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1
Abstract: The conformation of biologically activeofPer?,p-Pertlenkephalin (DPDPE) has been studied by
liquid-crystal NMR spectroscopy employing magic-angle spinning (MAS) two-dimensional methodology and
by computer-assisted multiconformational analysis. The NMR structural parameters of DPDPE were obtained
in a CsPFO (cesium perfluorooctanoate) liquid-crystal. The NMR structural information was acquired in the
anisotropic environment based upon the vicinal coupling constaid{ldNC,H) and the'H—!H ROE factors
obtained under the MAS condition. These data were submitted to multiconformational analysis based on the
ECEPP/2 potential energy function and the Metropolis Monte Carlo simulation. As a result of the energy
calculation, four conformers are obtained for DPDPE which are considered to exist in the anisotropic
environment. The major contribution is determined among these probable conformers in the liquid-crystal
medium. Moreover, it is suggested from the NMR multiconformational analysis that-Fe? residue, the
C-terminal “address” segment, is responsible for the conformation of the “message” segment (N-terminal
tetrapeptide sequence). The conformational flexibility is discussed for the spatial arrangement of el Tyr
Phe aromatic rings in the message segment of the bioactive conformation in relation to the activity of DPDPE.

Introduction mational diversity of the molecule in the crystal state as well
as in solution. In an attempt to confirm the bioactive conforma-

The endogenous peptide enkephalin is composed of I‘eu'tion of enkephalin, the solution conformation was investigated

enkephalin (Tyk-Gly?-Gly3-Phe-Lel?) and Met-enkephalin —
(Tyr™-Gly>Gly*-Phée-Met®)! and possesses biological activities for the cyclic analogue oft}-Per?,0-Perf|enkephalin, DPDPE
similar to those of morphine. But, the receptor subtype (Tyrl-p-Per-Gly3-Phé-p-Perd), which is one of the most potent
selectivity is different between enkephalin and morphine: the ando-receptor-selective analogu¥s!Since DPDPE possesses
former prefers thed-receptor, while the later binds to the a 14-membered structure with a highly constrained conforma-
u-receptor preferentially.To date, many studies have been tion, a limited number of conformations are allowed and NMR
performed to reveal the structuractivity relationships of  studies have succeeded to a certain extent in determining its
enkephalins. On the basis of these studies, it has been suggestesblution conformation. Topochemical approaches have also
that the structure of enkephalin can be divided into two progressed in recent yedfsFrom the results, it has been
segments, the “message” segment (N-terminal tetrapeptidededuced that the relative proximity and the topographical
sequence) and the remaining C-terminal “address” segfnent. relationship between the two pharmacophore residues in e Tyr
The N-terminal message segment is required for the recognitionand Phé are crucial for the receptor binding affinity.

of the opioid receptor. The message segment is composed of On the other hand, it has been proposed that the specific
the spacer residue (Gi5ly®) and two pharmacophore residues,  interaction of opioid peptides with lipid bilayer membranes plays
Tyr* and Phé, in which the amine and phenolic groups of Tyr  an important role in the receptor selectivifyis According to

and the aromatic ring of Phare included. The C-terminal
address segment is considered to stabilize a specific “bioactive  (6) Griffin, J. F.; Langs, D. A.; Smith, G. D.; Blundell, T. L.; Tickle, I.

P : : : J.; Bedarkar, SProc. Natl. Acad. Sci. U.S.A.986 83, 3272-3276.
conformation” among various conformations accessible to the (7) Picone, D.: D'ursi, A Motta, A Tancredi. T.. Temussi, &.

N-terminal message segment. Biochem.199Q 192 433-439.
The conformational features that determine the receptor (8) Higashijima, T.; Kobayashi, J.; Nagai, U.; Miyazawa, Hur. J.

Wi ; i ; ; Biochem 1979 97, 43-57.
seleptmty of enkephahnﬁhave been |nvgst|798ated widely on the (9) Meirovitch. H.- Meirovitch, E.: Michel, A. G.: Vaquez, M.J. Phys.
basis of the X-ray cryst&l®the NMR solution’ and computer- Chem 1994 98, 62416243,
simulated structures. Those studies have revealed a confor-  (10) Hruby, V. J.; Kao, L.-F.; Pettitt, B. M.; Karplus, M. Am. Chem.
S0c.1988 110, 3351-3359.

