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O(2), the explanation for the difference in rates of hydrolysis
between the various substrates must be based on the variation
of the substrate position and orientation. Since the K, values
for 2/,3’-cCMP and 2/,3’-cUMP hydrolysis by RNase A (3.4
and 5.0 mM, respectively!?) and their hydrolysis rates, k3 (5.55
and 2.25s~1at 27 °C and pH 7.0, respectively!3), are so sim-
ilar, it seems reasonable these differences can arise from the
different C(4) substituents and pK, values of N(3) for 2,3’-
c¢CMP and 2’,3’-cUMP. While the NH; and C==0 groups may
be hydrogen bonded to the same group in RNase, and N(3)
of each cyclic nucleotide may interact with the same residue,
the strength of these interactions would not be expected to be
the same. It would be interesting to obtain activation param-
eters for the enzymatic hydrolysis so that more light could be
shed on the intimate mechanism.
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Abstract; Carbon-13 NMR chemical shifts and spin-lattice relaxation times (7,) of [Pro3,Gly4]-oxytocin and oxytocin are
compared. Assignments were also made for [Pro*]-oxytocin and [Leu?Pro3,[o,a-2H;]Gly#]-oxytocin. These studies have
shown that introduction of a prolyl residue in position 3 of the cyclic portion of oxytocin causes conformational heterogeneity
in the peptide backbone of the 20-membered covalent ring moiety as a consequence of cis—trans isomerism about the Tyr-Pro
peptide bond. The amount of cis isomer is larger in the more sterically crowded [Pro®]-oxytocin (45%) when compared with
[Pro3,Gly*]-oxytocin (33%). Introduction of the Pro-Gly sequence in positions 3 and 4 of oxytocin, which is thought to favor
formation of a 8 turn, results in shorter 7'y values for the & carbons in [Pro3,Gly#]-oxytocin than for the same carbons in oxyto-
cin under analogous experimental conditions, but it does not eliminate the intrinsic flexibility of the « carbon of the glycyl-4
residue. The rotational correlation times for the linear portion of the peptide backbone (residues 7 through 9) of [Pro3,Gly*]-
oxytocin and oxytocin are similar, which may be due to dominance of the 7, behavior by segmental motion of the tripeptide.

In continuing studies dedicated to understanding the
physico-chemical properties of peptides and peptide hormones,
we have been using carbon-13 nuclear magnetic resonance (}3C
NMR) to elucidate structural and conformational charac-
teristics of these compounds.? The chemical shifts of carbon-13
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are sensitive to the time-averaged conformation of peptides.
If conformers are interconverting slowly on the NMR time
scale, separate resonances for each conformer can be observed.
Carbon-13 spin-lattice relaxation times (7;) can provide in-
formation on the relative conformational flexibility of back-
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bones and side chains in cyclic and linear peptides.?

Using 13C NMR techniques we have shown that the cyclic
portion of the oxytocin backbone is more restricted than the
acyclic terminal tripeptide, the latter experiencing increasingly
greater motional freedom from the prolyl residue in position
7 toward the terminal glycinamide.* A major problem in the
analysis of the conformational flexibility of peptides using 3C
T, values resides in determining the relative contributions of
overall molecular motion and internal or segmental motion to
the observed relaxation times. Even in the case of a-amino
acids with cyclic side chains and cyclic peptides, internal mo-
tions or pseudorotations can occur which are reflected in the
observed T, values. Proline and proline-containing peptides
provide good examples of internal flexion occurring at a rate
which is sufficiently rapid to affect the observed T, values.?
In the case of oxytocin, the cyclic portion of the peptide
backbone could possibly be undergoing a conformational av-
eraging process in aqueous solution at a rate sufficiently rapid
to contribute to the observed T, values. In order to explore this
possibility, we have investigated the 13C NMR characteristics
of an oxytocin analogue in which substitutions were performed
which could be expected to favor steric restriction of the peptide
backbone. We chose to investigate [Pro3,Gly#]-oxytocin, for
which a type-II 8 turn has been found in dimethyl sulfoxide
solution by '"H NMR spectroscopy® in agreement with theo-
retical predictions for this type of peptide sequence.”-

Herein we report that in [Pro?,Gly#]-oxytocin the o carbons
located in the 20-membered ring exhibit N7, values (where
N is the number of protons directly bonded to the carbon under
study) which are shorter than those reported previously for
oxytocin, Furthermore, it was found that this analogue exhibits
an increased rate of motion for the a carbon of the glycyl
residue located in the 20-membered ring (position 4 in oxyto-
cin) relative to the other o carbons of residues in the cyclic
moiety. It was also observed that the introduction of a prolyl
residue into position 3 of the ring portion of oxytocin produces
conformational heterogeneity as manifest by the presence of
both cis and trans isomers about the Tyr-Pro peptide bond. In
view of these results, [Pro®]-oxytocin® was also investigated
and found to contain an even higher percentage of cis isomer
about the Tyr-Pro peptide bond.

Experimental Section!®

[Pro3]-oxytocin was from the same batch for which the synthesis
and biological activities were described previously.® Melting points
of peptides synthesized for this study were determined in open capil-
lary tubes and are reported uncorrected. Optical rotations were
measured in a Zeiss circle polarimeter, 0.01°, For thin-layer chro-
matography (TLC) up to 50 ug was applied to precoated plates of
silica gel 60 F-254 (E. Merck, Darmstadt, West Germany). Chro-
matograms were developed for 100-150 mm with solvent mixture
ratios given in volume by volume. Visualization of peptides after
chromatography was achieved by treatment with Cl, followed by
toluidine spray.'' Amino acid analyses'2 were performed on a Durrum
D-500 amino acid analyzer in duplicate, following hydrolysis of the
peptides for 24 h in constant boiling 6 N HCl at 110 °C in vacuo.

