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Conformational space of a novel cyclic enkephalin analogue, cyclo(N° ,NE car
bonyl-D-Lys”,Lys"Jenkephalinamide, was exhaustively examined. A large number of
conformations was selected and clustered into families on the basis of their structure
and energy. For representative conformations ROESY specira were generated and
their linear combination was fitted to the spectra measured in water and MeySO-dy.
This procedure yvielded an ensemble of most populated conformations of the peptide
in the two solvents.

Based on the enkephalin sequence [Tyr-Gly- various opioid peptide analogues have been
Gly-Phe{Met) or (Leu)] as a starting point, prepared. Structural modifications are known
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to have great influence on peptide activity and
receptor specificity. While natural enkepha-
lins bind preferably to d-receptor and show
somewhat reduced affinity for u-receptor as
compared to morphine, modified peptides ex-
press different profiles of interaction with
these receptors. Information about a set of
conformations, in which the peptides would
be more likely to bind to a receptor is of eru-
cial importance for understanding of the re-
ceptor-ligand interaction and also would pro-
vide a rational basis for designing of new
opioid peptides. Since the number of routable
bonds in enkephalin and its linear analogue is
too large to permit a search of all confor
mational possibilities, it is necessary to apply
various strategies for selecting a limited num-
ber of conformations through incorporation
of various constraints. The most drastic re-
striction of the overall conformation has been
achieved through cyclization via side chain to
side chain or side chain to C-terminal back-
bone. When the conformationally restricted
analogue is active, the number of conforma-
tions, which should be taken into account, is
greatly reduced. Most of cyclic enkephalin an-
alogues examined so far have been prepared
either by disulphide bond formation between
apropriately situated half-cystine [1] and
penicillamine [2, 3] residues, or by amide
bond formation between the side-chain amino
group of an a,w-diamino-acid residue and the
C-terminal carboxyl group (4, 5] or with the
sidechain carboxyl group of a glutamic or as-
partic acid residue [6]. Recently, we described
a novel type of cyclic enkephalin analogue in
which the side-chain ring formation was
achieved via ureido group incorporating the
e-amino group of the sidechain containing
two lysine residues, eyclo(N®,N¢ -carbonyl-
DLysz,LysMEphaﬁnmide [7). The opioid
activity of the peptide in standard test based
on inhibition of electrically evoked contrac-
tions of the guinea pig ileum (GPI), mainly
mediated by g-receptors, was about 12 times
higher than enkephalin activity. However, in
the mouse vas deferens (MVD) test, where

predominant receptors are of the 8§ type, the
peptide was less active than enkephalin. MVD
to GPI activity ratio was 3.59 as compared to
0.046 for Leu-enkephalin. Conformational
analysis of this cyclic enkephalin analogue
containing a carbonyl bridge is necessary for
rational designing of new peptides with in-
creased activity by modification of this mole-
cule through incorporation of different basic
amino acids instead of lysine, as this would re-
sult in changes in the ring size.

MATERIALS AND METHODS

Sample preparation. The cyclic peptide
was synthesized by a combination of the solid-
phase technique and the classical method in
solution, and purified by gel filtration fol-
lowed by reverse phase HPLC as described by
Pawlak ef al. [7]. To obtain the aqueous solu-
tion for NMR measurements the peptide was
mixed with a small volume, about 10 uL, of
tetradeuteroacetic acid (min. 99%, Uwasol)
and then dissolved in a mixture of H0 (DDI)
and D0 (99.8% isotopic purity, Dr. Glaser AG
Basel) at 10/1 ratio. The final pH of the solu-
tion was 2.7. After measurements the sample
was lyophilized for more than 24 h to remove
traces of acetic acid, and dissolved in
MeyS0-dg (> 99.8% isotopic purity, Dr. Glaser
AG Basel, Switzerland). The peptide concen-
tration of 7.0 mM was applied throughout.

