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Abstract: c-[p-Per?,p-Perflenkephalin (DPDPEL) is a cyclic, constrained, highly potedtopioid receptor selective
peptide agonist. Substitution of Glwith L-Ala in DPDPE to give [-Ala’]DPDPE @) has been shown to produce

a peptide with much greatér receptor binding selectivity than DPDPE itself. Howeveia’|DPDPE is only a

partial agonist inn »ivo antinociception and actually was found to poterghtagonizethe antinociceptive effects

of DPDPE at receptors in the brain. In comparison;Ala’]DPDPE @) is a weak and poorly selectivieagonist.

In an effort to correlate the biological profiles of these peptides with secondary structéta3DPDPE and p-Alas]-

DPDPE were studied by X-ray crystallography dhtland3C NMR in DMSO solution. Crystals of both peptides

were obtained using vapor diffusion techniques-A[a3]DPDPE crystallizes in the monoclinic space grat®with

cell dimensionsa = 36.35(1) A,b = 19.737(4) A,c = 28.16(1) A, = 129.07(2}, andV = 15688(9) B. The
asymmetric unit contains four peptide molecules and approximately 20 water molecules, giving a calculated density
of 1.274 g cm®. The conformation of all four independentAla’]DPDPE molecules is essentially the same-Ajad]-

DPDPE crystallizes in the monoclinic space grdtf with cell dimensionsa = 12.271(2) Ab = 9.600(a) Ac =
18.750(4) A8 = 103.56(23, andV = 2147.2(7) B. The asymmetric unit contains one peptide molecule and 10
molecules of water, giving a calculated density of 1.298 g&mComparison of these X-ray structures with the
crystal structure previously reported for DPDPE indicates that there are differences in the disulfide bond region for
all three peptides. ROEs determined about the disulfide regiofis 8fin solution are indicative of a high degree

of conformational interconversion, while heteronuclear coupling constants betwesi##e® Ho and G/,y’ carbons

indicate a strong preference for a gauch g angle in2. The backbone conformations of DPDPE aneiJad]-

DPDPE in the X-ray structures are virtually identical, while ir4la’]DPDPE, there is a rotation of approximately

160 about bothy? and ¢ compared to DPDPE which has the effect of rotating this amide group approximately
180 relative to DPDPE. The solution NMR data for the peptide backbone conformatichsmd 3 are mainly
consistent with their X-ray structures. However, MD simulation of all three compounds, starting with the geometries
of their X-ray structures, indicates that by comparison of observed and predicted ROE intensities an equilibrium
between these conformations is likely in solution. The “DPDPE-like” conformation f&@°]DPDPE is however
significantly higher in energy than the X-ray structure reported here and, thus, is predicted to be less populated in
solution and in receptor binding. Itis concluded that the X-ray structure of DPDPE represents an agonist conformation
for this peptide at thé opioid receptor and that the corresponding X-ray structure-#fi§°]DPDPE represents an
antagonist conformation due to the differences in conformation between positions 2 and 3. Considerations on the
structural implications of this conformational difference on receptor binding are discussed.

Introduction The difficulties in the pursuit of this goal are 2-fold. The highly
flexible nature of the linear natural peptides such as leucine

The search for the bioactive conformations of the opioid A . .
. o S - and methionine enkephalin make them virtually structureless
peptides at specific opioid receptors has continued for the last. - . . .
20 years and is still a matter of intensive study in many groups in solution, and several different conformations (extended, single

bend, double bend) have been observed in X-ray crystallography
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complicated by the discovery of subtypes of these receptors with

presumably subtle differences in binding requiremént3 A

central theme in many modern structure function studies is thus

the incorporation of conformational and topographical con-

straints into such linear peptides in order to force the structure

into the binding conformation of one particular receptor, thus
making it highly selective for that receptbr.l’ The success

of such an approach is heightened by the fact that the constrained

conformation of the resulting ligand is often more readily

deducible by spectroscopic analyses such as solution NMR and

X-ray crystallography, which can facilitate the iterative synthesis
of further peptide or peptidomimetic analogs targeted for
improved binding and selectivity.

An early example of the success of this approach was the

disulfide cyclized peptide analog of Le(or Met) enkephalin,

[ — 1
[D-Per?,p-Perflenkephalin  (H-Tyre-Pen-Gly-Phes-Pen-OH
(1), DPDPE, Figure 1; Per= penicillamine)® This cyclic
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Figure 1. Structures of §-Pert,p-Perflenkephalin ), [p-Perf,L-

constrained ligand is a potent opioid agonist which is selective Ala3 p-Perflenkephalin 2), and p-Perf,p-Ala3 p-Perflenkephalin 8).

for the 6 receptor. Recent studies have indicated that DPDPE

is in fact selective fod, subtype receptors, while the naturally
occurring deltorphin peptides ade selective agonists. With
the conformational freedom of this peptide limited by the

Several molecular mechant2%25 and dynamic®27 studies
also have been reported which have reached various conclusions
about the conformational preferences of DPDPE in solution and

CyCIization, several studies have attempted to determine thewhen bound to 0p|0|d recepto%%_ These investigations cul-

“bioactive” conformation of DPDPE. Studies using parameters
from *H NMR in watef® 2t and DMSG?! have indicated that
despite the cyclic constraint ihthere is still rapid interchange
between an ensemble of local conformations in solution.
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minated in the recently reported X-ray structure of DPBPE.
The highly hydrated crystallized form of this peptide was found
to share conformational features indicated from solution NMR
studies and molecular mechanics studies which predicted its
conformation when bound to th& opioid receptor. Aspects

of the X-ray structure of DPDPE were thus suggested to
approximate the “bioactive” agonist conformation of DPDPE.