(1) Hughes, J.; Smith, T. W.; Kosterlitz, H. W.; Fothergill, L. A.; Morgan, (11) Mosberg, H. I.; Sobczyk-Kojiro, K.; Subramaman, P.; Crippen, G.
B. A.; Morris, H. R.Nature 1975 258 577-579. M.; Ramalingam, K.; Woodward, R. W. Am. Chem. So0&99Q 112, 822—
(2) Lord, J. A. H.; Waterfield, A. A.; Hughes J.; Kosterlitz, H. Wature 829.
1977, 267, 495-499. (12) Toth, G.; Russel, K. C.; Landis, G.; Kramer, T. H.; Fang, L.; Knapp,
(3) Schwyzer, RAnn. N. Y. Acad. Scil977, 297, 3—26. R.; Davis, P.; Burks, T. F.; Yamamura, H. |.; Hruby, V.JJ.Med. Chem
(4) Yamazaki, T.; Ro, S.; Goodman, M.; Chung, N. N.; Schiller, P. W. 1992 35, 2384-2391.
J. Med. Chem1993 36, 708-719. (13) Gysin, B.; Schwyzer, RArch. Biochem. Biophy4.983 225, 467—
(5) Naito, A.; Kamihira, M.; Tuzi, S.; Saito, Hl. Phys. Chem1995, 474,
99, 12041-12046. (14) Schwyzer, RBiochemistry1986 25, 6335-6342.
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this idea, it is the membrane-associated conformation that is conformational diversity and structuractivity relationships of
essential for the molecular recognition of opioid receptor and the opioid peptide treated here.

is related to biological activities. Recent developments in NMR  In the present study, we have extended our NMR studies that
spectroscopy have made it possible to study molecular confor-combine MAS liquid-crystal NMR spectroscopy and the com-
mations in micelles or unilamellar vesicles which can be adopted puter-assisted multiconformational analysis. We have deter-
as a model system for biological membranes. By using this mined and discussed the conformational diversity of cyclic
methodology, the membrane-associated conformations of DP-enkephalin analogue DPDPE in the CsPFO liquid-crystal in
DPE have been studied by Matsunaga et al. using vesiclesrelation to the bioactive conformation of the message and

composed of perdeuterated phosphatidylchdifnend the

address segments.

authors have proposed a membrane-associated conformation Oéxperimental Section

DPDPE as well as a mode of interaction of DPDPE with the
membrane medium. Our present work intends to further

Preparation of the NMR Sample. DPDPE was purchased from
Sigma Chemical Co. and used without further purification. The liquid-

promote the investigation of the membrane-associated naturecrystal component, cesium perfluorooctanoate (CsPFO), was prepared

of DPDPE and the elucidation of the bioactive conformation
of this molecule.

For the purpose of our study, magic-angle-spinning (MAS)
liquid-crystal NMR spectroscopy is suited, which has been

as described previousk . The liquid-crystal solution was dissolved to

40 wt % in water (80 wt % kD/20 wt % DO). DPDPE was added

to 1.4 wt %. The nematic phase of the sample aligned spontaneously
to orient its normal axis parallel to the external magnetic field, and it

developed by the authors as a new version of NMR spectroscopyWwas confirmed at 23C by measuring théH NMR spectra. TheéH

using a liquid-crystal as the medium of the model membtarse.

The MAS liquid-crystal NMR spectroscopy can yield preferred
conformations even for complicated molecules and is very well
suited for studies of molecules of biological interest. The new

NMR spectra were recorded on a Varian VXR-200 NMR spectrometer
at a frequency of 30.7 MHz.

