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electrophoretic mobility or give a positive ninhydrin test. Amino 
acid analysis showed only phenylalanine to be present with a trace 
amount of aspartic acid. The esr spectra were characteristic of a 
single nitronyl nitroxide species and showed distinctive coupling 
constantsin water at pH 6.9, O!N 8.35; «^2.34; apcH' 1.80. 

A'-Acetyl-/3-(l,3-dioxy-4,4,5,5-tetramethyldihydroimidazol-2-yl)-
DL-alanyl-L-phenylalanine (4). The dipeptide was prepared by the 
standard procedure where the N-acetyl free radical amino acid 2 
was coupled to the phenylalanyl resin. After cleavage from the 
resin the dipeptide was purified by thin-layer chromatography on 
silica gel using 5% formic acid in ethyl acetate (R; 0.53). EIu-

Angiotensin II is a biologically important octapep-
i. tide which has been the subject of numerous stud

ies on the relationship between chemical modification 
and biological activity.2 In view of the large number of 
publications dealing with angiotensin, relatively little is 
known about its tertiary structure. Optical rotatory 
dispersion and thin-film dialysis studies indicate that 
angiotensin has conformational stability, but the studies 
differ greatly in their description of the structural prop
erties of the peptide in solution. Nmr data concerning 
angiotensin have not been previously reported. 

Three groups have reported different descriptions of 
the conformational properties of angiotensin derived 
from thin-film dialyses data. Craig and coworkers3 

reported dialysis rate changes of [/S-Asp^VaFJangio-
tensin II with pH. A compact structure with high 
dialysis rates is observed in acidic solution and attri
buted to a loose association of the positively and nega
tively charged groups along the peptide chain. A more 

(1) Paper VIII in the series is R. J. Weinkam and E. C. Jorgensen, 
J. Amer. Chem. Soc, 93, 7033 (1971). The abbreviations used to denote 
amino acid derivatives and peptides are those recommended in Bio
chemistry, 5, 2485 (1966). 

(2) E. Schroder, and K. Liibke, Peptides, 2, 4 (1966). 
(3) L. C. Craig, E. J. Harfenist, and A. C. Paladini, Biochemistry, 3, 

764 (1964). 

tion and evaporation of the single red product gave an oil which 
showed no mobility on electrophoreses nor a positive ninhydrin 
reaction. Amino acid analysis showed only phenylalanine. The 
esr spectra indicated that a single nitronyl nitroxide radical species 
was present and gave the distinctive coupling constants aN 8.47; 
^CH2.18; apcw 1.92 Gat pH 7.3. 
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extended and possibly more rigid conformer was indi
cated in basic media. Ferreira, et al.,* reported that 
two different conformations of [Asn'Jle^angiotensin 
II exist between pH 2 and 11. The relative concentra
tion of these conformations is said to be independent of 
pH but dependent on the ionic strength of the solution. 
Fernandez, etal.,& reported rates of dialysis for [Asn1,-
Ile6]angiotensin II which are pH independent between 
5 and 9 but which increase at pH 10 where the phenolic 
hydroxyl group is ionized. 

Evidence for conformational stability has also been 
obtained from optical rotatory dispersion curves. 
Spectra of [^-AspSVal^angiotensin II6 and [Ile6]angio-
tensin IF show deep minima at 217 and 235 nm at pH 
11 but relatively shallow curves when taken at pH 5.67.6 

These data are consistent with a helical model but do 
not exclude other stable conformers. In other work 
[Asn^VaFJangiotensin II was interpreted to have a 
nonhelical random coil configuration.8 

(4) A. T. Ferreira, O. G. Hampe, and A. C. M. Paiva, ibid., 8, 3483 
(1969). 

(5) M. T. F. Fernandez, A. E. Delius, and A. C. Paladini, Biochim. 
Biophys. Acta, 154, 223 (1968). 

(6) L. C. Craig, Proc. Nat. Acad. ScU U. S., 61, 152 (1968). 
(7) R. R. Smeby, K. Arakawa, F. M. Bumpus, and M. M. Marsh, 

