states.
As a test of this last case, we may, as an alternative to the in-
dependent use of the various measured couplings, calculate the
values of the heteronuclear trans and gauche standard states from
the populations derived from H*-H? couplings. The results are
shown in Table V. With the exception of *J,(**C’'~-Hf) and
37 (BC-HP) calculated from the oxytocin data, the results are quite
consistent with previously reported values (reviewed in ref 2). The
most likely explanation, then, for inconsistency of the '*C—-H trans
and gauche couplings relates to the low magnitude and precision
(£0.5 Hz) of 3J(13C’-H??). If so, the available data are totally
consistent with averaging over staggered rotamers, as are mea-
surements of temperature dependence.?!

In AVP, the observable H*-H? couplings in PR-8 are similar
to the proton couplings in the leucyl residue in oxytocin and in
free arginine, and if it is assumed that staggered rotamers pertain,
a similar set of orientations about C*~C? is derived (Table IV).

We now discuss these results for individual torsion angles,
considering the place of this technical approach in conformational
analysis, comparing the conformations of oxytocin and AVP, and
contrasting these results with previous conformational studies of
these molecules.

We have demonstrated that NMR measurements on a series
of specifically designed and synthesized isotopic isomers of oxytocin
and AVP can provide stereochemical assignments for prochiral
# protons and can differentiate side chains that are relatively rigid
(half-cystyls) from those undergoing rotational isomerism. In the
case of relatively rigid conformations the value of the dihedral
angle can be obtained, and in the case of staggered rotamers
statistical weights or populations can be determined. The approach
used here for the nine-residue peptides oxytocin and AVP of
incorporating isotopic substituents through direct total synthesis
may not be easily applied to larger peptides and proteins. The
analysis of circumjacent couplings may still be feasible for large
molecules, however, because of recent developments in NMR
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Table III. Summary of Vicinal Coupling Constants about the C*—CP Bonds of Various Residues of Oxytocin and AVP in D,0¢

nucleus residue ) residue .

co:gp{lged nalr]r;e. ?:d coupling constant, Hz 150::12:/5:& nalr]r:)e. le:d coupling constant, Hz 1so;r;;r/g:ed

protons oxvtocin 82 g3b reference’ AVP 82 B3 reference
1H® 5.0 (4.8)4 5.7 (4.8) 4,23 4.7 (4.6)4 5.4 (4.6) PR-3
SN’ } Cys-1 { ~3.4 (—4.0) -2.0(-1.95) 4, 0OR-1 Cys1 { -3.5(-4.0) -2.0(=1.6) PR-4
Be 3.1(3.6) 5.0(5.8) 4, OR-3 2.8(3.4) 5.8(5.8) PR-5
He 7.9(7.9) 6.9 (7.1) 21 8.1(7.8) 6.7 (7.2) PR-5
SN } Tyr-2 { -21(=2.1) -3.1(3.3) OR-1 Tyr-2 { ~-1.8(-2.1) -3.1(=3.2) PR-3
13C 4.4 (4.8) 2.1(2.2) OR-8 4.4 (4.9) 3.0(2.2) PR-4
TH® 6.5 21 8.9(8.2) 5.5(5.7) PR-1
SN } 1le-3 { Phe-3 { ~2.0(=2.1 -3.5(-3.6) PR-8
3C 3.3(3.7) 2.2(2.2) PR-1
THY Glin-4 7.0f 7.0¢ 21, OR-3 Gln-4 8.6f 5.4 PR-10
TH® 8.17 (8.0) 6.3(6.2) OR-3 7.77(7.6) 6.7 (6.6) PR-2
aw boAss {9, (-2.3) ( OR-4 ases {7y (-2.3) PR-2
'H® 9.6 (9.6) 3.7 (4.0) 4,21 10.5 (9.6)% 3.1(4.0) PR-1
SN’ } Cys-6 { -2.3(19) -3.9(-4.0) 4, OR Cys-6 { -2.3(-19 -4.4 (—4.0) PR-6
BC 2.0(2.9 2.3(4.0) 4, OR 1.8 (2.9) 2.1(4.0) PR-7
'HE J 10.4 (11.0) 5.1(5.0) OR-1 9.0 4.5 PR-10
SN } Leu-8 { -1.8(-1.8) -4.3 (4.1 OR-4 Arg-8 {
13C 3.4(3.2) 1.2(1.4) OR-5 .