NMR Measurements. The MAS NMR spectra of the nematic
sample were measured on a Varian VXR-200 spectrometer using a solid
CP/MAS probe. The sample temperature was maintained &€ 2%y

method is rather comprehensive and is based on measuremenioniroliing the temperature of air flow. Prior to each 2D experiments,

of the nuclear Overhauser effect NOE in the rotating frame
(ROE) by means of 2D techniques for the liquid-crystal sample
under the MAS condition, the data being analyzed by the

the spinning axis was carefully referenced to the exact magic angle by
monitoring a?H signal from deuterium oxide in the liquid-crystal
sample.

pseudoenergy method. The method has been applied to Leu-, The phase-sensitive proton ROESY/MAS spectra of DPDPE were

Met-, and p-Ala?]Met-enkephalins which are biologically active
and [L-Ala?]Met-enkephalin which is an inactive. The results

showed that there is a characteristic difference in the orientation

of Tyr! and Phéresidues between the active and inactive Met-
enkephalin analogué8giving a clue to the receptor recognition
of the enkephalin.

Although the method described is a sophisticated one, it is
still possible that the conformation of enkephalin determined

recorded on a Varian VXR-200 spectrometer at the frequency of 200.0
MHz using a solid CP/MAS probe in which a sample was spun with
a rate of 2.3 kHz. The strength of the spin-lock field was 2.0 kHz on
a Varian VXR-200 spectrometer. These spectra were measured at 25
°C. Data sets witlir; andF, axes were taken at 256 and 2048 points,
respectively. Zero filling was applied to 2K in the dimension, and
Fourier transformation was performed with 2K points for both
dimensions. The data were multiplied by a shifted sine-bell window
function in theF; dimension and by an unshifted Gaussian window

above is an average over an ensemble of diverse conformationsfunction in theF, dimension.

This situation may be said to be common to structural analysis
based on conventional NMR spectroscopy in solution. There-
fore, it is necessary to further analyze the conformational
diversity of molecules in the liquid-crystal to obtain the
information about the structureactivity relationships. After

recent advancement in computer-assisted techniques of confors,

Chemical shifts were referenced to the water signal at 4.6 ppm, and
then it was suppressed by a presaturation pulse. The proton resonances
were assigned by COSY/MAS and ROESY/MAS experiments taking
into account the assignments reported in the literature previétiSly.

Energy Calculations. All energy calculations for DPDPE were
performed using the ECEPP/2 potential f&8d” with a solvation free
nergy terrff which takes into account solvation effects implicitly. The

mational analysis, a number of authors have reported about thesoyation free energy was evaluated as follows:

methodology to treat the conformational diversity of molecules

in solution, and different algorithms have been presented such

as the MEDUSA by Ernst et al,the ensemble-averaging (EA)
protocol by Cuniasse et & ,and the Monte Carlo procedures
by Nikiforovich?3 or Meirovitch et aP* These approaches are
expected to provide useful knowledge for the study of the

(15) Sargent, D. F.; Schwyzer, Rroc. Natl. Acad. Sci. U.S.A.986
83, 5774-5778.

(16) Matsunaga, T. O.; Collins, N.; Ramaswami, V.; Yamamura, S. H.;
O’brien, D. F.; Hruby, V. JBiochemistry 1993 32, 13180-13189.

(17) Kimura, A.; Kuni, N.; Fujiwara, HBull. Magn. Reson1996 18,
117-118.

(18) Kimura, A.; Kano, T.; Fujiwara, HJ. Magn. Resonl996 B 112,
44-50.

(19) Kimura, A.; Kuni, N.; Fujiwara, HJ. Phys. Chem1996 100,
14056-14061.

(20) Kimura, A.; Kuni, N.; Fujiwara, HJ. Am. Chem. S0d.997, 119
4719-4725.

(21) Brischweiler, R.; Blackledge, M.; Ernst, R. R.Biomol. NMRL991,
1, 3—11.

(22) Cuniasse, P.; Raynal, I.; Yiotakis, A.; Dive, ¥.Am. ChemSoc.
1997 119 5239-5248.

(23) Nikiforovich, G. V.; Prakash, O.; Gehrig, O.; Hruby. V.Jl.Am.
Chem. Soc1993 115 3399-3406.

(24) Meirovitch, H.; Meirovitch, EJ. Phys. Chem1996 100, 5123~
5133.

