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The compound c[Cys>!]dynorphin A-(1—11)-NHo,, 1, is a cyclic dynorphin A analog that shows
similar selectivity and potency at the «-opioid receptor when compared to the native form of
the peptide in central nervous system assays. Previous molecular mechanics calculations have
shown that the ring portion of the isoform that is trans about the Arg®—Pro'° o bond contains
either a S-turn from residues Arg® to Arg® or an a-helical conformation. Our results from
solution state NMR indicate that the compound exhibits cis—trans isomerism about the Arg®—
Pro'® w bond in both aqueous solution and when bound to dodecylphosphocholine micelles.
Restrained molecular dynamics calculations show that the cis isoform of the peptide contains
a type 111 g-turn from residues Arg’ to Pro*°. Similar calculations on the trans isoform show
it to contain a S-turn from residues Cys® and Arg®. In this report we describe the generation
of three-dimensional models from NMR data for the ring portions of both the cis and trans
isoforms of 1 bound to dodecylphosphocholine micelles. Comparison with other dynorphin A
structural information indicates that both the cis and trans isoforms of the peptide may be

active as «-opioid agonists.

Introduction

Presented in this report are three-dimensional models
of the cis and trans isoforms about the Arg®—Prol®
peptide bond of a cyclic dynorphin analog bound to
dodecylphosphocholine (DPC) micelles as studied by
solution NMR and restrained molecular dynamics. The
cyclized dynorphin analog c[Cys®>1]-Tyr-Gly-Gly-Phe-
Cys-Arg-Arg-lle-Arg-Pro-Cys-dynorphin A-(1—11)-NH,
(1) was made by substituting L-cysteines for residues
Leu® and Lys!! of the native dynorphin-(1—11) sequence
to create a 23-membered disulfide-linked ring.! Analog
1 has been shown to have a binding affinity and
selectivity profile for the x-opioid receptor similar to that
of the native form of the peptide in central nervous
system assays.? The analog retains «-opioid selectivity
in guinea pig brain homogenates and displays a large
preference for «-opioid receptors in the brain over those
in the periphery.12 The different activity patterns in
the central vs peripheral assays indicates the possible
existence of subtypes of x-opioid receptors located in
different tissues.?

Structure—activity studies on opioid peptides have
concentrated on the 6 and u receptors so that less is
known about the specific binding requirements at the
x-opioid receptor. As an example of the lack of struc-
ture—activity studies, the specific residues of dynorphin
which cause its «-selectivity are still in question. It was
initially thought that the basic residues of Arg®, Arg’,
and Lys!! were the key determinants in «-opioid selec-
tivity; however, the importance of these residues in
dynorphin has not been entirely reproducible.®~® Stud-
ies on 1 as well as other analogs of dynorphin will be
one of the key ways in determining the exact binding
requirements for x-opioid selectivity. Further develop-
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ment of selective ligands is important for determining
the specific conformational and topographical require-
ments that dictate interactions between «-opioid ligands
and their receptors. This study also has the advantage
of examining a ligand that is both bound to a lipid
micelle and cyclized. These are both techniques that
have been shown to reduce the inherent conformational
flexibility in peptides, thereby making solution NMR
studies more feasible.6~® In addition to stabilizing
peptide secondary structure, DPC micelles also serve
to mimic the peptide—lipid interactions that have been
shown to be potentially important for biological
activity.10-12

Recent molecular mechanics studies on 1 have shown
that two distinct conformations, both of which are trans
about the Arg®—Pro!® » bond, may be present.1® These
two conformations were proposed to be the binding
conformations of dynorphin at central «-opioid receptors.
The two major conformations of the molecule found were
a -turn centered around residues Arg” and Ile® and an
a-helical region starting at Gly® and extending into the
ring. Previous results from our laboratory on the full-
length dynorphin have shown the molecule to be a-heli-
cal from residues Gly3 to Pro® and to contain a -turn
at the C-terminus.'41® We report here two major
conformations for 1 in slow exchange on the NMR
chemical shift time scale due to cis—trans isomerism
around the Arg®—Pro® w bond. To our knowledge, this
is the first time that cis—trans isomerism has been seen
at the Arg®—Prol® o bond in the native dynorphin or
any of its analogs. Refinement of the initial distance
geometry generated structures via restrained molecular
dynamics (rMD) shows that the cis isoform of the
peptide contains a type 111 -turn between residues Arg’
and Pro!°. The same calculations on the trans isoform
of the peptide indicate that its predominant form is that
of a #-turn centered around residues Arg® and Arg’. This
report details the generation of the three-dimensional
models of the cis and trans isoforms of 1 as well as
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relating the information to earlier models from other
dynorphin studies.

