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The cyclic pentapeptide cyc7o-(glycyl-L-prolyl-glycyl-D-
alanyl-L-prolyl), 1 [cyc/o(Gly(n-Pro-Gly(2)-D-Ala-Pro)], 
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has been proposed on the basis of 1H and 13C NMR data2 to 
adopt a rigid conformation containing two distinct types of 
intramolecular hydrogen bonds, one forming a seven-mem-
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bered ring y turn3 and one forming a ten-membered ring f3 
turn.4 

The primary purpose of the present work was to explore the 
use of 15N NMR in determining conformations of polypep
tides, and the cyclic pentapeptide 1 provides a model system 
with favorable solubility characteristics and well-defined 
conformational populations. The procedure was to obtain 
spectra in a variety of solvents and to assign the 15N resonances 
to specific amino acid residues. Solvent shifts were interpreted 
in terms of the relative strengths of hydrogen bonds and the 
results correlated with the structure of the peptide as indicated 
by 1H and 13C NMR, circular dichroism,2 and X-ray crys
tallography.5 

Experimental Section 

The cyclic peptide26 is soluble in acetonitrile, water, chloroform, 
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Table I. 15N Chemical Shifts of eyc/o-[Gly(l)-Pro-Gly(2)-D-Ala-Pro] (Relative Peak Areas in Parentheses) 
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solvent 

CH3OH 

CHCl3* 

7.9% acetone 
92.1% CHCl3

6 

50% acetone 
50% CHCl3* 
75% acetone 
25% CHCl3* 
H2O^ 

prolines 

237.8 (0.67) 
237.8 (0.32) 
237.8(0.33) 
240.5 (0.37) 
238.3(0.91) 

238.6(0.16) 

D-alanine 

252.7 (1.00) 
252.7(1.00) 
254.9(1.00) 

254.9(1.00) 

255.1 (1.00) 

254.8 (~1) 
254.8(1.00) 
249.3 

chemical shifts, ppm" 
glycine(2) 

266.7 (0.64)c 

266.7 (0.90)c 

269.6 (2.08)c 

269.2(1.19) 

269.5 (0.99) 

269.4 (~1) 
269.2 (0.73) 
265.1 
265.6 

glycine(l) 

268.4(1.81) 
268.4(1.20) 

270.0(1.42) 

270.7(1.07) 

270.7 (~1) 
270.3(1.21) 
264.6 
267.0 

repetition rate, s 

5 
1 
5 

4 

4 

1 
4 
3 

" Chemical shifts in parts per million upfield from 1.0 M H15NO3InD2O. * Gly(2) dideuterated at a carbon. c Broad. d Gly(2) 3% enriched 
with 15N. 

methanol, dimethyl sulfoxide, and, to some extent, acetone. All spectra 
were run at the same concentration (0.1 M) by dissolving 900 mg of 
the peptide (mol wt 381) in 22 mL of solvent. Two different samples 
were used, one dideuterated at the a (methylene) carbon of Gly(2) 
and the other enriched (3%) with 15N at the Gly(2) amide nitrogen 
(see 1). The 15N spectra were obtained with a Bruker WH-180 NMR 
spectrometer at 18.25 MHz in 25-mm o.d. spinning sample tubes 
containing a 5-mm diameter concentric tube filled with a 1.0 M so
lution of enriched H15NO3 in D2O which provided both the reference 
and the lock signals. Chemical shifts are reported in parts per million 
upfield from H15NO3 and are considered accurate to ±0.3 ppm. 
Samples were proton noise decoupled at 3.5 W, the pulse angle was 
30°, and the pulse repetition rate was varied from 0.8 and 5 s. Ade
quate signal to noise ratios could be obtained in from 5 to 12 h. 