In the light of these studies, the functional group and
stereochemical requirements of position 3 replacements in
DPDPE were reported recenfly. Substitution of Gly with
L-Ala to give [L-Ala’]DPDPE @) produced a peptide with much
greater selectivity in central (brain) receptor binding assays and
peripheral bioassay than DPDPE itself (ratiqu¥ binding for
1 was 620 versus 11 000 f&). However, [-Ala’]DPDPE
proved to be only a partial agonist in vivo antinociception
and actually was found to potentintagonizehe antinocicep-
tive effects of DPDPE atd receptors in the braiff. In
comparison, §-Ala’]DPDPE @) was a weak and poorly
selectived agonist at peripheral and brain receptors. These
surprising results prompted us to determine the conformations
of 2 and 3 by solution NMR and X-ray crystallography.
Correlation of the data from these studies with the X-ray
structure of DPDPE by molecular dynamic simulations not only
gave direct information on the conformational ensemble in
solution for these peptides but also produced highly specific
conformational details on the importance of the backbone
structure of DPDPE and its analogs foreceptor agonist versus
antagonist binding.
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Table 1. Crystal Data and Structure Refinement ParametersLfé4%]- and [p-Ala’|DPDPE

[L-Ala]DPDPE p-Ala]DPDPE
Crystal Data

emp form 4(GlH41N507SQ)‘20.5HzO C31H41N507Sz‘10H20
crystal habit clear colorless rods clear colorless rods
crystal size (mm) 0.04 0.07 x 0.66 0.08x 0.10x 0.45
crystal system monoclinic monoclinic
space group c2 P2,
unit cell dimens a=36.36(1) Ab=19.737(4) A, a=12.271(2) Ab = 9.600(2) A,

c=28.16(1) A, = 90°, c=18.750(4) Ao = 90°,

p=129.07(2}, y =9C° p =103.56(2}, y = 9C°
volume (A3) 15688(9) 2147.2(7)
z 4 2
density (calcd) (g/cR) 1.274 1.298
form wt/F(000) 3008.5/6420 839.0/898

Data Collection
wavelength (A)/temp (K) 1.54178/243(2) 1.54178/243(2)
scan type 6126 0126
scan speed variable depending upon intensity
index ranges —36<h=<11;0=<k=<19;-21<1=<27 0<h=<13;0=k=<10;-19<1=<19
no. of reflns colld 9382 3046
no. of ind reflns 8470Rn = 0.0235) 2828Rin: = 0.0387)
no. of observed reflns 5770 ¢ 20l1) 2146 ( > 20l)
resolution 0.9 0.9
Refinement
method full-matrix least-squares 68
no. of data/restraints/params 8449/64/1789 2732/279/506
goodness-of-fit orfF? 1.058 1.035
final Rindices | > 20(1)] R1=0.0984, wR2 = 0.2317 R1 = 0.0900, wvR2 = 0.1978
Rindices (all data) R1 = 0.1452, viR2 = 0.2867 R1=0.1241, vR2 = 0.2442
Riree (85 data) 0.142
abs struct param 0.0(5) 0.0(7)
extinction coeff 0.0023(2)
largest diff peak and hole (e &) 0.566 and-0.448 0.508 and-0.379
Methods as described elsewhete. Refined parameters for both compounds

included atomic coordinates and anisotropic thermal parameters for all
non-hydrogen atoms in the peptide molecules and for ordered water
molecules. Hydrogen atoms, on all peptide molecules, were placed at
calculated positions and were allowed to ride on their covalently bonds
atoms. Isotropic hydrogen thermal parameters were reset at the end
of each refinement cycle to equal % the UgqVvalue of their covalently

. : . ) bonded atoms (1.2 Ueqfor methyl hydrogens). Fa, the disordered
DPDPE. (8.3 mg/mIT in 16%_acet|c ‘T’“_:'d and 13 mg/mL in water, water molecule(s Wereqrefined aziso};ropi%:ally)and the sum of occupan-
respectively) were filtered using a Millipore UltrafrgeC Durapore cies of overlapping water molecules was constrained to 1.8, the

0.22um filter and stored at room temperature. Crystals were grown is,qered waters form a solvent channel. Thermal parameters were
by vapor diffusion techniques using sitting drops in wells of Linbro fixed for the disordered water molecules, and their coordinates and

tissue culture pIateA:s. Dllifract_log fqualgy crystalf, QFAIa;]ng?Pi occupancies were refined. A check was performed on the final positions
Were grown over a 4-week period from drops containing stoc to ensure that the sum of occupancies at any particular water site was

solution ando 1QuL of reservoir solution over a 1000L reservoir not greater than 1.0. In this way 13 independent sites, with a total
containing 7% wi/v PEG 8000. Diffraction quality crystals pfAla’- occupancy of 5.5 water molecules, were used to model the channel.

DPDPE were grown by microseeding droplets containingull%of As a further check on the reasonableness of the solvent mod@ean
stock.sc')lutlon and 1aL of reservoir solqtlon over 100,&)L. reservoirs was calculated after each cycle of refinemeRee is theR factor for
containing 25% w/v PEG 8000. The microseeds were introduced after a set of 85 reflections (every 30th one in the data set) which were
the drops had been allowed to stand for 24 h. Crystals grew over a ;iveq from the refinement. Find factors are listed in Table 1.
7-day period. Both crystallizations occurred at a constant temperature NMR Data Acquisition. NMR parameters were obtained from 1D
of 22°C in a Napco Model 2900 incubator. and 2D experiments performed on a BRUKER AM 500 spectrometer
Structure Solution and Refinement. Crystals were prepared for equipped with an ASPECT 3000 computerdaa 5 mm inverse
d_ata ct_)llecti_on by transf(_arring them from their_mother liquor into high- probehead. Data handling was performed using FELIX 2.0 on a Silicon
viscosity microscope oil (Type NVH, Cargille). They were then g ,5hics 4p/3s- workstation. Peptide samples were dissolved in
mounted on a glass rod while still in the oil and transferred immediately DMSO<s at a concentration of 15 mg/0.5 mL. All spectra were

qu;he I|_quwcljn|trc;geg Cﬂld Str?:n+6o ) Oﬂ the glﬁractometer. X'Z"¥ recorded at 310 K except for the temperature coefficient measurements,
iffraction data for both peptides were collected on an automated four- i \yere measured & K increments from 305 to 325 K. Proton

circle diffractometer (Siemens R3m/V) equipped with an incident beam and carbon chemical shifts were calibrated to the DMBGolvent
graphite monochromator. Three reflections, used as standards, Weresignal at 2.49 ppm forH and 39.5 ppm for*C. Sequential

monitored after every 97 new measurements and showed randomassignmeﬁt‘ of proton resonances was achieved by the combined use

f!uctuatlons of+2.5%. D‘ata were correct_ed for Lore_ntz and polariza- of zfiltered TOCSY¥s and ROESY® experiments. 2D TOCSY spectra
tion effects, and a face-indexed absorption correction was performed

for [p-Ala’lDPDPE (minimum and maximum transmission factors were __(31) Sheldrick, G. MSHELX86-A Program for the Solution of Crystal
0.354 and 0.843). Pertinent physical data are presented in Table 1. Structures University of Gottingen: Gottingen, Federal Republic of