Esoi= Z ‘ UjAj ®
atomsj

whereg; is the solvation parameter of atojrand A is its solvent-
accessible surface area. The conformation of DPDPE was modeled
by the 12 backbone dihedral anglgsy, andw and the 11 side-chain
dihedral angleg. Electrostatic interactions were taken into account
under the dielectric constant ef= 102° which is considered to reflect

the value of the membrane/water interface.

Multiconformational Analysis. The computer-assisted multicon-
formational analysis was performed mainly according to the Monte
Carlo procedures of Nikiforovich et & after some minor modifications.
At first, the four local potential energy minima were reached from 1500
initial conformations which were generated randomly and minimized

(25) Momany, F. A.; McGuire, R. F.; Burgess, A. W.; Scheraga, H. A.
J. Phys. Chem1975 79, 2361-2381.

(26) Namethy, G.; Pottle, M. S.; Sheraga, H. A. Phys. Chem1983
87, 1833-1887.

(27) Sippl, M. J.; Nenethy, G.; Sheraga, H. Al. Phys. Chem1984
88, 6231-6233.

(28) Eisenberg, D.; McLachlan, A. DNature 1986 319, 199-203.

(29) Sanders IlI, C. R.; Schwonek, J. Biophys. J.1993 65, 1207
1218.
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Figure 1. MAS NMR spectra of DPDPE dissolved in the CsPFO liquid-crystal measured & 25d at 200 MHz. The sample spinning rate is

2.3 kHz. Assignment of the signals is also included.

by the Monte Carlo minimization (MCM) method proposed by Li and
Sherag&? Then the Monte Carlo simulation method was applied to
each energy-minimized conformer to obtain a statistical sample for the
calculation of the statistical weight value for the NMR structural
parameter as mentioned below. The Markov chain was started from
one of the minima. The energy was calculated for the starting
conformation and named “old energy¥2. Then, a trial conformation

indexes related to the number of conformers and the number of
measured parameters, respectively, &nd the Student’s value. In
the present study, the value &f was set equal to 1.96, which
corresponds to the 95% level of the confidence interval. The procedure
was continued until the number of selected set§vaf was equal to
100 000.

In the actual course of multiconformational analysis, pseudoatoms

was obtained by changing each dihedral angle by a random value were set according to the Whrich rule3! The vicinal coupling constant

between—1° and+1° from the starting value. Here, all the dihedral

of 3J(HNC,H) was calculated according to the Karplus-type equéafion.

angles were changed at the same time. The energy, which was named\ll of the computer calculations were performed by using the

“new energy”,E"™Y, was calculated for the trial conformation. This
value of E"®" was compared witlE°d and decided to be accepted or
rejected according to the usual Metropolis criterion (temperalure
298 K was utilized). In this way, we generated a Markov chain of

40 000 steps for each starting structure. That is, a statistical sample

contains 40 000 conformations.

Selection of Statistical Weights in the Multiconformational
Analysis. A statistical weight valuey; (i = 1—4), is assigned to each
of the four conformers, which denotes the relative probability of its
existence. This set of the conformer statistical weigftg}, was
selected in the following manner. The four random values were
generated within the range of 0 and 1 which satsfy = 1 andw; >
0. Eachw; value was assigned to each of the four conformers, creating
a set offw}. Thus the generated set{of;} was checked one by one
to ascertain if it satisfied all the conditions expressed as follows:

N
(3 WD + (O™

<t

)

k

where [A**Jis the mean value of the measured NMR structural
parameter such akor ROE andID®*Lis its standard deviationAcq]
and[D*Care the calculated mean value and standard deviation of the
structural parameter, respectively, which are evaluated from a statistical
sample in the Monte Carlo simulation as mentioned abbaadk are

(30) Li, Z.; Scheraga, H. AProc. Natl. Acad. Sci. U.S.AL987, 84,
6611-6615.

