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6-Opiate DPDPE in Magnetically Oriented Phospholipid Micelles: Binding
and Arrangement of Aromatic Pharmacophores

Frank Rinaldi,* Mengfen Lin,*S Michael J. Shapiro,” and Matthew Petersheim*

*Chemistry Department, Seton Hall University, South Orange, New Jersey 07079, and *Department of Analytics, Core Technologies,
Novartis Pharmaceuticals Corporation, 556 Morris Ave., Summit, New Jersey 07901

ABSTRACT b-Penicillamine?-5-enkephalin (DPDPE) is a potent opioid peptide that exhibits a high selectivity for the -opiate
receptors. This zwitterionic peptide has been shown, by pulsed-field gradient 'H NMR diffusion studies, to have significant
affinity for a zwitterionic phospholipid bilayer. The bilayer lipid is in the form of micelles composed of dihexanoylphosphati-
dylcholine (DHPC) and dimyristoylphosphatidylcholine (DMPC) mixtures, where the DMPC forms the bilayer structure. At high
lipid concentration (25% w/w) these micelles orient in the magnetic field of an NMR spectrometer. The resulting 'H-'3C
dipolar couplings and chemical shift changes in the natural abundance '3C resonances for the Tyr and Phe aromatic rings
were used to characterize the orientations in the bilayer micelles of these two key pharmacophores.

INTRODUCTION

It has been proposed that some messenger peptides may first
associate with the phospholipids of cell membranes before
binding to their target receptor (Schwyzer, 1977; Gysin and
Schwyzer, 1984; Sargent and Schwyzer, 1986). The local
order provided by the lipid bilayer could impose conforma-
tional constraints on the normally flexible peptides and help
arrange the recognition sites of the peptide for binding to the
receptor. If this is true, then the arrangement of the peptide
in the membrane should correlate with biological activity.

The opioid peptides represent a good basis set for testing
this idea. There are at least three different types of opioid
receptors, p, 8 and « (Wingard et al., 1991; Herz, 1993),
which appear to differ in the location of the binding site
with respect to the membrane surface (Schwyzer, 1986). All
three classes of opioids have an N-terminal phenolic group
from tyrosine as one pharmacophore and a second aromatic
pharmacophore, usually phenylalanine, that determines the
receptor selectivity through its topological relation to the
tyrosine (Tourwe et al.,, 1996). Furthermore, there are a
large number of analogs that have been characterized in
terms of potency and selectivity for the various receptors.
What remains is to characterize the membrane-bound con-
formations of these peptides and determine whether there is
a correlation with activity.

There are two general approaches in using NMR for
studying peptide structure in membranes. One employs con-
ventional high-resolution NMR methods to obtain nuclear
Overhauser (NOE) measures of interatomic distances and
three-bond scalar coupling for dihedral angles. Whereas
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these measurements are readily incorporated into molecular
modeling studies, the observed NOEs and couplings are
population-weighted averages of the free and bound con-
formers. These experiments usually involve isotropic mi-
celles (Karslake et al., 1990; Wooley and Deber, 1987;
Hicks et al., 1992; Graham et al., 1992) or small unilamellar
lipid vesicles (SUVs) (Reynaud et al., 1993; Okada et al.,
1994). Both of these systems exhibit significant surface
curvature with lipid or surfactant packing that differs from
the planar bilayer surface assumed for a normal phospho-
lipid membrane. To obtain enough NOE and coupling mea-
surements to model the peptide structure, this approach
generally requires perdeuteration of the surfactant to avoid
obscuring essential resonances.

The second general approach uses “solid-state” measures
of functional group orientation in the bilayer, i.e., chemical
shift anisotropy (CSA) or resonance splittings due to dipolar
coupling or quadrupolar coupling. These phenomena arise
only with the peptide bound to the membrane, somewhat
alleviating the complication of averaging between free and
bound states. In this second approach the membrane mi-
metic systems are usually composed of phospholipid bilay-
ers that better represent a conventional cell membrane, at
least in terms of surface curvature, headgroup composition,
and headgroup packing. Suspensions of multilamellar lipo-
somes exhibit CSA and the dipolar or quadrupolar cou-
plings as broad Pake patterns (Murari et al., 1986; Bech-
inger et al., 1993; Hu et al., 1995; Lee et al., 1995; North et
al., 1995), which suffer from poor resolution and sensitivity.
The orientational information can be preserved while Pake
patterns are collapsed to relatively sharp resonances, if the
lipid is oriented in the magnetic field. This can be accom-
plished by using lipid-coated glass plates (Opella et al.,
1994; Hu et al., 1995) or magnetically oriented micelles
(Sanders and Prestegard, 1990, 1991; Sanders et al., 1993;
Sanders, 1993; Henderson et al., 1994; Howard and Prest-
egard, 1995, 1996; Sanders and Landis, 1995, Howard and
Prestegard, 1996; Prosser et al., 1996). The CSA then man-
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ifests as changes in chemical shift and the couplings as
resonance splittings.

Although 'H-'H dipolar couplings in these experiments
could provide interatomic distances over a much longer
range than NOE measurements, these long-range couplings
in a '"H-rich environment usually lead to resonance broad-
ening and poor definition of the coupling patterns (Mei-
boom and Snyder, 1971). The lower gyromagnetic ratio of
13C greatly reduces contributions from long-range cou-
plings, as does the fact that carbon atoms are usually steri-
cally less accessible than hydrogen atoms. Consequently,
'H-"3C couplings are observed for directly bonded atoms
and some vicinal sites, giving a simpler coupling pattern
that is even less sensitive to the local environment than
NOE measurements. Likewise, CSA and quadrupolar cou-
plings reflect only the immediate electronic environment of
the nucleus. These local phenomena do depend on the
orientation of the particular interaction vectors with respect
to the magnetic field, which is determined by how the
species is bound to the ordered lipid. Molecular modeling
with these observations as constraints requires that both
molecular orientation in the bilayer as well as conformation
satisfy the experimental data, whereas NOE and three-bond
scalar coupling constraints deal with conformation alone. A
general approach to performing the combined orientational
and conformational searches has been developed by Prest-
egard, Sanders, and co-workers (Sanders and Prestegard,
1990, 1991, 1992; Howard and Prestegard, 1995). As with
conventional NMR/modeling studies, complete structural
analysis of the membrane-bound species requires observa-
tions from several different sites in the molecule. In either
approach to membrane studies, this generally requires some
type of isotopic enrichment in the species of interest or
isotopic depletion in the lipid to obtain an adequate number
of unique measurements.