The structures were solved by direct methods with the aid of the Ge(rg?%yﬁeﬁgﬁ?k G. MMethods Enzymalsubmitted.

program SHELX88 and refined orF,? values using the full-matrix (33) Flippen-Anderson, J. L.; Deschamps, J. R.; Ward, K. B.; George,
least-squares program SHEL®lon the full set of independent data  C.; Houghten, RJ. Pept Protein Res1994 44, 97—104.

Synthesis. [L-Ala’]DPDPE and p-Ala®]DPDPE were synthesized
by standard Merrifield solid phase peptide synthetic protocols and
purified by preparative reverse phase (RP) HPLC (high-pressure liquid
chromatography) as previously descrilsédPurity was assessed by
analytical RP-HPLC and thin layer chromatography.

Crystallization. Stock solutions of[-Ala’]DPDPE and p-Ala’]-
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were recorded in phase-sensitive mode using the TPPI m#&thod
frequency sign discrimination in the F1 dimension. Isotropic mixing
was achieved with the MLEV-£% pulse sequence flanked by two trim
pulses. ROESY experiments were performed in inverse mode using
the decoupler fofH pulsing. A CW spin-lock field was applied to
establish magnetization transfer between dipolar coupled protons. ROE
cross peak intensities were classified as strong (s), medium (m), or K
weak (w) correlations. 'H chemical shifts and conformationally
important homonuclear vicinal coupling constants were extracted from
resolution enhanced 1D spectra or from highly digitized 1D traces of
2D z-filtered TOCSY spectra.

Proton-detected heteronuclear HMQC and HMQC-TO&SXperi-
ments were used for the assignment of protonated carbon resonances.
The rotamer populations of thg side chain torsion angles of D-Pen
residues in DPDPE,L{Ala’|DPDPE, and §-Ala’]DPDPE were cal-
culated from the long-range heteronucléay.c, coupling constants.
These were measured with a selective variant of the long-range
Overbodenhausen (HSQC) experim&nt-rom the measured hetero-
nucleariJuac,, 3Juac, Vicinal coupling constants, the rotamer popula-  Figure 2. Results of the X-ray study on{Ala®lDPDPE showing the

tions were calculated using the following equatidhs: four independent molecules in the asymmetric unit. The figure was
drawn using the experimentally determined coordinates. In each “pair”
Jnacy = P Fhac, + (1= Pl Ve, of the molecules, the intermolecular hydrogen bonds are shown as

dashed lines and one of the two molecules has been drawn with hollow

3 = pan A (1-P)Y ’ bonds. In o_ne_pair, the nitrog_en, oxygen, gnd sulfur atoms have been
HaCy HaCy HaCy labeled, while in the other pair, only the nitrogen atoms are labeled.
where P and P' are rotamer populations corresponding to the anti- Hydrogen atoms have been omitted. The overall numbering scheme
periplanar (ap) arrangements of the relevant spins. Valuédot, is the same as that shown in Figure 3 for théla structure.
= 8.5 Hz and*Jnac, = 1.4 Hz were used for antiperiplanar and
synclinal (sc) arrangements.
Molecular Modeling. MD simulations were run on the zwitterionic

forms of the X-ray structures of one of the Ala’jDPDPE conforma-
tions and p-Ala’]DPDPE in MacroModel 44 on an Iris 4D/35
workstation. The simulations were run in the AMBER force field with
explicit treatment of all hydrogen atoms. A dielectric constart of
80.0 was used to scale down electrostatic interactions in an attempt to,,
implicitly compensate for solvent effects. After assignment of Boltz-

62

10 ps and data were acquired on the molecular motions of the peptides
over the next 100 ps. Interproton distances were measured and averaged f : J @ a2
for each simulation. To forn2 and 3 in the X-ray conformation of ¢
DPDPE?° the pro-Sand pro-R hydrogens on GF/were respectively

converted to methyl groups. After energy minimization MD simulations

were run on these conformations as described above. Figure 3. Results of the X-ray study om{Ala’]DPDPE. The figure

was drawn using the experimentally determined coordinates. The
numbering scheme is also shown. Use the following to relate the labels
X-ray Crystal Structures of [ L-Ala®]- and [p-Ala’|DPDPE. to atom labels used in the text=aa, b=,g=7y,d=0,e=¢, and

The results of the X-ray studies ¢hand 3 are illustrated in z=2¢

Figures 2 and 3, respectively. There are four independent
molecules of [-Ala’]DPDPE in the asymmetric unit, all of
which have essentially the same conformation (see Figure 4
and torsion angles listed in Table 2). There are no intramo-

Results
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Figure 4. Least-squares fit of the four independent molecules found
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Table 2. Torsion Angles (deg) for the X-ray Crystal Structure of
[L-Ala®]DPDPE (Four Independent Molecules) amdAla’lDPDPE

torsion
residue anglé L-Ala' L-Ala? L-Ala® L-Ala* Dp-Ala
Tyr! 17 119 120 131 127 119
w -179 -—178 -—175 178 —179
Ve =174 —-173 —179 179 174
a —89 -92 -—101 -—110 -—114
p-Per? @ 73 75 73 79 118
Y 12 17 18 12 —137
w -171 -—-176 —-178 -—-171 -—162
(Lb-Ala)® ¢ -82 -88 -89 -89 124
P —46 —42 —41 —-38 —129
w —-172 —-169 —-168 -—172 178
Phe @ —-110 -—125 -—-121 -—-124 —-97
" —43 -28 -31 —29 —12 _ _ ) el
» 176 176 179 —-180 —166 Figure 6. Unit cell packing for p-Ala’]DPDPE. This view is drawn
¥t —66 —56 —46 —62 —64 to illustrate the water channel aligned along theell axis.
e —30 —62 —59 —-27 78
D-Pert ) 132 124 122 123 77 the peptide; however, there is an ordered water bridge which
S-Sbridge  x2) DAy S S e connects the channel to the peptide molecules (see Figure 6).
Yo 5 Vo HE M, R Solution H and 3C NMR Data for DPDPE, [L-Alad-
Xsl -86 —86 —86 —88 68 DPDPE, and [D—Ala3]DPDPE As has preViOUSly been re-
X52 67 68 66 71 —79 ported for DPDPE? only one time-averaged solution NMR

aIn S-S bridge: y* = N—Co—Cf-S; > = Ca—CS—S-S. In
aromatic side chaingy* = N—Ca—CS—Cy; y?> = Ca—Cp—Cy—Co1.