Boc-Gly-Asn-Cys(Bzl)-Pro-Leu-Gly-NHj; (1). The Boc group was
removed from Boc-Asn-Cys(Bzl)-Pro-Leu-Gly-NH,'3 (2.58 g, 3.74
mmol) by treatment with CF;COOH (25 mL) for 60 min at 25 °C.
The peptide salt was precipitated by the addition of anhydrous Et,0,
washed with Et,O by decantation, and dried in vacuo. A solution of
Boc-Gly (0.79 g, 4.5 mmol) and HBT-H,0'4 (1.0 g, 6.5 mmol) in
DMF (S mL) and EtOAc (15 mL) was activated with DCC (0.93 g,
4.5 mmol). After 1 h the preactivation mixture was filtered into a
solution of the pentapeptide trifluoroacetate in DMF (10 mL); the
pH had been adjusted to 8 (Fisher Indicator Solution) with N-
methylmorpholine. After 15 min, 1.5 mmol of V-methylmorpholine
was added. After 45 min, the precipitated product was filtered, washed
with EtOAc (3 X 50 mL), 5% NaHCO; (3 X 25 mL), and H,0 (3 X
50 mL), and dried in vacuo to give 1.56 g (55%): mp 196-198 °C;
[@]*p —49° (¢ 1, DMF); homogeneous upon TLC in n-BuOH/
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AcOH/H,0 (4:1:1); R, 0.57. Anal. Caled for C34Hs;NgOsS: C, 54.5;
H, 7.00; N, 15.0. Found: C, 54.3; H, 7.01; N, 15.0.

Boc-[a,a-2H,|Gly-Asn-Cys(Bzl)- Pro-Leu-Gly-NH; (2). This com-
pound was synthesized, using Boc-[a,a-2H,]Gly prepared in our
laboratory, in an identical manner to 1 from 2 g (2.9 mmol) of the
protected pentapeptide to give 1.55 g (70%): mp 195.5-197.5 °C; [«]?*
~50° (¢ 1, DMF); homogeneous by TLC in n-BuOH/AcOH/H,0
(4:1:1); R, 0.57. Anal. Caled for C34HsoD;NgOoS: C, 54.4; (H, D),
7.25; N, 14.9. Found: C, 54.1; (H, D), 7.22; N, 14.9.

Boc-Pro-Gly-Asn-Cys(Bzl)-Pro-Leu-Gly-NH; (3), The Boc group
was removed from hexapeptide 1 (1.52 g, 2.03 mmol) by treatment
with CF3COOH as described above. Boc-Pro (0.54 g, 2.5 mmol) was
coupled with DCC (0.52 g, 2.5 mmol) mediated with HBT-H,O (0.68
g, 4.4 mmol) using the preactivation procedure described for the
synthesis of 1, After 1 h the reaction solution was diluted with EtOAc;
the product was filtered, washed with EtOAc, and dried in vacuo to
give 1.61 g (93%): mp 193-195 °C; [«]?5p —80° (¢ I, EtOH); ho-
mogeneous by TLC in n-BuOH/AcOH/H,0 (4:1:1); R, 0.44. Anal.
Caled for C39Hs9NgO,0S: C, 55.4; H, 7.03; N, 14.9. Found: C, 55.3;
H, 7.10; N, 15.1.

Boc-Pro-[a,a-2H:]|Gly-Asn-Cys(Bzl)-Pro-Leu-Gly-NH; (4). This
compound was prepared in the same manner and using the same
quantities of reactants as described for 3 to give 1.68 g (96%): mp
203-205 °C; [«]?5p =82° (¢ 1, EtOH); homogeneous by TLC in
n-BuOH/AcOH/H,0 (4:1:1); Ry 0.44. Anal. Calcd for
C39Hs7D2Ng010S: C, 55.2; (H, D), 7.25; N, 14.9. Found: C, 54.8; (H.
D), 7.26; N, 14.5.

Boc-Tyr(Bzl)-Pro-Gly-Asn-Cys(Bzl)-Pro-Leu-Gly-NH; (5). The
Boc group was removed from heptapeptide 3 (1.51 g, 1.78 mmol) with
CF3;COOH as described above. The heptapeptide trifluoroacetate was
dissolved in EtOH (15 mL) and DMF (15 mL), and the pH adjusted
to 8.5 with (i-Pr);NEt (0.75 mL). Boc-Tyr(Bzl)-OSu (1.17 g, 2.5
mmol) was added, and the reaction mixture allowed to stand for 3
days. The solvents were removed by evaporation, and the residual oil
was dissolved in CHCl3 (50 mL). The CHCl; solution was extracted
with H,0, 5% NaHCOs;, and H,0 and dried over Na,;SO4 The
CHCI; was evaporated, and the product twice precipitated from
EtOAc/hexane to give 1.25 g (64%): mp 152-154 °C; [a]4p ~38°
(c, 1, DMF); homogeneous by TLC in CHCl3;/CH3;0H/AcOH
(15:5:1); Ry 0.73. Anal. Calcd for CssH7uN5045S: C, 60.1: H, 6.79;
N, 12.7. Found: C, 59.9; H, 6.66; N, 12.6.

Z-Cys(Bzl»-Tyr(Bzl)-Pro-Gly-Asn-Cys(Bzl)-Pro-Leu-Gly-NH; (6).
The protected octapeptide 5 (1.08 g, 0.98 mmol) was converted to the
trifluoracetate in the manner previously described and, after neu-
tralization with (i-Pr);NEt, coupled to Z-Cys(Bzl) (0.78 g, 2.25
mmol) using DCC (0.47 g, 2.25 mmol) employing the preactivation
procedure. After 72 h the product, which had precipitated from so-
lution, was filtered and washed with Et;O. The product was repre-
cipitated with Et,0 from EtOH to give 944 mg (74%): mp 154-156
°C (in a second preparation, mp 128-134 °C); [«]?5p —=53° (¢ 1,
DMF); homogeneous by TLC in CHCl;/CH;0H/AcOH (8:2:0.05).
Anal. Caled for CegHgaN110,3S5: C, 61.6;H,6.31: N, 11.6. Found:
C.61.3; H,6.12; N, 11.8.