Materials and Methods

Sample Preparation. The dynorphin A-(1-11) analog
c[Cys>!1]-Tyr-Gly-Gly-Phe-Cys-Arg-Arg-lle-Arg-Pro-Cys-dynor-
phin A-(1-11)-NH, (1) was synthesized and purified as
reported previously.! Dodecylphosphocholine-dss (DPC) was
obtained from MSD Isotopes (Montreal, Canada), 99.9% D,0O
from Cambridge Isotope Labs (Cambridge, MA), 99.9% D,O
with 0.75% 2,2,3,3-tetradeuterio-3-(trimethylsilanyl)propionic
acid (TSP) from MSD Isotopes, and sodium phosphate from
Baker Analytical Reagents (Phillipsburg, NJ). The DPC bound
sample of 1 used for NMR data collection was 8.03 mM in 1,
83.4 mM DPC-dss, and 10 mM PO, at pH 3.4 in 90% H,0/
10% D,0. The sample of 1 for experiments without DPC
present was 2.18 mM in 1 with 10 mM PO, at pH 3.4 in
90% H,0/10% D0 as well as in 100% D,0O. TSP was used as
the internal chemical shift standard.

NMR Experiments. All NMR experiments were per-
formed on either a Bruker AMX-500 or AMX-600 spectrometer
and analyzed on a Silicon Graphics Personal Iris with FELIX
v2.30 (Biosym, San Diego). Total correlation spectroscopy
(TOCSY) and nuclear Overhauser spectroscopy (NOESY)
experiments, performed as described below, were used to
assign the H resonances with the standard sequential as-
signment method.’® Presaturation of the solvent peak during
the relaxation delay (as well as the mixing time in NOESY
and ROESY spectra) was performed for suppression of the
solvent resonance in all spectra. Spectra used for analysis
were collected at 288 K, as it was determined that spectral
overlap was at a minimum at that temperature.

TOCSY experiments with mixing times of 50 and 75 ms
were obtained at 600 MHz with a spectral width of 7812.500
Hz in both dimensions using TPPI phase cycling.!” In a typical
experiment, 512 equally spaced t; increments were acquired
with 64 scans of 2048 complex points per t; value and 16
dummy scans prior to data acquisition to equilibrate the
sample. Apodization in the t, dimension was done with a
squared sine bell function (512 points, 90° phase) and in the
t; dimension with a squared sine bell function (512 points, 90°
phase) as well. The data was then zero filled to yield a 2K x
2K real matrix.

The standard NOESY pulse sequence of Macura and Ernst!8
was utilized for *H assignment and for the determination of
distance restraints. The spectra were obtained at 500 MHz
with a spectral width of 6024.096 Hz in both dimensions and
TPPI phase cycling.t” A normal experiment consisted of 400
t: increments with 48 scans of 2048 complex points per t; value.
In the t; dimension, apodization was done with a skewed sine
bell squared function (400 points, 90° phase, and 0.9 skew).
In the t; dimension, linear prediction of one-third more
experiments?® was followed by the application of a skewed sine
bell squared function (540 points, 90° phase, and 0.9 skew)
and zero filling to yield a 2K x 2K real matrix. All NOESY
data sets were baseline corrected in both dimensions using a
polynomial function prior to spectral analysis. ROESY spectra
on 1 with and without DPC present were collected at 500 MHz
with a mixing time of 65 ms in each case.?®?! Spectral widths
were 6024.096 Hz in both dimensions, and each experiment
consisted of 48 scans by 400 t; increments. The phase cycling,
apodization, linear prediction, zero filling, and baseline cor-
rection were the same as those used for the NOESYs.

Structural Determination and Computational Model-
ing. Interproton distances for all NOESY cross peaks in a
175 ms mixing time spectrum were assigned an upper distance
limit of 5.0 A and a lower limit of 1.8 A. The lower limit
represents the sum of the van der Waals radii of the interact-
ing atoms and the upper limit the standard NOE cutoff
distance. Distances were not classified into the standard
categories of strong, medium, and weak since many of the
peptide resonances were identical in the cis and trans isoforms
(see chemical shift data in Table 2).%?