Figure 5. Unit cell packing for [-Ala’]DPDPE. The view is drawn
looking down theb cell axis and shows the distribution of water

molecules.

structure was evident on the 1D spectrd,&, and3. Chemical
shift assignments, backbonel vicinal coupling constants
(3Jnann), and amide proton chemical shift temperature depend-
encies for DPDPE,LFAIa’|DPDPE, and -Ala’]DPDPE are
given in Table 5. In general, the chemical shift and coupling
constant data indicate only minor differences between the
solution conformations of the three peptides. However, the
p-Per? NH is shifted significantly downfield (by 0.77 ppm) in
[L-Ala®]DPDPE when compared to DPDPE and-Alad-
DPDPE. The amide proton temperature dependencies for
p-Per? NH are also distinctly different for the three peptides
and suggest greater solvent exposure of this amide proton in
[L-Ala®]DPDPE compared td and3. This result mirrors the
X-ray data wherep-Per? NH is not involved in intra- or
intermolecular H-bonding for DPDPEand p-Ala’|DPDPE
(Figure 3, Table 4). However this amide proton does form a
peptide-peptide contact in the unit cell of.{Ala’lDPDPE

COO™ moiety of its “mate” (see Figure 2 and hydrogen-bond (Figure 2, Table 3), which indicates its availability for interaction
parameters listed in Table 3). In one of two pairs there is also with solvent molecules when dispersed in solution.

an O%L...01Z hydrogen bond. Of the N atoms present in the
four unique molecules of fAla’]DPDPE, only the Tyr nitrogen

13C chemical shift values for protonated carbond ir3 are
givenin Table 6. Again the chemical shift data are fairly similar

atoms act as donors in hydrogen bonds to peptide moleculesfor the three peptides in solution. However, consistently higher
outside the asymmetric unit and to water molecules. While all shift values are observed for the backbone carbon atoms of
potential oxygen atoms are involved in hydrogen bonding, none [L-Ala’]DPDPE compared to DPDPE armtpla’|DPDPE. This
of the N2 atoms participates in any hydrogen bonding. There trend is also seen for thecarbons of the-Per?> methyl groups
are two types of water molecules cocrystallized withA]laZ]-
DPDPE. Approximately one-half of the water molecules in the in the disulfide bond region (Table 2, Figure 3 and 4; see
cell are involved in linking the peptide molecules together. The Discussion), the rotamer population preferences of gthe
remaining water molecules form solvent pockets in which the torsions ofp-Pen residues iri—3 were calculated from the
water molecules hydrogen bond extensively with one another corresponding heteronucle&qc,, *Juac,s Vicinal coupling
but have little interaction with the surrounding peptide molecules constants (Table 7). Populations calculated foand 3 are
(see Figure 5).
[p-Ala®]DPDPE crystallizes with one peptide molecule and populations of all three rotamer orientations, with a slight
10 molecules of water in the asymmetric unit. Each peptide preference for gaucher). The same is observed forPer?
molecule is linked to three symmetry-related molecules by 10 in 1 and3, with a somewhat increased preference of the gauche-
peptide-peptide hydrogen bonds (see Table 4) and is also (+) rotamer compared to-Perf. In comparison, the gauche

involved in six peptide-water interactions with five water

(Table 6). Assuming that these effects are due to differences

similar; in each casey; for p-Perf exhibits approximately equal

(+) conformation is more than 50% populated on the NMR

molecules. Of all potential donors and acceptors in the peptide time scale for botib-Per? andp-Per? in [L-Ala’]DPDPE. The
only N5 does not participate in hydrogen bonding. Similarly, p-Per¥in 2 also exhibits zero population of the trans (t) rotamer,

in the structure of DPDPE itself, which has three molecules

whereas irl and3, the data are indicative of fairly free rotation

in the asymmetric unit, none of the three independent N5 atomsabout thisy; torsion angle.

was a donor in a hydrogen bond. The remaining water

Qualitative ROE connectivities (in terms of strong, medium,

molecules form a disordered S-shaped water channel. None ofor weak dipolar coupling) are given in Tables 8 and 9 Zor
the water molecules in the solvent channel interact directly with and3, respectively. Again the data do show strong similarities
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Table 3. Hydrogen Bonds forilFAla’|DPDPE