FORTRAN program written by the authors. All calculations were
performed on SGI IRIS Indy R4000SC and FUJITSU S-4/IP worksta-
tions.
Results

The ROESY/MAS Experiment. Figure 1 illustrates the 1D
MAS NMR spectra of DPDPE dissolved in the CsPFO liquid-
crystal. Figure 2 shows the partial ROESY/MAS spectra. From
the ROESY spectra, the corresponding interproton distances
were derived successfully. Table 1 lists the interproton distances
which were defined semiquantitatively as the lower and upper
limits: strong= 2.0-2.7 A, medium= 2.7-3.3 A, and weak
= 3.3-4.0 A18 Assuming that ROEP = [ROE®** + D®** and
ROEY = [ROHES®*® — D&%, it was possible to estimate the
values o ROE®¥s andD®®s for use in the inequalities of eq
2_23

In Table 1, the’J(HNCaH) coupling constant of the-Per?
residue is also listed, which was obtained by analyzing the 1D
MAS spectra. The standard deviation of 0.5 Hz was arbitrarily
set for the3J(HNC,H) by considering the digital resolution of
the 1D MAS spectra. Inthe present MAS experiments, liquid-
crystal NMR spectra were obtained at high resolution, which
made the spectral analysis easy and comparable to that of the
other linear enkephalins reported previou<i{2-2°Nevertheless,
the splitting from3J(HNC,H) was not observed clearly in the

(31) Witthrich, K.; Billeter, M.; Braun, WJ. Mol. Biol. 1983 169, 949—
961

(éZ) Withrich, K. NMR of Proteins and Nucleic Acig$Viley: New
York, 1986.
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3 Table 2. Dihedral Angles for the Four Energy-Minimized
F2 = Conformers
: O @
(ppm% @ . model
k 1%
7.27 A o a 1 2 3 4
7.4° Tyr! " 138 164 143 143
7 6 w -178 179  -178 —-178
$t 178 58 179 179
7.8 P -105  —94 -103 -105
8. 0- Pl 180 180 180  —179
: . o-Per? é 88 83 79 80
8.2 ¥ 20 33 31 29
8 4 g » 170 168 165 175
: ] P -65  —62 -61 -63
8.6 e 2 46 45 42 41
322 79 71 72 70
4.0 3.0 2.0 1.0 Gly3 & —42 —66 —63 —67
F1 (ppm) ) -69 —115 —-115 —-102
_ ) _ _ ) -175 —173 -171 -171
Figure 2. Partial ROESY/MAS spectra of DPDPE dissolved in the  Phée ¢ -114  -103 —103 —105
CsPFO liquid-crystal measured at 25 and at 200 MHz. The mixing Y —60 4 0 -5
time is 100 ms. The sample spinning rate is 2.5 kHz. w 177 177 179 177
$t 168 58  —175 —57
. 2 — — — _
Table 1. NMR Data for DPDPE Observed in the CSPFO . x 120 99 100 81
Liquid Crystal p-Pe é 66 138 139 137
it -56 -85 -83 -85
3J(HNCuH), x>t 22 67 70 67
vector Hz vector ROE %%? 77 59 60 60
D-PerfoH—D-PeNH 6.8 (0.5)  TytaH—Tyr'SHpos + energy nesse _6936 _151;65 _%é% _11212
TyrlaH—TyrlArHZe +++ (kcal/mol) ' ’ '
TyrlaH—b-PerfNH +++
D-PerfyHpros—D-PeriNH  +
3 3
g:%ﬁ:gg;ﬁgk’,smﬂ iff large set of initial random conformations is subjected to the
Gly3oHpros—PhéNH ++ local minimization in the potential energy and to the Metropolis
Eﬂga::gﬂgﬁ"'ﬁms ii+ test for acceptance or rejection of the minimized conformation.
PhéngmePhrél\lzl’j i According to this procedure, we could find the four probable
PhéaH—D-Per’NH + conformers successfully. While the MCM method does not lead
Phé’\r‘?H—D'PeﬁNﬁH ++ to a rigorous Boltzmann sampling, it is known to be more
Eﬁgiﬁﬁﬂiﬁﬁsﬁﬁﬂ T efficient than other methods in generating low-energy confor-

mations3* In the present study, although we have attempted
other methods such as the chain-growth procedure and the
amide proton region except for the splitting ofPer!NH-p- modified version of i€5 the MCM method seemed to be very
PerfC,H. These observed and unobserved splittings were efficient in finding a set of energy-minimized conformers which
probably caused by the smalfHNC,H) coupling constants  are different significantly in the structural parameter.