Initial structure generation from random coordinates with
the DIANA algorithm was used as the first step in determining
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the three-dimensional models of the cis and trans isoforms of
analog 1 bound to DPC micelles.232* DIANA uses the distance
restraint information obtained from the NOESY experiments
outlined above as input for the calculations. The distance
restraint lists contained 114 and 97 atom pairs for the cis and
trans isoforms, respectively. Due to degeneracy in the 2,6 and
3,5 aromatic protons of tyrosine and phenylalanine, and the
lack of stereospecific assignments for the diastereomeric
protons, pseudoatom modifications to the input data were
made in certain cases.’® The presence of the disulfide bond
from Cys® to Cys!! was declared in the DIANA sequence file
and fixed with distance constraints in the form of upper and
lower distance limits.?® Specifically, the S—S distance was
fixed to a range between 2.0 and 2.1 A, and the S—C; inter-
residue distance was fixed between 3.0 and 3.1 A. Addition
of long-range restraints, and increasing the strength of the
van der Waals term, was performed after short-term restraints
were first examined by DIANA.2324 The effect of this is that
the algorithm calculates the local structure before the global
structure. Analysis of the 100 DIANA-generated structures
for the cis and trans isoforms showed that the majority fell
into a structural class that was unique to each isoform.
Similar results were generated with different random seed
numbers. Table 1 contains data on the target function values,
constraint violations, and van der Waals violations of the 20
DIANA-generated structures with the lowest target function
scores.

The 20 structures for both the cis and trans isoforms with
the lowest target function scores from the DIANA-generated
data sets were chosen for further analysis with energy
minimization and restrained molecular dynamics (rMD) cal-
culations. Steepest descents minimizations with 10 (kcal/mol)/
Az flatwell distance restraints were performed on all structures
with the Discover 2.9 algorithm (Biosym, San Diego) utilizing
the AMBER force field.?® Minimization proceeded until the
change in energy was less than 0.001 kcal/A. Constant
temperature (300 K) rMD simulations were performed follow-
ing minimization for 200 picoseconds (ps) with 10 (kcal/mol)/
AZ flatwell distance restraints. For the 20 cis isoforms of the
peptide studied, the Arg®—Pro'® w bond was fixed in the cis
position by applying a 50 kcal/rad? force constant. All other
o bonds were fixed in the trans position with the application
of a 50 kcal/rad? force constant. All structures were equili-
brated during the first 60 ps of the simulations and then
averaged over the final 140 ps for the structural analyses
performed with Insightll (Biosym, San Diego). A distance
dependent dielectric of e = r was utilized to implicitly simulate
water in all minimizations and rMD runs. An infinite distance
was used for determining the nonbonded atom list in order to
include all potentially significant interactions.

Results and Discussion

Analog 1 Chemical Shifts. The 'H chemical shifts
for the cis and trans isoforms of 1 bound to DPC micelles
at 288 K are presented in Table 2. As can be seen from
Table 2, several chemical shifts are redundant in the
two isoforms. Among these shifts are those of the first
two residues of the peptide (Tyr! and Gly?) and the Gly?
amide proton, as well as the Arg’, 1le8, Arg®, and Cys™!
residues. The major chemical shift differences between
the cis and trans isoforms are in the Phe?, Cys®, Arg®,
and Pro?0 residues. The amide resonances from Phe?,
Cys®, and Arg® in the trans isoform are 0.15, 0.24, and
0.53 ppm upfield of the equivalent cis isoform reso-
nances. For the a-1H resonances, the trans Phe?, Cys®,
and Arg® resonances are 0.11, 0.32, and 0.11 ppm
downfield of the equivalent cis resonances, and the trans
Pro'® a-'H resonance is 0.21 ppm upfield from the
equivalent cis isoform resonance. These variations in
chemical shift are indicative of substantial differences
in chemical environment for the residues in question.
The degenerate shifts of the Arg?, 1le8, Arg®, and Cys!!
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Table 1. Structural Statistics for the 20 Cis and 20 Trans Isoforms of DPC Bound 1

Tessmer et al.

parameter cis DIANA cis rEM cis rMD trans DIANA trans rEM trans rMD

target function (A2)2 0.77 £ 0.45 0.21 +£0.11
upper limit violations?

number > 0.2 A 1.40 £+ 2.26 0.05 £ 0.22

sum of violations (A) 1.09 + 0.69 0.43 £0.22

maximum violation (A) 0.21+0.11 0.11 + 0.04
lower limit violations?