donor  acceptor sym distance (&) donor  acceptor sym distance (&)
Peptide-Peptide
NY(1) C=0%2) —Yr—x Yrty, —z 2.78} 3-centered N{3) CO(4) 3.10
NY(1) CO(2) 2.99 N@) CO () 3.23} 3-centered
N3(1) CO (2 3.04 N(3) C=0°4) 3.19
N41) C=0°%2) 2.72 N@) C=0%4) 2.86
N5(1) C=0%2) 3.20 N(3) C=0°4) 3.27
NY(2) C=0%4) —Yptx, =Yty z 2.87} Ni(4) C=0%3) Yo—x Yty ,1-z 2.70}
Ni(2) C=0%4) —Yptx Yty z 3.18 3-centered \yiy c—05(3) 3.08 3-centered
Ni(2) CO(1) 2.86 N(@4) C=0%3) 2.96} 3-centered
N3(2) CO(1) 3.19} 3-centered N3(4) C=0(3) 3.27
N3(2) C=0°(1) 3.19 N(@4) CO(3) 2.67
N42) C=0°1) 2.79 N@4) CO(3) 3.13
N5(2) C=0%1) 3.27 OH(4) OH(3) 2.68
Peptide-Water (Ordered)
NY(1) w9 —X, Yty, —z 2.72 W5 G=03(3) Yo—x, Yty 1-2z 2.84
N{(2) w1 2.75 W6 CGo-(1) -X, Y, 1~z 3.06
NY3) W3 2.70 W6 G=03(4) Yp—x, —Yrty, 1-2z 2.70
Ni(3) W7 3.25 W7 G=03(1) Yo—x Yoty, 12 2.67
NY(4) W2 2.74 w7 CG-(4)  Yp—x Yty 1-2 2.75
Ni(4) W5 2.82 W9 G01(2) —xy,—z 2.72
OH(1) w19 2.63 W9 &02(4) 3.12
OH(2) W20 3.04 W11 €04(1) -xv,1-z 2.76
OH(3) w4 2.62 W12 &01(1) 3.01
w1 =0%4) —Yo—X, —Yoty, —2 3.09 W14 G02(2) —Yp—x, Yrty, -z 3.10
wi =0%4) —Yr—x, —Yrty, 1-2z 2.72 W15 G=03(3) Yo—x,YUrty, 1~z 2.89
w2 =0%(1) 2.76 W16  OH(2)  x, 1+y,z 3.14
w2 C=0Y3) —Y—x, Yrty,—2z 2.90 w22 G=03(2) —Yo—x,Yrty, —2z 2.88
w3 C=04(1) 3.13 W23 €&03(1) 2.89
w4 C=04(3) Yo—x, Yty 1-2z 2.66 w27 G=01(1) 2.93
Water—Water
wi w10 2.79 w8 wi1l 291
W3 W3 X, Yy, 1—2 3.17 w8 W11 X, Yy, 1—2 2.91
w3 w7 2.73 W15 w22 2.96
W4 W16 X, —1+y, z 2.77 W15 W16 2.95
w5 w12 2.82 W16 w31 X, 1+y, z 2.98
W6 Wil 2.65 W27 W27 —X Y, —Z 2.60
w8 w10 2.61 w31 w31 -X, Y, —Z 2.90

2 The hydrogen bond approaches between ordered water molecules are listed. There is more than one way to assign distribution of donors and
acceptors. There are also several peptidater and waterwater interactions involving the disordered water molecules which are not listed.

Table 4. Hydrogen Bonds forg-Ala’]DPDPE only a medium ROE to the PhBIH. These ROE connectivities
donor acceptor sym distance (A) indicate opposite orientations of thePerf-b/L-Ala® amide
- - group, consistent with those observed for the X-ray structures
Peptide-Peptide f2 and
N2 —0s 2%, Yoy, 1-2 2.74 of 2and3.
N2 =03 2—X, =Y +y, 12 2.98 Molecular Dynamics Simulations. Molecular dynamic
Ni foi 2—X, 1/21+y, 1-z 3.05 (MD) simulations of the X-ray structures @ and3 (labeled
N =0 2=X, —oty, 1-2 2.88 MD2 and MD3, respectively) were run in order to compare the
OH CcO 1-x, Yoty 1-2 2.61 . . .
. effects of crystal packing with the dynamic averaged confor-
Peptide-Water (Ordered) mational information present in the solutiéii NMR data. MD
N1 w1 2—%, =Yty 1~z 2.76 . . . . .
N1 W2 580 simulations were conducted in the AMBER force. flleld, with
Wi =0t 2.73 the X-ray coordinates as the starting point and explicit treatment
w3 OH 2.80 of all hydrogen atoms. After 10 ps of equilibration, data were
W4 Co 297 collected over a 100 ps time period at 300 K. Key interproton
W5 OH 2.91 distances of backbone hydrogens found to give ROEs in solution
Water-Water (Ordered) were averaged over the simulations and compared with the
w2 w3 Xy, z 2.80 experimentally observed NMR data (Tables 8 and 9). The
w3 wa 1-x, —Hoty, 1-2 2.96 conformational stability of the dynamics trajectories was as-
W4 W5 1-x, Yty 1-2z 2.86

sessed by minimization of all structures collected over the
between the solution structures ofAla3DPDPE and §-Ala- simulation, followed by rms overlay of the backbone atoms in
DPDPE, particularly about the Typ-Per? and Phéb-Per? each case which showed that they all differed by less than 1.0
regions. However, different ROE patterns are observed aboutA from each other and the starting X-ray structure. Also the
p/L-Ala3 in the two peptides. The-Ala® NH in 3 shows a total internal energy of all simulations had a maximum standard
strong ROE to the-Per? o-proton and a medium ROE to the deviation of<5.28 kJ/mol (data not ShOWn), indicating that there
p-Ala3 a-proton. In addition, a strong ROE is observed between Were no internal energy perturbations due to major conforma-
thep-Ala3 o-proton and the PHH. In comparison, the-Ala3 tional transitions throughout each trajectory.

NH in [L-Ala®]DPDPE exhibits weak contacts with the 2 and 3 In order to determine whether a component of the solution
position a-protons as well as an additional weak ROE to the NMR data was due to a DPDPE (i.&,,Figure 1)-like structure,
Phe¢f NH not seen for peptid8. TheL-Ala® a-proton shows MD simulations of [-Ala’]DPDPE and p-Alas]DPDPE in the
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Table 5. H Chemical Shift §, ppm), Proton Homonuclear Coupling ConstaritsHz), and Amide Proton Chemical Shift Temperature
Dependencies (ppb/K) for DPDPH)( [L-Ala’]DPDPE @), and p-Ala’]DPDPE @) in DMSO-ds (temperature coefficients of NH protons are

given in parentheses)

NH Ha
residue 1 2 3 1 2 3
Tyrt 4.25 4.15 4.19
Jop=9.2,6.9 Jyy=7.0,7.6 Joy=6.3,85
p-Pert 8.60 8.67 8.55 4.54 4.26 4.57
JNHu =85 JNHu =87 JNH& =92
(—3.2) 4.4) -7.8)
Xxx3 8.57 8.12 8.46 3.21,4.40 4.24 4.61
InHe =5.0,7.9 InHe = 8.3 InHe = 9.2 Jup=7.2 Jup=7.0
(—2.6) -3.7) 5.7)
Phe 8.88 8.51 8.90 4.41 4.02 4.31
InHe = 7.0 INHe = 7.8 INHe = 8.2 Jup=4.5,10.2 Jup =11.0, 5.0 Jup=3.5,11.5
(—5.1) (-5.5) 7.0
p-Pert 7.23 8.01 7.24 4.33 4.30 4.30
-]NHa =84 JNer =84 JNer =8.2
(+0.3) -3.8) (0.0)