Biochim. Biophys. Acta, 58, 550 (1962). 
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Abstract: Proton magnetic resonance spectra of [Asn^VaPJangiotensin II and five analogs were determined at 20° 
and 50° in deuterated dimethyl sulfoxide with a 220-MHz instrument. Spectra of the Gly-Val-Tyr-Ile-His-Pro-Phe 
analog were taken at 100 MHz in D2O at different pH values and temperatures. Some observed manifestations 
of conformational stability included upfield shifts of the Pro 0-, y-, and <5-methylene hydrogens; line broadening 
of the His C-2 and C-4 hydrogens with increasing temperature; and the presence of a single intramolecular hydrogen 
bound amide hydrogen. These results have been interpreted to indicate the presence of a stable conformer of 
angiotensin in solution which includes an intramolecular ion-dipole bond between the Phe carboxylate ion and 
the imidazole ring of histidine. This conformation holds the imidazole ring in the vicinity of the proline ring 
causing the observed upfield shifts of the proline methylene hydrogens and line broadening of the imidazole hydro
gens. This conformer is stabilized by an intramolecular hydrogen bond between the Phe amide NH and the His 
carbonyl function and has an activation energy of interconversion of at least 13-15 kcal/mole. Further evidence 
indicates that the remaining amino acids in the side chain of the intramolecularly bound ring maintain a preferred 
conformation which is lost on increasing the temperature beyond 40° in D2O. These results are in agreement 
with previously indicated conformational properties derived from esr spectra of free radical containing angiotensin 
analogs. 
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In preceding papers9-11 we described the use of stable 
free radical amino acids and peptides as models of his-
tidine and histidine-containing peptides. The nitronyl-
nitroxylalanine free radical was shown to be an effective 
analog of histidine10 as it approximates the size and 
shape of the natural amino acid and parallels the ion-
dipole binding observed in histidine derivatives.9 The 
esr spectral characteristics of the nitronyl nitroxide 
function were sensitive to solvational changes and steric 
interactions and thus could be used as an effective sys
tem to report on its environment and, by analogy, the 
environment of its histidine-containing analog. With 
this in mind we prepared some free radical containing 
peptide models of the carboxyl-terminal region of angio
tensin II.11 The free radical models which retained the 
His-Pro-Phe-OH features of angiotensin showed an 
intramolecular ion-dipole bond between the carbox-
ylate anion of phenylalanine and the polar nitronyl 
nitroxide ring of the histidine analog. The energy 
of activation for conformer interconversion of the 
intramolecularly bound conformer in the tripeptide 
was2.4kcal/mole. 

These results were used11 to indicate a conformation 
of angiotensin II which would involve an ion-dipole 
bond between the phenylalanine carboxylate ion and 
the imidazole ring of histidine. This cyclic conforma
tion would be further stabilized by the proline ring, 
the trans amide bonds, the sterically preferred confor
mations of the His CO-Ca and C„-Qj bonds, and a 
hydrogen bond between the phenylalanine amide NH 
and histidine carbonyl groups. 

This paper reports 220-MHz nmr spectra of [Asn1,-
Val5]angiotensin II and five analogs in deuterated di
methyl sulfoxide. The heptapeptide Gly-Val-Tyr-Ile-
His-Pro-Phe was examined in acidic and basic solutions 
in D2O and at different temperatures with a 100-MHz 
instrument. The results are interpreted as confirming 
the previous description11 of the conformation of the 
carboxyl-terminal region of angiotensin and offer some 
information involving the environment of the other 
five amino acids. 

Experimental Section 
Proton magnetic resonance spectra were taken on a Varian As

sociates HR-220 MHz instrument with a superconducting solenoid 
and on a JEOLCO-JMN-4H-100 spectrometer equipped with double 
resonance and variable temperature accessories. The 220-MHz 
spectra of the six peptides listed in Table I were taken at 20 and 

Table I. Pressor Activities of Angiotensin II Analogs 

Relative 
No. Peptide Activity duration 

1 VaI- Tyr-Ile-His- Pro-Phe 0.3 
2 Gly-Val- Tyr-Ile- His- Pro-Phe 10 30-40 
3 L-Abu-Val- Tyr-Ile- His- Pro-Phe 1 20-40 
4 D-Abu-Val- Tyr-Ile- His- Pro-Phe 23 100 
5 Asn-Arg-Val- Tyr-Val-His- Pro-Phe 100 100 
6 Asn-Arg-Val-Tyr-Ile-His-D-Pro-Phe 0.1 

(8) T. P. Paiva, A. C. M. Paiva, and H. A. Scheraga, Biochemistry, 2, 
1327 (1963). 

(9) R. J. Weinkam and E. C. Jorgensen, J. Amer. Chem. Soc, submit
ted for publication. 

(10) R. J. Weinkam and E. C. Jorgensen, ibid., 93, 7028 (1971). 
(11) Seeref 1. 