in the present case compared to the cases of other linear Metropolis Monte Carlo simulation. Each energy-mini-
enkephalins, suggesting a different conformation in the main mized conformer as obtained above was submitted to a
chain of DPDPE. This difference is also supported by the fact Metropolis Monte Carlo simulation to calculate the NMR
that the amide protons in-Per? and p-Per? were shifted to structural parameter8lc@and [ROEand their standard
higher field compared to the chemical shifts of the corresponding deviations, %) for use in eq 2. In this procedure, the

amide protons in other enkephalins (Figure 1). [ROE<] was calculated corresponding to the interproton
Selection of the Conformations of DPDPE with Local  distance. The Metropolis Monte Carlo simulations were
Energy Minima. The energy minimization was performed by performed with 40 000 steps for each conformation by selecting

using the MCM method as mentioned in the Experimental for each dihedral angle a random value within the range of
Section. As a result, four conformers with local energetic [—1° 1°] around the original value, as mentioned in Experi-

minima were obtained successfully from 1500 initial conformers mental Section. As a result, we could calculate the NMR
generated randomly. Table 2 lists the dihedral angles for thesestryctural parameters for the four probable conformations
four conformers. In this procedure, the 1500 conformers were successfully. It might be possible to generate a larger Markov

clustered at first using an root mean square criterion for the chain to better simulate the NMR structural parameters.

this criterion, the 1500 conformers were devided into 10 clusters. molecule to reach to another local minimum conformation that

The 10 conformers, each of which has the minimum energy in js already included in the simulation.

each of the 10 clusters, were chosen, and the root-mean-square As an example of the results of our simulation, we illustrate

distances (rmsd) were calculated among the 10 conformers.in Figure 3 the population distribution of several dihedral angles

Finally, the four conformers were selected from the 10 conform- optained during the simulation of conformer which is

ers with a threshold Of_l-O_A for the rmsd criterion. considered to be the most populated one in the liquid-crystal
In this case, our objective is to obtain a complete set of solyent as mentioned below. As is apparent from Figure 3, the

energy-minimized conformers which are significantly different. ginedral angles in the Tyresidue show a typical profile of a

For this purpose, we have used the ECEPP/2 force field with concentrated distribution. All the dihedral angles of thBer?
the solvation energy term and the MCM method in which a

(34) Vasquez, M.; Nenethy, G.; Scheraga, H. hem. Re. 1994 94,
(33) Karpen, M. E.; de Haseth, P. L.; Neet, K.Ftoteins1989 6, 155 2183-2239.
167. (35) Braun, W.; Go, NJ. Mol. Biol. 1985 186, 611-626.
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Coro 280 280 500 330 340 0 2 s 75 100 125 conformers show nearly zero values. That is, conforfniy
» considered to be present significantly in the liquid-crystal
dGIy3(deg) Opend(deq) medium although it is the most unstable conformation in
Figure 3. Population profile of the dihedral angles in conformenf aqueous solution. This may be caused by the presence of a
DPDPE obtained from a statistical sample containing 40 000 conforma- specific conformational effect from the oriented liquid-crystal
tions. medium. Therefore, the enhanced population of the conformer
. - . lis considered to be obtained probably as a result of simulating
Table 3. Energies and Statistical Weights for the Conformers : : R
1—4 Obtained from the Multiconformational Analysis experimental NMR data measured in the liquid-crystal.
_ - . — - . In this way, we can pick up conformet as the most
i Ei (kcalp E" (keal) W] w' wf populated one in the CsPFO liquid-crystal medium. But, since
1 —6.32 1.03 0.26 0.71 0.40 no single conformer can fully satisfy the observed NMR
2 —9.46 0.52 0.00 0.43 0.15 structural parameters, it is sure that the other conformers
3 —10.33 2.80 0.00 0.62 0.19 ; iGhri ;
contribute more or less as a equilibrium mixture. Thus, the
4 —12.42 —1.82 0.00 0.70 0.26 q

