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Stabilization of B-turn conformations in enkephalins

a-Aminoisobutyric acid analogs
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Stereochemical constraints have been introduced into the enkephalin backbone
by substituting a-aminoisobutyryl (Aib) residues at positions 2 and 3, instead of
Gly,.'H n.m.r. studies of Tyr- Aib-Gly - Phe-Met-NH,, Tyr- Aib-Aib-Phe-Met-
NH, and Tyr-Gly-Aib-Phe-Met-NH, demonstrate the occurrence of folded, intra-
molecularly hydrogen bonded structures in organic solvents. Similar confor-
mations are also favoured in the corresponding t-butyloxycarbonyl protected
tetrapeptides, which lack the Tyr residue. A §-turn centred at positions 2 and 3
is proposed for the Aib’-Gly® analog. In the Gly’-Aib® analog, the B-turn has
Aib®-Phe® as the corner residues, The Aib%-Aib® analog adopts a consecutive
B-turn or 3,4 helical conformation. High in vive biological activity is observed
for the Aib? and Aib’-Aib® analogs, while the Aib® peptide is significantly less
active.

Key words: a-aminoiscbutyryl peptides; enkephalin analogs; conformaticnal constraints;

peptide conformation; g-turns.

Enkephalins (Tyr-Gly - Gly - Phe - Met/Leu) are
endogenous brain peptides with morphine like
activity (1). Considerable effort has been
directed towards establishing the structural
and conformational requirements for pharma-
cological activity. Numerous studies hiave been
undertaken, both experimental (2 9) and
theoretical (10 -12), to elucidate the nature of
the receptor bound conformations. While there
is a consensus that enkephalins are compact
and folded at the receptor sile, considerable
disagreement exists on the specific nature of
the proposed structure. Theoretical studies
have provided some support for Gly?-Gly?
-turn structures (10)(Fig. 1a). A Type I
Gly2-Gly? B-turn has been observed for Leu
enkephalin in the solid state (9). Spectroscopic

studies, in solution, have also been interpreted
in terms of a Gly*-Phe? -turn (2-7)(Fig. 1b).
Some investigators have also suggested that
enkephalin structures are highly flexible, in
solution, with no particular conformational
preference (8). The Gly-Gly segment contributes
considerably to this backbone flexibility.
Studies of active stereochemically constrained
enkephalin analogs may be of vilue in devel-
oping structure-activity correlations. In the
present work. a-aminoisobutyryl (Aib) residues
are introduced instead of Gly? and Gly?,
individually and simultaneously, in an attempt
to narrow down the range of backbone confor-
mations recognized by opiate receptors. The
choice ol Aib residues was dictated by their
ability to restrict peptide backbone freedom
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(13—15), with the concomitant stabilization of
B-turn structures (13, 16). Further, peptide
bonds involving Aib residues should be less
susceptible to enzymatic cleavage, resulting
in analogs with long lasting in vivo activily
AT

MATERIALS AND METHODS

All peptides were synthesized by standard solu-
tion phase procedures, using dicyclohexylcar
bodiimide (DCC) or DCC-1-hydroxybenzo-
triazole mediated couplings in CH,Cl, or
dimethylformamide (18). Boc groups and
methyl esters were used for amino and car-
boxyl protection, respectively. Removal was
effected with HCl/tetrahydrofuran for Boc
groups and saponification in 2N NaOH-CH; OH
for the esters. Analogs with Aib residues were
prepared by 2 + 3 condensation, while Gly-Gly
analogs were prepared by 1+ 4 coupling.
Peptides were checked for homogeneity by t.l.c.
on silica gel using 9:1 CHCl;-CH;OH or 4:1:1
n-butanol-acetic acid-water systems. Peptide
structures were also characterized by 270 MHz
'H and 67.89MHz '*C n.m.r. spectra. The
amino acid compositions determined for the
analogs aire presented in Table 1.