[Pro3,Gly4]-oxytocin (7). All the protecting groups from the nona-
peptide 6 (450 mg, 0.339 mmol) were simultaneously removed by
treatment with sodium in anhydrous liquid ammonia.'3-16 The residue,
after evaporation of the ammonia by a stream of N, was dissolved
in 500 mL of CH30H /H,0 (1:1, v/v), and the disulfide bond formed
by oxidation with diiodoethane (100 mg, 0.5 mmol).!” Disappearance
of sulfhydryl groups was monitored by the method of Eliman,'® and
the reaction was complete in 5 min at pH 8. The pH was adjusted to
4 with AcOH, and the volume of solvent reduced to 2 mL by evapo-
ration. AcOH (2 mL) was added, and the product subjected to gel
filtrationon a 2.15 X 115 cm column of Sephadex G-15. The column
was eluted with 50% AcOH'? at 7 mL/h. Fractions (3 mL volume)
comprising the main peak area (56-71 as determined by the method
of Lowry2%) were pooled to give 191 mg after lyophilization. The entire
product was further purified by partition chromatography?! in the
system n-BuOH/H,0 containing 3.5% AcOH and 1.5% pyridine (1:1,
v/v)ona 2.82 X 67 cm column of Sephadex G-25 (block polymerisate,
100-200 mesh). The column was eluted with the upper phase of the
solvent mixture at 20 mL /h, and peptide material was detected by the
method of Lowry. The product appeared as a symmetrical peak with
a maximum at R, 0.16. Fractions (5.9 mL volume) comprising the
peak area (105-132) were pooled, the organic solvent was evaporated,
and the aqueous phase was lyophilized to give 117 mg (37%): [«]?5p
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+41° (¢ 0.41, 1 N AcOH); homogeneous by TLC in n-BuOH/
AcOH/H,0 (4:1:5, upper phase), Ry 0.38; in n-BuOH/AcOH/
pyridine/H,0 (15:3:10:6), R, 0.66; in EtOH /pyridine/ AcOH/H,0
(5:5:1:3), R, 0.64. For elementary analysis a sample was dried for 18
h over P;0s5 in a vacuum with a weight loss of 11%. Anal. Calcd for
C39Hs7N 1 0,,S,-CH;COOH: C, 50.2; H, 6.27; N, 15.7. Found: C,
50.3, H, 6.34; N, 15.7.

A sample was hydrolyzed in 6 N HCl at 110 °C for 28 h, and the
hydrolysate subjected to amino acid analysis. The following molar
ratios were found: Asp, 1.00; Pro, 2.06; Gly, 2.04; half-Cys, 1.97; Leu,
1.05; Tyr, 0.96; and NH3, 2.11.

Boc-Leu-Pro-[a,a-2H;]Gly-Asn-Cys(Bzl)-Pro-Leu-Gly-NH; (8),
The heptapeptide 4 (1.50 g, 1.66 mmol) was treated with CF;COOH
(15 mL) as previously described. The heptapeptide trifluoroacetate
was dissolved in DMF (15 mL), the solution was diluted with EtOAc
(15mL),and i-Pr,NEt (0.60 mL, 3.5 mmol) as well as Boc-Leu-OSu
(1.32 g, 2 mmol) were added. After stirring for 24 h the solvents were
evaporated, and the residual oil was dissolved in CHCl; (50 mL). The
CHCl; solution was extracted with saturated aqueous NaCl (30 mL),
5% NaHCO; (2 X 40 mL), H,0 (50 mL), 1 N H,SO,4 (50 mL), and
H,0 (2 X 40 mL) and then dried over Na;SOy. After removal of the
CHCI; the product was precipitated from CHCl;/Et,0 to give 1.50
g (88%): mp 144-148 °C; [«]?6p ~58° (c 1, EtOH), homogeneous
upon TLC in n-BuOH/AcOH/H,0 (4:1:1); Ry 0.49. Anal. Calcd
for C4sHegDyN190,,S-0.5CHCl;: C, 53.5; H,7.16; N, 13.7. Found:
C,53.4; H,7.25.:N, 14,1

Z-Cys(Bzl)»-Leu-Pro-[a,a-2H;]Gly-Asn-Cys(Bzl)-Pro-Leu-Gly-NH,
(9). The octapeptide 8 (1.60 g, 1.57 mmol) from two batches was
treated with CF;COOH at 25 °C for 1 h, and the product worked up
as before. Z-Cys(Bzl) (0.78 g, 2.25 mmol) was preactivated as de-
scribed for 1 with HBT-H»0 (0.74 g, 4.8 mmol) and DCC (0.47 g,
2.25 mmol) in DMF (2 mL) plus EtOAc¢ (10 mL). The mixture was
filtered into a solution of the deprotected octapeptide and i-Pr,NEt
(0.50 mL, 2,90 mmol) in DMF (2 mL) and EtOAc (10 mL). After
30 min an aliquot of /-PraNEt (0.25 mL, 1.45 mmol) was added, and
the mixture stirred at 25 °C for 16 h. Evaporation of the solvents gave
an oil which was dissolved in CHCl; (50 mL); the solution was ex-
tracted with 5% NaHCOs3 (2 X 35 mL) and ice water (2 X 50 mL)
and the organic phase dried over Na,SQ,. After evaporation of the
CHCI; the product was precipitated from CHCl;/Et,0 to give 1.72
g (89%). The crude material was reprecipitated from tetrahydrofu-
ran/Et,0 to give 1.63 g (84%): mp 135-140 °C; [a]?"p —67° (c 1,
p-dioxane); homogeneous upon TLC in n-BuOH/AcOH/H,0 (4
11 ); Rf 0.53. Anal. Calcd for C53H77D2N| |01252'0.5H202 C, 582,
H, 6.90; N, 12.9. Found: C, 58.1; (H, D), 6.86; N, 12.5. Amino acid
analysis gave the following molar ratios: Asp, 1.00; Pro, 2.01; Gly,
2.01; Leu, 2.04; Cys(Bzl), 1.86; NH3, 2.05.

[Leu?,Pro3,[a,a-2H;]Gly*]-oxytocin (10). This analogue was pre-
pared from nonapeptide 9 (300 mg, 0.34 mmol) by treatment with
Na/NHj and oxidation with diiodoethane in CH30H/H;,0O as de-
scribed for 7, The crude product was purified by gel filtration on Se-
phadex G-15 in 50% AcOH and by partition chromatography on
Sephadex G-25 in the system #-BuOH/EtOH/H»0 containing 3.5%
AcOH and 1.5% pyridine (5:1:6) with an Ry of 0.31 using the same
columns and conditions as described for 7 to give 152 mg (52%):
[@]?*p +35° (¢ 1, AcOH); TLC in n-BuOH/AcOH/H,0 (4:1:1),
R, 0.38;in n-BuOH/AcOH/pyridine/H,0 (15:3:10:6), R, 0.70; in
EtOH/pyridine/AcOH/H,0 (5:5:1:3), Ry 0.65. Anal. Calcd for
C36Hs57DaN | 101352:2AcOH-H,0: C, 47.6; H, 7.08; N, 15.3. Found:
C.47.6; (H, D), 6.97; N, 15.4. Amino acid analysis gave the following
molar ratios: Asp, 1.00; Cys(O3H),22 2.05; Pro, 1.93; Gly, 2.03; Leu,
1.99; NH;, 2.12.