conformational diversity of DPDPE in the liquid-crystal medium
@ The value is adopted from the original energy for each conformer. is described as follows: the molecule presents mainly as an

b The value is the averaged energy of each statistical sample which equilibrium mixture of the major conformer and the minor
contains 40 000 conformations. ones2—4

and Phéresidues showed the same distribution profiles as those Discussion

of the Ty residue. On the other hand, the angles of*@ly The approach performed in the present study expands our
andp-Perpp showed a population of “random coil” type which  methodology of membrane-associated structural determination,
is distributed within the range 6€B0°.2* This is probably due  which combines the novel liquid-crystal NMR spectroscopy
to the steric flexibility in these residues. It is worth mentioning ynder the magic-angle spinning and a computer-assisted simula-
that the D-Peﬁ residue is situated in the C-terminal address tion technique. By using this method of ana|ysisl the membrane-
segment which is considered to be responsible for the stability associated conformational diversity is treated for a relatively
of the conformation of the message segnfefit. small peptide, DPDPE, and the bioactive conformation of it is
Determination of Statistical Weight Value in the Multi- deduced.
conformational Analysis. In the above treatment, we obtained It should be noted that we have studied the conformational
four conformations as the energy-minimized ones and their diversity which takes into account the solvation effect by using
NMR structural parametergl°@andROE=7 ) were calculated  the solvation energy function for the aqueous solution. Although
upon the basis of the Monte Carlo simulations. Then the it is desirable to use a solvation energy function specific for
calculation of statistical weight values was performed using eq the liquid-crystal medium, any such function is not yet reported
2 for the four probable conformers as referenced to the except for some preliminary studigTherefore, in the present
experimental NMR structural data. Table 3 lists the energies study, we have decided to use the solvation energy function
and statistical weight values thus obtained for the four conform- for the aqueous solution in building up an initial model of the
ers. The stereoscopic view is shown in Figure 4 for conformers conformation of DPDPE. We have performed a multiconfor-

1and4. mational analysis to discuss the real conformation in liquid-
It is worth noting that the highest values are observed for crystal medium referencing to the experimental NMR data

conformerl in the statistical weight values oY, w°v;, and observed in this medium. The result showed that the model of
WHPR (Table 3), which mean the average, lower limit, and upper conformation of DPDPE in aqueous solution does not straight-
limit of weight values, respectively. Especially, thé®"; of forwardly reflect that in liquid-crystal medium: the most stable

conformerl takes nonzero value (0.26) while those of other conformer in aqueous solution, conform&rfails by itself to
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reproduce exactly the experimental NMR structural parametersthe bioactive conformation in the case of the cyclic analogues
observed in the liquid-crystal medium and the most populated of enkephalin.
conformer is the conformet in the liquid-crystal, whereas it A bioactive conformation in the two pharmacophore residues,
is conformer4 in the aqueous phase. Tyr! and Phéin the message segment, has been proposed from
The present analysis of the membrane-associated conformathe solution NMR study and from the topochemical approach
tional diversity of DPDPE shows that this molecule is present with opioid peptides such as DPDPE and morphiceptn!238
mainly as an equilibrium mixture of the major conforniesind According to the proposed bioactive conformation, it is required
the minor ones2—4. All four conformers seem to have a thaty = 140° with the side chain in trans conformatiog' =
specific spatial arrangement of the Twnd Phéaromatic rings 180.0) in the Tyr residue and thap = —120° with the side
which is slightly different from that found in the other linear chain in gauche-{) conformation ¢! = —60.C%°) in the Phé
enkephalins dissolved in the CsPFO liquid cry$taf2°That residue. Among the four conformers obtained in the present
is, the Tyt aromatic ring in DPDPE orients toward the same study, only conformed, which is the most stable one in aqueous
direction as the other side chains including the “Pdrematic solution and possesses a second highest population in liquid-
ring when judged with reference to the plane formed by peptide crystal medium (Table 3), satisfies this requirement for the
backbone, while that in the linear enkephalins orients toward bioactive conformation. Moreover, the Tyand Phéaromatic
the opposite direction from the other side chains. Interestingly, rings in the conforme# are likely to take a similar spatial
Matsunaga et al. have investigated the membrane-associate@rrangement to those in the other linear enkephalif&2°As
conformation of cyclic DPDPE and acyclic DPDPE which is seen from Table 2 and Figure 4, the conformas similar to
the reduced analogue of DPDPE by using the phospholipid conformerl except for the anglg; in the Phé side chain in
vesicles as a model membrane. They have reported that thethe message segmept & —57° for 4 but 168 for 1) although
most stable conformation of acyclic DPDPE changes betweenthe anglep in thep-Per? residue in the address segment differs
aqueous solution and vesicles, whereas that of cyclic DPDPElargely from that in the conformet (¢ = 137 for 4 but 66
is not considered to change significantly between these two for 1). Therefore, the DPDPE molecule may change its
media. Their result showed a difference in the spatial arrange-conformation from the one in conformek to another in
ment of the Tyt and Phéaromatic rings between cyclic DPDPE  conformer4 in the message segment to show the biological
and acyclic DPDPE, which is similar to our result. That is, activities. This change is probably caused by the conformational
according to their results, the Tyand Phé side chains of  flexibility in the C-terminal address segment of tbePer?
acyclic DPDPE are well separated on either side of the plane residue (Figure 3).
formed by peptide backbone while the conformation of cyclic Conclusions

