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Conformational Flexibility of Angiotensin II. A Carbon-13

Spin-Lattice Relaxation Study’

Roxanne Deslauriers,* Antonio C. M. Paiva, Kjeld Schaumburg,! and Ian C. P. Smith

ABSTRACT: Carbon-13 spin-lattice relaxation times (77)
have been determined for the carbons in the octapeptide
hormone [S-isoleucine]-angiotensin II in aqueous solution.
Two possible models for molecular motion are considered:
isotropic overall motion of the hormone with internal mo-
tion of some residues and anisotropic overall molecular mo-
tion. The data are interpreted in detail using the former
model. The « carbons of the peptide backbone are all equal-
ly restricted in their motion. The correlation time for over-
all molecular reorientation, calculated from an average T
value of 95 msec for the « carbons in the peptide backbore,

The conformations of linear peptide hormones have been
more difficult to elucidate than those of cyclic peptides of
similar size due to the larger number of degrees of freedom
of the peptide backbone. The conformations of angiotensin
I, Asp-Arg-Val-Tyr-Val(or Ile)-His-Pro-Phe, a natural
pressor agent, and its synthetic analog angiotensinamide II,
Asn-Arg-Val-Tyr-Val(or Ile)-His-Pro-Phe,' have been ex-
tensively investigated by thin film dialysis (Craig et al.,
1964; Franze de Fernandez et al., 1968), gel filtration (Fer-
reira et al., 1969), ultracentrifugation (Paiva et al., 1963),
hydrogen-deuterium exchange (Paiva et al., 1963), hydro-
gen-tritium exchange (Printz et al., 1972b), infrared and
Raman spectroscopy (Fermandjian er al., 1972a,b), circu-
lar dichroism (Fermandjian et al., 1972a,b), and 'H nucle-
ar magnetic resonance spectroscopy ('H nmr) (Vine et al.,
1973; Glickson er al., 1973; Marshall et al., 1973; Wein-
kam and Jorgensen, 1971; Bleich et al., 1973b). A number
of conformations have been proposed for angiotensinamide
IT such as the random coil (Paiva et al., 1963), the antipar-
allel B-pleated sheet (Fermandjian er al., 1972a,b), the a-
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I.C.P.S, and K.S.), and the Department of Biophysics and Physiology,
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ceived September 17, 1974. We acknowledge the financial support
from FAPESP. Issued as NRCC Publication No. 14520.

I NRCC Visiting Professor, Summer 1974. Permanent address: De-
partment of Chemical Physics, H. C. @rsted Institute, Universitetspar-
ken, Copenhagen, Denmark.

! The nomenclature used in this paper follows the Recommendations
of the IUPAC-1UB Commission on symbols for amino acid derivatives
and peptides ((1972), J. Biol. Chem. 247, 977).
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is ca. 5 X 10710 sec. The carbons in the side chains are
more mobile than those in the peptide backbone, with the
exception of the side chain of the Tyr residue which does
not undergo rapid segmental motion. We propose that [5-
isoleucine]-angiotensin II has a restricted backbone confor-
mation and that the a carbons of the N- and C-terminal
residues are constrained to nearly the same extent as the re-
maining « carbons in the peptide backbone. Chemical shift
data indicate that the Pro residue adopts the trans confor-
mation about the His-Pro bond and that the imidazole ring
of His has a strong preference for the N”-H tautomer.

helix (Smeby ez al., 1962), the y-turn (Printz et al., 1972a;
Bleich er al., 1973a), as well as other conformations pecu-
liar to this peptide (Weinkam and Jorgensen, 1971). Fer-
mandjian and coworkers (1972a,b) have stressed the point
that the conformation of angiotensamide II varies greatly
depending on experimental conditions. A recent 'H nmr
study by Glickson et al. (1973) revealed that angiotensin ei-
ther exists in a unique conformation, different from the -
helix, the §-turn, and y-turn models, or is in rapid equilibri-
um (>103 sec™!) between various conformations. 'H nmr
spectra also reveal conformational transitions associated
with titration of the w-amino and/or imidazole group as
well as with titration of the phenol group in tyrosine. The
exact nature of the conformational transitions has not been
elucidated (Glickson et al., 1973).

Zimmer et al. (1972) have investigated the structure of
[5-valine]-angiotensinamide II in aqueous medium using
13C nmr spectroscopy. '*C resonances were identified on
the basis of the titration behavior of specific peaks, on the
chemical shifts of resonances in the constituent amino acids,
as well as by comparison with the spectrum of the C-termi-
nal tetrapeptide. All the pX values obtained for the titrata-
ble groups in [5-valine]-angiotensinamide II were deter-
mined by following the pH dependence of the !*C chemical
shifts. The 13C spectra did not give any evidence of confor-
mational rearrangements as a function of changes in pH
similar to those observed in the 'H nmr spectra.