Table 6. 13C Chemical Shiftsq, ppm) of Protonated Carbons of DPDPH, ([L-Ala’]DPDPE @), and p-Ala’]DPDPE @) and Heteronuclear
Coupling Constants between thePer?> Ho. and G’ and G/ (i.e., f-methyl carbons)

Ca cB Cy

residue 1 2 3 1 2 3 1 2 3

Tyr? 53.4 53.8 53.4 36.4 37.1

p-Per? 59.0 62.3 58.3 25.4 26.3 25.1
JHﬂCV =3.6+0.4 \]HuCy =3.0+£04 JHQCV =3.6+04
27.7 27.2 27.6
\]HuCy =35+04 \]HuCy =3.0+04 JHuCy =3.6+04

Xxx3a 42.0 49.4 47.5 17.4 17.6

Phe 56.1 57.9 55.4 36.4 35.5 36.3

p-Pert 62.0 62.8 62.2 25.6 26.2 25.4

Jracy =3.4£ 0.4
27.2
Jrocy =3.3£0.4

Jracy =4.3£0.3
27.2
\]HuCy =<1-2

Jhacy =3.3£ 0.4
27.2

Jhocy = 2.7+ 0.4

aXxx = Gly in 1, L-Ala in 2, andp-Ala in 3.

Table 7. Rotamer Populations af-Perf/p-Per? Residues in
DPDPE (), [L-Ala’]DPDPE @), and p-Ala®]DPDPE @)
Determined from the Heteronucle@iliac, 2Juac, Vicinal Coupling

Table 8. Experimentally Observed ROE Connectivities for
[L-Ala®]DPDPE @) in DMSO-gs at 310 ke

Constants Given in Table 6 (see Methods) ROE connectivities inlt?eggty
! 2 3 Perf-NH Tyr-a (m)

p-Perf Dp-Pet Dp-Pef Dp-Pet Dp-Perf Dp-Pert Peri—;iH Em-w) 9

) 30 27 23 41 31 18 Ala- v.wea

PO R n R o 31 27 Ala*NH Perta o
g() 39 45 54 59 38 55 Phe-NH (W)
Phe-NH Alad-a (m)
starting coordinates of the X-ray structure of DPDPE (labeled Egiz&H Evn\;))
MD2_DPDPE and MD3 DPDPE, respectively) as reported by Peri-NH Perf-a W)
Flippen-Anderson et &P were similarly recorded. The average Tyr-a Tyr-Bf (m)
interproton distances between backbone hydrogens with an Tyr'-Ar (s)
experimentally observed ROE were calculated over each Perf-a Perf-y,)’ (m)
simulation and are given in Tables 10 and 11. Qualitative ROE Alad-oc Ala-3 (s)
; i ; ; ; Phé-a Phé-Ar (m)
intensities were estimated from the average interproton distances, Pef-o Perf-y.y’ m)
and these were then compared back with the experimental Tyr-Ar Tyrl_ﬁ:ﬁ' (m)
values. For p-Ala’]DPDPE, the predicted ROEs are in Phe-Ar Phe-5 (m)
complete agreement between the MD simulations from the Ala3-p (m)

crystal structure 08 and the X-ray structure of DPDPE. The
predicted values are also in close agreement with the experi-weak (w).

mentally determined intensities (Table 11). However,

for

@ Relative intensities were determined as strong (s), medium (m), or

[L-Ala’]DPDPE, there are significant differences in the estimated distance 4.51) while a medium ROE is estimated for these

ROESs between the two trajectories, especially about th&3
amide proton. A medium ROE is calculated betweehla3

NH and Phé NH (average interproton distance of 2.61 A) in
the X-ray structure o (MD2), while no ROE is expected

between these protons from the MD2 DPDPE simulation potential energy[PE) collected over the trajectories between
(average distance of 4.57 A, Table 10). Conversely, no ROE MD2 and MD2_DPDPE and between MD3 and MD3 DPDPE
is predicted between theAla® NH and itsa-proton (average

protons in MD2. DPDPE. Taking the average of these estimated
distances from the two simulations predicts a weak ROE in each
example discussed above (Table 10, last column), which is in
fact what is observed experimentally. Differences in the average

are given in Table 12.
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Table 9. Experimentally Observed ROE Connectivities for
[p-Ala®]DPDPE @) in DMSO-ds at 310 K

ROE connectivities intRe(REity
Perf-NH Tyr-o (s)
Perf-a (m)
Pert-y (m)
Ala3-NH Perf-a (s)
Pert-y’ (w)
Alad-a (m-w)
Alad-g (m)
Phe-NH Alad-a (s)
Phé-a (w)
Phe-3 (m-s)
Pert-NH (m)
Per?-NH Pert-y (m)
Pert-a (m)
Pert-y,y' (m)
Tyrl-a Tyr-3,8' (m-w)
Perf-a Pert-y,y' (m-s)
Alad-a Alad-y (s)
Phé-a Alad-j (w)
Phe-S (s)
Phée-p' (w)
Phe-Ar (m)
Pert-a Pert-y,y’ (m-s)
Phe-Ar Alad-B (w)
Phé-p (m)
Phe-p’ (w)

a2 Relative intensities were determined as strong (s), medium (m), or
weak (w).

Figure 7. Stereo least-squares fit, drawn from the X-ray coordinates,
of (a) [L-Ala’]]DPDPE (dashed lines) to DPDPE and (b)4la’|DPDPE
(dashed lines) to DPDPE.