number > 0.2 A 0.00 £ 0.00 0.00 £ 0.00

sum of violations (A) 0.04 + 0.06 0.02 + 0.04

maximum violation (A) 0.04 + 0.04 0.03 + 0.03
van der Waals violations?

number 7.20 £ 2.77 2.30 +£2.13

sum of violations (A) 438 +1.78 2.14 +0.82

maximum violation (A) 0.62 + 0.04 0.27 £0.08
average pairwise rmsd®

backbone residues 5—11 0.59 + 0.34 0.70 + 0.33 0.85 + 0.37 0.90 + 0.40 0.66 + 0.30 0.95 +0.29

heavy atom 5—11 1.95+ 045 2.16 £ 0.54 2.19 +£ 0.56 222 £0.57 2.16 +£0.38 2.54 £ 045
Ebond® 169+ 15 8.8+ 0.5 8.3+0.5 16.7 £ 0.6 9.1+0.5 9.1+0.6
Etheta 274+ 3.1 31.5+5.0 321+35 27.8+1.8 30.8 £3.5 36.9+45
Ephi 432+ 49 219+ 2.9 203+ 2.2 41.2 + 3.6 19.0+ 3.1 19.6 £ 2.9
Eout—of—plane® 15.5° 08+04 09+04 15,59 09+0.2 1.0+£0.3
EH-bond —-0.8+0.9 —29+0.8 —4.4+0.9 -1.0+0.7 -3.1+0.7 —48+0.9
Evow 311.8 £ 104.5 45+3.1 -1.1+40 216.5 + 104.0 0.6 £3.7 —-3.2+32
Ereputsion 582.8 £ 116.5 221.0+9.4 2234 +£7.9 490.0 + 123.1 2129488 227.2+£83
Edispersion —271.0+£32.2 —216.5+9.7 —2245+7.7 —273.5+27.3 —221.3+11.8 —230.4+8.1
Ecoutomb 31.3+14.2 —34.6+12.6 —56.6 + 7.6 289+ 121 —32.9+11.8 —67.0 +£13.0
Etotal 445.3 +104.2 30.0 £ 131 -05+82 345.6 + 105.6 24.4 +£10.9 -84+73
Eforce? 75.8 £ 20.6 16.6 + 4.8 9.6+29 458 +14.3 16.5+5.8 164 +7.3
Etotal+force 521.1 £ 105.7 46.6 £ 15.7 9.1+47 391.4 +108.0 409+ 14.1 8.0 £10.5

a After DIANA calculations. P Average pairwise root mean square deviation in angstroms =+ the standard deviation are reported for
each family of 20 structures obtained after each step in the calculations, i.e., after DIANA, energy minimization, and restrained MD. All
rmsds are reported for the peptide backbone from residues 5—11. ¢ Average energies in kcal/mol + the standard deviation are reported
for each family of 20 structures obtained after each step in the calculations as indicated. 9 Out-of-plane value automatically assigned by
discover algorithm for DIANA-generated structures. ® Egce represents total value of forcing from distance and dihedral restraints.

Table 2. 'H Resonance Assignments for Micelle-Bound 1 at 288 Ka

residue NH aCH pH', pH" others
Tyr! 4.24 3.11,3.11 2,6H 7.11, 3,5H 6.83
Gly? 8.89 3.87,3.87
Gly3 8.04 3.86, 3.81
(3.88, 3.82)
Phe* 8.26 4.59 3.24,3.03 2,6H 7.22, 35H 7.14, 4HP
(8.41) (4.48) (3.10, 3.10) (2,6H 7.27, 3,5H,° 4Hb)
Cys® 8.37 4.73 3.21, 3.09
(8.61) (4.41) (3.24, 3.03)
Argb 8.01 4.24 1.91,1.79 yH2 1.60, 1.54, 0H, 3.17, 3.17 eNH 7.37
(8.54) (4.13) (1.88, 1.82) (yH2 1.64, 1.64, 0H, 3.20, 3.20 ¢NH 7.53)
Arg’ 8.08 4.27 1.91, 1.80 yH2 1.60, 1.60, 6H> 3.19, 3.19 eNH 7.40
1le8 7.89 4.01 1.98 yH2 1.48, 1.17, yH3 0.88 6H3 0.84
Arg® 8.22 4.40 1.99, 1.92 yHz 1.60, 1.60, 0H 3.14, 3.14 ¢eNH 7.37
Prot0 4.41 2.30,1.97 yH2 1.97, 1.86, 6H, 3.71, 3.61
(4.62) (2.33, 2.15) (yH2 1.92, 1.82, 6H, 3.54, 3.48)
Cys!t 8.76 4.62 3.30, 3.04
NH; cap 7.59, 7.25

a Resonances in parentheses are for the cis form where the chemical shift differed from the trans form P Peaks not observed.

residues are either due to the residues being in similar
chemical environments in both isoforms or conforma-
tional averaging due to rapid motion in those portions
of the ring.