50° in deuterated dimethyl sulfoxide using tetramethylsilane as an 
internal standard. These spectra were taken using a 500-Hz sweep 
width and a 500-sec sweep time. The 100-MHz spectra were taken 
in DjO containing sodium 2,2-dimethyl-2-silapentane-5-sulfonate 
as an internal standard. Chemical shifts of all spectra are ex
pressed as parts per million (ppm) downfield from the internal 
standard (0 ppm). 

The peptides (1-5) employed in this study have been previously 
reported.1213 [Asn1,Val5]angiotensin II was provided by CIBA 
Pharmaceuticals, Inc., and had a proton-containing contaminant 
which appeared as a broad peak from 3.1 to 3.7 ppm (approxi
mately 40 protons per mole). These peptides contained 2 equiv 
of acetic acid which appeared in the 220-MHz spectra. The acetic 
acid was replaced by deuterated acetic acid in the 100-MHz spectra 
by repeatedly adding deuterated acetic acid to the peptide and evap
orating the solvent until the proton signal disappeared. The same 
procedure was used in exchanging the amide NH protons using 
D2O. The pD of the 100-MHz spectra were measured on a Radi
ometer pH-M-26. 

Results 
Pmr spectra of six biologically active angiotensin II 

analogs have been obtained at 220 MHz. The struc
tures and pressor activities of these compounds are given 
in Table I. These compounds were tested for pressor 
activity in nephrectomized, pentolinium-treated, male 
rats anesthetized with pentobarbital.14 The hexapep-
tide 1 contains the essential structural units required for 
biological activity. The first two amino acids, Asn1-
Arg2, serve to enhance this activity of the hexapeptide, 
but they do not have rigid structural or functional re
quirements as shown by the relatively high activity of a 
variety of analogs with simpler groups in place of Asn1 

and Arg2.12 It is therefore thought that the hexapep
tide section acts at the drug receptor site while the first 
two amino acids either facilitate the transportation of 
the hormone to the active site16 or aid the binding of 
the molecule at the active site in a favorable orienta
tion.1216 Another function postulated for the N-
terminal dipeptide unit, but not completely supported 
by our data, is that it stabilizes the conformation of the 
peptide backbone giving the octapeptide a rigid, favor
able structure.7'17 

Table II gives the chemical shifts of side chain pro
tons for the six angiotensin analogs taken in deuterio-
dimethyl sulfoxide (DMSO-J6). Random coil reso
nance positions for side-chain functions have been re
ported in D2O by McDonald and Phillips18 and by 
Mandel.19 The random coil resonance positions given 
in Table II for DMSO-J6 solution are those reported in 
D2O solution corrected for solvent shifts. 

The magnitude of the solvent shift was determined by 
comparing spectra of several amino acids and deriva
tives in D2O and DMSO-J6. The 0.09-ppm upfield 
shift used in Table II appears to hold for all side-chain 
functions presented in Table II except for histidine and 
tyrosine where specific solvational interactions occur in 

(12) E. C. Jorgensen, G. C. Windridge, and T. C. Lee, J. Med. Chem., 
13, 352 (1970). 

(13) G. C. Windridge, Ph.D. Thesis, Department of Pharmaceutical 
Chemistry, University of California, San Francisco, Calif., 1969. 

(14) T. A. Assaykeen, K. Otsuko, and W. F. Ganong, Proc. Soc. Exp. 
Biol. Med., 127, 306 (1968). 

(15) E. C. Jorgensen, G. C. Windridge, W. Patton, and T. C. Lee, 
J. Med. Chem., 12, 733 (1969). 

(16) E. Havinga and C. Schattenkerk, Tetrahedron, Suppl, 8, 313 
(1966). 

(17) K. Arakawa, R. R. Smeby, and F. M. Bumpus, J. Amer. Chem. 
Soc, 84, 1424 (1962). 

(18) C. C. McDonald and W. D. Phillips, J. Amer. Chem. Soc, sub
mitted for publication. 

(19) M. Mandel, J. Biol. Chem., 240, 1586 (1965). 
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Table II. Chemical Shifts of Angiotensin Analogs in DMSCW6 at 20° Taken at 220 MHz 