Spectroscopic measurements

All n.m.r. spectra were recorded on a Bruker
WI1-270 FT-NMR spectrometer at the Bangalore
NMR Facility. The deuterium resonance ol the
solvent served as the internal field frequency
lock. All chemical shifts are expressed as &
(p.p.m.) downfield from internal TMS. Assign-
ment of resonances was done using spin de-

coupling and solvent and temperature variation
studies. Peptide concentrations were ~ 10 mg/ml.

I.r. spectra were recorded on a Perkin Elmer
580 spectrometer, in CHCl; solution, using a
pathlength of 2mm. Peptide concentrations
were ~ 1.5-2mM.

In vivo hiological activity

The enkephalin analogs were tested as described
earlier, by monitoring behavioral effects in mice
following intracerebral administration of the
peptides (19).

RESULTS AND DISCUSSION

Assignment of NH resonances

In all the peptides studied, NH resonances of
Phe and Met were unambiguously identified by
spin decoupling experiments, which established
the connections between C°H,, C*H and NH
protons. The assignment of the Phe C‘.‘SH2
(~3.056) and Met CPH, (~ 1.98) protons is un-
ambiguous. The lone triplet is readily assigned
to Gly NH., The Aib NH singlets were dis-
tinguished from the C-terminal carboxamide
singlets, on the basis of broadening of the latter
at elevated temperatures. An unequivocal assign-
ment of the two doublets to Phe and Met NH
groups could not be made for the peptide Tyr-
Aib-Aib-Phe-Met-NH, on the basis of de-
coupling experiments as their C*H resonances
overlap at 4.258. However, as discussed later,
ambiguity in assignments does not negate the
conformational conclusions. The chemical
shifts of NH resonances in enkephalin analogs
and protected tetrapeptides are summarized in
Tables 2 and 3, respectively.

TABLE |
Amino acid anal ysis® of enkephalin analogs

Peptide “Tyr Gly Phe Met/Leu
Tyr-Gly-Gly-Phe-Met-NH, 1.0 1.88 1:33 1.13
Tyr-Gly-Gly-Phe-Leu-NH, 1.02 1.84 1.0 1.08
Tyr-Aib-Gly-Phe-Met-NH, .98 1.15 1.0 1.08
Tyr-Gly-Aib-Phe-Mei-NH, 0.92 1.08 1.14 1.0
Tyr-Aib-Aib-Phe-Met-NH, 0.94 - 1.0 0.82

a, . .5 5 v
Aib was not analysed because ol its low ninhydrin colour value,
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TABLE 2
'Hn.m.r. parameters of NH resonances in (CD,),80 for enkephelin analogs
NH() a iz 5
Jancay (Hz) ds/dT x 10° (p.p.m./°C)
Peptide Gly?[Aib? Gly*/Aib? Phe Met/Leu Phe Met/Leu Gly* [Aib* Gly?/Aib® Phe Met/Leu

Tyr-Gly-Gly-Phe-Met-NH b 8.23 8.05 8.10 7.96 5.6 8.7 5.55 3.70 3.70 4.63

(8.24) (8.13) (8.15) (8.05) (7.7) (8.3) (3.9) (4.6) {4.9) (5.6)
Tyr-Gly-Gly-Phe-Leu-NH, 8.20 8.05 8.10 7.90 6.6 8.8 ¢ 3.70 4.63
Tvr-Aib-Gly-Phe-Met-NH, 7.5 8.21 7.93 7.98 8.1 8.5 6.48 5.55 2.77 4.63
Tyr-Gly-Aib-Phe-Met-NH, B.50 8.43 7.86 7.63 9.0 9.0 6.48 6.48 4.63 1.85
Tvr-Aib-Aib-Phe-Met-NH, d 8.28 7.78 7.81 8.1 7.7 - 6.48 1.85 1.85
a) Errors in J values are ~ + 0.4 Hz.
b) Values in parentheses are from Ref. 20.
c) Resonances broaden and become indistinet above 40°,
d) Obscured by overlap with aromatic resonances.