Table 3 (Supporting Information) contains the 'H
chemical shifts for the peptide at 288 K in H,O with no
DPC present. Upon addition of lipid, the G2 amide
shifts downfield by 0.24 ppm and the G3 amide stays
nearly constant (0.03 ppm downfield shift), while the
F4 (cis isoform) and C5 (trans isoform) amides move
upfield by 0.12 and 0.47 ppm, respectively. These
chemical shift changes are consistent with those seen
upon DPC titrations with other opioid peptides.®?” The
Cys'! amide also shifts downfield by 0.26 ppm upon lipid
titration. Surprisingly the cis and trans 'H resonances

of 1le8 and Arg® can be differentiated in aqueous
solution, but are degenerate when the peptide is bound
to DPC. The major changes in the Pro® 1H resonances
are in the side chain methylenes of the trans isoform,
with shift changes generally in the 0.10 ppm range both
upfield and downfield upon DPC titration. The Arg®
and Arg’ spin systems could not be unambiguously
assigned in aqueous solution, therefore, no conclusions
could be drawn from the DPC titration concerning those
residues. The line widths of the peptide broaden by a
factor of approximately 2.0, and the equivalent NOESY
experiments on 1 without DPC present shows the
absence of most cross peaks (data not shown). These
factors indicate an increase in the overall correlation
time, 7., for 1 when DPC is added to the solution; this
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Figure 1. Expansion of a NOESY spectrum at 500 MHz of 1
bound to DPC micelles showing the Arg® a-*H to Pro'° o-'H
cross peak. The spectrum was recorded at 288 K with a mixing
time of 125 ms. The sample was 8.03 mM in 1, 83.4 mM DPC,
and 10 mM PO,3~ at pH 3.4 in 90%H,0/10%D,0.

is indicative of the peptide binding to the lipid micelle.
The lipid to peptide ratio was approximately 10:1 for
all 1D and 2D experiments.

Cis—Trans Isomerism. As noted, the peptide ex-
hibits cis—trans isomerism around the Arg®—Prol° o
bond in aqueous solution with no DPC present as well
as when bound to DPC micelles. Figure 1 contains a
portion of a NOESY spectrum of 1 bound to DPC
micelles showing the Arg® a-H to Pro® o-1H cross peak
indicative of a cis w bond. No cis was observed in the
linear dynorphin bound to DPC micelles.'*5 The trans
NOEs cannot be unambiguously identified because of
chemical shift overlap. In particular, the trans Prol® o
proton is identical in chemical shift to both the cis and
trans Arg® o proton chemical shift. However, both the
cis and trans isoforms can be positively identified in a
NOESY spectrum of 1 with no DPC present. Figure 2
contains two portions of a NOESY spectrum of 1 in D,O
with no DPC present that show the Arg® o-'H to Pro'®
d' and 0" cross peaks indicative of a trans configuration
about the Arg®—Pro®® w bond, and the Arg® o-'H to Prol®
o-H cross peak indicative of a cis w bond. The Arg®
o-tH and Pro?? a-1H resonances do not have the same
chemical shift when 1 is not bound to DPC, so both
isoforms can be shown to exist by the standard diag-
nostic measures.1® Since the cis isoform can be shown
as the minor component in the DPC bound 1 we can
infer that the major conformer is the trans isoform in
the spectrum of DPC bound 1.