The present !3C nmr studies were undertaken in order to
measure the spin-lattice relaxation times (7'y) of the back-
bone and side-chain carbons in [5-isoleucine]-angiotensin I1
and the antagonist [5-isoleucine,8-leucine]-angiotensin II.
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These values are compared with each other and with those
obtained for linear (Keim ez al., 1973a,b; 1974; Gurd et al.,
1972) and cyclic peptides (Allerhand and Komoroski, 1973;
Deslauriers et al., 1974a-¢) in order to deduce the confor-
mational characteristics of the peptide backbone and the
degree of segmental motion? of side chains in [5-isoleucine]-
angiotensin II.

Experimental Section

Materials. [5-Isoleucine]-angiotensin II (Asp-Arg-Val-
Tyr-Ile-His-Pro-Phe) and [5-isoleucine,8-leucine]-angio-
tensin II (Asp-Arg-Val-Tyr-Ile-His-Pro-Leu) as well as the
lower homologs of angiotensin II, Tyr-Ile-His-Pro-Phe,
Val-Tyr-Ile-His-Pro-Phe - HCl, and Arg-Val-Tyr-Ile-His-
Pro-Phe, were prepared by solid phase synthesis (Merri-
field, 1963; Stewart and Young, 1969; Paiva et al., 1973,
1974). The peptides were purified by countercurrent distri-
bution and ion exchange chromatography. The criteria for
purity were: (a) the amino acid analysis of acid hydrolys-
ates yielded a molar ratio within 3% of the theoretical value
for each amino acid; (b) the peptide content determined by
amino acid analysis, spectrophotometry (ez75 1375), and ti-
tration agreed within 1%; (c) only one spot was detected
with Pauly, ninhydrin, and Sakaguchi reagents after the tlc
of a 0.1-mol sample with three solvents and high voltage
paper electrophoresis with three different buffers (pH 2.8,
4.9, and 9.9).

Methods. Proton-decoupled '3C nuclear magnetic reso-
nance spectra were obtained on a Varian CFT-20 spectrom-
eter and on a Varian XL-100-15 spectrometer in the Fouri-
er transform mode, using a Varian 620L computer with
16K memory. Spin-lattice relaxation time (7;) measure-
ments were performed by the inversion-recovery method as
described by Freeman and Hill (1970) using a pulse se-
quence (180°-7-90°- T.. ...) where 7 is a variable delay
time and T is at least five times longer than the longest T,
to be measured. The accuracy of the T values is £15%. T
values were determined by a least-squares fit of a semilo-
garithmic plot to the best straight line. Samples were stud-
ied in tubes of outside diameter 12 mm (XL-100) or 10 mm
(CFT-20). Chemical shifts are reported downfield from ex-
ternal tetramethylsilane ((CH3)4Si) contained in a concen-
tric inner tube of outside diameter 5 mm. Spectra were ob-
tained at 32°. pH values reported in tables and figures are
uncorrected pH meter readings taken in D,O (pD = pH
meter reading + 0.4; Glascoe and Long, 1960). CD;COOH
and HCI diluted in D,O were used to adjust the pH of sam-
ples. Samples used for 7| measurements were run at a con-
centration of 100 mg/ml. Nuclear Overhauser enhance-
ments (NOE) were measured by comparing the integrated
intensities of the '3C resonances in proton noise-decoupled
spectra and coupled spectra. Integrations were performed
separately on the carbonyl carbons and on the carbons of
aromatic residues. The a- and B-carbon regions were inte-
grated as units. This was necessary due to the complexity of
the coupled spectra. The proton-bearing «, 8, and aromatic
carbons yielded enhancements of 3.0.F 0.1.