Bioassay Methods. At least three animals were used for the deter-
mination of activities in each assay system. Because of the exceedingly
low potency of [Pro®,Gly4]-oxytocin and [Leu?Pro3,(«,a-2H;]-
Gly*]-oxytocin, attempts were made to assess their activities initially
by a “match” design, in which the U.S.P. Posterior Pituitary Refer-
ence Standard is diluted to an activity similar to that of the sample.
Not less than ten matches were carried out. In addition, single doses
of 0.6 to 2.4 mg of peptide were tested. Oxytocic activity was measured
on six isolated uterine horns from rats in natural estrus, determined
on the morning of the assay by vaginal smear, by the method of Hol-
ton, as modified by Munsick utilizing Mg2*-free Van Dyke-Hastings
solution.2? Avian vasodepressor assays were performed on conscious
chickens?* according to the procedure of Coon.2’ The antidiuretic
activity was determined in inactin- and ethanol-anesthetized, hydrated
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male Sprague-Dawley rats according to the method of Jeffers et al.26
with minor modifications. Pressor activity was determined in atropi-
nized, urethane-anesthetized male rats following the procedure in the
U.S. Pharmacopeia.?’

Carbon-13 NMR Techniques. Preliminary '3C NMR spectra were
runat 25 MHz on a Varian XL-100-15 spectrometer using a Varian
620-L computer with 16K memory. Spectra obtained at 68 MHz were
obtained on a Bruker HX-270 spectrometer interfaced to a Nicolet
1089 36K computer having a 600K word auxiliary disk memory. In-
vestigations were carried out mainly at 68 MHz because of the greater
dispersion and sensitivity at this frequency. For molecules the size of
the neurohypophyseal hormones, the extreme narrowing condition?®
may not be fulfilled, and the relative values of the measured spin-
lattice relaxation times, N7, may not reflect the relative mobilities
of the peptide moieties. We have performed measurements at both
25 and 68 MHz to justify the use of relative T, values as indicators
of relative degrees of mobility.

Spin-lattice relaxation times were obtained at 68 MHz using a
(T»-180°-7-90°-) pulse sequence,? where r is a variable delay time
and T is at least four times longer than the longest 7', to be measured.
The 90° pulse widths are 14 us (XL-100) and 20 us (HX-270). T,
values were determined from a semilogarithmic plot using

M(r) = M(=)[1 = exp(=7/T))]

where M (=) is the equilibrium value of the magnetization and M (7)
is the value of the magnetization resulting from a given value of 7. T,
measurements were performed in duplicate at 68 MHz using 10-15
values of 7. The sample of oxytocin used to measure 7' at 68 MHz
was rerun, in duplicate, at 25 MHz using 10 values of 7. The repro-
ducibility of the measured values at each frequency was better than
+10%. At 68 MHz 2000 scans/spectrum were obtained, and 10 000
scans/spectrum were obtained at 25 MHz. Samples were studied in
12-mm (XL-100) and 10-mm tubes (HX-270). Chemical shifts are
reported downfield from external tetramethylsilane (TMS, (CH3)4Si)
at 32 °C. Spectra were obtained on 1.5-mL samples containing 100
mg of peptide in D,O. pH was adjusted using CD3;COOD and is re-
ported as the uncorrected pH-meter reading.

Results

Biological Properties of [Pro3,Gly4]-oxytocin and [Leu2,-
Prod,[a,a-2H;]Gly4]-oxytocin. [Pro®,Gly*]-oxytocin showed
an extremely weak rat pressor activity (0.04 + 0.001 unit/mg),
while the second title compound gave no response when tested
at single doses as high as 1.0 mg. Neither of the analogues had
any detectable rat antidiuretic activity when single injections
of 0.6 mg of peptide were tested. Moreover, doses of 0.72 mg
demonstrated no rat uterotonic activity in vitro, as was the case
with doses as high as 2.4 mg in the avian vasodepressor assay.
Neither of the analogues inhibited the action of oxytocin in
these assays.