TABLE 3
YH onom.r. parameters for NH resonances in protecred retrapeptides
NHia)
Peptide Jancoy (Hz) dé/dT x 10° (p.p.m./”C)

(Solvent) Gly'/Aib’ Glv? [Aib? Phe Met Phe Met Glv'/Aib! Gly?[Aib? Phe Met
Boc-Gly-Gly-Phe-Met-OMe ((CD,),S0) 6.98 7.95 8.10 8.42 Q.7 1.5 6.48 3.70 5.55 5.55
Boe-Gly-Gly-Phe-Met-NH, ((CD,),50) 6.99 8.01 8.15 8.08 7.8 5 5.55 417 4.63 5.10
Boc-Aib-Gly-Phe-Met-NH, (CDCl,) 540 7.48 7.60 7.53 4.5 9.0 - - -

((CD,),80) 7.11 8.11 7.94 7.85 6.8 6.8 5.55 6.08 200 3.70
Boc-Gly-Aib-Phe-Met-NH, ((CD,),50) 7.08 8.33 7.78 7.81 6.8 6.8 7.40 7.40 1.85 12,32
Boc-Aib-Aib-Phe-Met-NH, (CDCl,) 5.20 6.76 7.48 7.84 7.4 8.1 - . - -

((CD;),S0) 7.38 8.32 7.74 7.91 7.0 8.5 5.55 6.94 2.31 1.85

SUTEYAayua ur SUONEULO IO i) -



T.S. Sudha and P. Balaram

Delineation of intramolecular hvdrogen bonds

Enkephalin analogs. The temperature depen-
dence of NH chemical shifts was determined in
(CD3),S0 and  the temperature coefficients
(d&/dT) are summarized in Table 2. The high
d&/dT values (> 3.5x 107
for Phe and Met/Leu NH groups in Tyr-Gly-
Gly-Phe-Met/Leu-NI, indicate that they are
exposed to the solvent. These results are in
agreement with values reported for the cationic
form of Met-enkephalin (7, 20) and Met-
enkephalinamide (20).
The low d&/dT values observed for Phe NH
1 Tyr-Aib-Gly-Phe-Met-NI1, indicate that it is
involved in an intramolecular hydrogen bond.
The tendency of Aib residues to initiate the for-
mation ol g-turns, incorporating 4 > 1 hydrogen
bonds in organic solvents, is well established
(13, 16). FFor Tyr-Aib-Gly-Phe-Met-NH,, a (-
turn conformation with Aib? and Gly? residues
and a 4 — 1 hydrogen bond between Phe NH
and Tyr CO groups (Fig. 1a) is compatible with
the n.m.r. results and also with the known
stereochemical preferences ol Aib residues. Aib
residues are stereochemically restricted to con-

formations in the region ¢~ + 60 + 20° and
Y ~+30+20° (13). Hence the proposed
B-turn conformation must be either Type Il

(II1"y or Type 1 (I'){21). The enantiomeric
B-turns are considered since hoth corner resi-
dues are achiral. The difference between the
Type 1 (I') and Type HI (111') conformations
is only a small change in the ¢, ¢ values ol the

i+2 (Gly®) residue (Type | ¢;,, ~ —90°
Yiea ~ 0% Type HI ¢5,,~—60°, Pi,, ~
—30%).

In Tyr-Gly-Aib-Phe-Met-NH,, the Phe NH

V—j

Hy U.Ab . ' o
N—n i
= - /( £ NH
ST~ E
G A "~
% CONH; @

oL,

(a)
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has a high d&/dT value, whereas Met NH
yielded a very low d&/dT value, clearly indi-
cating the involvement of Met NH in an intra-
molecular hydrogen bond. The n.m.r. data thus
favors a conformation with an Aib*-Phe* B-turn
(Fig. 1b), stabilized by a 4 - | hydrogen bond
between the Gly CO and Met NH groups. The
presence ol L-Phe at position i + 2 in the g-turn
would favor a Type 11 or Type I structure,