Proton type 

He 7,5-CH3 \ 
VaI 2 7-CH3/ 
He 7-CH 

7-CH' 
Pro /3,7-CH2's 

His (3-CH2] 
Tyr/3-CH2 
Phe (3-CH2J 
Pro 5-CH2 
His C-4 H 

C-2 H 
Tyr ortho H's 

meta H's 
Phe C6H3 

Random coil 
resonance 
position 

0.74-0.83 

1.05 
1.35 
1.96 m 
2.08 sh 

3.00-3.18 

3.34 
6.85 
7.4-7.6 
6.65 
6.99 
7.20 

' 1 

0.74-0.82 

1.04 
1.31 
1.72 m 
1.57 sh 

2.72-3.17 

<3.17 
6.85 
7.45 
6.73 
6.98 
7.20 

2 

0.74-0.81 

1.03 
1.34 
1.72m 
1.59 sh 

2.82-3.12 

<3.12 
6.84 
7.45 
6.75 
7.00 
7.19 

-Angiotensin II Analogs, ppm«-
3 

0.75-0.82 

1.04 
1.31 
1.72m 
1.57 sh 

2.80-3.10 

<3.10 
6.85 
7.45 
6.74 
6.98 
7.18 

4 

0.75-0.80 

1.04 
1.39 
1.71 m 
1.52 sh 

2.79-3.12 

<3.12 
6.85 
7.45 
6.64 
7.00 
7.17 

5 

0.74-0.75 

1.7Sm6 

1.45 m6 

2.82-3.19 

<3.19 
6.85 
7.46 
6.60 
7.00 
7.13 

"* 6 

0.74-0.80 

0.95 
1.33 
1.63 m11 

1.33 m6 

2.78-3.05 

3.36 
6.78 
7.42 
6.55 
6.98 
7.20,7.23 

a The abbreviations m and sh refer to the resonance position of the peak maximum and shoulder, respectively. 
hydrogens are overlapped with the arginine 3,7-methylene hydrogens. 

h The proline /3,7-methylene 

DMSO. The observed shifts for these groups were 
0.12 and 0.16 ppm upfield for the tyrosine ortho and 
meta hydrogens, respectively, and 0.3 to 0.5 and 0.15 
for the histidine C-2 and C-4 hydrogens. 

0.75-0.74 

2.0 1.5 1.0 0.5 

Figure 1. The 220-MHz pmr spectra of the glycyl heptapeptide 
(2, top); [Asn^Val^angiotensin II (S, center), and (ASn1JIe6,-
D-Pro7)angiotensin II (6, bottom) in DMSCW6 at 20°. 

The hexapeptide 1 and the glycyl (2), L-aminobu-
tyric (3), and D-aminobutyric (4) heptapeptides show very 
similar side chain chemical shifts. All show line broad
ening of the histidine C-2 and C-4 hydrogens which 
increases on increasing temperature. They also show 
upfield shifts of 0.25 ppm for the proline /3- and y-
methylene hydrogens and a shift of at least 0.17 ppm 
for the 5-methylene hydrogens relative to the predicted 
proline chemical shifts in DMSO-J6. The a-CH pro
tons could not be assigned from our spectral data but 
do have a similar pattern of chemical shifts in these 

analogs. Each of these four peptides shows three 
groups of a-CH peaks which, with slight variations, lie 
within the limits 3.41-3.59, 4.13-4.29, and 4.43-4.60 
ppm. These data suggest that the four analogs have 
similar conformational properties involving structural 
stability in the carboxyl-terminal region and random 
coil or time-averaged configuration of the amino-ter-
minal segment. 

The L- and D-proline angiotensin analogs, 5 and 6, 
respectively, show more complicated pmr spectra due 
to overlapping peaks. It was not possible to assign 
the proline and arginine /?- and 7-methylene hydrogens 
from the spectral data that we have but it can be shown 
that there are significant differences in the conforma
tions when the proline is changed (Figure 1). The 
L-prolyl peptide 5 could have a proline maximum at 1.75 
ppm with a shoulder at 1.57 ppm; the arginine hydro
gens would then be from 1.45 to 1.75 ppm (expected 
values are from 1.54 to 1.75).18 Neither of these as
signments can be maintained in the D-prolyl analog (6) 
where peaks at 1.63 and 1.33 ppm in a ratio of 6 to 2 
were observed. A peak assigned to the proline 5-
methylene hydrogens appears at 3.36 ppm in the D-
prolyl analog while no peaks distinguishable from the 
His, Tyr, and Phe /3-methylene protons were observed 
in the L-proline analogs (1-5). Small chemical shift 
differences were observed throughout the nmr spectra 
of the D and L peptides as shown in Table I with a unique 
feature of the D-proline analog 6 being the presence of 
two phenylalanine peaks in the aromatic region. It 
seems, therefore, that inversion of the proline a-carbon 
significantly alters the conformational properties of the 
carboxy terminal region of angiotensin II. 