Carbon-13 NMR Spectroscopy. The assignments of the !3C
spectra of [Pro3,Gly*]-oxytocin and [Pro®]-oxytocin® are based
on comparison with the previously assigned spectrum of oxy-
tocin at the same pH3? as well as with [Leu?,Pro’,[a,a-
2H,]Gly*]-oxytocin (see below) (Table 1). The values given
in column m for [Pro?,Gly*]-oxytocin are “‘extra’ resonances
which appear in the spectrum and are assigned to the presence
of a cis Tyr-Pro peptide link. This assignment is based on the
fact that the v carbon of a prolyl in the trans conformer reso-
nates at 25.0 ¥ 1.0 ppm and, in the cis conformer, at 22.4 = 0.8
ppm.3! Furthermore, the difference in chemical shifts for the
8- and ~y-carbon resonances of a prolyl residue in a trans X-Pro
bond is 1.3 to 6.0 ppm, whereas for a cis X-Pro bond the dif-
ference is 8.3 to 10.0 ppm.32 We observe chemical shifts at 26.1
and 22.6 ppm, and differences between the chemical shifts of
3.7 and 9.6 ppm for the resonances we have attributed to the
trans and cis isomers about the Tyr-Pro peptide link. The ratio
of the populations of cis and trans isomers is ca. 1:3. The
presence of cis and trans isomers about the Tyr-Pro peptide
bond was also manifest on the tyrosyl residue, which demon-
strated doubling of the a-, 8-, and e-carbon resonances with
extra chemical shifts of 55.0, 37.1, and 116.7 ppm, respectively.
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Table I. Carbon-13 Chemical Shifts of [Pro3]-oxytocin, [Pro®,Gly4]-oxytocin, and [Leu?,Pro3,[a,a-?H1]Gly4]-oxytocin in D,0¢
[Leu?,Pro?,
[a,a-2H3] Gly#]
[Pro3]-oxytocin, [Pro3,Gly#]-oxytocin oxytocin,
pH 3.5 pH 35 THT.0 pH 3.5,
Residue? M< m? M¢ m? M¢ m9 M«
Cys! a-CH 524 52.9 53.1 52.7
8-CH, 41.5 40.9 45.5 46.0 40.7
C=0 168.6 167.6 167.8 175.4 168.1
Tyr? a-CH 54.5 55.0 54.2 55.0 54.1 54.9
$-CH3 36.2 35.7 36.4 371 36.6
y-C 128.7 128.0 128.5 128.5 127.9
6-CH 131.2 131.5 131.9 132.0
¢e-CH 116.6 116.5 116.7 116.6 117.0
¢-C 155.7 155.7 156.0
C=0 173.0 173.2 172.9 171.6
Pro? «-CH 64.4 63.3 63.2 62.9
$8-CH, 30.2 29.8 322 29.7 319 29.7
v-CH; 26.0 26.1 22.6 26.2 22.5 26.0
6-CH, 48.7 48.1 48.9 47.7 48.9 48.1 48.7
C=0 174.4 174.3 175.1 175.1 N.O.¢
Gly* «-CH; 43.5 42.5 43.2 42.6
C=0 175.1 175.1
Asn’ «-CH 51.0 51.4 50.8 50.9 51.2 50.8
$8-CH; 38.2 37.7 37.2 37.8 38.0
yC=0 175.7 175.5 175.7 N.O.¢
C=0 172.3 172.0 173.1 172.5 173.0
Cys$ a-CH; 52.4 52.0 52.2 51.9 51.7
$8-CH; 39.4 39.3 40.3 40.0
C=0 170.6 170.7 170.6 170.4 170.4
Pro’ a-CH 61.7 61.6 61.9 61.6
$8-CH; 30.2 30.2 30.4 30.1
v-CH3 25.6 25.2 25.8 25.5
6-CH, 48.7 48.9 48.9 48.7
C=0 175.1 175.3 175.2 175.4
Leu® «-CH 53.5 53.6 53.6 53.5
B8-CH; 40.2 40.6 40.3 40.4
v-CH 25.3 25.3 25.3 25.3
6-CH3 23.1 23.1 23.3 234
6-CH3 21.6 21.7 21.7 21.7
C=0 176.0 176.0 176.1 175.7
Gly? a-CH; 432 43.1 43.2 43.0
C=0 174.9 174.9 174.9 174.8
Gin* «-CH 56.3
$8-CH; 27.2
y-CH, 32.1
§C=0 178.8 178.4
C=0 174.4 174.3
Leu? «-CH 51.2
8-CH, 40.4
y-CH 253
6-CH3 23.1
6-CH, 21.3
C=0 172.7

@ Chemical shifts are in parts per million downfield from external tetramethylsilane (Me,Si). Assignments of carbonyl carbons are tentative,
b Numbers indicate residue position in oxytocin. ¢ Major conformer, ¢ Minor conformer. ¢ Not observed.

Also apparent at 68 MHz is doubling of the a-carbon reso-
nance of the asparaginyl residue. The ratios of the minor and
major peaks in all cases are also ca. 1:3. In the carbonyl carbon
region at 68 MHz there is definite doubling of the resonances
assigned to the cystyl residue, the assignment of which was
varified by obtaining spectra at pH 9. Other resonances may
be doubled elsewhere in the spectrum but are not detectable
due to their weak intensities or to overlap with other resonances
in the spectrum of the major component.

The resonances of the two prolyl and two glycyl residues in
[Pro3,Gly*]-oxytocin are quite distinct. The o carbons of the
prolyl-3 and prolyl-7 residues differ by 1.7 ppm; those of the
glycyl-4 and glycyl-9 residues differ by 0.4 ppm. The assign-
ment of the glycyl-4 a-carbon resonance was verified by

measuring the spectrum of [Leu?,Pro’,[a,a-2H;,]Gly?4]-oxy-
tocin, an oxytocin analogue in which the glycyl-4 residue is
deuterated. Deuteration at the o carbon of the glycyl residue
in position 4 effectively causes the disappearance of this a-
carbon resonance due to splitting from coupling with the
deuterons and to the long spin-lattice relaxation time of this
nonprotonated carbon.

We obtained a spectrum of [Pro3]-oxytocin in order to de-
termine whether cis-trans isomerism was also manifest, and,
if so, to what extent the neighboring glycyl-4 residue influenced
this ratio in [Pro?,Gly*]-oxytocin. At 25 MHz, there is clear
evidence of two molecular species. We cannot detect 8- and
~-carbon resonances of a prolyl-3 residue which would be at-
tributable to a cis Tyr-Pro peptide bond because the leucyl v
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Figure 1. Carbon-13 NT values in milliseconds observed at 68 MHz for [Pro?,Gly4]-oxytocin (panel A) and oxytocin (panel B). Spectra were obtained
using 65 mg of peptide/mL of D>O at a pH meter reading of 3.5, 27 °C. Differences greater than 10% are considered significant.

carbon and glutaminyl y-carbon resonance occur in the same
region. We do observe, however, a prolyl §-carbon resonance
which occurs in the same position as that attributed to the §
carbon of the cis isomer about the Tyr-Pro bond in
[Pro3,Gly4]-oxytocin. Furthermore, very clear doubling occurs
on the a-, 8-, ¥-, and é-carbon resonances of the tyrosyl residue.
The asparaginyl a-carbon resonance is also doubled. Further
doubling of other resonances in the spectral region of the proton
bearing carbons may be masked by the resonances of the major
(trans) isomer. It is worth noting that for [Pro3]-oxytocin the
ratio of minor to major species is close to 1:1 (45:55). The
carbonyl carbons are particularly interesting; doubling of
resonances of the half-cystyl-1, half-cystyl-6, and asparaginyl
peptide carbonyl carbons and of the glutaminyl é-carbonyl
carbon can quite clearly be identified. In total, 16 resolved
resonances attributable to carbonyl carbons in the peptide are
detected (doubling of all the carbonyl carbon resonances of
amino acids in the cyclic portion of the peptide with only single
resonances for the residues in the acyclic terminal tripeptide
would lead to a maximum of 19 resonances). Thus, extensive
doubling occurs over the entire cyclic portion. Doubling is
detected on the residues farthest removed from the point of
cis-trans isomerism, i.e., on the half-cystyl-6 as well as on the
side chain of the glutaminyl residue. The sensitivities of the
chemical shifts of the half-cystyl-1 (1.0 ppm) and half-cystyl-6
(0.1 ppm) carbonyl carbons, due to the presence of cis and
trans isomers about the Tyr-Pro bond, differ significantly.