Discussion

Comparison of the Conformational Preferences of DPDPE
(1), [L-Ala®]DPDPE (2), and p-Ala’|DPDPE (3). Overlays
of the previously reported X-ray structure of DPD®HRvith
[L-Ala’]DPDPE and p-Ala®]DPDPE are depicted in Figure 7.
The key conformational differences between DPDPE and
[L-Ala’]DPDPE are that they have opposite disulfide bond

Collins et al.

helicities and that the? andg? torsion angles around the amide
bond betweem-Perf and the position 3 residue are reversed
(Figure 7 (top)) between the two X-ray structures. In contrast,
the peptide backbones of the X-ray structures of DPDPE and
[p-Ala®|DPDPE are very similar; however, there are differences
in orientation about the-Pert andb-Per? side chains which
are both gaucheK) for DPDPE and trans and gauche)(
respectively, for p-Ala]DPDPE. This gives the appearance
of opposite disulfide bond helicities for the structureslaind

3 when in fact they are the same (Table 2).

When comparing these X-ray structures, it should be noted
that some differences may be due to crystal packing forces,
rather than true internal conformational preference. This is
particularly important in attempting to determine a conforma-
tional basis for the biological activity of these peptides. As
described in the Introduction, DPDPE is a potent full agonist
at thed opioid receptor. However, whila {Ala’]DPDPE has
high affinity for the d receptor, it is only a partial agonigt
vivo and functionally antagonizes DPDPE at this recegt@his
suggests that and2 adopt different conformations in receptor
binding, i.e. agonist and antagonist, respectively, but thAt#°]-
DPDPE can to some minor extent adopt a “DPDPE-like”
conformation as an energetically disfavored structure in order
to account for its partial agonist behavior. Comparison of the
MD simulations of [-Ala’]DPDPE in the X-ray structure
reported here (MD2) and in the X-ray structure reported for
DPDPE® (MD2_DPDPE) does indicate that a “DPDPE-like”
conformation for2 is energetically disfavored (Table 12). The
ROE data in DMSO solution however are too ambiguous to
indicate a preferred orientation of the amide betwedper?
andL-Ala3 in [L-Ala’]DPDPE. For example, dipolar contacts
are observed betweanAla® NH and both of theo-Per? and
Phe¢ NHs, which is consistent with the flipped amide in the
[L-Ala®]DPDPE X-ray structure; also present are ROEs between
L-Ala® NH and thep-Per? andL-Ala3 a-protons which are more
appropriate for a “DPDPE-like” structure (compare MD2 and
MD2_DPDPE, Table 10).

All of the experimentally conflicting ROEs in this region are
weak and are in fact better interpreted by assuming the existence
of a conformational equilibrium between the X-ray structures
of 1 and 2. As discussed in the Results, simply taking the
average of the predicted ROE intensities from both simulations
gives a closer correlation with the experimentally determined
values than considering each simulation individually (Table 10).
The remainder of the backbone ROE contacts calculated in both
the MD2 and MD2 DPDPE simulations are very similar to those
experimentally observed (Table 10) and hence are consistent
with both X-ray structures. The highly qualitative nature of
the ROE data presented here as well as that calculated from
MD simulation, however, renders an estimation of the relative
populations of the two conformations in solution impossible.
However, the “DPDPE-like” conformation of {Ala®]DPDPE
is predicted to be significantly higher in energy than the X-ray
structure o2 presented here (Table 12) and thus is expected to
be less populated, which is consistent with the biological
findings.

The backbone residues making up the rings of DPDPE and
[p-Ala®]DPDPE are of virtually identical conformation (Figure
7 (bottom)). Thep-Perf-p-Ala® amide adopts the same orienta-
tion in 3 as that observed far-Perf-Gly® in DPDPE?® (Table
2). As discussed above, minor differences in the X-ray
structures ofl and 3 are observed about thg torsion angles
of b-Perf andp-Per?, which give the appearance of differing
helicities about the disulfide bonds. In contrast, ROEs between
the a-protons of p-Per?® and their corresponding-methyl
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Table 10. Comparison of Observed and Predicted ROE Intensities for the Backbone Hydrogen AtamslafDPDPE @) in DMSO
Solutiort

MD simulation$

ROE connectivities Rglési(ra\tra\e/ggity MD2 MD2 DPDPE Rglrfeﬁ:fetﬁgity
Perf-NH Tyrl-o (m) 2.84 (m) 2.78 (m) (m)
Perf-a (m-w) 2.92 (m-w) 2.92 (m-w) (m-w)
Ala®-NH (v.weak) 2.38 (m) 4.64 (né&) (v.weak)
Ala3-NH Perf-a (w) 3.46 (w) 2.26 (s) (m)
Alad-a (w) 451 (no) 2.86 (m) (w)
Phée-NH (w) 2.61 (m) 4.57 (no) (w)
Phe-NH Ala3-o (m) 2.52 (m) 3.49 (w) (m-w)
Phée-a (m) 2.93 (m-w) 2.93 (m-w) (m-w)
Per*-NH (w) 2.39 (m) 2.41 (m) (m)
Pert-NH Pert-a (w) 3.03 (w) 2.98 (m-w) (w)

a Interproton distances were monitored during MD simulation® with the starting coordinates for its X-ray structure (Table 2; MD2) and the
X-ray structure of DPDPE (MD2 DPDPE, ref 29). Distances were averaged over the simulation and classified to give strong (s; less than 2.5 A),
medium (m; 2.5-3.0 A), and weak (w; 3.863.5 A) ROE intensities. Predicted ROE intensities in the last column are the average of the MD2 and
MD2_DPDPE simulations, which more closely resemble the experimental resAkeraged interproton distance and corresponding expected
ROE strength® no = predicted no ROE observable.

Table 11. Comparison of Observed and Predicted ROE Intensities for the Backbone Hydrogen Atamalaf]DPDPE @) in DMSO
Solutiort

MD simulation$

ROE connectivities Ré’gﬁﬁgﬁgity MD3 MD3 DPDPE Rgg’i‘i]'tcéﬁgity
Perf-NH Tyrl-a (s) 2.45 (m) 2.74 (m) (m)
Perf-a (m) 2.92 (m-w) 2.92 (m-w) (m-w)
p-Ala’NH Perf-a (s) 2.24 (s) 2.33 (s) (s)
p-Ala-a (m-w) 2.95 (m-w) 2.95 (m-w) (m-w)
Phe-NH p-Ala3-o (s) 2.61 (m) 2.27 (s) (s)
Phé-a (w) 2.96 (m-w) 2.94 (m-w) (m-w)
Perf-NH (m) 2.33 (s) 2.61 (m) (s)
Pert-NH Pert-a (m) 2.93 (m-w) 2.94 (m-w) (m-w)

aMonitoring of interproton distances and estimation of corresponding ROE intensity is described in Tablvéfaged interproton distance
and corresponding expected ROE strength.