NMR measurements. NMR spectra were
measured at ambient temperature on a UNI-
TY500plus (Varian) spectrometer equipped
with a gradient generator unit Performa II,
WFG, Ultrashims, and high stability tempera-
ture unit using 5 mm IH{EUI 1"“’IﬁT] PFG triple
probe. All spectra were measured with water
signal presaturation pulse typically of 2 dB
and 1.5 s. 1D proton experiments were taken
at 2, 10, 20, 30, 40 and 50°C in water and at
20, 30, 40 and 50°C in Me;SO-dg. 16k points
were collected and spectral width of 6 kHz was
used. 2D experiments were performed using
proton spectral width of 4.5 kHz collecting 2k
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points. TOCSY [8-10] and ROESY [11, 12] ex-
periments were measured at 2, 20 and 35°C
for aqueous solution and at 20°C in MeySO-dg
with 256 increments. Mixing time of 0.2 s was
used in TOCSY for either solvent while 0.2
and 0.4 s for aqueous and 0.1, 0.2, 0.3, 0.4 s
for Mezﬂﬂ-d% solution in ROESY measure-
ments. The (*H/*®ClgHSQC [13-15] experi-
ment with gradients was performed in the
proton decoupled mode at 20°C, carbon spec-
tral width 25 k and 256 increments for either
solvent. The {H/ 15N)1gHSQC experiment
with gradients was performed in the proton
decoupled mode at 20°C with nitrogen spec-
tral width 2 kHz and 128 increments. The
PPJ-HMQC [16] experiment in the proton de-
coupled mode with nitrogen spectral width 1.5
kHz and 64 increments was performed in
aqueous solution at 20°C.

Spectra calibration. All proton spectra in
aqueous solution were calibrated against wa-
ter signal using the equation é,g(t) = 5.060-
0.0122 - t +(2.11 X 107%) - £ [17] where ¢ is
given in °C. External reference signals were
used for calibration of correlation spectra -
DSS [18] for carbon axis in {*H/*3C} spectra
and NHjy signal [18] for nitrogen axis in
{*H/'5N} spectra. In Me;SO-dg solution the
residual solvent signal was used as a reference
[19] in both, proton and carbon dimensions, uti-
lizing equations &, 5(7) = 2.6725 - 0.000795 -
T'+0.000000742 + T2, and 6,30(T) = 36.8269 +
0.008792 - T, where T was expressed in K.

Calculation method. In our study we ex-
plored the conformational space of eyclo-
(N° N°¢ :-carhanyl—D-LyaE,Lyas)enkephaﬁnamia
de using the method proposed by Liwo et al.
[20] that included the Electrostatically Driven
Monte Carlo, EDMC method [21, 22]. In our
calculations we have used the ECEPPAK pro-
gram that started with a conformation of ran-
dom geometry whose energy was minimized
with the ECEPP/3 force field [23] and surface
model SRFOPT [24]. In this model in addition
to a sum of electrostatic, non-bonding, hydro-
gen-bond and torsional energy terms, the total
conformational energy includes terms ac-

counting for loop closing and peptide sol-
vatation. The conformation with minimized
energy was subsequently perturbed by chang-
ing its torsional 3 and ¢ angles using the
Monte Carlo method [25]. Piela’s algorithm
[26], which was also applied at this stage,
greatly improves the acceptance coefficient.
In this algorithm 1y and ¢ angles are changed
in a manner which allows the corresponding
peptide group to find the most proper orienta-
tion in the electrostatic field of the rest of the
peptide chain. The energy of the new confor-
mation is minimized, compared to the previ-
ous one and can be accepted or discarded on
the basis of energy and/or geometry. If the
conformation is accepted the procedure is re-
peated. A temperature jump may be included
if the perturbation is not successful for an ar-
bitrarily chosen number of iterations. The full
pathway of conformation generation is
sketched in Scheme 1.

The ensemble of obtained conformations
was then clustered into families using the pro-
gram CLUST [28], which applies the mini-
mum-variance procedure for separation. This
procedure allows for substantial reduction of
the number of conformations and eliminates
repetitions. In our case a total of 13937 con-
formations were generated using 988 electro-
statically predicted perturbations and 12649
random perturbations; 3000 conformations
were accepted. They were clustered into 870
families using energy treshold of 20 keal/mol
and rmsd of 0.15 A as separation criteria. The
available version of the ECEPPAK program
contains solvent parameters for peptide-wa-
ter interactions only. Therefore families of
conformations generated with parameters ac-
counting for peptide-water interactions were
used in the subsequent comparison with the
experimental data obtained for peptide solu-
tion in water and in MeoSO-dg as well.

For estimation of population of particular
conformations, families of the NOESY spec-
tra were generated for representatives of each
family with the program MORASS [29, 30]. A
linear combination of the generated spectra
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Scheme 1. Pathway of generation of the enkephalin analogue studied conformations.

For details see text.

was fitted to the experimental spectrum using
the Marquardt method [31]. A separate term
with additional statistical weight was intro-
duced to account for couplings. In this way the
statistical weights for each of the confor-
mational families was found.