Discussion

Positions 3 and 4 in neurohypophyseal hormones show
considerable biological tolerance to modifications (e.g., see
reference 33), which is thought34 to be due to their location in
corner positions of the § turns (residues in'positions i + 1 and
i + 2 of a 8 turn) identified in these hormones.35 Even during
evolution amino acid changes have occurred only at these
corner positions.3¢ Functionally, the residue in position 3 has
been identified as important for the binding of the hormone
to its receptor (e.g., see reference 37 and references therein),
while that in position 4 has been suggested to be part of the
“active center” of the hormone.?438 The specific biological
activities found for [Pro3,Gly4]-oxytocin and [Leu?,-
Pro3,[e,a-2H;]Gly*]-oxytocin are even lower than those re-
ported for the weak agonist [Pro?]-oxytocin, which exhibited
a rat pressor activity of 0.005 unit/mg, antidiuretic activity

of 0.003 unit/mg and a uterotonic activity of <0.02 unit/mg.
The prolyl residue has a relatively fixed side-chain confor-
mation since its carbon chain forms a pyrrolidine ring with the
peptide backbone. This amino acid residue in position 3 is
apparently not complementary to the neurohypophyseal hor-
mone receptors, endowing [Pro3]-oxytocin and its analogue
with little or no receptor affinity. Moreover, the substitution
of the glutaminyl residue in position 4 of neurohypophyseal
hormones by a glycyl residue leads also to a detrimental re-
duction in potency as revealed by the study of [Gly4]-oxyto-
cin.3? Hence, the lack of significant biological activities of the
two oxytocin analogues prepared for this study is not surpris-
ing. This does not detract, however, from the value of these
analogues as peptide models for probing important confor-
mational features of neurohypophyseal hormones.
Spectroscopic analysis of [Pro?,Gly*]-oxytocin reveals
doubling of carbon-13 resonances attributable to cis-trans
isomerism about an X-Pro peptide bond in the cyclic hormone
analogue. Such phenomena are not uncommon in cyclic pep-
tides,? and coexistence of cis and trans isomers about the X-Pro
bond has been reported for linear peptide hormones, such as
angiotensin-II at basic pH*° and in the analogue [Pro3,Pro’]-
angiotensin at pH 6.0.4! A particularly relevant example in
cyclic peptides is that of cyclo-(Gly-Ala-Gly-Gly-Pro) in di-
methyl sulfoxide.*2 This peptide shows two species, one (65%
of total) containing a trans Gly-Pro linkage and the other
(35%), a cis Gly-Pro linkage. There are five distinct carbonyl
carbon resonances for each conformer in this peptide. In ad-
dition, there are two resonances for every carbon in each type
of amino acid in the peptide. Thus, the effect of cis-trans
isomerism about the Gly-Pro peptide bond is effectively
transmitted throughout the ring. The presence of 16 distinct
resonances in the carbonyl carbon region of [Pro3]-oxytocin
at 25 MHz suggests that a similar long-range effect occurs in
the 20-membered cyclic portion of this analogue. Comparison
of the relative populations of cis-trans isomers in
[Pro3,Gly#]-oxytocin (33% cis isomer) and [Pro3]-oxytocin
(45% cis isomer) indicates a greater percentage of cis isomer
in the sterically more crowded [Pro®]-oxytocin, which has a
glutaminyl instead of a glycyl residue in position 4. The ob-
servation of distinct resonances for the two conformations of
the prolyl residues in the above peptides indicates that ex-
change between these conformations takes place more slowly
than 20 s~!. This exchange is very slow on the time scale of
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motions contributing to spin-lattice relaxation (5 X 107 s~ 1),
Therefore, the observed Ty values of one conformation will be
unaffected by those of the other or by the rate of exchange
between the two.

The results of the spin-lattice relaxation time (7)) mea-
surements performed at 68 MHz on the major (trans) isomer
of [Pro? Gly?]-oxytocin are given in Figure 1. The general
trend of the relaxation times follows what has been observed
in oxytocin itself:* a restricted backbone in the cyclic portion
of the peptide and increasing segmental motion of the acyclic
terminal tripeptide. One point, however, is worthy of interest
in the cyclic portion of [Pro3 Gly4]-oxytocin, namely the longer
NT value observed for the a carbon of the glycyl residue when
compared with the a carbons of the other amino acids in the
20-membered ring. This has also been observed for the glycyl-6
residue of the linear peptide luliberin (<Glu-His-Trp-Ser-
Tyr-Gly-Leu-Arg-Pro-Gly-NH,) and in des-Gly!0-luli-
berin-N-ethylamide.*3 Comparing the NT, values observed
for similar residues in the oxytocin analogues, the prolyl-3 and
glycyl-4 residues are more restricted than their cogeners in
positions 7 and 9 of the flexible acyclic tripeptide. From the
relative ratios of 7'y values within the two prolyl residues, it is
apparent that the prolyl-3 residue shows less intracyclic mo-
bility, possibly as a result of constraint from the neighboring
tyrosyl residue and/or the peptide backbone of the 20-mem-
bered ring moiety.’

It would be of interest to compare the results obtained on
[Pro?,Gly*]-oxytocin with those obtained on oxytocin under
identical conditions. Such a stringent comparison, however,
is difficult to perform in a meaningful manner unless the
compounds were dissolved in the same solution, which may not
be feasible because of resonance overlap. Numerous factors
can influence observed T values when samples are studied
separately, e.g., variations in temperature and concentration,
but even more seriously, variations in macroscopic (and mi-
croscopic) viscosities which can occur in spite of careful control
of the previous two parameters. Recognizing these limitations,
we did, however, examine the relative NT, values observed at
68 MHz in samples of oxytocin and [Pro3,Gly#]-oxytocin re-
corded under similar experimental conditions. It can be seen
from Figures 1A and 1B that the VT, values in the cyclic
portion of [Pro3,Gly*]-oxytocin are shorter than those observed
for oxytocin. The terminal tripeptide a-carbon N7, values for
[Pro3,Gly*]-oxytocin and oxytocin, however, are rather similar.
The cyclic portions of the two peptides definitely have different
correlation times; whether this be due to a more restricted in-
ternal flexibility within the peptide backbone of [Pro3,Gly*]-
oxytocin compared to oxytocin or to a short-lived, aggregated
species in [Pro3,Gly*]-oxytocin is not directly testable by !3C
NMR spectroscopy. The similarity in T values of the terminal
tripeptide could imply that segmental motion effectively
“decouples” these motions from the overall molecular mo-
tion.44 The relative NT, values of the side-chain carbons in
these peptides are indicative of varying degrees of segmental
motion. The conclusions regarding these mobilities are con-
sistent with those already reported for oxytocin itself.2-4