Results
Spectral Assignments. The calculated and observed 13C

2 Segmental motion is defined as the motion of two moieties of fixed
conformation about a bond connecting the moieties. An implicit as-
sumption is that the motion is independent of the conformations of the
two moieties with respect to all other bonds, and that these other con-
formations do not change during motion about the bond in question.

chemical shifts of [S-isoleucine]-angiotensin Il and related
peptides (Figure 1) are given in Table 1. The calculated '3C
chemical shifts for [5-isoleucine]-angiotensin 11 were based
on the chemical shifts of free amino acids in D,O (Horsley
et al., 1970; Voelter et al., 1971) which were then corrected
for incorporation into a peptide (Christl and Roberts, 1972;
Keim et al., 1973a,b; 1974) as well as for the effect of
amino acid titration (Quirt et al., 1974, Freedman et al.,
1971; Reynolds et al., 1973; Christl and Roberts, 1972;
Gurd et al., 1971; Keim et al., 1973a). The assignments of
the carbon resonances in the pentapeptide Tyr-Ile-His-Pro-
Phe were based on the chemical shifts calculated for the
peptide in a random coil conformation as well as on the per-
turbations caused by titration of various residues. The as-
signments of resonances for larger homologs were based on
those of the next smaller peptide, corrected for the addition
of one new residue. Spectral changes were found to occur
only in the penultimate residue, as each additional residue
was added. Changes in pH produced no effects other than
the chemical-shift changes expected from titration of vari-
ous residues. The observed 2C chemical shifts of [S-isoleu-
cine]-angiotensin 1T and those calculated for a random coil
of similar sequence agree within ca. 1.0 ppm. The proline
residue is in the trans conformation about the His-Pro bond
as judged by a chemical shift of 25.5 ppm for the v carbon
(Dorman and Bovey, 1973). In [5-isoleucine)-angiotensin
IT and the shorter oligomers examined in this work, no reso-
nance occurred at 23.4 + 0.3 ppm which would be charac-
teristic of the cis isomer about the His-Pro bond. We there-
fore conclude that the conformation about the His-Pro bond
in [5-isoleucine]-angiotensin II is 100% trans. The chemi-
cal-shift changes which occurred upon changing the pH of
the solution of [S-isoleucine]-angiotensin II from 4.5 to
10.4 are characteristic of a ca. 4:1 predominance of the
N7-H tautomer of histidine at basic pH (Reynolds et al.,
1973) similar to the preference found in thyrotropin-releas-
ing hormone (Deslauriers et al., 1974a). The C-5 and C-2
resonances of the imidazole ring shifted downfield 4.6 and
2.6 ppm, respectively. The calculated carbonyl carbon
chemical shifts agree within <1.0 ppm with the experimen-
tal values and therefore if intramolecular hydrogen bonding
of the carbonyl carbons does occur it does not perturb the
13C chemical shifts to an appreciable extent.

13C Spin-Lattice Relaxation Time Measurements. The
NT values of individual carbon atoms in [5-isoleucine]-
angiotensin II in D,O are given in Figure 2, where N is the
number of directly attached hydrogens. The T, values for
the backbone are remarkably similar, i.e. all values are be-
tween 74 and 110 msec. This contrasts with the observation
of Keim et al. (1973a,b; 1974) on Gly-Gly-X-Gly-Gly pen-
tapeptides (X being any amino acid) where differences of
factors of 2-4 were observed in the N7 values of the C, of
the X residue and the terminal residues. The C- and N-ter-
minal residues have Ty values slightly longer than most of
the a carbons. At pH 4.5 the C, resonance of the N-termi-
nal aspartic acid residue overlapped with that of the histi-
dine residue and only an average T, value could be mea-
sured. It was not possible to determine T; values at neutral
pH due to insufficient solubility of the peptide. Decreasing
the pH of the sample to 1.0 using dilute HCI allowed reso-
lution of the histidine and aspartic acid C, resonances. This
pH change caused an overall increase in T, values of ~50%
for the backbone carbons as well as for the side-chain car-
bons.

The NT, values for the angiotensin antagonist [5-isoleu-
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3¢ NMR OF ANGIOTENSIN 11