Comparison of the ¢' and ¢' proline peaks in a 1D
spectrum of 1 in the presence of DPC gave a ratio of
2.30:1 at 288 K in favor of the trans isoform. This
equilibrium ratio translates into an energy difference
of —0.48 kcal/mol (where AG = —RT In K) in favor of
the trans isoform. In aqueous solution with no DPC
present, the ratio of trans/cis is 1.46:1 at 288 K based
on comparison of the proline ¢’ to 6" peaks in a ROESY
spectra of 1 (data not shown). With no DPC present,
the energy difference between the two isoforms is thus
—0.22 kcal/mol. Therefore, binding to DPC stabilizes
the trans isoform of the peptide by —0.26 kcal/mol.
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Figure 2. Two expansions of a NOESY spectrum at 500 MHz
of 1 with no DPC present showing the Arg® a-*H to Pro ¢’ to
0" cross peaks (A) and the Arg® a-'H to Pro'® o-'H cross peak
(B). The spectrum was recorded at 288 K with a mixing time

of 200 ms. The sample was 2.18 mM in 1 with 10 mM PO,3~
at pH 3.4 in 100% D,0.

The finding of the cis isoform in 1 was somewhat
surprising, since neither dynorphin nor any of its
analogs have been shown to exhibit cis—trans isomerism
about the Arg®—Pro!° w bond to the best of our knowl-
edge. The cis—trans isomerism in the cyclic analog is
most likely a result of the cyclization process stabilizing
the cis isoform in analog 1 relative to that in the native
dynorphin. On the basis of the activity profile of 1, it
appears that the active form of the full-length peptide
is either the trans isoform alone or both isoforms. The
rationale for this is that if the active form of dynorphin
was the cis isoform being represented by a minor
unidentified conformation in previous studies, one would
expect very high potency for 1 due to its relatively high
level of cis isoform. However, the peptide exhibits
similar potency and selectivity at the x-opioid receptor
as compared to dynorphin.2 It is also possible that both
isoforms are active in the full-length peptide. This could
conceivably be true if isomerization of the Arg®—Pro?°
o caused only minor structural changes in the active
portions of the peptide. In the case of 1 (vide infra),
the cis—trans isomerism appears to only affect the lipid-
mediated structure near the disulfide link. This small
structural difference suggests the possibility that both
the cis and trans isoforms are active in analog 1.
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Figure 3. Stereoview of the backbone overlay from residues Cys® through Cys?! of the 20 final cis structures of 1 examined by
restrained molecular dynamics (rMD). Each structure in the family represents the averaged trajectory from 60 to 200 ps of the

rMD simulations.

Amide Temperature Coefficients. The only amide
temperature coefficients below 3.0 ppb/°C of 1 bound to
DPC were for the Arg® trans isoform and the degenerate
Arg” amide with values of 1.90 and 2.64 ppb/°C,
respectively. Since the Arg” amide proton chemical shift
is degenerate in the cis and trans isoforms of the
peptide, it is impossible to determine a priori the values
of the Arg” coefficient for each respective isoform. In
the structures generated for the cis isoform of the
peptide (vide infra), the Arg’ amide is pointed toward
the interior of the ring at the beginning of the g-turn
and is not involved in a hydrogen bond. For the trans
isoform, the Arg’ amide is pointed away from the
interior of the ring in most of the structures examined
by rMD. It therefore seems more plausible that the
lowered amide temperature coefficient of Arg’ is due to
the position of the amide proton in the cis isoform of
analog 1. The low Arg® amide temperature coefficient
of the trans isoform is likely due to the Arg® amide being
buried in the interior of the peptide. The Arg® amide
proton is pointed toward the interior of the peptide in
the majority of the structures examined by rMD as
shown below. Therefore, the Arg® amide appears to be
solvent shielded and is not part of a hydrogen bond.
Lowered amide temperature coefficients have also been
observed for leucine enkephalin bound to DPC micelles
with no evidence for a hydrogen bond acceptor.?”

Structural Analysis of the Cis Isoform. Analysis
of the rMD results for the 20 cis structures was initially
based on visual inspection with Insightll (Biosym, San
Diego). Subsequently the average torsion angles and
key distances over the final 140 ps of the 200 ps rMD
simulations were examined. The average Arg’ to Pro°
Cy—C, distance for the 20 structures examined was 4.81
+ 0.51 A. This Cy)—Cq+s) distance of less than 7.0 A
is consistent with the definition of a 8-turn.226. From an
analysis of the ¢ and y angles of thei +1andi + 2
residues, the structures were classified as type 11l
B-turns.28 No hydrogen bond was possible across the
turn due to the lack of an amide proton on Pro'0. The
ideal ¢ and vy values for type Il S-turns are —60° and
—30° for both the i + 1 and i + 2 residues, respectively.?®
These ideal values for type Ill -turns leads to the
classification of 11 of the 20 cis structures as ideal type
111 g-turns, while the remaining nine are classified as
nonideal type 111 8-turns.?® Nonideal g-turns differ from