Our immediate goal is to develop a simple method for
establishing the relative arrangement of the opiate Tyr and
Phe pharmacophores in phospholipid bilayers as a means
for testing Schwyzer’s hypothesis (Schwyzer, 1977; Gysin
and Schwyzer, 1984; Sargent and Schwyzer, 1986). The
choice of natural-abundance >*C NMR represents a com-
promise in maximizing the structural information from the
experiments while avoiding isotopic enrichment, so that the
method can be readily applied to a large group of peptides
at little expense. For our purposes it is sufficient to study
only the aromatic resonances, with 13C CSA and 'H-'*C
dipolar coupling as measures of ring orientation in the lipid.
Magnetically oriented phospholipid micelles were chosen as
the means for creating the anisotropy, because they are easy
to handle and they give rise to relatively narrow resonances,
preserving sensitivity and resolution. Our intention is to
apply this approach to several active and inactive opioid
peptides to determine whether the pharmacophore orienta-
tions correlate with activity.

The work presented here deals with characterizing the
relative orientations of the Tyr and Phe pharmacophores for
a synthetic 8-opiate analog, DPDPE (Tyr-cyclo-[p-Pen-Gly-
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Phe-p-Pen]), when it is bound to phospholipid micelles.
This peptide was chosen because it is very potent and highly
selective for 6-receptors, and the crystal structure is known
(Mosberg et al., 1983; Flippen-Anderson et al., 1994). The
solution structure has also been thoroughly studied by NMR
and molecular modeling, revealing a high degree of confor-
mational entropy in the 14-member cyclic backbone (Smith
et al., 1991).

The DPDPE results are compared with similar studies of
Met-enkephalin (Kimura et al.,, 1996) and two Met-en-
kephalin analogs (Kimura et al., 1997), the 8-active [D-
Ala?]- and inactive [L-Ala’]-Met-enkephalins. In those stud-
ies a cesium perfluorooctanoate liquid crystal was used,
structural studies were performed using 'H-'H dipolar cou-
plings, and rotating-frame Overhauser effects measured
from the magnetically oriented spectra, using two-dimen-
sional magic-angle-spinning and near-magic-angle-spinning
experiments.

MATERIALS AND METHODS

Materials

1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-dihex-
anoyl-sn-glycero-3-phosphocholine (DHPC), both >99% purity, were pur-
chased from Avanti Polar Lipids (Alabaster, AL). Disodium salt of 1,3-
benzenedisulfonate (BDS), 80% purity, was obtained from Aldrich
Chemical Co. (Milwaukee, WI). Deuterium oxide (D,0) with a minimum
isotopic purity of 99.9% and p-penicillamine®* enkephalin DPDPE (Tyr-
cyclo-[D-Pen-Gly-Phe-D-Pen]), 99% purity, were purchased from Cam-
bridge Isotope Labs (Woburn, MA) and Sigma Chemical Company (St.
Louis, MO), respectively. The lipids and peptide were used without further
purification.

Preparation of NMR samples

DHPC/DMPC micelies were prepared by adding stoichiometric amounts of
each of the dry micelle components to a tared 5-mm NMR tube. A volume
of 100 mM phosphate buffer, 100 mM NaCl, and 10 mM cacodylate at pH
6.5, uncorrected for the isotope effect, was subsequently added to the NMR
tube. The mixture was then subjected to multiple cycles of heating (40°C),
cooling (5°C), vortexing, and low-speed centrifuging (~400 rpm) until the
sample was optically clear and oriented in the NMR magnetic field (Sand-
ers and Prestegard, 1990). DPDPE was weighed with a Sartorius micro-
gram balance, added directly to the NMR tube, and mixed until completely
dissolved.

NMR spectroscopy

PFG 'H NMR experiments were carried out on a Bruker DMX-400 NMR
spectrometer equipped with an Acustar II field gradient accessory. Because
oriented samples exhibit severe 'H-'H dipolar broadening, a DHPC/DMPC
mole ratio of 1/1.5 (25% wiw phospholipid) was used for these 'H
experiments because it is just outside the range of compositions that orient.
In a typical PFG NMR experiment, 22 spectra were collected as a function
of gradient pulse strength at 40°C, using the LED pulse sequence (Gibbs
and Johnson, 1991). The gradient pulse strength was varied from 0.03
Tm™! to 0.43 Tm™'. Spectra were processed with XWINNMR software,
and the diffusion coefficient of the peptide was calcuiated by the SPLMOD
method as described elsewhere (Morris and Johnson, 1993).

Experiments with magnetically oriented DMPC/DHPC samples were
run on a General Electric QE 300 at 7.05 Tesla, running with a Tecmag
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interface and using a General Electric 5-mm dual 'H/'>C probe. All spectra
were acquired on samples maintained at 40°C, well above the chain
melting transition temperature of DMPC bilayers (Cevc and Marsh, 1987).
The '3C proton decoupled spectra were achieved with square-wave mod-
ulated broadband decoupling.