cine,8-leucine]-angiotensin II in D,O at pH 4.5 are given in
Figure 3. The T values of residues in the backbone are ca.
w | X883 2288 10% greater than those of the analogous residues in [5-iso-
| meoo a® leucine]-angiotensin II.
AnRaiRa i Dipole-dipole interaction provides the predominant re-
laxation mechanism occurring for protonated carbon nuclei
-~ | RBBRIET (Kuhlmann et al., 1970; Doddrell er al., 1972). Nuclear
= LIS 38R Overhauser enhancements of 3.0 F 0.1 for [S-isoleucine,8-
= - leucine]-angiotensin II further support this statement. In
» o oom o n the limit of rapid motion on the '3C nmr time scale, the
i : - 2 : 'g. :;. 2 N greater the NT| value, the more mobile is the 13C moiety.
3 R RS The NT), values can accordingly provide information relat-
g ing to the mobility of the various residues in a peptide. The
K] I e L mobility can be described as combination of rotational dif-
- z A g- ;"; 2. ‘: fusion of the molecule as a whole and intramolecular mo-
R R I B tion (Allerhand e al, 1971; Allerhand and Komoroski,
1973; Deslauriers er al., 1974b). An effective correlation
~|2ognzar tirpe (7err) for overall molecular reqrientation can be ob-
B N s s K tained from the observed T values in the case where car-
RRCICR I bons relax via dipole-dipole coupling to protons (Allerhand
etal,1971):
« | TIFKEIF
T |4 | gesgs e _1___1__<1>Nﬁ2yczyﬂz[f(w Cow) +
- BRI R T, = T,°° ~ \# 10 R ¢
;:::.; cooo o0 3flwe) + 6f(wy + w)] (D
o A | R g
- Ngs § § % § E flw) = Terr/(1 + wPrer?), wy and wc are the angular reso-
nance frequencies of 'H and '3C, respectively, and (r=%) is
o gesaane Ehe l\;ibr_ationally aven:aged inverse sixth power .of the
© DI I Sk ik Bl e I B H— C.mte_rnuclear distance. In' the case of isotropic rota-
<« ERRCI R O tional diffusion (Noggle and Schirmer, 1971), 7ef describes
g = the isotropic rotational diffusion of the C-H internuclear
'% « | 2ergsED vector and‘ Teff.iS defined as equal to D/§, wher; D i.s the ro-
A o |l ee~eae o~ © tational diffusion constant. The rotational .dlffusmn con-
weasds8ss stant can be related to the molecular friction constant 8
(Noggle and Schirmer, 1971), according to:
E REEgS8
= - PR D = kT/B (2)
o W NN 2
E 'g where k is Boltzmann’s constant, T is the absolute tempera-
$z . egg5g |§l tweand
W | ™ NN NS |8
gd 0T NNN D g B=87”77’03f,- (3)
< =
E ° BeN28y O‘ (Noggle and Schirmer, 1971), where 7 is the viscosity of the
— NOWn o~ | Z medium, rq is the radius of a spherical solute molecule, and
e ez s f- is the microviscosity factor, which for pure liquids = %.
g For larger molecules undergoing Brownian diffusion f, is
= « | SR LR S & assumed to be 1. For the purpose of the present work f, is
= S | tovwo ot 8 assumed equal to 1:
% POERARINZ ?;
% ; z Tett = = L (4)
$° |, 83335889 5 5D = et
< |+ |22885K¢E IS
- gy v = g Tett = Vm’f)/kT (5)
=
:E:a E .*.-'2 Zw |2 YR E AN~ % where the molecular volume Vy,, = (4/3)7rg’.
SEE5~ B8 ZSIEBTIRIIE | ¢ When molecular motion is anisotropic two or more corre-
3> fet lation times must be introduced (Freed, 1972); 7. is then a
§ S weighted average of various correlation times. A rigid ellip-
3 T oS § soidal molecule is characterized by two rotational diffusion
S QOraqeY |9oooo | |2 constants (Noggle and Schirmer, 1971): the diffusion con-
= 3L LLUTa ~0el | g stant for rotation about the symmetry axis, D,; and the dif-
_';: é’ E é fusion constant for reorientation about any axis perpendicu-
< < lar to the symmetry axis, Dy. 7.7 in the case of a rigid ellip-
= soidal molecule in which the C-H internuclear vector
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FIGURE 1: (a) '*C nmr spectrum of [5-isoleucine,8-leucine]-angiotensin II in D,0 at pH 4.5, 100 mg/ml, 32°, 80,000 scans, cycle time 0.4 sec,

pulse width of 45°; (b) pH 1.0, other conditions same as above.

makes an angle § with the axis of symmetry of the ellipsoid

is defined as

R cos’ § ~ 1)?
eff — 24Db

3 sin? 0 cos? @
(5D, + D,
3 _ sin‘g
4 (2D, + 4D,)

+

(6)

where D, = kT/Ba, Dy = kT/ By, and
Ba = 32mnaX(a’ — a,)/3[2a; — a,%S] (M
By, = 32mnlat — a,9/3[(2a® — a,HS — 2a;] (8

a; and a; are the lengths of the semiaxes of the ellipse.
When a; > a>

S = 2(a® = @)% 1n {la; + (a® - @B/ /a,} (9)
When a; < az
S = 2(a,’ — aB-/2 tan"![(a? — a?)'%/a;] (10)