Results 

The ' 5N resonances of the three different amino acids of this 
peptide fall in a 33-ppm range with no overlap. In model N-
acetyl tripeptides, the chemical shifts of the amide nitrogens 
of GIy, Ala, and Pro (1 M Me2SO solutions) are 271, 255, and 
249 ppm, respectively,6 of Gly(2) in N-acetyltriglycine 264.6 
ppm (aqueous solution),7 and of C-terminal GIy and C-ter-
minal Ala 258 and 245 ppm, respectively (0.2 M aqueous so
lutions).8 In cyc/o-(Pro-Gly)3, the nitrogens of the glycines 
come at 266.4 ppm and the proline nitrogens at 243.1 ppm 
(0.14 M chloroform solution).9 Finally, in gramicidin S, the 
Pro nitrogen resonance is at 238 ppm in methanol and 240 ppm 
in 4:1 dimethyl sulfoxide/methanol.6 From these data, we have 
assigned the nitrogen resonances of cyc/o-(Gly-Pro-Gly-D-
Ala-Pro) in the 237-239-ppm region to proline, those in the 
249-256-ppm region to alanine, and those in the 264-271-ppm 
region to glycine. The glycine assignment has been further 
confirmed by 15N labeling (see below). 

The spectrum of the peptide in chloroform was taken using 
a 5-s repetition rate. Because the proline nitrogens bear no 
hydrogen atoms they are expected to have longer relaxation 
times than the other amino acid nitrogens. At this repetition 
rate, the two proline peaks have the smallest areas (0.33 and 
0.37).10 The two glycine peaks overlap to give the peak at 269.6 
ppm, the largest peak in the spectrum (relative area 2.08) (see 
Table I and Figure la) . 

In methanol, two spectra were run, one with a repetition rate 
of 5 s and the other with a repetition rate of 1 s. As seen in 
Table I and Figures lb and Ic, the area of the proline peak 
decreased considerably at the faster repetition rate as expected 
for the longer relaxation time of tertiary nitrogen atoms. In 
addition, the change of solvent from chloroform to methanol 
caused the two proline peaks to merge and caused the glycine 
peak to split. Enrichment of the Gly(2) nitrogen (3.0 atom % 
excess 15N) allows unequivocal assignment of the downfield 
peak of the pair to GIy (2). In addition, it is of note that in the 
deuterated material (Gly(2)-rf2) the downfield peak is always 

a 210 PPrI 273 | j 2JlO PPM 27C c 210 PPH 270 
I p I—~~~~r 

MWt M WUA 

d 210 PPH 270 
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Figure 1. 15N NMR spectra of 0.1 M cyc/o-(Gly(l)-Pro-Gly(2)-D-
Ala-Pro) in various solvents. Gly(2) labeled with d2 in a-g and with 15N 
in h and i. (a) Chloroform, 5-s repetition time (rep); (b) methanol, 5-s rep; 
(c) methanol, 1 -s rep; (d) 7.9% acetone/92.1% chloroform, 4-s rep; (e) 50% 
acetone/50% chloroform, 4-s rep; (f) 75% acetone/25% chloroform, 4-s 
rep; (g) water, 3-s rep; (h) water, 5-s rep, 15N Gly(2); (i) 50% acetone/50% 
chloroform, 5-s rep, 15N GIy(2). 

the broader of the pair because of small unresolved ' ^ - d e u 
terium two-bond couplings. 

In aqueous solution, when a repetition time of 2 s is em
ployed, four peaks are observed; three in the glycine region, one 
in the alanine region, and none in the proline region (Figure 
1 g). An expansion of the glycine region reveals four peaks, the 
central two being barely resolved. In the Gly(2) 15N-enriched 
sample, the two central peaks in the glycine region can easily 
be assigned to Gly(2) (Figure Ih). 
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To determine the degree to which 15N resonances in peptides 
are sensitive to the participation of the amide hydrogen-
bonding interactions, a series of 15N spectra of the cyclic 
peptide was run in chloroform containing various amounts of 
added acetone. The acetone is an effective hydrogen-bond 
acceptor and thus might be expected to perturb the resonances 
of the amide hydrogens which are exposed to solvent. By 
comparison, chloroform is a very weak hydrogen-bond acceptor 
solvent. 