All of the experiments used for the assignments for DPDPE were
performed on a Bruker 500 MHz model AMXS00 NMR at 11.75 Tesla.
The 'H, COSY, HMQC (heteronuclear multiple quantum correlation spec-
troscopy), and HMBC (heteronuclear multiple bond correlation spectros-
copy) experiments were run on nonspinning samples, using a 3-mm inverse
detected probe, and the '*C spectrum was acquired on a spinning sample
with a 3-mm broad-band probe, both supplied by Nalorac. The 'H spec-
trum was acquired by using a standard I pulse sequence with a ~60° pulse,
32 transients, a total recycle delay time of 3.9 s, 16K real and imaginary
points, and a spectral width of 17.24 ppm. The '3C spectrum represents
150K transients acquired by using a standard one-pulse sequence with
continuous 1 W '"H WALTZ modulated decoupling power with an ~60°
carbon pulse width equal to 4 us, a spectral width of 265 ppm, a total
recycle delay of 2.3 s, 16K real and imaginary points zero filled to 32K real
points, and 4 Hz exponential line broadening.

The COSY spectrum (Aue et al., 1976) was acquired using 1024 by 256
points in f2 and f1, respectively, with a square spectral window of 17.24
ppm, 4 dummy scans, 8 scans per record, a total recycle delay time of 3 s,
and a 'H 90° pulse width of 6.0 us collected in magnitude mode. The data
was Fourier transformed using a sine bell apodization function in both
dimensions to produce a zero-filled 1024 by 1024 spectrum.

The HMQC spectrum was acquired using a standard Bruker BIRD pulse
sequence (Bax and Subramanian, 1986) with GARP '3C decoupling opti-
mized for one bond 'H-'?C correlations, a 'H 90° pulse width of 6 us, 32
transients, 4 dummy scans, a 3.35-ms evolution time, a 360-ms delay to
give a null for 'H-'?C coherences, a 17.24 by 200 ppm spectral width, and
1024 by 256 points in f2 and fl, respectively. The data was zero filled in
f1 to produce a square 1024 point data set, which was Fourier transformed
using a sine bell apodization function shifted by #/2 in both dimensions.
The apparent signal-to-noise ratio of the spectrum was further improved by
using power spectrum mode processing.

The HMBC spectrum was acquired by using a standard Bruker pulse
sequence (Bax and Summers, 1986), which was optimized for three-bond
'H-"3C correlations, with a low-pass J filter to suppress one-bond correla-
tions, a 'H 90° pulse width of 7.1 us, 96 transients, 4 dummy scans, a
3.44-ms evolution time, a 70-ms delay for long-range coupling evolution,
and a spectral width of 17.24 by 200 ppm, defined by 1024 by 256 points
in f2 and f1, respectively. The data was zero-filled in f1 to produce a square
1024-point data set, which was Fourier transformed using a sine-bell
apodization function shifted by #/2 in both dimensions. The apparent
signal-to-noise ratio of the spectrum was further enhanced by processing in
the power spectrum mode.

Theoretical expressions

Magnetic ordering of the micelles gives rise to anisotropic averaging of
'H-'3C dipolar couplings and '*C chemical shifts. Dipolar coupling be-
tween nuclei i and j (Dy;) for a peptide bound to oriented micelles can be
analyzed as follows (Sanders and Prestegard, 1992; Howard and Prest-
egard, 1995):

Dij = Aiij(3<COSZa> - 1)/2 (la)
A = —yyh/(27°r) (1b)

where v; and v, are the gyromagnetic ratios of the interacting nuclei, h is
Planck’s constant, and r is the internuclear distance between i and j, which
yield an A;; of —46.6 kHz for 'H-'°C interaction at a bond length of 0.108
nm (Weast, 1983). The other terms are the fraction of DPDPE bound to the
micelle, £, and the micelle order parameter, S. This last term accounts for
the direction of the bilayer normal with respect to the field, which ideally
is 90° in these studies, and “wobble” in the ordering of the micelles. The
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number of geometrically independent observables available in these ex-
periments is insufficient (vide infra) for the order matrix approach (Sanders
and Prestegard, 1990, 1992). Consequently, the angle, a, is between the
interaction vector, that is the C-H bond, and an axially symmetric molec-
ular director (D,,), presumably normal to the bilayer surface. The geometric
definition of D, is found in Fig. 1 A.

In an analogous fashion, the chemical shift anisotoropy (CSA) can be
described as follows (Howard and Prestegard, 1995):

801' = (1 —f)aaq +f{8iso + (2/3)S[A12(3<COS2C!1> - 1)/2
+ A32(3<Cosza3> - 1)/2]} (2)
Ay = 0 — O

where 8, is the '3C chemical shift of DPDPE in the presence of oriented
micelles, 8, is that for peptide free in solution, §,, is that for peptide
bound to the lipid but isotropically averaged, and the terms weighted by S
are the shift due to magnetic ordering. The positions of the tensor compo-
nents with respect to the DPDPE aromatic rings are taken as shown in Fig.

1 B, with o3, parallel with the C-H bond, o, perpendicular to the ring, and

" 05, perpendicular to both o, and 53 (Pausak et al., 1974); «, and a; are

the angles between D, and the o, and oy, vectors, respectively.

The goal of this work is to characterize the conformation of DPDPE
when it is bound to the phospholipid bilayer. As a matter of convenience,
we have chosen the DPDPE aromatic rings as local frames of reference,
with the z axis normal to the ring and the x axis along the y-f carbon-
carbon bond. Our model of the aromatic ring assumes that it is a perfect
planar hexagon. The orientation of the individual rings is described in
terms of the orientation of Dy, within the frame of the ring, that is, the
cos(a) terms in Eqs. 1 and 2 are expanded in terms of the corresponding
spherical polar coordinates:

cos a; = sin 6; cos ¢, sin 6 cos ¢p 3)