For either solvent and all conformations the
NOESY spectra were generated using correla-
tion time of 0.45 ns and mixing time of 0.2 s.
In fitting the generated spectra to the experi-
mental ones it was assumed that protons do
not yield any cross-peak at distances larger
than 6 A, and signals arising from geminal
protons were rejected. The statistical weight

for the coupling term was set to 0.01, and the
Marquardt convergence criterion value of
10~ was used.

RESULTS

Chemical shifts were assigned to protons on
the basis of 1D and 2D spectra. Due to the fast
exchange the tyrosine OH and NH; protons
could not be observed in water. Spectra mea-
sured in MesS0-dg show the signals of the NH
protons from the ureido bridge and the OH
signal of tyrosine. The dispersion of the sig-
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nals in the spectra measured in MepSO-dg is
much better than that in the spectra mea-
sured in the aqueous solution.

The analysis of TOCSY and ROESY spectra
confirmed the composition and sequence of
the novel enkephalin analogue. Full signal as-
signment was possible with the use of
heteronuclear {'H/13C}gHSQC correlation
spectra. It also appeared necessary to mea-
sure {IHIIEN}EHEQC spectra in order to
properly assign amide protons. All 37 and 48
signals in water and MeoS0-dg, respectively,
have been assigned. The ROESY spectrum
used for the structure calculation was mea-
sured using the 0.2 s mixing time. ROE signal

intensities were recalculated to NOE ones ac-
cording to the equation given by Croasmun &
Carlson [32]. The spectrum was analyzed us-
ing VNMR 5.1A (Varian) software. A total of
73 and 93 (in water and MesSO-dg, respec-
tively) well separated off-diagonal cross-peaks
were integrated and used in the structure cal-
culation. Among them 32 and 34, respectively,
were inter-residual peaks.

Vicinal couplings within the peptide in water
were measured using the PPJ-HMQC hetero-
nuclear technique because of strong overlap-
ping of signals. The measured chemical shifts
and couplings are given in Table 1.

Table 1. Chemical shifts and vicinal couplings measured for cyclo(N*,¥*'-carbonyl-D-Lys’,Lys")enkephalina-

mide at 20°C in H;O and in Me,S0-d;

Residue  Solvent NH[ppm] 9N Ha “pﬂv Other [ppm]
PP (H4 [ppml [gpm
' HO0 - -4l Do Ty 686(Hy);
Me,SO - - am 22V 698(Hyeh 6.66(Hyg); 9270H)
2 8.3 1.42; 0.93(H,; H,); 1.36(H,Hao);
plys”  H0 (-73:04 %7 48 4 3.03(H,); 3.09(H,,)
; 1.08(H,; Hyo); 1.26(Hyg; Hyo)i
Me,SO f-2 osoo 6% 42 f;"g' 8.06(H,,,); 2.82(H,o)
TR ! 5.66(Hy,); {-2.0 2 0.1)
3 8.3 3.99;
Gly H,0 (-64+02 =~ 874
8.3 3.4;  4.08;
MeSO 46101 69 338
Phe'  Hp B3 37 456 205 735(H,0); 7.26(H; g 7.29(H)
(-94:08 > : 3.02
8.4 8.04; 7.34(H, o) 7.20(H; 5); 7.1
BN Chauom M M g o 3,s% T.19(H)
1.85(H,,1); 1.26(H,0); 1.44(Hy);
8 63 L72; 1.36(Hyo); 3.05(H,; Heo);
Low Hy0 -79:04 0 416 15 6.910NH'g.opa); (6.0 £ 0.1%
6.59(NH"" ¢ .q); (ca. 2.4)
1.28(H,; Hyp); 1.32(Hs); Hagh
8.2 1.69; 2.94(H,; Heo; p
Me,S0 (-6.6 + 0.1] 8.8  4.20 1,60 5.48(Hy, ) [-1.6 + 0.1);

7.00NH' ¢ gpa); (-4.9 £ 0.1
7.21(NH"" ¢ gna); (6.0 £ 0.1)

Temperature coefficients [ppb/K] for exchangable protons are given in brace parenthesis.
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Table 2. The most populated ten conformations for cyclo(N°,N’ -carbonyl-D-Lys,Lys Jenkephalin-

amide in water and MesS0-dg.

¢ and 3 angles for L-residues are expressed using Zimmerman’s code [34]".