The glycyl heptapeptide 2 was examined in more 
detail using a 100-MHz instrument. The spectral data 
for the analogs taken at 220 MHz indicate that the pep
tides containing the L-proline enantiomer have similar 
conformational properties and the high order of pressor 
activity of the glycyl heptapeptide 2 indicates that it 
has the conformational properties required for biologi
cal activity. The pmr spectra of this peptide show less 
peak overlapping than that of [Asn^VaPlangiotensin 
II (5), therefore making possible a more detailed spec
tral analysis. The only unresolved portion of the spec
trum of 2 is in the 2.95- to 3.25-ppm region where the (3-
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Table IK. Chemical Shifts" of Gly-Val-Tyr-Ile-His-Pro-Phe at 100 MHz and 20° 

Proton type 
-Solvent-

DMSCW6 D2O (pD 8.5) D2O (pD 2) 

He 5-CH3 

7-CH3 

Y-CH 
7-CH 
/3-CH 
a-CH 
N-H 

VaI 2 7-CH3 

/3-CH 
a-CH2 

N-H 
Pro /3-CH2 

7-CH2 

5-CH2 

a-CH 
GIy a-CHj 
His /3-CH2 

a-CH 
C4-H 
C2-H 
N-H 

Tyr /3-CH2 

a-CH 
ortho-H 
meta-H 
N-H 

Phe /3-CH2 

a-CH 
C6H5 

N-H 

0.77 
0.79 sh 
1.06 
1 .36 (^0 .79 ) " 
2.00 sh 
4.29 (dr 1.01, 1.32,0.79,7.94) 
7.94, /NHCH = 8.5 
0.77 
2.00 (dr 0.77, 4.27) 
4.27 (dr 2.00) 
7.94,/NHCH = 7.5 
1.59 and 1.73 
1.73 
2.85 (dr 1.75) 
4.45 (dr 1.75, 1.62) 
3.36 
2.87, 2.97, or 3.06 (dr 3.60) 
3.60, 4.19, or 4.38 
6.74 
7.44 
8.33 (s), 8.39 (s), or 7.91, 

•/NHCH < 3 
2.87, 2.97, or 3.06 (dr, 3.60) 
3.60, 4.19, or 4.38 
6.61, /CHCH = 8 Hz 
6.99,/CHCH = 8 Hz 
8.33 (s), 8.39 (s), or 

7.91,/NHCH < 3 
2.87, 2.97, or 3.06 (dr 3.60) 
3.60, 4.19, or 4.38 
7.16 
8.33 (s), 8.39 (s), or 

7.91, /NHCH = 6 

0.82 
0.82 
1.16 
1.38 

~2.00 
b 

0.82 
~2.00 

b 

1.82 
1.82 

<3.26 
b 
3.36 
2.95-3 
b 
7.05 
7.77 

2.95-3 
b 
6.78 
7.11 

2.95-3 
b 
7.38 

26 

26 

26 

0.85 
0.85 
1.10 
1.40 

-2.00 
b 

0.85 
-2.00 
b 

98 and 2.08 
98 
53 

99 
95-

40 

3.18 

8.70 

2.95-3. 
b 
6.84 
7.16 

18 

2.95-
b 
7.40 

3.18 

° Parts per million downfield from the standard at 0 Hz; coupling constants are in hertz. b Under HOD resonance. c Abbreviations dr, 
m, and sh refer to a resonance position associated through double resonance and the positions of the peak maximum and shoulder, respectively. 

methylene hydrogens of the aromatic amino acids and 
the 5-methylene hydrogens of proline overlap. This 
area is further complicated as each of the methylene 
hydrogens may have a complex splitting pattern. 

Table III shows the chemical shifts of the heptapep-
tide 2 in deuterated dimethyl sulfoxide and in D2O 
at pH values of 8.5 and 2.0. Double resonance was 
used to make chemical shift assignments when possible. 
The overlapping in the 2.95- to 3.95-ppm region made 
complete assignment impossible with a 100-MHz instru
ment. The amide hydrogens exchange in D2O and are 
not observed, and the a-CH peaks are masked by the 
broad proton resonance from the HOD in the sample. 
The chemical shifts observed in DMSO-c/6 and in basic 
D2O solutions show parallel values indicating that the 
peptide conformations are similar in both solvents. 
The upfield shifts of the proline /3-, 7-, and 5-hydrogens 
are not observed in acidic D2O solution. The observed 
values of 1.98, 2.08 sh, and 3.53 ppm correlate with 
values of 1.96, 2.08 sh, and 3.47 ppm observed in a 
spectrum of rerr-Boc-proline ta'ken in D2O. Other 
spectral differences between the acidic and basic solu
tions result from changes in the ionic states of the histi-
dine imidazole and glycine amino groups. 