@ For conditions, see Experimental Section. © Stereochemical assignments of 32 and 83 protons are derived from data analysis (ref 2 and
4) and confirmed by stereospecific deuteration (see the text). € lsomers are detailed in Table 1. ¢ Values in parentheses are those calculated
as best fitting the model derived from all the available couplings for this residue. In the case of half-cystyls, values shown are calculated
from fixed angles; for other residues, the values are calculated from averaged rotamer populations. € 82 and 83 protons are chemical shift
equivalent, and the reported values are half the sum. f See footnote d in Table I. ¢ For half-cystyl-6 of AVP, the calculated values given are

for x} = 120°, as for oxytocin. See the text.

techniques. For example, the need for extensive deuteration in
order to resolve resonances can be reduced by use of very high
field spectrometers (e.g. ref 31) or 2-D J-resolved NMR32 or their
combination (e.g., ref 33); the need for '*N enrichment can be
substantially reduced by use of polarization transfer techniques.*

The observed couplings appear to fall qualitatively into three
classes, (A) cases involving considerable averaging among three
rotameric states, (e.g., tyrosyl-2), (B) cases involving intercon-
version predominantly between rotamers at x! = —60 and 180°
(leucyl-8 in oxytocin), and (C) cases where the weight of evidence
suggests that x! is fixed. In oxytocin and AVP, residues 2-5 fall
into the first class (A), leucyl-8 and possibly arginyl-8 in AVP
fall into the second (B), and the half-cystyl residues are in the
third (C). There are apparently no significant differences between
oxytocin and AVP in C*~C? conformations, and a possible ex-
planation is that in these peptides side chains are involved in
interactions with the local peptide backbone and with the solvent
but not with other side chains.

Various hypotheses have been put forward concerning indirect
methods for determining the “bioactive” conformation(s) of peptide
hormones (for a recent review, see ref 35). It is possible that
one of the ensemble of solution conformations may be close to
the bioactive conformation, and if so, solution studies could provide
useful guidance in design of active analogues. Such has been the
case for somatostatin.’’ Alternatively, the solution structure of
a hormone may be very flexible,*® and binding to the receptor then
determines bioactive conformation, as is probably the case for

(31) Live, D. H,; Davis, D. G.; Agosta, W. C.; Cowburn, D. Org. Magn.
Reson. 1982, 19, 211-215.

(32) Aue, W. P,; Bartholdi, E.; Ernst, R. R, J. Chem. Phys. 1977, 64,
2229-2246.

(33) Hallenga, K.; Van Binst, G.; Scasso, A.; Michel, A.; Knappenberg,
M.; Dremier, C.; Brison, J.; Dirkx, J. FEBS Lett. 1980, 719, 47-52.

(34) Pachler, K. G. R.; Wessels, P. L. J. Magn. Reson. 1977, 28, 53-61;
Morris, G. A.; Freeman, R. J. Am. Chem. Soc. 1979, 101, 760-761; Boden-
hausen, G.; Ruben, D. J. Chem. Phys. Lett. 1980, 69, 185-189. Davis, D. G.;
Live, D. H.; Agosta, W. C,; Cowburn, D. J. Magn. Reson. 1983, 53, 350-354.
Davis, D. G.; Agosta, W. C.; Cowburn, D. J. Am. Chem. Soc. 1983, 105,
6189-6190.

(35) Kessler, H. Angew. Chem., Int. Ed. Engl. 1982, 21, 512-523.

(36) Schwyzer, R. Pept. Proc. Eur. Pept. Symp. 12th, 1972 1973, 424-36.

(37) Veber, D. In “Peptides, Structure and Biological Function”; Gross,
E.; Meinenhofer, J., Eds.; Pierce Chemical Co.: Rockford, IL, 1979; p 409.

(38) Craig, L. C.; Cowburn, D.; Bleich, H. Annu. Rev. Biochem. 1978, 44,
477-489.

enkephalins.’® With regard to side chain conformations, it appears
that oxytocin and AVP fall into this latter category, as has been
previously suggested.*0

Other authors have suggested conformational differences be-
tween oxytocin and AVP that might be of relevance to the
bioactive conformation. These data included dialysis studies to
determine overall molecular size,*! '3C 7’s to determine segmental
flexibility,*? proton chemical shifts to measure interactions with
aromatic side chains*’ and proton vicinal coupling constants for
investigation of dihedral angles.** Some of these details have
been used in models of the bioactive conformation.* In the area
of dialysis studies,! the small difference in apparent overall
molecular size is consistent with the interpretation of '*C 7'’s in
aqueous solution*? in terms of a more flexible tripeptidic tail in
AVP, occupying a slightly larger molecular volume. Our results
for leucyl-8 in oxytocin, in comparison with prolylleucylglycin-
amide, seem to exclude any major noncovalent interaction between
the tripeptidic section and the peptide ring and suggest that the
small differences observed previously arise from different solvation
of the prolylleucylglycinamide and prolylarginylglycinamide en-
tities.

The complete assignment of AVP’s 8 proton resonances, con-
firming previous tentative assignments,?? and the similar values
of circumjacent couplings for tyrosyl-2 in AVP and oxytocin
exclude any solution model in which residue 2 is in a significantly
different conformational state in the two peptides, a difference
that had been previously suggested.*>*> Although models of a
bioactive conformation for AVP including aromatic interactions
between tyrosyl-2 and phenylalanyl-3 are not excluded by this
solution study, it is evident that there is no major interaction of

(39) Fischman,; A. J.; Riemen, M. W.; Cowburn, D. FEBS Let:. 1978, 94,
236-240.