+ sin 6, sin ¢; sin 6 sindp + cos 6; cos 6

Z
Do A
0
\ X
Y

FIGURE 1 Coordinate system for the aromatic ring used in computa-
tions. (A) The molecular director, D, is defined with 6, relative to the axis
normal to the ring, and the projection of the director into the ring is at ¢p
with respect to the C.-Cg bond. Carbons are shaded, and hydrogen is white.
(B) The carbon shielding tensor has ¢, perpendicular to the plane of the
ring and o33 along the bonds directed out of the ring.
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FIGURE 2 Resonance assignments
for DPDPE in aqueous solution. (A)
Atom labeling for the aromatic rings
of DPDPE. (B) The COSY spectrum
of 3.4 mM DPDPE in 100 mM phos-
phate, 100 mM NaCl, 10 mM caco-
dylate buffer at pH 6.5. COSY
Jiu cross-peaks: A: Tyr-8 to
Tyr-€; B: Phe-8 to Phe-e. (C) The
HMQC spectrum of the same solu-
tion. HMQC 'J,; ;3¢ cross-peaks: C:
Phe-¢; D: Phe-§; E: Tyr-8; F: Tyr-e.
(D) The HMBC spectrum of the same
solution. HMBC 2y, ;3¢ and *J 3¢
cross-peaks: *G: Phe-ey to Phe-€;
H: Phe-{y to Phe-6.; *I: Phe-§, to
Phe-8; J: Phe-8y to Phe-{~; *K:
Tyr-8y to Tyr-8.; L: Tyr-€, to Tyr-
Y, M: Phe-¢ to Phe-y; N: Tyr-6,
to Tyr-{c; *O: Tyr-€; to Tyr-e..
*Some 'J cross-peaks are detectable
in the HMBC experiment, despite the
use of low-pass J filtering to suppress
one-bond correlations.
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where 6., ¢, are the polar coordinates for the ith interaction vector and 6,
¢p, are those for Dy, Taking into account the symmetry of both rings in the
x-z plane, the interactions for the 8, and 8, carbons, and likewise for the €,
and e, carbons, are direct averages:

{cos’a;) = ({cos’a;); + {cos’e;),)/2 4)

where the subscript i refers to the particular interaction vector and the
subscripts 1 and 2 outside the brackets refer to 8, and 8, carbons or the €,
and €, carbons.

RESULTS
DPDPE solution NMR assignments

The solution spectra of DPDPE in a buffer of the same
composition as that used in the DHPC/DMPC experiments
was used to determine the aromatic proton and carbon
resonance assignments. Resonance assignments were per-
formed by a scheme that mutually satisfies the COSY,
HMQC, and HMBC spectra (Fig. 2). The assignments in the
presence of DHPC/DMPC given in Table 2 are consistent
with the solution assignments given in the caption of Fig. 2.
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DPDPE bound to magnetically oriented micelles:
effects on 3C spectra

The NMR spectra of DPDPE in the presence of phospho-
lipid micelles exhibit only one set of resonances (Fig. 3),
which is consistent with aqueous DPDPE in fast exchange
with the micelle-bound state. Consequently, the NMR prop-
erties for the peptide are population-weighted averages of
the bound and free values. The aromatic peptide resonances
are the focus of these studies, because they are well resolved
from lipid resonances under all conditions, and the rela-
tively rigid rings provide good frames of reference with
well-defined chemical shift anisotropies for the carbons.
Fig. 4 shows both coupled and decoupled '*C spectra of the
aromatic resonances for DPDPE in the presence of unori-
ented and oriented micelles. Magnetic ordering of the mi-
celles results in changes in chemical shift for the bound-
state peptide and manifestation of a dipolar contribution
to resonance splittings for spectra collected without 'H
decoupling.
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FIGURE 3 'H decoupled '*C
NMR spectra of 30.1 mM DPDPE in
the presence of oriented DHPC/
DMPC micelles (1/2.2 mole ratio) at
40°C. The high-intensity resonances
from 15 to 80 ppm are from the phos-
pholipid at high concentration (25%
w/w), whereas the low-intensity res-
onances are primarily DPDPE. The
carbonyls from phospholipid (large
peaks) and DPDPE (small peaks) are !
visible from 170 to 180 ppm. The !
aromatic region from 110 to 160 ppm lj‘ ;
contains only DPDPE resonances. ‘
Note that only one set of DPDPE
resonances is observed, indicating
fast exchange between aqueous and
micelle-bound states on the NMR
time scale.

200
ppm

180 160

Estimating the micelle order parameter

The observed couplings and chemical shifts depend on the
micelle order parameter, S, which has a value of —1/2 for
micelles with the bilayer normal perfectly ordered perpen-
dicular to the field. Sanders (1993) used the *'P CSA of
DMPC to measure S for these magnetically oriented mi-
celles and established that S varies linearly with the '*C
chemical shift of the snl-carbonyl resonance (CO1) accord-
ing to

§=(=1/2)(8, —

(%)
where 8, and 8, are the chemical shifts of the COI1
resonance in the oriented and isotropic micelle system and
Ad is the shift difference expected for perfectly ordered
micelles, which is equal to —9.2 * 1.0 ppm (Sanders,
1993). Using this relation, S was found to be —0.22 for a

DHPC/DMPC ratio of 1/2.2 and —0.35 for a ratio of 1/3.4.

Siso)/AS

PFG 'H NMR diffusion measurements: fraction of
DPDPE bound

Pulsed-field-gradient 'H NMR diffusion experiments were
used to estimate the fraction of the peptide bound to lipid
micelles from the observed diffusion coefficient according
to

Dobs :beound + (1 _f)Dfree (6)

where D, ,.q 1S the diffusion coefficient of the peptide when
bound to the micelles, which is the same as the diffusion
coefficient of the micelles themselves. Rather than attempt-
ing to estimate the diffusion coefficient for the micelles,
which are present as a distribution of sizes (Tausk et al.,
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1974), it was assumed that the micelles move significantly
more slowly than the free peptide and that fD, 4 << (1 —
f)Dgee. Therefore, the first term in Eq. 6 is neglected.

The self-diffusion coefficient obtained for 6.7 mM pep-
tide at 40°C in the absence of the micelles (D,g) is 21.0 X
107° cm?/s. However, in the presence of a high concentra-
tion of lipid, the excluded volume generated by the micelles
is expected to alter the diffusion of unbound peptide. To
correct for this excluded volume, a species found to have
little affinity for the micelles, benzenedisulfonate (BDS),
was measured along with DPDPE, both in the presence and
absence of micelles. The diffusion coefficient of BDS in
buffer was 31.0 X 107® cm®/s and 7.0 X 10~ ® cm?/s in the
presence of the micelles. Assuming that the diffusion of
unbound DPDPE scales in the same way as that of BDS,
Dy, for the peptide in the presence of the micelles is then
4.85 X 107° cm?/s. In the presence of micelles, D, for the
peptide under these conditions (DHPC/DMPC = 1/1.5;
25% wiw lipid; 40°C) is 3.0 X 107 cm?s. Using these
values with Eq. 6, fis 0.40.