In Tyr-Aib-Aib-Phe-Met-NH, both Phe and
Met NH groups show very low d&/dT values
in contrast to the lone observed Aib NH group,
which has a high d&/dT value. While i this
peptide, unambiguous assignment of the Phe
and Met NI groups could not be made because
of overlap of C%H resonances, their identical
temperature dependences permit definitive con-
formational interpretations. The involvement of
Phe and Met N groups in intramolecular
hydrogen bonds is inferred from the n.m.r,
results, A consecutive f-turn conformation,
comprised of two successive Type 11 or Type
1I-Type I turns (Fig. 2) is compatible with the
nan.r. data. The proposed structure is consistent
with the tendency of Aib-X sequences to form
Type I (1) B-turns.

Protected tetrapeptides

The enkephalin analogs described above have
only very limited solubility in apolar organic
solvents, like chloroform. Hence conformational
studies were restricted to polar, non-aqueous
systems like (CD3),S0O. In order to substantiate
the conclusions derived Irom n.m.r. studies on
the enkephalin analogs. the corresponding Boc
protected tetrapeptide amides were examined.
Since in the‘ B-turn conformations discussed

a“w‘h""-/ \_Ilj

FIGURE 1

g-turn conformations con-
sidered for enkephalins (a)
p-turn with residues 2 and

3 at the corners (b) g-turn
with residues 3 and 4 3t

Cow, v

(b) the corners.
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FIGURE 2

Proposed incipient 3, helical conformation for Tyr-
Aib-Aib-Phe-Met-NH, . Conscecutive g-turns with Aib*-
Aib? and Aib’-Phe? as the corner residues are stabil-
ized by intramolecular 4 -+ 1 hydrogen bonds,

above, only the CO group of Tyr' is essential,
the protected tetrapeptides may be considered
as formally analogous to the enkephalin analogs,
insofar as backbone folding is considered. The
higher solubility of the Boc peptides permits
the use of i.r. studies in CHCLy (22) and nonr,
solvent titration experiments {23) to detect
hydrogen bonded structures,

The d&/dT values For the NH groups in the
various tetrapeptides are summarized in Table 3.
In Boc-Gly-Gly-Phe-Met-NH, all 1he NH groups
appear solvent exposed (>4 x 1072 p.p.m./C).
whereas in Boc-Aib-Gly-Phe-Met-NH, Phe NH
is shielded from the solvent. In Boc-Gly-Aib-
Phe-Met-NH, and Boc-Aib-Aib-Phe-Met-Nl,

B-turn conformations in enkephalins

both Phe and Met NH groups yield low d&/dT
values. characteristic ol intramolecularly hydro-
gen bonded NI groups. For Boc-Aib-Gly-Phe-
Met-NH, a Aib-Gly -turn, with a 4 = | hydro-
gen bond between Boc CO and Phe NH is
consistent with the data. However, the relative
insensitivity ol the Met NH chemical shilt 1o
solvent composition (Fig. 3) and its mudemle
(I(‘i}’dl value in (CD;),SO(3.7x 107 p.p.m./
(J suggests that further folding of the back-
bone as a Gly-Phe -turn may occur. This feature
is probably weakened in a polar solvent like
(CD;),S0 (24).

In Boc-Aib-Aib-Phe-Met-NH,  the n.m.r.
data is consistent with an incipient 3,4 helical

structure  having  two  intramolecular 4 - |
hydrogen bonds (Boc CO-—=—=HN Phe and
Aib' CO-—-HN Met). The proposed con-

formation is compatible with the low d&/dT
values and insensitivity of Phe and Met NH
chemical shifts to solvent composition in a
CDCLA(CD;),S0 system (Fig. 3). The n.n.r,
data for Boc-Gly-Aib-Phe-Met-NH, , support a
similar consecutive f-turn structure. In all of
the above three protected tetrapeptides clear
evidence for the occurrence of intramolecular
hydrogen bonded structures is obtained from
i.r. studies in dilute CHCly solution, where
vy bands are observed at ~3320em™!' (Fig.
4). By contrast, in Boc-Gly-Gly-Phe-Met-OMe
only the vy (free) band observed at
3430em™" .