(Freed, 1972).
If intramolecular motion occurs at a rate comparable or
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greater than that of overall molecular motion, the effective
correlation time measured according to eq 1 will be a func-
tion of the correlation times for overall molecular reorienta-
tion (7mot) and internal motion (7in). In the extreme nar-
rowing limit (wy + wc)? Tmoi? K 1, the spin-lattice relaxa-
tion time of a protonated carbon which undergoes internal
motion as well as overall molecular reorientation will be
(Doddrell et al., 1972)

N_IT; = <71g->h'2y52'ycz‘rmoll:A + Bg-ane;_:“m +
cﬁmﬁz—ﬂn—l] (11)
where
A = (3cos® 6 —1)/4 (12)
B = 3 sin’ g cos? ¢ (13)
C = (3 sin® §)/4 (14)

and 4 is the angle between the C-H internuclear vector and
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FIGURE 2: Primary sequence of [S-isoleucine]-angiotensin II showing
NT, values, in milliseconds, of individual carbon atoms in D,O at pH
4.5; temperature, 32°; sample concentration, 100 mg/ml; 7 values
from a least-squares fit to a straight line determined using 36 spectra,
10,000 scans/spectrum, T = 2.0 sec, 7 = 10-200 msec (pH 1.0 values
in parentheses, solution acidified using dilute HC! in D,0, 7 values
determined using nine spectra). Superscript letters indicate partially or
totally overlapping resonances.

the axis of internal rotation. In the case of rotation about
the C-C bond and a tetrahedral carbon, cos? 109° = 1, this
then yields 4 = %, B = %, and C = 1%, When internal
motion is absent or very slow rmo = Tefr; When internal mo-
tion is very fast (Tint/ Tmol < 1), 7eft = (%) 7mai (Allerhand
etal, 1971).

We shall now investigate possible models of motion for
angiotensin I in order to describe the observed T values.

Isotropic Diffusion with Internal Motion. From the NT
values observed in the backbone of [5-isoleucine]-angioten-
sin IT at pH 4.5 we calculate an average NT, value of ~95
msec. Using eq 1 this value yields a 7err = 4.7 X 10710 sec.
Assuming a spherical molecule of 8-A radius as a model for
angiotensin (measured on a space-filling molecular model)
and using a viscosity of 10.4 mP for D,O at 32° (Prutton
and Maron, 1951; Weast, 1968) we can calculate (eq 5) a
value of 5.3 X 10719 sec for 7o . Because rmo is larger than
Teif there is a possible contribution from internal motion to
Teff. The value calculated for i, assuming an angle of 109°
between the C-H vector and the axis of internal rotation is
of the order of 1.9 X 10~9 sec. However, because this is
slow relative to 7, and due to uncertainties in our esti-
mates of (1) the molecular radius, (2) the viscosity, and (3)
the measured T values we will assume 7¢r = 7y Only for
side chains where NT) values differ by more than 50% from
the NT) values in the backbone. The assumption that s =
Tmol 18 NOt unreasonable for the backbone carbons. This,
however, implies that true segmental motion of the peptide
backbone is not present, i.e. that no portion of the peptide
backbone is any more restricted in its motion than any other
of the remaining moieties. Support for these assumptions is
provided from studies of the T, behavior of the octapeptide
hormones oxytocin

[ ]
Cys-Tyr-Ile-Gln- Asn-Cys- Pro-Leu-Gly- NH?

and lysine vasopressin
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FIGURE 3: Primary sequence of (5-isoleucine,8-leucine]-angiotensin I1
showing N7, in milliseconds, of individual carbon atoms in D0 at pH
4.5; temperature, 32°; sample concentration, 100 mg/ml; 7 values de-
termined from a least-squares fit to a straight line using 20 spectra,
10,000 scans/spectrum, T = 2.0 sec, r = 10-200 msec. Superscript let-
ters indicate partially or totally overlapping resonances.

(Deslauriers et al., 1974a-c). These cyclic peptides have
molecular weights of ca. 1000, quite similar to that of angi-
otensin II. The peptides have been studied under conditions
of pH and concentration similar to those used here for angi-
otensin II. The cyclic portions of oxytocin and lysine-vaso-
pressin show T values of ~95 msec for the C,’s of the pep-
tide backbones. Because of the constraints imposed on the
peptide backbone by closure of the disulfide bond, segmen-
tal motion of the peptide backbone is unlikely (although
torsional oscillations about the

—NfAc,—
]
bond and

i
—C fCc—
¥

bonds of each residue remain possible). A more significant
observation is that the acyclic terminal tripeptides of both
oxytocin and lysine vasopressin undergo motion to a larger
degree than do the cyclic portions of the peptides, as mani-
fested by NT), values 3-4 times larger than those measured
in the cyclic moieties.