The pmr spectra of the amide NH region in DMSO-c?6 

changed with temperature as shown in Figure 2. The 
rate of the upfield shift of these protons is dependent 
on the nature of the hydrogen-bonding interaction.20'21 

(20) K. D. Kopple, M. Ohnishi, and A. Go, Biochemistry, 8, 4087 
(1969). 

(21) M. Ohnishi and D. W. Urry, Biochem. Biophys. Res. Commun., 
36, 194 (1969). 

The slope of the amide hydrogen shift with temperature 
for those protons bound by the solvent should parallel a 
standard slope such as observed with 7V-methylacet-
amide. Those amide hydrogens involved in an intra
molecular hydrogen bond show a smaller change in 
chemical shift with temperature. One amide hydrogen, 
number 4, shows this small rate of change indicative of 
an intramolecular bond. The other amide NH reso
nances show varying degrees of deviation from the 
expected linear relation. The amide peaks associated 
by double resonance with valine, number 3, and iso-
leucine, number 5, show increased rates of upfield 
shifts with temperature between 35 and 45 °. The amide 
peak, number 2, shows a slight change in this tempera
ture range and peak number 1 is linear and parallel to 
the standard line. The slopes of these lines are nearly 
parallel to that of A^-methylacetamide outside of the 35-
45 ° temperature range. 

The magnitude of the /NHCH coupling constant has 
been shown to be dependent on the dihedral angle 6 
(Figure 3).22'23 Large /NHCN values may correspond to 
either cis or trans dihedral arrangement of protons. 
Correlation of the stereochemical dependence of the 
7NHCH coupling constants gives eq 1.2 4 

•/NHCH = 9.68 cos2 d - 0.42 cos 0 + 0.12 sin2 d (1) 

(22) Yu. A. Ovchinnikov, V. T. Ivanov, V. F. Bystrov, A. I. Mirosh-
nikov, E. N. Shepel, N. D. Abdullaev, E. S. Efremov, and L. B. Sen-
yavina, ibid., 39, 217 (1970). 

(23) A. Stern, W. A. Gibbons, and L. C. Craig, Proc. Nat. Acad. 
Sci. U. S., 61, 734 (1968). 

(24) R. Schwyzer, private communication. 
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Figure 2. A plot of chemical shift against temperature for the 
amide protons of 2 in DMSO-A at 100 MHz; (x axis) temperature, 
degree Celsius, (y axis) chemical shift, hertz. 

This relationship gives /NHCH values of 6-8 Hz for 
nearly cis dihedral angles (0 = 0-30°) and values of 
8-10 Hz for nearly trans angles (6 = 150-180°) while 
very small coupling constants, /NHCH = 0.5-2.5 Hz, 
result from the nearly perpendicular arrangement 
(6 = 60-120°). The freely rotating NHCH bond gives 
a coupling constant value of 4-5 Hz.23 

The /NHCH coupling constants associated with VaI 
and He (numbers 3 and 5, respectively, in Figure 2) 
have values of 7.5 and 8.5 Hz. Correction for elec
tronegativity of substituents22 gives values of 8.1 and 
9.1 Hz. These correspond to a trans dihedral angle of 
6 = 160°. The coupling constant value of the intra-
molecularly hydrogen bound amide hydrogen (number 
4, Figure 2) is 6.0 Hz which could be correlated to di
hedral angles of 30 or 140° if it were held in a rigid con
formation. The other two amide hydrogens which are 
associated with two of the aromatic amino acids (num
bers 1 and 2, Figure 2) appear as singlets (/NHCH < 3 
Hz) in the pmr spectrum and would therefore be ex
pected to be in a preferred conformation with a nearly 
perpendicular dihedral angle or a gauche position (6 = 
60-120°). 

Another feature observed on increasing the tempera
ture of the glycyl heptapeptide 2 in DMSO-^9 was the 
line width increase of the imidazole C-2 and C-4 hydro
gens. The rate of increase of the line width at half-

Figure 3. The dihedral angle of an NHCH bond in the gauche 
position. 