In the present study the effect of peptide
aggregation on the conformation and con-
sequently the n.m.r. parameters has not been
explicitly considered. This is reasonable since
earlier studies from this laboratory on Aib
containing oligopeptides (25--28) suggest that

is

“i Boc- Alb-Gly-Phe - Met - Nitg . i O ot it -Adb=Pre=Met NH; ‘I
Bly 4 |
o . | . —— 1 S
B0 log—0—O0—— 00— - 80 A =—F 7‘4;\)— —————————0 Mel
L o—t— = 7.r_..._. . e OPhe
B o~ o —————9ib(1)
e T OB ”1 SN o FIGURI: 3
a 0 & "
> s |/ | Solvent dependence of NH
e N } ;/ | chemical shifts for the pep-
! tides Boc - Aib - Gly - Phe -
50 =0} | Met - NH, and Boc - Aib -
i l | Aib - Phe - Met - NH, in
LI R - S c S ~ i
“% T — B0 00 “0% P a0 %0 80 oo CDCIL,-(CD,),SO mixtures

Volume *h (CDy); 50

Volume *f (CD4)y 50

of varying composition.
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Fun Yoo

la} Boc-Gly=Gly-Phe - Met-0Me (1-96mM }
(b} Boc - Gly-Aib-Phe-Met -NHz (1-86mM )
i) Boc-Aib-Gly- Phe=-Met-NHy (1-B6mM)
(d)  Boc- Aib- Aib-Phe-Met -NHy (1.77TmM)

| | i | EPERPNE A PR Wi | R S
3500 3400 3300 3700 l1:"E‘C- 1700 1650 1600

om

FIGURL 4
Lr. spectra of Boe protected tetrapeptides in CHCL,
solution,

aggregation is insignilicant in (CD3),S0 at the
concentrations used. A similar conclusion has
been reached tor the Aib analogs of bradykinin
{29). Association of peptides is important in
chloroform at the concentrations employed
in n.nr. studies (30). However, for the con-
formationally constrained Aib peptides aggre-
gation appears to occur without significant
disruption of folded structures (25-28). In
the present study solvent titration experi-
ments in CDCL-(CD;),SO mixtures have been
used as a diagnostic Tor shielded NI groups,
The agreement between these results and the
temperature dependence studies in (CD3),SO
suggests that association, if any, in CDCly does
not vitiate the conclusions. The excellent
agreement obtained between ir.. nar. and
Xray dilTraction studies ol Aib peptides (13)
lends turther support to the conformational
conclusions drawn above. Finally, in the case
ol Boc-Aib-Aib-Phe-Met-NI1, . a single crystal
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Xeray diffraction study has indeed confirmed
that the proposed consecutive -turn structure
does occur in the solid state (31).

The studies summarized ahove on the pro-
tected tetrapeptiges establish that Boc-Aib-Gly-
Phe -Met-NH; and Boc-Aib-Aib-Phe-Met-NIH, |
Favour conformations similar to those suggested
for the corresponding enkephalin analogs. In
the case of Boc-Gly-Aib-Phe-Met-NH, an
additional Gly-Aib f-turn appears to be stabil-
ized. as compared to Tyr-Gly-Aib-Phe-Met-NFH, |,
in which only the Aib-Phe f-turn is supported
by the data. The veasons for this difference
remain obscure. The present results suggest
that replacement ol Gly residues in enkephalins
and related peptides by Aib residues results in
the generation of folded backbone confor-
mations. An earlier report has provided evi-
dence for the role of Aib residues in imparting
stereochemical  rigidity in  enkephalins, as
monitored by circular dichroism (32).