DPDPE favors the close interaction of the Tyand Phé o .
aromatic rings. Such difference was considered to be brought "€ MAS liquid-crystal NMR spectroscopy has been applied

abou_t by th_e different mode of interaction between the N- [o-Per?,p-Perflenkephalin(DPDPE) dissolved in the CSPFO
terminal residues Tyrandp-Perf and the membrane. There- jiqid-crystal, and the MAS condition was shown to be useful
fore, the specific spatial arrangement of the Tgnd Phé o the determination of ROE factors aPifHNC,H) couplings.
aromatic rings observed in the present study may also be causeetpese experimental values were subjected to computer-assisted
by the different mode of interaction between the molecule and 1 jticonformational analysis, and the conformational diversity

the liquid-crystal aggregates, which is related to the relatively \ a5 analyzed successfully for the DPDPE molecule dissolved
large hydrophobicity at the 2 position of DPDPE. in the liquid-crystal medium. As a result, a major component
The above result is also supported b}/ the MAS liquid-crystal \yas determined together with the probable second component
NMR experiments as seen in Figure 1. théerf andp-Per? in the anisotropic environment. It follows from comparison of
amide protons were shifted to higher field compared with the e probable conformers of DPDPE with the conformation of
other amide protons, indicating an apolar environment for the ihe other enkephalins that the orientation of thel®yrd Phé
D-Perf and p-Pert amide protons. This means that the regjques is important for its activity. This orientation between

hydrophobim-Pert andp-Per? residues interact with the I_iquid- _ the Tyf and Phé aromatic rings may be brought about by the
crystal aggregates much more strongly than the other side chaingperaction between the C-terminal address segment and the

do. Especially the-Perf amide proton is shifted to higher field jiquid-crystal aggregates in the anisotropic environment.
remarkably as compared with the chemical shifts of amide The methods developed in the present study can be applied
protons at the 2 position in the other enkephalii$:?0The widely to biologically active molecules, providing information
mode of interaction of DPDPE with the liquid-crystal aggregates o conformational diversity in the liquid-crystal medium. The
presumably differs from the other enkephalins mainly because liquid-crystal NMR method may be said to be extraordinarily
of the difference in the hydrophobicity in the side chains at the \yiqened in its applicability by the improvements due to magic-

2 position. Therefore, the spatial arrangement between the Tyr 4ngie-spinning and multiconformational analysis, thereby of-
and Phéaromatic rings of DPDPE is different from that of the  ering novel information on the conformation of biologically

other enkephalins. However, it has been proposed thad the  5¢five molecules in model membranes.

receptor selectivity of DPDPE is related to the adverse steric
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