3.4 3.5 

Figure 4. A plot of the log of line width increase against the 
reciprocal of temperature for the C-4 hydrogen of the His8 imidazole 
of2; (x axis) 1/7",0Kr1, O axis) log (1/T2 - 1/7V). 

height (1/T2) for the C-4 hydrogen was linear between 
25 and 80°. The line width approached a minimum 
(1/T2') of 5.25 Hz at lower temperatures. One set of 
peaks for the C-2 and C-4 hydrogens was visible at the 
lower temperatures, suggesting that a single preferred 
conformer was present. Above 80° the rate of line 
broadening slowed; measurements taken above 90° 
were hindered by overlapping with the tyrosine meta 
hydrogen peaks. The C-2 proton showed a parallel 
line width increase from 25 to 60° where overlapping 
with the amide protons occurred. A plot of the log 
of the line width increase against the reciprocal of tem
perature is shown in Figure 4. The activation energy 
for conformation interconversion may be calculated 
from the slope (k = -EJ2.3R). Values of 13 and 15 
kcal/mole were obtained from the plots of C-4 and C-2 
line broadening, respectively. This calculation ne
glects changes in molecular rotation rates and viscosity 
which tend to decrease line width with increasing tem
perature so that the above values represent a minimum 
activation energy estimate. 

The pmr spectra of the biologically active glycyl 
heptapeptide 2 show several features which are indic
ative of a stable conformation in solution. The more 
prominent examples include (a) the upfield chemical 
shift of the proline /3-, y-, and 5-methylene hydrogens, 
(b) the pH dependence of these upfield chemical shifts, 
(c) the line width increases of the C-2 and C-4 hydro
gens on the histidine imidazole ring, (d) the single 
intramolecularly hydrogen bond amide proton asso
ciated with an aromatic amino acid, and (e) the observed 
NHCH bond angles. Most of these conformational 
features involve amino acids in the carboxyl terminal 
region. 

In an earlier paper we described a stable conforma
tion of this region of angiotensin II which was indicated 
by esr data of a free radical angiotensin analog.11 The 
pH dependence and line broadening of the esr spectra 
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of the nitronyl nitroxide free radical analog of the histi-
dine imidazole ring indicated that it was involved in an 
ion-dipole bond with the terminal carboxylate ion of 
phenylalanine. These results were extended by anal
ogy to the His-Pro-Phe portion of angiotensin II. 

A stable cyclic structure of this type explains much 
of the pmr data mentioned above. The 12-membered 
cyclic structure (Figure 5) would be held by an intra
molecular ion-dipole bond between the carboxylate 
anion and the imidazole ring and by an intramolecular 
hydrogen bond between the phenylalanine NH and the 
histidine carbonyl groups. This structure could hold 
the imidazole ring in an almost stable configuration at 
20°. The pmr line widths of the C-2 and C-4 imidazole 
hydrogens would then broaden at higher temperatures 
if bending of this folded ring system was initiated. 
The intramolecularly hydrogen-bound amide proton 
would then be assigned to phenylalanine. 

Examination of a Dreiding model of this cyclic 
structure shows that the imidazole ring of histidine can 
be placed face to face with the proline ring, thus ac
counting for the upfield shifts of the /3-, y-, and B-
methylene hydrogens but not the a-hydrogen. In this 
model the a-hydrogen is on the far side of the proline 
ring and farthest removed from the imidazole ring cur
rent. It is difficult to predict an accurate resonance 
position for the a-hydrogens but the proton associated 
by double resonance with proline (S 4.45 ppm) is the 
farthest downfield of those present in this system. 

This cyclic structure has a number of favorable 
features. The most important is that the histidine 
amide nitrogen group and the attached peptide chain 
containing five amino residues are in a most open posi
tion. The plane perpendicular to and through the 
histidine CHNH bond is unobstructed by the cyclic 
system. The histidine CO-C« and C0-C3 bonds have 
a large steric requirement and are in a preferred rotamer 
configuration in this cyclic conformer. This model 
also indicates that the phenylalanine CH-NH bond 
would be in the cis configuration so that the 7NHCH 
value of 6 Hz corresponds to a dihedral angle of 30°. 

An ion-dipole bond between the carboxylate anion 
and the imidazole ring of histidine may be a contrib
uting factor in the cleavage of the labile proline amide 
bond in the His-Pro-Phe tripeptide. Mazur and 
Schlatter26 have shown that the His-Pro-Phe tripeptide 
gives His-Pro diketopiperazine and phenylalanine 
after 24 hr in 50% acetic acid at room temperature. 
The methyl ester His-Pro-Phe-OCH3, however, does 
not react under these conditions. In addition to the 
terminal carboxylate ion, these workers have demon
strated that the histidine and proline units must be 
present to observe the rapid reaction rate. A mech-

(25) R. H. Mazur and J. M. Schlatter, J. Org. Chem., 28, 1025 (1963). 

anism involving a series of hydrogen bonds was used 
to explain these data, but an alternative explanation 
involving a cyclic phenylalanine carboxylate-histidine 
imidazole bond and a cis His Ca-CONH-Pro Ca 

amide bond may be preferable. This cyclic structure 
holds the histidine amino group very close and per
pendicular to the proline amide carbonyl. The presence 
of this type of conformer could easily account for the 
rate increase and the striking influence of the carboxyl
ate functionalization observed in this system. 