Table 12. Comparison of the Average Potential Energi@REl] of binding and biological activity of the latter peptide is thus due
MD Simulations of [-Ala’)DPDPE @) and p-Ala’]DPDPE @)* to the R-methyl group on residue 3. Since the two peptides
(PE(kJ/mol) APE] can adopt the proposed agonist conformatfothe R-methyl
MD2 337.8 group in3 must be incompatible with the steric requirements
MD2_DPDPE 375.9 38.1 for interaction with opioid receptors.
MD3 365.7
MD3_DPDPE 365.3 -0.4 Conclusion

a Starting coordinates for the trajectories were taken from the crystal ~ Agonist versus Antagonist Conformations. The detailed
gmtiltgtriﬁisreoegrgendd geirne tﬁzaglgnzi% R))z(hff Zlfor}ﬂi?,ét“ég %)f D’\SBPE conformational, dynamic, and energetic information gained from
(ref 29) were also made (i.e., Iabegl’ed MJ%Z DPDPE and MD3 DP- the comparison pf X-r'ay, solution NMR'. and MD .SImuIatlon
DPE, respectively). The difference in average potential enexgye] above allows insights into the conformational requirements for
= [MDX _DPDPE] — [MDX]) is also shown. agonist and antagonist activity @bpioid receptors. The X-ray

structure of DPDPE is assumed to be representative of the
groups for DPDPE andpfAla®]DPDPE appear to be of “agonist’ conformation for this peptide when binding to ihe
approximately equal strength (Tables 8 and 9), implying that opioid recepto?® It thus follows that the X-ray structure(s) of
there is relatively free rotation about the angles of these  [L-Ala®]DPDPE approximate an “antagonist” conformation for
residues. Measurement of the heteronuclear vicinal coupling the peptide at the same receptor. The key conformational
constants betweenddand the @’'s of b-Per?-° strongly supports differences between the two structures are (i) & X80 of the
these observations and, in fact, indicates a slight preference foramide betweem-Per? and L-Ala® in 3 relative to the corre-
the gauche-t) y1 rotamer for both penicilliamine residues in  sponding amide in DPDPE and (ii) opposite helicities about
both peptides (Table 7). This favored angle is consistent  the disulfide bond.
with equal intensity ROEs betweeraténd the3-methyl groups In solution, ROE data indicate that for both DPDPE and
of these residues. Further evidence for a dynamic equilibrium [L-Ala’]DPDPE the disulfide bond and thg angles ob-Per#>
about the disulfide region df and3 is found in MD simulations are in rapid torsional exchange on the NMR time scale.
of [D-Ala’]DPDPE in its X-ray conformation and in the X-ray  However, heteronuclear scalar coupling betweerptien Hx
conformation of DPDPE which exhibit average potential ener- and G/ atoms indicates that for {AlaS]DPDPE the gauchet()
gies within 0.45 kJ/mol{ = 80.0) of each other at 300 K;  y; rotamer is highly preferred far-Per?, while for b-Per?, the
considering the approximations in these MD simulation, this trans (t) rotamer is predicted to be unpopulated (Table 7). There
suggests that the two conformations about the disulfide region are hence significant differences in the disulfide region of
in 3 would be both highly populated in solution. [L-Ala®]DPDPE compared to DPDPE. Differences in helicity

Given the apparent similarity between the crystal and solution about a disulfide bond have been linked to agonist versus
structures of DPDPE ana{Ala’]DPDPE, the greatly reduced antagonist conformations in oxytocin analdgs*
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The flipped amide between positions 2 and 3 irAJa3]- that described here. The strength of the combined analysis
DPDPE points the amide NH “up” with respect to théhe detailed in this report is clear: while the X-ray crystal data give
side chain of residues in the ring. In contrast, DPDPE has this an accurate static image of the peptide, solution NMR and
amide NH projecting dow?? This difference iny, and ¢3 modeling indicate the overall flexibility and local conformations
torsion angles may in itself be responsible for antagonism at which are accessible around the X-ray conformation which can
the ¢ receptor by denying the receptor an important H-bond be important for understanding the nature of receptor interaction,
that may be crucial for transduction or, conversely, by forming e.g. agonist versus antagonist structure.

a new H-bond which stabilizes the peptieeceptor complex

in a nontransduction state (however, compare results for JOM- Acknowledgment. The Office of Naval Research (J.L.F.)
13, ref 45). Alternatively this peptide bond rotation also affects and NIDA Grants DA30018 (J.L.F.) and DA06284 (V.J.H.) are
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chains which are important for receptor binding potency and kind assistance of Dr. Maguy Letulle, Cheryl McKinley, and
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the Ty and Phé aromatics are 13:215.9 A apart, while for

[L-Ala®]DPDPE they are only 10:212.1 A apart. Similarly Supporting Information Available: Tables listing atomic
the Phé aromatic to Ty amino group distance is greater for ~coordinates, hydrogen coordinates, isotropic and anisotropic
DPDPE than [-Ala’]DPDPE (12.3-13.4 versus 7.58.0 A). displacement parameters, and bond lengths and angles for

The topographical surfaces &fand?2 in these conformations  [L-Ala®]DPDPE and §-Ala’|DPDPE (21 pages). This material
are hence significantly different. The peptides may thus bind 1S contained in many libraries on microfiche, immediately
the & opioid receptor in different positions and/or orientations follows this article in the microfilm version of the journal, can
at the active site to effect either agonism or antagorffsm. be ordered from the ACS, and can be downloaded from the
Which of these possibilities is reality will be determined by Intermet; see any current masthead page for ordering information

further synthesis and structure analysis, in a manner similar to @nd Internet access instructions. All crystal coordinates as well
as tables of bond lengths and angles may be retrieved from the
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