Using the isotropic diffusion model (eq 11) with internal
rotation we calculate ri,, values for the side chains of argi-
nine: Cg, (2.6 ¥ 1.9) X 10719 C,, (1.5 ¥ 0.8) X 10~19; C;,
(6.2 F 2.7) X 10711, The errors on the values of 7, were
estimated by adding +15% and —15% to the observed T,
values and recalculating r;n,. For instance, +15% and —15%
errors in the T values of C; of the arginyl residue result in
—20 and +44% errors in the values of ;.. The error values
quoted in the text are the larger ones. It must be noted that
for C, and C; the value calculated for 7y, results from mo-
tion about more than one C-C bond and therefore is not en-
tirely justified. Another approach is to apply eq 11 succes-
sively such that the 7. of the preceding carbon becomes the
Tmol for the next carbon. Using this latter approach we esti-
mate i, for Cy = 5.3 X 10719 sec and C; = 2.0 X 10~10
sec. For the valyl residue, rin, for Cg is calculated to be (5.9
F 8.8) X 10719 sec. The CH; groups show NT; values
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which are nearly 9 times as long as those of the backbone.
Equation 11 is insensitive to variation of 7, in this range
and therefore only a qualitative description in terms of
rapid internal motion can be assumed. For such rapid rates
spin-rotation effects on 7| become significant (Levy,
1973), eq 11 is no longer applicable, and correlation times
cannot be easily estimated from 7. In the tyrosyl residue
Tint 18 Of the order of (5.7 F 8.3) X 10~!0 sec for the aro-
matic ring; however, due to the absence of a para hydrogen
one cannot determine with confidence if rotation about an
axis traversing C, and C; can occur. The Cg and C, reso-
nances of isoleucine are not resolved from one another and
it is not possible to determine iy for these carbons. As with
valine the v and § CHj3 groups of isoleucine undergo rapid
internal rotation and one cannot easily estimate a correla-
tion time. The prolyl residue cannot undergo true internal
motion but from the N7 values observed in the ring, ring
mobility is more restricted at the C, and C; than at Cg (and
possibly C,). This behavior has been found in several pro-
line-containing hormones (Deslauriers et al., 1974c). The
side chain of phenylalanine undergoes motion about the
C,-C; axis as judged by NT values greater for the ortho
and meta carbons than for the para carbon. i for the for-
mer carbons is calculated as (7.8 F 3.2) X 101! sec.
Anisotropic Molecular Diffusion. In order to investigate
the effect of molecular shape on the observed T, values of
angiotensin II we have calculated 7| and 7 values for a
molecule of constant volume with varying lengths of sem-
iaxes, and no internal motion. The volume considered was
that for a sphere of 8-A radius. The data are shown in
Table II. Maximum 7T values are observed for a spherical
molecule of 8-A radius. By deforming the molecule and
keeping the total volume constant the 7 values decrease
and become dependent on the angle # between the C-H in-
ternuclear vector and the principal axis of the molecule.
Varying the ratio of semiaxes from 1:1 to ~3:1 the T
values for a C-H bond aligned with the long axis of the
molecule decrease by a factor of 2; however, for groups per-
pendicular to the same axis the decrease is of the order of
20%. This implies that Ty values are not particularly sensi-
tive to molecular shape when the C-H internuclear vector is
nearly perpendicular to the long axis of the molecule, as
would be the case with backbone C,-H groups in a rigid
helix. Varying the orientation of C-H internuclear vector
makes a difference of a factor of less than two in T values
for § = 0° and # = 90° when the ratio of semiaxes is kept
constant at ~3:1. The calculations described above show
that 7 values are not particularly sensitive to molecular
shape under the conditions investigated in Table II.
Molecular models demonstrate that any folded confor-
mation (8-turn, v-turn) leads to a compact, quasispherical
shape. To achieve an elongated form it is necessary to ex-
tend the backbone. In an extended conformation, dimeriza-
tion via hydrogen bonding could occur in angiotensin there-
by forming a $-pleated sheet structure. To make a model of
such a structure we have assumed molecular dimensions of
16 X 8 A for the semiaxes. This yields T; values between 28
and 39 msec and 7. values between 1.6 and 1.1 X 1079 sec
for # varying between O and 90°. Such 7 values are too
short when compared with the observed values. It would
then be necessary to invoke internal or segmental motion
which would be an order of magnitude faster than the over-
all motion. This seems unlikely in view of the hydrogen
bonding necessary to maintain a §-pleated sheet structure.
One possible conformation for angiotensin II is that of a
884
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Table II: Calculation of 7err and NT; for [Ile5]-Angiotensin
II Assuming Anisotropic Molecular Motion.¢