ideal g-turns such that their ¢, y values have more
variability than ideal turns. For the 11 ideal type 111
B-turns, the average ¢ and y angles of the i + 1 residue
(11e8) are —39.9 4 24.3° and —62.9 4 9.3°, respectively,
and for the i + 2 residue (Arg®) ¢ and y are —97.8 +
8.6° and —43.2 £ 3.4°, respectively. The average ¢ and
y angles of the i + 1 residue (11e8) for the nine nonideal
type 111 5-turn structures are —134.2 + 19.0° and —66.5
=+ 7.0°, respectively, and for the i + 2 residue (Arg®) ¢
and y are on average —85.4 4+ 12.4° and —40.0 £ 4.2°,
respectively. These data are summarized in Table 4
(Supporting Information), which contains the average
¢, ¥ angles for residues Ile® and Arg® for the final 160
ps of the rMD simulations. Examination of these data
reveal that the difference in the structural classification
is largely due to variability in the Ile® ¢ angle. The
structural statistics in Table 1 show that the final family
of 20 cis structures has an average pairwise root mean
square deviation of 0.85 =+ 0.37 A for the Cys® through
Cys!! backbone portion of the molecule. Further struc-
tural statistics are summarized in Table 1. The NOE
violations and target functions are all reasonably low
after the DIANA calculations. As expected, the energies
remain rather high until van der Waals terms are
included and energy minimization is performed; re-
strained molecular dynamics further lowers the ener-
gies. Figure 3 contains a stereoview of the backbone
overlay of the ring portion for the final family of 20 cis
structures.

Structural Analysis of the Trans Isoform. Asin
the case of the cis isoform, the 20 rMD simulations of
the trans isoform were averaged from 60 to 200 ps and
the resulting structures examined with Insightll (Bio-
sym, San Diego). The assignment of the secondary
structural elements in the trans isoform of 1 proved
more difficult than in the cis case for reasons described
below. One of the standard measures for determining
pB-turns in proteins and peptides is the requirement that
the Cqi—Cui+a) distance in nonhelical regions be less
than 7.0 A2 On the basis of this definition, the
averaged rMD structures of the trans isoform have a
B-turn in the ring portion of the molecule from Cys® to
Ile8 with an average Cqiy—Cai+3) distance of 5.74 4 0.20
A. The actual assignment of the Cys® to lle8 5-turn to
a specific type is precluded by inconsistencies in the Arg®
¢ and Arg’ iy backbone torsion angles. The low preci-
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Figure 4. Stereoview of the backbone overlay from residues Cys® through Cys!! of the 20 final trans structures of 1 examined
by restrained molecular dynamics (rMD). Each structure in the family represents the averaged trajectory from 60 to 200 ps of the

rMD simulations.

sion in the Arg® ¢ torsion angle is a result of the
variability on the position of the Cys® carbonyl, which
appears to adopt a wide variety of positions. Similarly,
the variability in the Arg” v torsion angle is caused by
the Arg’ carbonyl adopting multiple positions. In
contrast, the Arg® y and Arg” ¢ angles are fairly well
defined. These data are summarized in Table 5 (Sup-
porting Information), which shows the average ¢ and
y angles for the Arg® and Arg’ residues of the trans
isoform of 1. The structural statistics compiled in Table
1 show that the final family of 20 trans structures have
an average pairwise root mean square deviation of 0.95
+ 0.29 A for the Cys® through Cys!! backbone portion
of the molecule. Additional structural statistics for all
the calculations are shown in Table 1. The NOE
violations and target functions are again all reasonably
low after the DIANA calculations. As expected, the
energies remain rather high until van der Waals terms
are included and energy minimization is performed;
restrained molecular dynamics further lowers the ener-
gies. Figure 4 is a stereoprojection of the backbone
overlay of the final family of 20 trans structures
examined by rMD.