(40) Brewster, A. R,; Hruby, V. J.; Glasel, J. A.; Tonelli, A. E. Biochem-
istry 1973, 12, 5295-5300.

(41) Craig, L. C.; Harfenist, E. J.; Paladini, A. C. Biochemistry 1964, 3,
764-769.

(42) Deslauriers, R.; Smith, I. C. P.; Walter, R. J. Am. Chem. Soc. 1974,
96, 2289-2291.

(43) Deslauriers, R.; Smith, I. C. P. Biochem. Biophys. Res. Commun.
1970, 40, 179-185.

(44) Nicholls, L. J. F,; Ford, J. J.; Jones, C. R.; Manning, M.; Gibbons,
W. A. Pept., Proc. Am. Pept. Symp, 5th, 1977 1977, 165-167. For a more
complete treatment using this approach for tocinamide, see: Nicholls, L. J.
F.; Jones, C. R.; Gibbons, W, A. Biochemistry 1977, 16, 2248-2254.

(45) Walter, R. Fed. Proc., Fed. Am. Soc. Exp. Biol. 1977, 36, 1982-1987.
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Table IV. Populations Calculated from the Coupling Constants
of Table I1I, for Three Staggercd Rotamers®

Cowburn et al.

Table V. 1ndependéntly Calculated Values for Gauche and Trans
Standard States from Leucyl Residucs in Oxytocin and PLG

nucleus
coupled residue
tog name
protons and no.  p;® P11 P p¢ R4
Oxytocin

THY 0.484  0.392 0.124
PN } Tyr2 {0.433 0.467 0.100 } 1.13 6.48

B 0.541 0.365  0.094
tH® 1e-3 0.360¢
THo Gln-4 0.1977
THe Aas § 0502 0338 0.161 4,06%
el B 0.200¢
g 0.715 0.228  0.057
SN } Leu-8 < 0.830 0.167 0003 0.986  8.46
ol 0.762  0.246
AVP
TH® 0502 0.374  0.124
1SN Tyr-2  0.433  0.567  0.000 p 1.13 223
3¢’ 0.435 0.365  0.200
THe 0.575 0.245  0.161
SN Phe-3  0.567 0.367  0.067 ( 1.19  5.55
3¢ 0.659 0.235  0.106
TH Gln-4  0.547  0.256  0.197
tHY 0.465 0.384  0.161 4.008
wy §oAwS 0.200° }
1 Arg-8 0584 0.174  0.243
L-Prolyl-L-leucylglycinamide
tH 0.646 0.284  0.070
SN Lew-3 0.737 0.173  0.100 0.81  5.93
13C 0571 0.309  0.120

@ For conditions, see Lxperimental Section. P The identities of
populations are derived from the stereochemical assignments of
Table 111. Populations are calculated by standard methods (ref
2-4, 49, and 50), assuming equivalence of gauche states and the
following standard (Hz) values for gauche and trans states: 2.6 and
13.56 (H*-HP), —1.8 and —4.8 (H®!5N'); 1.3 and 9.8 (H-'3C").
¢ =p is the sum of those populations identified unequivocally by
the sum of the two couplings from g protons to the o substituents,
i.e., pryp(HS-H®) + pry(HP-1sN'y + py(HP-12C’). Seeref2. 4R
is the ratio of fitted R factors for the given assignments of 82 and
83 protons and their reverse case (see ref 2). For cases with six
observed couplings, probabilities of correct assignment are 99% for
R > 3.8,and 90% for R > 1.8. ¢ The single coupling yiclds only a
single population value. f The sum of couplings from the shift-
equivalent g protons vields pyj;. ¥ Assignment shown agrees with
that of ref 18b. " Small negative value, set to zero.

this type in the conformation of AVP in aqueous solution.

It had previously been suggested that biological function of the
hormones can be related to differing populations in solution of
half-cystyl staggered conformers.# Our data, in contrast, indicate

calculated 3J for from data for

standard state oxytocin PLG
gauche, 'SN-'H ~1.58 ~1.86
trans, '*N-'H -5.38 -5.33
gauche, *C-'H 0.47 1.95
trans, '*C-'H 13.18 9.43

that the x!'s of half-cystyls-1 and -6 are very similar in the two
peptides, that there is no interconversion between staggered ro-
tamers, and that the x,'’s are most likely at fixed angles.

Since the sequences of oxytocin and AVP were determined,
there have been extensive investigation and speculation concerning
the mechanisms of their different biological activities. The possible
role of different conformations has been widely considered,* and
many NMR investigations of increasing sophistication have been
undertaken to determine these conformations (for brief reviews,
see ref 46 and 48).

The techniques used in this present investigation have provided
unequivocal assignments and conformational analyses of side chain
not available from previous work. We have shown that side chain
conformations in the two peptides are markedly similar; differences
in the sequences are only slightly reflected in side chain confor-
mation(s). The further investigation of the backbone confor-
mation(s) is now being actively pursued in this laboratory with
use of isotopic isomers® and other NMR techniques.
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