These studies on [Pro3,Gly#]-oxytocin and related proline-
containing peptides have shown that introduction into the
hormone of a prolyl residue in position 3 results in conforma-
tional heterogeneity within the 20-membered covalent peptide
backbone as a result of cis-trans isomerism about the Tyr-Pro
peptide bond. Comparing the relative ratios of cis and trans
isomers in [Pro3,Gly*]-oxytocin and [Pro3]-oxytocin, we find
a larger proportion of cis isomer in [Pro®]-oxytocin (45%) as
compared to the sterically less crowded [Pro3,Gly#]-oxytocin
(33%). Spin-lattice relaxation time measurements have yielded
shorter NT, values for the a carbons located in the 20-mem-
bered ring of [Pro?,Gly*]-oxytocin than for oxytocin observed
under similar conditions. The NT, values of the linear tri-
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peptide portions, which undergo segmental motion with respect
to the cyclic portions, are more similar in oxytocin and its an-
alogue. The glycyl residue in position 4 of [Pro3,Gly4]-oxytocin
shows increased local mobility within the 20-membered ring
when compared with the other, optically active residues, in the
ring.

Acknowledgment. The authors are grateful for the
thoughtful criticism of Drs. H. Wyssbrod and C. W. Smith
during the reviewing process. This work was supported by U.S.
Public Health Service Grant No. AM-18399 and by the Na-
tional Research Council of Canada.

References and Notes

(1) (a) National Research Council; (b) Florida State University; (c} University
of lilinois at the Medical Center.

(2) I. C. P. Smith and R. Deslauriers, Recent. Prog. Horm. Res., 33, 309 (1977);
I. C. P. Smith, R. Deslauriers, H. Saitd, R. Walter, C. Garrigou-Lagrange,
H. McGregor, and D. Sarantakis, Ann. N.Y. Acad. Sci., 222, 597 (1973).

(3) R.Deslauriers and 1. C. P. Smith, in ""Topics in Carbon-13 NMR Spectros-
copy”, Vol. 2, G. C. Levy, Ed., Wiley-Interscience, New York, N.Y., 1978,

pp 1-80.

(4) R. Deslauriers, I. C. P. Smith, and R. Walter, J. Am. Chem. Soc., 96, 2289
(1974).

(5) R. Deslauriers, I. C. P. Smith, and R. Walter, J. Biol. Chem., 249, 7008
(1974).

(6) H. R. Wyssbrod, A. Ballardin, W. A. Gibbons, J. Roy, |. L. Schwartz, and R.
Walter in "’Peptides: Chemistry, Structure and Biology™’, R. Walter and J.
Meienhofer, Ed., Ann Arbor Science Publishers, Ann Arbor, Mich., 1975,
pp 815-822.

(7) D. W. Urry and M. Ohnishi, in 'Spectroscopic Approaches to Biomolecular
Conformation”, D. W. Urry, Ed., American Medical Association, Chicago,
Ili., 1970, pp 263-300.

(8) R. Chandrasekaran, A. V. Lakshminarayanan, U. V. Pandya, and G. N.
Ramachandran, Biochim. Biophys. Acta, 303, 14 (1973).

(9) J. Roy, R. T. Havran, |. L. Schwartz, and R. Walter, Int. J. Pept. Protein Res.,
7, 171 (1975).

(10) Abbreviations follow the IUPAC-IUB Tentative Rules on Biochemical No-

menclature, J. Biol. Chemn., 247, 977 (1972). Optically active amino acids

are of the L configuration. The following additional abbreviations are used:

EtOH, ethanol; DMF, N,N-dimethylformamide; AcOH, acetic acid; n-BuOH,

n-butyl alcohol; HBT, 1-hydroxybenzotriazole; EtOAc, ethyl acetate; Et,0,

ethyl ether; (~Pr),NEt, diisopropylethylamine; DCC, dicyclohexylcarbodi-

imide.

H. Zahn and E. Rexroth, Z. Anal. Chem., 148, 181 (1955),

D. H. Spackman, W. H. Stein, and S. Moore, Anal. Chem., 30, 1190

(1958).

(13) J. J. Nestor, Jr., M. F. Ferger, and V. du Vigneaud, J. Med. Chem., 18, 284

(1975).

W. Konig and R. Geiger, Chem. Ber., 103, 788 (1970).

R. H. Sifferd and V. du Vigneaud, J. Biol. Chem., 108, 753 (1935).

V. du Vigneaud, C. Ressler, J. M. Swan, C. W. Roberts, and P. G. Katsoy-

annis, J. Am. Chem. Soc., 76, 3115 (1954).

(17) F. Weygand and G. Zumach, Z. Naturforsch. B, 17, 807 (1962).

(18) G. L. Eliman, Arch. Biochem. Biophys., 82, 70 (1959).

(19) M. Manning, T.-C. Wuu, and J. W. M. Baxter, J. Chromatogr., 38, 396
(1968).

(20) O. H. Lowry, N. J. Rosebrough, A. L. Farr, and R. J. Randall, J. Biol. Chern.,
193, 265 (1951).

(21) D. Yamashiro, Nature (London), 201, 76 (1964).

(22) S. Moore, J. Biol. Chem., 238, 235 (1963).

(23) P. Holton, Br. J. Pharmacol. Chemother., 3, 328 (1948); R. A. Munsick,
Endocrinology, 66, 451 (1960).

(24) R. A. Munsick, W. H. Saywer, and H. B. van Dyke, Endocrinology, 66, 860

(1960).

} J. M. Coon, Arch. Int. Pharmacodyn. Ther., 62, 79 (1939).

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

(27) ""The Pharmacopeia of the United States of America’", 18th revision, Mack
Publishing Co., Easton, Pa., 1970, pp 469, 771.