Comparison of Cis and Trans Isoforms with
Other Dynorphin Models. Neither the cis nor trans
isoforms of 1 exhibited an o-helical NOE pattern, nor
did the rMD simulations indicate an a-helical structure
in the peptides. The a-helical structure is predicted by
Schwyzer and others to be the lipid-mediated active
form of dynorphin.1%12 The differences in structure may
be because of how each peptide binds to the DPC
micelles. Previous work has shown that the hydropho-
bic side chains of Phe?*, Leu®, and Ile® in dynorphin all
reside on the same face of the a-helix.!®> This arrange-
ment forms an amphipathic o-helix that may be impor-
tant for interaction with the cell membrane and the
receptor. In contrast to the situation in the full-length
peptide, analog 1 does not contain the native Leu®
residue, and the Phe* and lle8 side chains do not appear
to be on the same face of the peptide in the trans
structures. The cis isoform does have the Phe* and Ile®
present on the same side of the ring where they may
interact with the lipid micelle in a manner similar to
that of the native dynorphin (data not shown). There
are also NOEs from the Phe* side chain to the Ile® side
chain in the cis isoform, indicating that the two side
chains are in similar locations in three-dimensional
space.

Dynorphlr_a A(1-17)
Trans

) Cysline bond

Figure 5. Stereoview of the backbone overlay from residues
Arg® through Arg® of dynorphin A (yellow),'5 a trans isoform
of 1 (purple), and a cis isoform of 1 (red).

It has become increasingly clear that the topographi-
cal features (i.e. the three-dimensional arrangement of
side chains in space) of peptide hormones are as
important for activity as the conformational features of
the backbone.62930 |t is quite possible to have a
different topography in the case of two compounds with
similar secondary structures, or to have similar topog-
raphies in compounds which lack the same secondary
structural elements.?® The latter may be operative as
the key side chains in the middle of the peptide in both
isoforms of 1 and the native dynorphin appear to
present similarly, despite their apparent differences in
global structure. Figure 5 contains a backbone overlay
from residues Arg® through Arg® of a representative
structure of dynorphin, a representative structure of the
trans isoform of 1, and a cis structure of 1. The overlay
of the three molecules shows similarities in a region of
dynorphin that is critical for activity. The key differ-
ences in the cis and trans isoforms of 1 are in the region
near the cystine bond in each molecule. This is also
where the largest chemical shift differences take place
in the two isoforms. When the cyclic dynorphin analog
1 is bound to DPC micelles, the Arg®, Arg’, and lle8
shifts become degenerate. The backbone positions of
these residues, and the 'H shift degeneracy, indicates
that they may be in similar chemical environments. The
backbone RMSD between the top five cis and trans rMD
structures is 1.11 £ 0.17 A for residues Arg® through
Arg®. When residues Cys®, Pro®°, and Cys?!! are included
in the RMSD calculation, the value increases to 2.15 +
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0.22 A. The RMSD between the top five average cis
rMD structures and the top five structures from our
dynorphin work is 1.04 + 0.14 A from Arg® through
Arg®. The same calculation for the top five trans rMD
structures gives a value of 1.38 + 0.13 A. This com-
parison makes it evident that, despite differences in
secondary structural elements, there are common threads
in the structures of the native dynorphin and the two
isoforms of 1 presented here. The similar backbone
positions in the different secondary structural elements
may be important for placing key peptide side chains
into their active positions.

Conclusions

This study represents a part of our effort to determine
the structure of opioid peptide hormones in identical,
chemically anisotropic environments.®141527 The ad-
vantages of using DPC micelles to mimic the cell
membrane are mediated by the disadvantages inherent
in the character of the peptide lipid complexes. These
may include increased line width and unfavorable
exchange rates. Although the motional characteristics
of a peptide-micelle complex approach that of a small
protein, there are usually no long-range NOEs. Thus
the resolution of the structures suffer as compared to
proteins. As the evidence for the involvement of the
membrane in opioid peptide activity is increasing,
however, micelles provide a reasonable mimic for such
interactions.

The results presented herein indicate the possibility
that the similar activity of the cyclic dynorphin analog
1, despite the fact that 1 contains approximately 30%
of the cis isoform about the Arg°—Prol° amide bond, and
dynorphin is due to the fact that both isoforms of 1 are
x-opioid agonists. The three-dimensional positioning of
key side chains in residues Arg®, Arg’, 1le®, and Arg®
may be of the correct spatial proximity to bring about
agonist activity in the cis and trans isoforms of 1. The
topographical positions of the side chains may be more
important in this case than the backbone conformation
when comparing the results presented here with previ-
ous dynorphin models. Further structure—activity stud-
ies on dynorphin analogs locked in either the cis or trans
isoform at the Arg®—Pro!® » bond would be useful to
determine the exact binding conformation of 1 as well
as dynorphin.
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