As acetone was added to the chloroform solution, the glycine 
resonances were observed to split apart. Over the range of 
acetone concentrations (0-75% v/v in chloroform), one glycine 
signal shifts upfield about 1 ppm and the other shifts downfield 
about 0.3 ppm (see Table I and Figures ld-f). The spectrum 
of the 15N-enriched peptide allows an assignment of the signal 
which moves downfield to the Gly(2) nitrogen (Figure Ii). The 
Gly(2) also provides the broader peak in the Gly(2)-rf.2 sample. 
Note that the proline peaks decrease in intensity as the acetone 
concentration rises until, in 75% acetone/25% chloroform, the 
peaks are not significantly above the noise. 

Discussion 

The 15N resonances of the three amino acids in this cyclic 
peptide cover a range of 33 ppm, and even though an individual 
resonance can vary as much as 5 ppm in different solvents, 
there is no overlap of the chemical-shift range for each amino 
acid. Assignments could reliably have been made by reference 
to simple model compounds, but were confirmed in the case 
of glycine by 15N labeling. 

The 15N chemical shifts are obviously sensitive to both en
vironment and conformation. Witness the glycine resonances 
which occur over a range of 264.3-270.7 ppm as a function of 
the nature of the solvent. Addition of acetone, a hydrogen-bond 
acceptor, to a chloroform solution of the peptide should perturb 
the amide hydrogens exposed to the acetone while those in
volved in intramolecular hydrogen bonds should be unaffected. 
Inspection of the formula of the cyclic peptide 1 reveals that 
the GIy(I) amide nitrogen is hydrogen bonded to the Ala 
carbonyl as part of the y turn. As expected, proton spectra of 
1 in chloroform on titration with acetone show little change in 
the GIy(I) NH resonance but a marked downfield shift of the 
Gly(2) NH resonance as the acetone concentration increases.2 

In contrast, the 15N shift of GIy(I) moves upfield more than 
1 ppm, while the Gly(2) resonance shifts downfield a bit less 
than 0.3 ppm, and the alanine amide nitrogen (which is in
volved in intramolecular hydrogen bonding) does not shift 
significantly as acetone is added to the chloroform solution. 
We have no consistent rationale for these observations." 
Nonetheless, 1H NMR spectroscopy indicates that no change 
in conformation is occurring during this titration.2 

The gradual decrease in intensity of the proline 15N peak 
in the acetone titration is undoubtedly due to the changes in 
aggregation of the cyclic peptide which result in decreasing the 
effective molecular weight along with a concomitant increase 

in the spin-lattice relaxation times of the proline nitrogens. 
In aqueous solution, four peaks are observed in the glycine 

region of the 15N-enriched GIy(2) spectrum: a small peak at 
264.6 ppm, a large shoulder at 265.1 ppm, a large peak at 265.6 
ppm, and a small peak at 267.0 ppm (see Figure Ih). Clearly, 
the two large peaks, separated by 0.5 ppm, come from the 
15N-enriched GIy(2) and the two small peaks, separated by 
2.4 ppm, come from the GIy(I). The 13C spectrum indicates 
that the cyclic pentapeptide, which exists as an all-trans con-
former in most solvents, exists in water in equilibrium with a 
conformation which contains one cis peptide bond (the 
trans/cis ratio is about 4:1). Molecular models suggest that, 
for steric reasons, the Gly(l)-Pro bond is more likely to 
isomerize than the D-Ala-Pro bond.2 The present study shows 
the GIy nitrogen shifts to vary markedly between the two 
conformers with a larger chemical-shift difference between 
the GIy(I) cis and trans peaks (264.6 and 267.0 ppm) than 
between the Gly(2) cis and trans peaks (265.1 and 265.6 ppm). 
This supports strongly the involvement of GIy(I) in the pep-
tide-bond isomerization. 

The wide chemical-shift range for different amino acids and 
the sensitivity of amide nitrogen shifts to solvent and to changes 
in molecular conformation in this model peptide indicate that 
15N NMR is a useful addition to the tools used to investigate 
the solution structure of peptides. 
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