(28) J. R. Lyerla, Jr., and G. C. Levy, in '‘Topics in Carbon-13 NMR Spectros-

copy”, Vol. 1, G. C. Levy, Ed., Wiley-Interscience, New York, N.Y., pp

79-148,

R. L. Vold, J. S. Waugh, M. P. Klein, and D. E. Phelps, J. Chem. Phys., 48,

3831 (1968).

(30) R. Walter, K. U. M. Prasad, R. Deslauriers, and |. C. P. Smith, Proc. Natl.
Acad. Sci. US.A., 70, 2086 (1973).

(31) D. E. Dorman and F. A. Bovey, J. Org. Chem., 38, 2379 (1973).

(32) V. F. Bystrov, personal communication.

(33) M. Manning, E. Coy, and W. H. Sawyer, Biochemistry, 9, 3925 (1970).

(34) R. Walter, I. L. Schwartz, J. H. Darnell, and D. W. Urry, Proc. Nati. Acad.
Sci. U.S.A., 68, 1355 (1971).

(35) D. W. Urry and R. Walter, Proc. Natl. Acad. Sci. U.S.A,, 68, 956 (1971).

(11
(1

=

(14
(15
(16

~
L



3918

(36) J. Chauvet, M.-T. Chauvet, and R. Acher, Biochimie, 53, 1099 (1971).

(37) J. Rudinger, V. Pliska, and |. Krejéi, Rec. Progr. Horm. Res., 28, 131
(1972).

(38) R. Walter, Fed. Proc., Fed. Am. Soc. Exp. Biol., 36, 1872 (1977).

(39) S. Drabarek, J. Am. Chem. Soc., 86, 4477 (1964).

(40) R. E. Galardy, H. E. Bleich, P. Ziegler, and L. C. Craig, Biochemistry, 15,
2303 (1976).

Journal of the American Chemical Society | 100:12 | June 7, 1978

(41) R. Deslauriers, R. A. Komoroski, G. C. Levy, A. C. M. Paiva, and I. C. P.
Smith, FEBS Lett., 62, 50 (1976).

(42) K. Withrich, A. Tun-Kyi, and R. Schwyzer, FEBS Lett., 25, 104 (1972).

(43) R. Deslauriers, G, C. Levy, H. McGregor, D. Sarantakis, and I. C. P. Smith,
Eur. J. Biochem., 75, 343 (1977).

(44) R. Deslauriers, E. Ralston, and R. Somorjai, J. Mol. Biol., 113, 697
(1977).

Models for Metal Binding Sites in Zinc Enzymes.
Syntheses of Tris[4(5)-imidazolyl]carbinol (4-TIC),
Tris(2-imidazolyl)carbinol (2-TIC), and Related
Ligands, and Studies on Metal Complex Binding
Constants and Spectra
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Abstract: Tris[4(5)imidazolyl]carbinol (4-TIC) and tris(2-imidazolyl)carbinol (2-TIC) have been synthesized as models for
the zinc binding site of carbonic anhydrase and of alkaline phosphatase. Bis[4(5)imidazolyl]glycolic acid (4-BIG) has been
synthesized to mimic the zinc binding site of carboxypeptidases and of thermolysin; bis[4(5)imidazolyl]carbinol (4-BIC) has
also been synthesized. Basicities and metal binding constants have been determined for 4-T1C, 2-TIC, 4-BIG, and 4-BIC, and
as well for the known bis(2-imidazolyl)methane (2-BIM) and 3-[bis(2-imidazolyl)]propionic acid (2-BIP). The data are com-
pared with those reported for bis[4(5)imidazolyllmethane (4-BIM) and for human carbonic anhydrase B and carboxypepti-
dase A. 4-TIC and 2-TIC are tridentate ligands using three imidazole groups, but 4-T1C is more basic and a stronger metal
complexing agent. The binding constants of 4-TIC are comparable to those of the enzymes for cobalt, nickel, and copper dicat-
ions but not for zinc dication. Spectral and binding studies suggest that the geometry of 4-TIC is not quite right for a good

mimic of carbonic anhydrase.

Extensive studies of various carbonic anhydrases! and al-
kaline phosphatases? indicate the presence of a catalytic Zn2*
bound to three imidazole residues of enzyme histidines. In the
carboxypeptidases? and in thermolysin?, the critical Zn2* is
bound to two imidazoles and a carboxylate group of the en-
zyme. In spite of the obvious interest such systems would have,
few chelating ligands using imidazole rings have been made
so far, and none which combine three simple imidazole rings
as models for the metal binding sites of carbonic anhydrase.

Holmes et al.’ have investigated metal binding by 2,2’
bis(imidazole) (1) while Gruenwedel® has studied Zn2+ and
Co?* binding by the tetradentate ligand 2. An important study
by Fruton’ led to the synthesis and metal-binding constants
for bis[4(5)-imidazolyl]methane (3), which we call 4-BIM.
Fruton's synthesis, from histidine, is not adaptable for the
preparation of related tris(imidazoles). Very recently,

BB o™y NNy .
—( = =/ HN =\
[N’ \N] =l LM
HN  NH
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Thompson et al.¥ have described some metal binding properties
of a tris(benzimidazole) ligand system (4). Finally, the
tris(pyrazolyl)borohydride ligand 5, first reported by Trofi-
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menko® but recently studied by Marks and Ibers,!0 is relevent
to our studies.

The x-ray studies!! on carbonic anhydrase show that the
three imidazole ligands have distorted tetrahedral coordination
to the Zn?*, Molecular models suggested that a similar ge-
ometry could be attained with a tris(imidazolyl)methane de-
rivative. We now wish to report the synthesis of two isomeric
chelating ligands, tris(2-imidazolyl)carbinol (2-TIC) (6) and

N .

[\ COH [HIL\ COH
N =N"],

H 3

2-TIC (6) 4-TIC (7)

tris[4(5)-imidazolyl]carbinol (4-TIC) (7), and their metal
binding properties.

Syntheses. Roe!2 and Shirley and Alley!? have reported the
metallation of N-benzylimidazole at C-2 with n-butyllithium,
but in our hands significant benzylic lithiation also occurred.
However, N-methoxymethylimidazole!4 (8a) and N-ethoxy-
methylimidazole (8b) were smoothly metallated at C-2; re-
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