Mol Dimensions

(A) NT, (msec) T (10" sec)

8.05 X 7.95 85 5.3

9.00 X 7,54 80—85 5.6—-5.2
10.00 X 7.16 74—-84 6.0-5.3
11.00 X 6.82 68—83 6.6—5.4
12,00 X 6.53 61—-80 7.4-5.6
13.00 x 6,27 55-1717 8.2-5.8
14,00 X 6.05 49-74 9.,2-6.1
15.00 X 5.84 44-170 10.3-6.4

@y = 10.4 mP; T = 305°K. First eight entries in table are
for a molecule of constant volume, in which only the semi-
axes are varied. The NT; and rerr values are the ranges ex-
pected for variations in # between 0 and 90°. § is the angle
between the C-H internuclear vector and the long axis of
the molecule.

monomer having a backbone in an extended conformation
which is strongly hydrogen bonded to the solvent. If the N-
and C-terminal residues are strongly immobilzed by inter-
action with the solvent, no large gradation in T values
would be observed between the a carbons of the terminal
residues and those of the central residues. However, studies
on linear pentapeptides (Keim et al., 1973a,b; 1974) do not
provide evidence that this type of interaction severely re-
stricts the terminal residues of peptides.

Discussion

The !3C spectrum of [5-isoleucine]-angiotensin II in
D,0 does not reveal any perturbations in chemical shifts
due to conformational constraints. Calculated and observed
chemical shifts agree within 1 ppm. The proline residue is in
the trans conformation about the His-Pro bond. At basic
pH, the N7-H tautomer of the histidyl residue is predomi-
nant. The carbonyl carbon chemical shifts do not show any
deviations from the values calculated from the constituent
amino acid values corrected for peptide bond formation;
therefore no evidence for intramolecular hydrogen bonding
is available from !3C chemical shifts.

The T values for [5-isoleucine]-angiotensin II in D,O at
pH 4.5 give an estimate of the relative mobilities of side
chains and backbone as well as the rate of overall molecular
reorientation. A model for angiotensin II which has a radius
of 8 A and rotates isotropically gives a 75 value of 5.3 X
10710 sec which is close to the value of 4.8 X 1071 calcu-
lated from the average observed T values of the backbone
« carbons. These values are similar to those (~5.0 X 10710
sec) measured for the cyclic portions of the octapeptide hor-
mones oxytocin and lysine-vasopressin under similar condi-
tions (Deslauriers et al., 1974b). The difference in T
values between the middle and end portions of the peptide
backbone is less than 50% implying no large gradation in
segmental motion. This is in contrast to the terminal tripep-
tides of oxytocin and lysine-vasopressin (Deslauriers et al.,
1974a—c) or the Gly-Gly-X-Gly-Gly pentapeptides studied
by Keim et al. (1973a,b, 1974) where an increase in NT
values of fourfold demonstrated a significant degree of seg-
mental motion. The observations on [5-isoleucine]-angio-
tensin II are supported by the data from titration (Juliano
and Paiva, 1974) and interaction with p-nitrophenyl acetate
(Juliano et al., 1974) of several angiotensin peptides. These
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data indicate that the N- and C-terminal ends of angioten-
sin II are held in closer proximity than that expected in a
random conformation, leading to observable electrostatic
interactions between the C-terminal carboxyl, the imidaz-
ole, the a-amino, and the Asp S-carboxyl groups. Although
these electrostatic interactions cannot be responsible for
maintaining the folded conformation, it is possible that pro-
tonation of the two carboxyl groups would loosen the struc-
ture because of repulsion between the positively charged
ammonium and imidazolium groups. This might explain the
significantly higher T values of [S-isoleucine]-angiotensin
IT at pH 1.0.

If formation of (3-pleated sheets or hydrogen-bonded di-
mers occurred, the 7. values calculated would be larger
(1.0 X 1079 sec) than the observed value of ~5 X 10710 gec
and a large amount of segmental motion in the backbone
would be necessary to account for the observed T values.
The hydrogen bonding required to maintain a 8 structure
would make segmental motion unlikely.

From these T studies, a qualitative model emerges for
the relative mobilities of backbone and side chains in [5-iso-
leucine]-angiotensin I in which the molecule is folded on
itself and has a radius of ~8 A. Little segmental motion of
the backbone is present; however, the C- and N-terminal
residues are slightly more mobile than the other residues.