Separating scalar and dipolar coupling

The observed 'H splitting of the '’C resonances in the
oriented spectra can be treated to first order as a sum of the
scalar coupling present in the unoriented spectra and a term
dependent on orientation, which is assumed to be solely
dipolar coupling. In this case the two terms have opposite
signs, because the magnitudes of the 'H-'>C couplings were
found to decrease in going from an isotropic sample to one
with a low degree of ordering (data not shown). Table 1 lists
the observed 'H-'>C splittings and estimates of the dipolar
contributions for DPDPE bound to micelles composed of
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FIGURE 4 Aromatic region of the
'*C NMR spectrum of DPDPE in ori-
ented and isotropic micelles. (A4) 'H de-
coupled '*C spectrum of 30.1 mM DP-
DPE with oriented micelles (1/2.2
DHPC/DMPC, 25% wi/w total lipid).
(B) '"H decoupled '*C spectrum of 16
mM DPDPE with isotropic micelles
(1/1 DHPC/DMPC, 25% w/w total lip-
id). (€) 'H coupled '*C spectrum of
30.1 mM DPDPE with oriented mi-
celles (1/2.2 DHPC/DMPC, 25% wiw
total lipid). (D) 'H coupled '*C spec-
trum of 16 mM DPDPE with isotropic
micelles (1/1 DHPC/DMPC, 25% wiw
total lipid).

T T T
160 155 150
ppm

T ot

1/1 DHPC/DMPC (S = 0), 1/2.2 DHPC/DMPC (§ =
~0.22) and 1/3.4 DHPC/DMPC (S = —0.35). Couplings
for the Phe-{ resonance were not resolved in these spectra.

Changes in chemical shift with lipid composition

Referencing the chemical shifts is complicated by the fact
that any chemical shift standard added to the solution can
partition between the aqueous and micelle phases. Conse-
quently, the Tyr-{ resonance in the oriented spectra was
arbitrarily set to the same chemical shift assigned to it in the
spectrum for the unoriented micelle sample (1/1 DHPC/
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DMPC). It also happens to be the most downfield aromatic
resonance (Figs. 3 and 4). Chemical shifts for the other
aromatic resonances are given in Table 2 for both isotropic
and oriented micelle solutions. All three samples consisted
of 25% total lipid by weight. Assuming that fis roughly the
same for DHPC/DMPC ratios of 1/1 to 1/3.4, the change in
chemical shift due to magnetic ordering (Ad) is given by
the difference between the observed shift and that for the
same resonance in the isotropic 1/1 DHPC/DMPC sample
(Table 2).

According to Eq. 2, these A8 should depend on f, S, and
the orientation of the ring in the bilayer. The contribution
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TABLE 1 'H-'3C couplings for DPDPE bound to isotropic
and oriented micelles

1/1 12.2 1/3.4
DHPC*
DMPC s=0" S = 0.44* S = 0.69*
|JCH| IAVCH| |Dc:H|§ |AVCH| |DCH|§
Carbon Hz Hz Hz Hz Hz
Tyr-8 147 420 567 622 769
Tyr-¢ 158 408 566 622 780
Phe-6 158 358 516 533 691
Phe-¢ 160 360 520 535 695
Phe-{ 164 — — — —

*The mole ratio of DHPC to DMPC.

*Bilayer order parameter measured from the '3C NMR spectrum of each
sample, as described in the text.

SAbsolute value of the dipolar coupling obtained from the observed reso-
nance splitting, assuming the scalar coupling is of opposite sign.

from the ring orientation can be removed by taking the ratio
of Ad’s for the two oriented samples, leaving only S,£,/S, f;.
If it is assumed that f'is the same for both samples, this ratio
should equal S,/S,, which is 1.6 in this case. The Phe-vy, -8,
and -€ resonances are in good agreement with this value, the
Tyr-8 and € values are close, but the Tyr-y and Phe-{ are
significantly lower than expected. Ratios of the dipolar
couplings should also yield S,/S,. All of these ratios are
close to 1.35 (Table 2), which is also lower than the ex-
pected value. These observations may be an indication that
some of the peptide binds to the DHPC component of the
micelle at low DMPC levels. To test this idea, attempts were
made to work with micelles with significantly higher
DMPC content, but they did not orient.

Ring orientations consistent with the observed
dipolar couplings

Within the frame of reference for a given ring, all 6, for the
'H-">C interaction vectors are 90°, and ¢, are *60° and
+120° for & and e, respectively. Using these values and
substituting Eq. 4 into Eq. 1 yields the following relation

'H PFG and '3C NMR of DPDPE in Lipid Bilayers 3343

between the dipolar coupling and the orientation of the
molecular director in that frame of reference:

D; = AyfS([3 sin’6p(2 sin’pp + 1)/4 — 1)2)  (7)

Fig. 5 is a contour plot of |D;| for ¢y, versus 6y, obtained
using Eq. 7, with f = 040, § = —0.22, and A;; = —46.6
kHz. The experimental values of |D;| are 566 Hz for Tyr
resonances and 518 Hz for Phe at S = —0.22 (Table 2),
which are close to the lowest level contour shown that falls
in the vicinity of 80° < ¢p < 100° and 75° < 6 < 90°.
Very similar contours and results are obtained with the S =
—0.35 data.