_lio, Relative population (%) T}‘TI GI:,rE Bt Pho? Lynﬁ
I 17.30 E G* A C
In 16.03 F G* B A
II1 10.68 G E* E F
v 9.73 F D D F
v 9.68 F E* E E
Vi 7.84 B D* A F
VII 5.33 G G C A
VIII 4.89 A* E* B A
IX 4.24 A A* G F
X 3.30 B G F E

Relative tion Me,S0-dg

s " Tyr! aly® Phe'  Lys'
B 16.28 E E* E E
II 15.01 B H* F F
I 13.50 D H B A
v 8.711 E D A A
AY) 7.19 F D A C
Vi 6.80 F D B A
VIl 6.33 F G* B F
VIII 6.18 G G* H G
X 5.11 F D A A
X 3.12 F E* E E

"A: p <-110, —40>, Y <80, —10>; B: p <= 180, ~110>, y <40, -20> & p <-110, 40>, y <10, 50>; C: p <-110, -40>,
W <50, 130>; D: g <-180, -110>, 3 <20, 110>; E: ¢ <-180, - 110>, 3 <110, 180>; F: ¢ <-110, -40>, y <130, 180>;

G: @ <180, -110>, y <-90, -40>; H: ¢ <-40, 0>, yr <180, 180> & ¢ <-1B0, -40>, ¢ <-140,-90>; A*: ¢ <40, 110>,

yr <10, 90>; D®: p <110, 180>, ¢ <-110, -20>; E*: ¢ <110, 180>, yr <-180, -110>; G*: ¢ <110, 180>, yr <40, 90>;

H*: @ <0, 40>, 3 <-180, 180> & ¢ <40, 180>, y <90, 140>,

Temperature dependence of amide proton
signals

Temperature coefficients of signals of amide
and ureido bridge protons are given in Ta-
ble 1. It is well known that a temperature coef-
ficient value higher than -3ppb/deg indicates
that the proton is involved in an intra-molecu-
lar hydrogen bond or that it is well separated
from interaction with the solvent [33]. The
temperature coefficients measured for the ex-
changeable protons in the peptide are below
this value; however, coefficient values for the
amide protons of I)-L;r:;2 and Gly3 are very

close to it (as one can see from the data in Ta-
ble 1). This could be due to the presence of
some populations of conformations with hy-
drogen bonds.

Results of calculations

The applied calculation procedure yielded
for each solvent 10 conformations with rela-
tive population higher than 3% (Table 2). They
sum up to 88% and 89% for water and
MeoS0-dg, respectively.

The ¢ and 1 angles for the L-residues in the
most populated conformations are given in
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11730 % I116.28 %

II 16.03 % ; :

IIT 10.68 %

II 15.01 %

III 13.50 %

Figure 1. Three the
most populated con-
formations of cyclo
(N°,N* -carbonyl-D-

Lynz, L:.I'llE }enke-
phalinamide in wa-
ter and Meo,S0-dg.

Table 2 expressed in the Zimmerman code
[34]. Conformations III and V in water and I
and X in MeySO-dg have E*E codes, IV, V and
IX in MeySO-dg have DA codes for Gly and
Phe residues. In addition conformations Il in
water and VII in MegSO-dg have G*B codes.
The three most populated conformations
found in the two solvents are shown in Fig. 1.

DISCUSSION

It was found that the presence of both Phe
and Tyr residues in enkephalin analogues is
vital for its activity [35]. Therefore, it may be
assumed that the conformation of these two
residues as well as the distance between their
aromatic rings is of great importance for the
peptide activity. In a cyclic peptide containing
the ureido bridge these may be regulated by

the size of the main ring. Inspection of the
data in Table 2 reveals a large diversity of con-
formations of the peptide chain situated be-
tween Phe and Tyr residues. Different sets of
conformations were observed in the two sol-
vents revealing the influence of the solvent
type on the conformation equilibrium, how-
ever the nature of this influence is not clear
yet. Our results confirm that the peptide is
rather flexible in both solvents. The large
conformational freedom of the peptide is
clearly reflected by its relatively low selectiv-
ity towards J and u receptors. Therefore, we
have decided to construct peptides with a
smaller main ring i.e, with shorter side chains
of the amino-acid residues in positions 2 and
5. This work is under way. Our studies con-
firm that the EDMC calculations combined
with NMR data provide a useful tool for
conformational studies of cyclic peptides.
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They allow to search effectively the confor-
mational space and describe more adequately
the flexibility of a peptide.
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