Correlation with biological activity

The in vivo activity of the enkephalin analogs
reported in Table 4 indicates that Tyr-Aib-Gly-
Phe -Met-NH, and Tyr-Aib-Aib-Phe-Met-NH,
exhibit considerably higher activity than Met-
enkephalin-amide or the Gly2-Aib* analog. The
high activity  of Tyr-Aib-Gly-Phe-Met-NH,
suggests that the receptor bound conformations
are likely to incorporate cither a Type HI (1)
or Type 11" (I') B-turn, centred at residues 2
and 3. In view of the stabilization of B-turns
by Aib residues, it is unlikely that this structural
feature will be broken on receptor binding. The
high biological activity observed for D-Ala?
enkephalin anmalogs (33, 34) and the positive
¢. ¢ values determined for the Gly residue
in the crystal structure of Leu-enkephalin (9),
lead us to speculate that the “active confor-
mation™ ol Tyr-Aib-Gly-Phe-Met-NH, possesses
an Aib2-Gly® Type 11" (1) g-turn. Thus, the
results of the present study suggest that con-
formations with a g-turn at positions 2 and 3
permit the appropriate orientation of the Tyr!
and Phe® residues at the receptor site (35),
The long lasting i vivo biological activity of
the Aib? analog may also partly reflect the
resistance of this peptide to enzymatic degra-
dation. However, activity may not be expressed




B

B-turn conformations in enkephalins

TABLL 4

Peptide

Dose {ug)

- . . P a . 3 - &
In vivo hiological activity™ and hackbone conformation of enkephalin analogs

Mean recovery

time (min) g-turn position

Control (1 :4 alcohol-water)

Tyr-Gly-Gly-Phe-Met-NI1, 100
Tyr-Gly-Gly-Phe-Leu-NH, 100
Tyr-Aib-Gly-Phe-Met-NI, 50
Tyr-Aib-Aib-Phe-Met-NH, 50

Tyr-Gly-Aib-Phe-Met-NIH, 1010

5¢1
51+ 20
38+ 12
128 + 26 Aib*-Gly’
154 + 32 Aib?-Aib?
Aib*-Phe”
284 6

Aib'-Phe?

a) I vive biological activity was determined using a behavioural assay in mice as deseribed in Ret. 19, Recovery

times are averaged over groups of 15
number ol mice used.

unless the Aib?-Gly? B-turn is a structural
feature capable of recognition by the receptor.

Of the three Aib analogs, Tyr-Gly-Aib-Phe-
Met-NH, exhibits the lowest in vivo activity.
This suggests that the Aib*-Phe* f-turn results
in a conformation which does not permit
optimal interactions at the receptor. Further,
in vivo degradation by cleavage of the Tyr'-
Gly? bond may diminish activity (36).

Tyr-Aib-Aib-Phe-Met-NH, , which adopts a
consecutive f-turn  structure, exhibits the
highest in vivo activity. The presence ol two
Aib residues in this analog considerably reduces
backbone conformational flexibility, suggesting
that receptor interactions are probably me-
diated through the observed solution con-
formation. The “active conformation™ in this
case is presumably an incipient 3, helical
structure (Fig. 2). It is intriguing that a helical
structure was proposed for enkephalins several
years ago by Goldstein and coworkers (37) but
has not found favour in the literature,

In the present study, the introduction of
stereochemical constraints has been used as a
filter for narrowing the range or backbone
conformations. which may result in biological
activity. While the highly active analogs possess
B-turns centred at positions 2 and 3. this
conformational feature may not be an essential
requirement for receptor binding. For example
exceptional activity has been observed with

N-methyl  Phe*  analogs,  where  the Ty
CO-~—1IN Phe’ hydrogen bond is absent

(38, 39). Double bond isosteres, where the

20 mice. The reported values differ slightly f'rom Ref. 19 due to the larger

Tyr'-Gly? peptide bond is replaced by an
olefinic linkage, are also active (40), as are
cvelic analogs  with  limited conformational
possibilities (41). However, in these cases also,
folded geometries closely resembling the (-
turn structures may be generated. The oceur-
rence of multiple receptor sites in vivo and the
problems of side-chain flexibility provide further
hurdles to be overcome belore more definitive
conformation-function correlations can be
drawn.
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