Relation between DPDPE '3C chemical shift and
its bilayer orientation

The chemical shifts of the resonances are easier to measure
than the dipolar couplings, because they are obtained from
decoupled spectra with sharper resonances and better sig-
nal-to-noise ratios. Equation 2 gives the relation between
the chemical shifts and the orientation of the interaction
vector in the micelles; however, it requires that the oriented
and isotropic spectra have a reliable common reference.
This issue of chemical shift reference was addressed in a
previous section, with the Tyr-{ resonance chosen as the
reference for all micelle solutions (Table 2). Equation 2 then
becomes

(8 = 8or — (& ~ Biso
= (1/3)Sf{[A2(3{cos’a;) — 1) + Ayy(3(cos’as) ~ 1)];
— [Ap(3(cos’a;) — 1) + Ap(3{cos’as) — 1)]}/2
= Abipeor 8)

where the subscript j is for the carbon of interest and
subscript k refers to the Tyr-{ carbon. Again, the cos ¢
terms can be expressed in terms of the polar coordinates of
the tensors and the director, by using Eq. 3; all 6; = 90°, all

TABLE 2 '3C chemical shifts for DPDPE with isotropic and oriented DHPC/DMPC micelles

11 112.2 1/3.4
* i — _

DHPC*/DMPC $=0 S =044 § = 0.69 ASGAY Dey 34
Carbon 8 ppm 8 ppm AS* & ppm as A8(2.2) IDc(2.2)]
Tyr-y 127.65 126.71 -0.94 126.77 —-0.88 0.94
Tyr-8 132.05 131.12 -0.93 130.71 -1.34 1.44 1.36
Tyr-¢ 117.28 116.47 —0.81 116.11 -1.17 1.44 1.38
Tyr-{ 157.11* 157.11* 0 157.11* 0 ND' ND!
Phe-y 138.66 138.36 —-0.30 138.18 —0.48 1.60
Phe-8 130.46 129.50 -0.96 128.89 -1.57 1.63 1.34
Phe-¢ 130.09 129.09 -1.00 128.45 —1.64 1.64 1.34
Phe-{ 128.31 127.90 —0.41 127.80 —-0.51 1.24

*The chemical shift for all Tyr-{ carbons has been set to 157.11 ppm (see text).

*AS, = &

ori — Oiso i the difference between oriented and isotropic chemical shifts for carbon i.

SRatio of A§; at the higher DMPC content spectrum to that of the lower DMPC content spectrum.
IRatio of the absolute value of the C-H dipolar coupling of the higher DMPC content spectrum to that of the lower DMPC content spectrum.

IND, Not detected.
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FIGURE 5 Contour plot of 'H-'3C dipolar coupling magnitude, |D;|, as

ij
a function of the molecular director coordinates in the ring frame of

reference. The dipolar coupling for the 8- and e- aromatic resonances
follows Eq. 7 in the text, where ¢, and 6, are the polar coordinates of the
molecular director defined in Fig. 1 A. The contours are for values of |D;|
in Hz, calculated using A; = —46.6 kHz, f = 0.40 and § = —0.22.

8, = 0°, and both ¢, and ¢, are 0°, =60°, =120°, and 180°
for vy, 8, €, and { carbons, respectively. A grid search of 6,
and ¢, values was performed, keeping those coordinates for
which A8, is within 5% of the experimental Ad’s in
Table 2. The carbon shielding tensors, {o,,}, used here are
given in Table 3 and are values for C-H, C-O, and C-C
averaged from several aromatic substances (Duncan, 1987).
To take into account the uncertainty in these shielding
values, the search was conducted by using minimum and
maximum estimates of all A;, values calculated from the
average {0,,] and their respective standard deviations.
Fig. 6, A (§ = —0.22) and B (§ = —0.35), display the
results of this search superimposed on the |D;| contours for
both the Tyr (filled circles) and Phe (open circles) rings.
The CSA data for each ring yields director coordinates in

TABLE 3 Shielding tensor values used for the aromatic
carbons (Duncan, 1987)

o, * Ty [ No. of
Carbon (ppm) (ppm) (ppm) spectra®
Tyr-6, & 215 145 17 24
Phe-5, ¢, { (16) (17 3
Tyr-y & Phe-y 21 160 21 18
(11) 9 ®
Tyr-¢ 227 158 71 5

(10) (13) (5)

*The standard deviation is denoted parenthetically.
*The number of spectra used to generate the average o;;.
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FIGURE 6 Director coordinates estimated from chemical shift changes
overlaid on the |Dy| contours. Calculations for (4) § = —0.22 data and (B)
S = —0.34 data. The symbols in both plots are for coordinates that gave
predicted chemical shifts within 5% of the observed shifts for the Tyr (A)
aromatic resonances and the Phe (u) aromatic resonances. Based on the
overlap of chemical shift results with these contour plots, the experimental
dipolar couplings are at least three times lower in magnitude than expected.

the range of 60° < 6 < 90°, with 30° < ¢p, < 60° or 120°
< ¢p < 150°. Note that the lowest |Dij| contours that
overlap with the CSA results are for couplings of 1500 Hz
with § = —0.22 (Fig. 6 A) and 2100 Hz with § = —0.35
(Fig. 6 B). These values of |D;| are roughly a factor of 3
higher than the experimental values (Table 1). The simplest
explanation for this discrepancy is that the CSA and the
dipolar couplings are partially averaged by local fluctua-
tions in the packing of the lipid molecules and the confor-
mation of the bound peptide. All of the calculations pre-
sented above implicitly assume a rigid peptide and well-
ordered lipids in the micelles. Partial averaging of the
interactions due to local fluctuations could also account
for the discrepancies among the A§(3.4)/A8(2.2) and
IDcy(3-4)|/iDcyy(2.2)] values in Table 2 (vide supra).
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The two aromatic rings yield very similar plots of ¢p
versus 6, suggesting that they have roughly the same
orientations in the lipid bilayer. There are also only small
differences in the plots for the 1/2.2 DHPC/DMPC and the
1/3.4 DHPC/DMPC data. Therefore, if DPDPE does bind to
DHPC-rich regions and the DMPC bilayer, either the two
sites orient the rings in a similar manner, or one of the sites
dominates the results of these analyses.