/ H7X Pro 

H' ^H 

Figure 5. A preferred conformation of Gly-Val-Tyr-Ile-His-Pro-
Phe (2). In this figure the His imidazole ring has been pulled back 
from the face of the Pro ring by bending the 0C bond angle. 

A cyclic conformer with a cis histidine amide bond 
is not possible when the histidine amino group is 
substituted with a bulky group. It also shows no 
possibility of having an intramolecular hydrogen bond. 

The pmr data concerning the Gly-Val-Tyr-Ile portion 
of the glycyl heptapeptide 2 indicates that this chain 
exists in a preferred time averaged conformation. 
The JNHCH coupling constants of the VaI and He units 
(7.5-8.5 Hz) could result from a preferred trans con
figuration while the His and Tyr units (JNHCH < 3Hz) 
prefer a gauche rotamer conformation. These dihedral 
angles do not describe a preferred side chain configura
tion as rotations about the CO-Ca bond may still 
occur; they do show that free rotation of the peptide 
backbone does not occur at lower temperatures. 
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Another indication of conformational preference 
is seen by the nonlinearity of the lines in Figure 2. 
An increased rate of change between 35 and 45° for 
the amide hydrogens 3 and 5 suggests that these protons 
undergo an environmental change in this temperature 
range which involves an upfield chemical shift. An 
amide NH proton in the nearly trans configuration 
to the a-CH can be deshielded by the adjacent carbonyl 
function (a). Increased rotational freedom (b) would 
lower the probability of this interaction and would 
result in the upfield shift seen in Figure 2. 

H O H 
a b 

The amino acids VaI and He (6 = 150-160°; numbers 
3 and 5, Figure 2) would be expected to have the 
greatest upfield movement with randomization of 
rotational motion as they are in a nearly trans con
figuration. The linear temperature dependence of the 
phenylalanine amide proton, number 4, indicates 
that the cyclic structure is not opened in this temperature 
range. 

The chemical shift data of Table II clearly show that 
the angiotensin analogs with an L-proline in the seven 
position have similar conformations. Each of these 
peptides (1-5) show the upfield shift of the proline 
/3-, 7-, 5-methylene hydrogens and line broadening 
of the histidine imidazole hydrogens at higher tempera
tures which is characteristic of the cyclic conformation 
of Figure 5. The conformational properties of the 
side-chain amino acids of other angiotensin analogs 
(1, 3-5) cannot be inferred from the characteristics 
of the glycyl heptapeptide 2, but the presence of con
formational preference in 2 raises the possibility 
that some loose structure may exist. The pmr spectrum 
of the D-proline analog 6, Table I, also shows features 

indicative of extensive conformational preference. 
The upfield region, Figure 1, shows significant differ
ences in the proline and arginine /3-, 7-, and 5-methylene 
protons and the isoleucine 7-CH resonance from those 
of 5. Two Phe C6H5 peaks of equal intensity are 
observed in the aromatic region. These differences 
show that 6 does not have the same conformation of 
[Asn'jVal^angiotensin II (5) nor does it exist as an 
unstructured molecule. 

The structural requirements involved in the cyclic 
conformation of Figure 5 show an interesting relation 
to those features which are necessary for biological 
activity. The hexapeptide 1 contains all of the struc
tural features necessary for biological activity. The 
terminal carboxylate ion, the Phe aromatic, proline, 
and His imidazole rings, and the Tyr hydroxyl group 
are all necessary for biological activity.2 Of these 
five structural features three, the Phe COO - , His Im, 
and Pro, are all essential members in the intramolecular 
ion-dipole bond. The Phe and Tyr aromatic rings are 
not involved in this conformation and appear, from 
pmr data, to rotate freely. In spite of the mutual 
importance of some structural features to conforma
tional and biological properties a correlation between 
peptide conformation and biological activity has not 
yet been established. 

The importance of these structural features to bio
logical activity may result from their contributions to 
peptide tertiary structure, rather than through their 
direct interactions with a biological receptor. It is 
also possible that they may serve both functions by 
interacting with the receptor in the stabilized peptide 
configuration. 
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