The side chains demonstrate varying degrees of mobility.
The side chain of arginine shows only a factor of 2 in NT
values between the § and « carbons, implying a very slight
amount of segmental motion. This behavior contrasts with
that of lysine residues in numerous oligomers where a factor
o 2 is seen between the NT; values of adjacent carbons
(Saito and Smith, 1974). The small degree of segmental
motion observed in arginine is likely to be a consequence of
the presence of the bulky guanidino group attached to the &
carbon rather than steric crowding by side chains of adja-
cent residues, because a similar behavior of arginine has
been observed by Keim et al. (1974) in the pentapeptide
Gly-Gly-Arg-Gly-Gly. In valine, Cg undergoes a slight de-
gree of internal motion whereas the methyl groups undergo
fast internal motion. The tyrosine and phenylalanine resi-
dues offer a most interesting comparison. In the tyrosine
residue, the ortho and meta carbons of the aromatic ring
have NT; values of 120 and 112 msec, slightly longer than
that observed for the a carbon in the backbone, 80 msec.
This could be the result of slightly increased motion of the
side chain and/or rotation about the axis of the aryl-Cg
bond at a rate greater than that of overall molecular reori-
entation. The phenylalanine residue at the C terminus is
much more mobile than the central tyrosine residue. This
may be a consequence of the central position of tyrosine as
well as the presence of the para hydroxyl group on tyrosine
which can hydrogen bond to solvent. The phenylalanine res-
idue clearly shows evidence of rotation of the aromatic ring
about an axis coincident with the C4-C, and C—H bonds.
Internal rotation about the Cg~C., bond causes a length-
ening of the NT; values of C; and C,. The C—H bond is
coincident with the C4-C, bond and therefore should not
show a NT; value greater than that of the 8 carbon. In the
isoleucine residue, the 5 CH3 group shows a greater N7,
value than does the ¥ CH; group. However, the long NT;
values for both CH; groups would indicate fast internal mo-
tion in each group and the difference between each of them
may be largely, although not necessarily entirely, a result of
a difference in internal motion of the carbons to which each
CHj; group is attached. In [S-isoleucine]-angiotensin II the

isoleucine ¥ CHj3 and 8 CHj residues show a Ty ratio of
~1:2 with each other. This is quite similar to that observed
in Gly-Gly-Ile-Gly-Gly where the adjacent glycine residues
have no side chains which could cause steric interference
with the ¥ CH 3 group. Thus, it would appear that in [5-iso-
leucine]-angiotensin II the tyrosyl and histidyl side chains
do not interfere sterically with the ¥ CHj; group of isoleu-
cine and do not cause the ¥ CH; group to be out of the time
scale for fast internal motion. Nothing can be concluded
from the NT values of the 8 and v carbons in isoleucine as
these resonances overlapped with other carbon resonances.
The side chain of the histidine residue is less rigid than the
backbone. In the proline residue, the NT; value of the 3
carbon is greater than that of the « and § carbons as a con-
sequence of mobility of the 8 carbon with respect to the
plane formed by the « carbon, the § carbon, and the N
atom, This behavior is characteristic of a proline residue oc-
cupying a nonterminal position in a peptide (Deslauriers et
al., 1974c) and corresponds well with observations on Gly-
Gly-Pro-Gly-Gly (Keim et al., 1974).

From these 7 r.easurements we can conclude that all
segments of the backbone of [5-isoleucine]-angiotensin IT
are equally restricted in their motion. The rate of molecular
reorientation is similar to that observed for the cyclic por-
tions of the neurohypophyseal hormones implying that [5-
isoleucine]-angiotensin II exists in a time-averaged folded
conformation. The T values exclude large segments of in-
termolecularly hydrogen-bonded 3-pleated sheets but are
consistent with families of folded conformations. The folded
conformation of this hormone may favor interaction with
the hormone receptor by allowing greater access of residues
necessary for specific hormone activity.

The antagonist [5-isoleucine,8-leucine]-angiotensin II
shows NT, values for the peptide backbone which are
~10% greater than those of [5-isoleucine]-angiotensin II
(Figure 3). This increase in T values is within the error on
experimental values for each individual 7, however, the
overall increase may be significant and reflect a loosening
of the conformation of the backbone.

Further studies should involve analogs of angiotensin in
which the tyrosyl and phenylalanyl residues have been per-
muted in order to follow the mobility of these residues as a
function of position in the peptide. A study of [3-proline,3-
proline]-angiotensin IT which is not believed to show spatial
proximity of the N-terminal and C-terminal ends (Juliano
and Paiva, 1974) should also provide a test for the sensitivi-
ty of 71 measurements to overall molecular shape.
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