Relative orientations of Tyr and Phe rings:
membrane versus crystal structures

The director orientations computed above are defined with
respect to the local coordinate system of the particular
aromatic ring. If the Tyr and Phe rings have the same
director (i.e., the peptide is conformationally constrained in
the micelles), then the experimental CSA and dipolar cou-
plings can be used to test proposed orientations of one ring
relative to the other. The x-ray crystal structure of DPDPE
exhibits three unique conformations per unit cell (Flippen-
Anderson et al., 1994). To compare the Tyr and Phe rings,
we have chosen to consider their relative dipolar couplings,
which were found to be the same under all conditions, i.e.,
|Dcyy(Tyr-8)//|Deyy(Phe-8)| and  |Deyy(Tyr-€)|/| Doy (Phe-€)|
are 1.1 for both DHPC/DMPC ratios. If the Phe ring is used
to define the molecular frame of reference, then the denom-
inator in these ratios is still Eq. 7. The Euler transformations
needed to convert the crystal coordinates to the Phe ring
frame are ,applied to the Tyr interaction vectors, giving a
new set of coordinates, 6, and ¢;, for Eq. 3. Consequently,
the numerator in these ratios does not reduce to the simple
form of Eq. 7 and varies with the particular conformation.

Fig. 7 shows computed values of |Dcy(Tyr)|/|De(Phe)|
versus O, for the three different crystal conformations,
MOLI1 (solid curve), MOL2 (dotted curve), and MOL3
(dashed curve). There are generally two values of
|Dcg(Tyn)|/|Deg(Phe)| for a given 6y, corresponding to two
possible values for ¢p. Note that the MOL1 and MOL3
conformations give good agreement with the experimental
ratio of 1.1 (Fig. 7, horizontal solid line) near 6, = 83° (¢p
= 29°) and 6 = 76° (dp = 29°), respectively. Mol2 is
never close to the experimental ratio. Fig. 8 depicts the
MOL1 and MOL3 crystal structures, with the molecular
director drawn through the rings to reflect these orienta-
tions. The Tyr phenolic group is presumably directed out-
ward toward the aqueous phase, and the hydrophobic Phe
ring is embedded deeper in the bilayer.

If the same coordinate transformations are applied to the
Tyr shielding tensors, the predicted and observed chemical
shifts for Tyr and Phe, again, show reasonable agreement
with the MOL1 and MOLS3 structures but not the MOL2
conformation. Using the chemical shifts observed at both
1/2.2 and 1/3.4 DHPC/DMPC, the two rings were in best
agreement at 8, = 69° (¢p = 59°) for MOL1 and 6, = 80°
(¢p = 120°) for MOL3.
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FIGURE 7 Relative dipolar couplings, D, (Tyr)/Dqy(Phe), computed
from the crystal coordinates for DPDPE. The ratio of Tyr-e/Phe-e and
Tyr-6/Phe-8 experimental dipolar couplings is 1.1 (horizontal solid line)
for both 1/2.2 and 1/3.4 DHPC/DMPC. Plots of D, (Tyr)/Dy(Phe) were
computed from the crystal coordinates (Flippen-Anderson et al., 1994) as
a function of 8, and ¢y, in the Phe frame of reference. Results are given for
all three conformers in the crystal: MOLI1 (solid curve), MOL2 (dotted
curve) and MOL3 (dashed curve). MOLI (solid curve) and MOL3 (dashed
curve) show good agreement with the experimental ratio of 1.1 (horizontal
solid line) near 6, = 83° (¢p = 29°) and 6, = 76° (¢p = 29°),
respectively. The MOL2 (dotted curve) has no orientation that yields the
relative dipolar couplings observed in the experiments.

DISCUSSION

Given the amphiphilic nature of most biologically active
peptides, it is very likely that many of them will have some
affinity for phospholipid membranes. Binding of the peptide
to membranes may be important in establishing the correct
peptide-receptor interactions (Sargent and Schwyzer, 1986;
Schwyzer, 1986), or may simply play a role in transport and
bioavailability. To test the former, it will be necessary to
characterize the membrane-bound conformations of a large
number of active and inactive species. The purpose of the
13C experiments presented here was to demonstrate a
method for characterizing the arrangement of peptide phar-
macophores that would be amenable to the study of a large
collection of analogs.

PFG-diffusion studies show that ~40% of the DPDPE is
bound to the unoriented phospholipid micelles in these
experiments. Therefore, it is at least reasonable for this
potent 8-opiate to associate with the membrane phospholip-
ids in preparation for binding to the receptor, as proposed by
Schwyzer (Sargent and Schwyzer, 1986). The activity of
this and most other opioid peptides presumably depends on
the arrangement of two aromatic pharmacophores (Schiller,
1984; Herz, 1993), the Tyr and Phe rings in the case of
DPDPE. In the natural-abundance '*C spectra, the aromatic
resonances remain conveniently well resolved from all lipid
resonances, even at 25% lipid (w/w). Most other resonances
are either obscured or are more ambiguous in assignment as
the micelles are oriented. Consequently, the analysis is
limited to the chemical shifts of the Tyr and Phe aromatic
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MOLI1

FIGURE 8 An adaptation of the x-ray crystal structure of hydrated
DPDPE (Flippen-Anderson et al., 1994). The reported crystal structure
contains three DPDPE molecules per unit cell, designated in this paper as
MOLI1, MOL2, and MOL3. Depictions of MOL1 and MOL3 are shown,
with D, oriented with respect to the Tyr and Phe aromatic rings, in
agreement with the NMR CSA and 'H-">C dipolar coupling measurements.
MOL2 did not show agreement with the NMR measured CSAs or 'H-'>C
dipolar couplings. The vertical line drawn through both figures is meant to
represent the surface of the lipid bilayer.

carbons and 'H-'>C dipolar couplings of those carbons on

the rings with directly bonded hydrogens. The plane of

symmetry running through the vy and { carbons results in the
two 8-carbons being equivalent, and, likewise, the equiva-
lence of the two e-carbons. In addition, the ring is nearly a
regular hexagon, which makes the 8-carbons geometrically
equivalent to the e-carbons. Because of these symmetries,
there are not enough unique observables to define the full-
order matrix (Sanders and Prestegard, 1991, 1992), and
certainly not enough information to warrant the use of the
combined 'H-'3C dipolar couplings and >C chemical shift
changes as constraints in modeling the whole molecule.
Our analysis focuses specifically on the arrangement of
the Tyr and Phe aromatic pharmacophores, assuming an
axially symmetric molecular director. In the first approach,
the two rings were analyzed independently and were found
to have very similar orientations in the phospholipid mi-
celles, based on both the coupling and chemical shift data.
However, the actual range of director coordinates predicted
from the coupling data is offset from the coordinates cal-
culated from the chemical shifts (Fig. 6). It is very likely
that motions of the surrounding lipid molecules and motions
within DPDPE cause fluctuations in the orientations of the
rings relative to each other and with respect to the bilayer

Biophysical Journal

Volume 73 December 1997

normal. The CSA has components within the plane of the
ring and perpendicular to the plane, whereas all of the
'H-'3C dipolar interaction vectors are within the plane.
Consequently, the differences in predicted coordinates may
be a result of how the two observables are averaged by the
local fluctuations.

In the second approach to characterizing the arrangement
of the rings, the observed dipolar couplings and CSAs for
the two aromatic rings were found to be consistent with two
of the three conformations of DPDPE present in the pub-
lished crystal structure, MOL1 and MOL3 (Flippen-Ander-
son et al., 1994). The orientation of the molecular director
through the MOL1 and MOL3 structures suggests that the
hydrophobic Phe ring is directed into the bilayer, given that
the hydrophilic Tyr ring is most likely directed outward
toward the aqueous phase (Fig. 8).

Overall, these results suggest that the two aromatic rings
are oriented with the plane of the ring tilted 15° * 15° from
the bilayer normal. This is similar to what was observed for
the aromatic ring of pyridine (Henderson et al., 1994) and
benzyl alcohol (Boden et al., 1988) adsorbed to the water/
lipid interface.

Kimuri, Kunil and Fujiwara have proposed conforma-
tions for Met-enkephalin (Kimura et al., 1996) and the
S-active [p-Ala®]- and inactive [L-Ala®)-Met-enkephalins
(Kimura et al., 1997) in cesium perfluorooctanoate liquid
crystals, using 'H-'H dipolar couplings in pseudoenergy
terms for molecular modeling. The published structures
have the planes of the Tyr and Phe rings nearly parallel for
the inactive [L-Ala®]-Met-enkephalin (Kimura et al., 1997),
whereas the two rings appear far from parallel for the
8-active [D-Ala”]-Met-enkephalin (Kimura et al., 1997) and
Met-enkephalin itself (Kimura et al., 1996). The relative
orientations of the DPDPE Tyr and Phe rings of DHPC/
DMPC are more similar to that for the inactive [L-Ala?]-
Met-enkephalin in the perfluorooctoanoate. This could be
an indication that the membrane-bound conformations do
not correlate with activity. However, there may be a real
difference in peptide conformation when bound to the an-
ionic perfluorooctanoate micelles versus the zwitterionic
phospholipid micelles. Furthermore, it is very likely that
peptide and micelle dynamics cause the orientations of the
two rings to fluctuate with respect to each other and with
respect to the micelle surface. The data analysis used here
and in the Met-enkephalin studies implicitly assumes a
static arrangement of the rings in the micelles. In the case of
DPDPE, the orientations of the two rings were analyzed
individually, with no reference to other parts of the mole-
cule. In the Met-enkephalin studies, the analysis included
'H-'H couplings from several sites and energy minimiza-
tion of the entire molecule with pseudoenergy contributions
from the couplings (Kimura et al., 1996, 1997). Even if the
peptides have similar conformations in the two types of
micelies, the local fluctuations will manifest as distortions
in the computed conformations, and the two approaches in
analysis will differ in the nature of the distortions. One other
source of discrepancy between the DPDPE results and those
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for the Met-enkephalin derivatives is that contributions
from the micelle order parameter (S) and fraction of peptide
bound (f) were neglected in the latter (Kimura et al., 1996,
1997). Both the free and bound states will contribute to
rotating frame Overhauser effect spectroscopy measure-
ments, resulting in some average structure. The dipolar
couplings only arise for peptide bound to the oriented mi-
celles, but the set of molecular coordinates found to satisfy
the relation between the experimental and theoretical cou-
plings will depend on the actual magnitudes of the cou-
plings, which are dependent on f and S.

In comparing the DPDPE results with those for the Met-
enkephalin analogs, it is clear to us that structure-activity
studies of peptides in membranes should be performed with
a single type of membrane mimetic system and a common
approach in data analysis. Unfortunately, there is no ideal
approach. The perfluorooctanoate system has the advantage
of virtually no spectral interference in the 'H spectrum of
the peptide, with great potential for providing many details
about peptide conformation from the Overhauser effects and
dipolar couplings measured in rotating frame Overhauser
effect spectroscopy/magic angle spinning and magic angle
spinning/near-magic angle spinning experiments. These
data are readily incorporated as constraints in conventional
molecular modeling studies (Kimura et al., 1996, 1997).
The phospholipid micelles suffer from spectral interference
with peptide resonances, which is compounded by the fact
that an excess of lipid over peptide must be used to ensure
a significant fraction of bound peptide. However, the phos-
pholipids may be a more realistic membrane mimetic sys-
tem. Moreover, it may not be necessary to determine all of
the details of the peptide conformation to test the concept of
whether the membrane-bound conformation correlates with
activity. Characterization of the key pharmacophores in the
membrane may be sufficient and much less demanding.
This approach is being taken in an analysis of a series of 8-
and u-opiate analogs (Rinaldi, 1997).

The use of the Bruker AMX500 NMR for the assignments and support for
FR was made possible by Bristol-Myers Squibb. This work was supported
by National Institutes of Health grant 1 R15 GM51048-01.
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