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Abstract: Dermenkephalin (DRE, H-Tyr-D-Met-Phe-His-Leu-Met-Asp-NH,), a natural peptide found in frog skin,
has high potency and receptor selectivity for 6 opioid receptors and has potent in vivo analgesic activity. Structurally
the compound is related to both the u opioid receptor selective dermorphin and the 6 opioid receptor selective deltorphins.
Interestingly, the N-terminal tetrapeptide of DRE is potent and selective for the u opioid receptor. Effortstounderstand
the conformational properties of DRE and their relationships to biological activity are of great importance. We report
here a novel approach to analyze conformations of short linear peptides in solution to determine the possible solution
conformations of DRE. We have combined extensive NMR studies with comprehensive conformational energy
calculations, including extensive Monte Carlo sampling and statistical evaluations of the results, to obtain the statistical
weight estimations for DRE low-energy backbone conformations that are consistent with all of the NMR data. A
random search of conformer statistical weights was performed to satisfy the condition of statistical indistinguishability
between the experimental values and the weighted sum of calculated values for each measured parameter. From these
studies, two low-energy conformers were found to be essential for matching the energy calculation results with the NMR
data. At least one of them should be present among the DRE solution conformers with a significant statistical weight.
Except for the rotamers of the side chain groups of the Tyr! and Phe? residues, the conformations of the N-terminal
tripeptide fragment match in detail a previously suggested topographical model for the conformation responsible for
interaction with the & opioid receptor. This suggests that the § selectivity of DRE, which is a linear flexible peptide,
might be due to pre-existence in solution of a specific conformer for its N-terminal tripeptide. The combined approach
employed in this study offers a useful methodology to aid in conformational analysis of linear, conformationally flexible
peptides that are active at receptors and other biological important acceptors.

Introduction

Dermenkephalin (DRE) is a natural peptide isolated from frog
skin!? that possesses very high selectivity and potency at the
é-selective opioid receptor. The DRE sequence is as follows:

Tyr?-p-Met?-Phe’-His*-Leus-Met®-Asp’-NH,. DRE belongs to
a family of opioid peptides from frog skin that includes the
u-selective dermorphin and §-selective deltorphins I and II;34
some authors also refer to dermenkephalin as a deltorphin (see
ref 5).
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One aspect of understanding conformation—activity relation-
ships for dermenkephalin includes knowledge of its possible
solution conformations. Unfortunately, being a short linear
peptide, dermenkephalin most likely exists insolutionas a mixture
of different interconverting conformers. This view is strongly
supported by several papers on the NMR spectra of derman-
kephalin and the deltorphins in DMSO and in cryoprotective
solution.5® Nevertheless, other authors have derived a single
dermenkephalin conformation which is presumably in good
agreement with the NMR data, in particular with the NOE
measurements.” On the other hand, we earlier proposed a model
for the §-receptor-bound conformation of DRE based on energy
calculations.!®!! The model was supported by the synthesis and
biological testing of an active cyclic analog of deltorphin I.12 This
model has little resemblance to the DRE solution structure
proposed earlier.’

The main objective of this paper is to examine possible DRE
solution conformation(s) employing an approach elaborated
earlier,’*> which combines NMR measurements and energy
calculations. Thisapproach does notdemand that just one single
conformer meet all experimental requirements (which was the
basic assumption in ref 9) but rather it allows for the possible
existence of several conformers in solution from the very beginning.
Alllow-energy conformers for the peptide backbone of a particular
molecule are regarded as possible solution conformations.
Knowledge of these possible low-energy conformers is obtained
by energy calculations, such as those performed for DRE in ref
11. This is followed by Monte Carlo sampling (or other kinds
of sampling) in the vicinity of the low-energy conformers obtained
to explore the shape of the potential energy surface near the
various corresponding local minima. This allows us to calculate
mean values, (A°) and their standard deviations, Dk, for
each low-energy backbone conformer and for any structure-related
parameter A which can be measured by experimental means.
Examples of parameters A4 include vicinal coupling constants
J(NHC>H), NOEs, the efficiencies of singlet-singlet energy
transfer between aromatic moieties, etc. On the other hand, the
experimental data can provide us with the mean experimental
values (4°®) and their standard deviations D**? for every measured
structural parameter. Finally, we can require that the (A4°*?)
values and the weighted sum of (.4°) values averaged over all
conformers be statistically indistinguishable (or, in other words,
“in good agreement”) at the chosen confidence level with the
Student’s coefficient t. In other words, the following conditions
should be satisfied:

N
|ZW,-<Acalc)ik— <Aexp)k|
=1

" <t )
(Z(wiDcalcik)Z + (Dexpk)z)l/Z
i=1

where i and k are indexes related to the number of conformers
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and to the number of measured parameters, respectively. Thus,
if we have N conformers and M measured parameters, the last
step would consist of selecting all sets {w;} of NV statistical weight
values, each set {w;} satisfying to M inequalities of type (1), being
at the same time limited by the obvious condition of w; > 0 and
Zﬁl w; = 1.

The advantages of the above approach are that one always
considers several different conformers to fit the experimental
dataandinaddition one must simultaneously meet all inequalities
of type (1) for each parameter. The use of the Student’s criterion
for comparison of the calculated and experimental mean values
facilitates the quantitative estimations of the closeness between
these two, rather than qualitative statements such as “to be in
good agreement.” Also, the choice of conformers considered is
limited to backbone conformations with low energy only, and in
addition it takes into account their local fluctuations by the use
of Monte Carlo sampling. On the other hand, the simultaneous
fuifiliment of all inequalities (1), together with the requirements
for non-negativity and normalized statistical weight values w;,
leads to a non-unique solution of the problem, since many of sets
fwi} for statistical weight values can satisfy these conditions. This
means that in this approach, we will not obtain the “true” constant
values for the statistical weights of conformers in solution, but
rather their distributions, each with its mean value (w;) and its
upper, wP;, and lower, wio¥, levels. So, instead of “the true” w;
values, we obtain “the most probable” w; values depending on the
accuracy of our calculations and measurements, both of which
inevitably have some inaccuracy.

This approach has been successively applied to spin-labeled
angiotension!3!4 and Leu-enkephalin!5 molecules. Only five low-
energy conformers were found to be “indispensable” for the
angiotensin backbone in aqueous solution, their lower w'¥; jevels
being non-equal to zero. This means that none of them can be
ignored when deriving possible solution structures from the
availableexperimentaldata.!® All possible angiotensin conformers
in aqueous solution were shown to fall into two groups differing
in the backbone conformer of the central tetrapeptide with the
mean statistical weight values of 0.78 and 0.22, respectively.!4 In
the case of enkephalin in DMSO solution, the approach revealed
the possible existence of at least two folded conformers of the
peptide backbone with mean statistical weight values of ca. 0.70
and 0.30 and withsignificant local conformational fluctuations.!s
The conclusions on the possible solution conformations of both
peptides were confirmed also by comparison with the independent
experimental measurements.!415

Methods

Energy Calculations. Allenergy calculations for DRE were performed
using the ECEPP potential field!617 assuming rigid valence geometry
with planar trans peptide bonds. (Other details of the valence geometry
of DRE are described in ref 11.) Electrostatic interactions were taken
into account with the value of dielectric constant ¢ = 45, which corresponds
to the macroscopic ¢ value for DMSO. Thebackbone structures considered
for energy calculations were those obtained by the buildup procedures
with the successive “growth” of the DRE peptide chain from either the
N- or C-terminus inref 11. A total of 116 conformers were considered
at the level of the entire molecule.

Monte Carlo Sampling. Monte Carlo sampling was performed in the
31-dimensional space of DRE dihedral angles in the vicinity of each of
the 14 local potential energy minima found in the energy calculations.
The Markov chain always was started in one of the minima. First, the
“old” energy value E° was calculated for the starting conformations.
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Table . NMR Data of DRE in DMSO Solution
NOEs
residue J(HNCeH), Hz NOE type interproton dist, A this study® interproton dist limits, A ref 9
p-Met? 8.47 aH,-NH; 3.01 strong/medium 2.0-3.6 +
Phe? 8.43 aH>-NH; 2.89 strong/medium 2.0-3.6 +
His* 8.46 aH3~-NH4 2.68 strong/medium 2.0-3.6 +
Leu’ 8.10 aH4-NH; 2,97 strong/medium 2.0-3.6 +
Met6 8.31 aHs—~NHg 2.98 strong/medium 2.0-3.6 +
Asp’ 8.00 aHeNH; 3.21 medium 2.9-3.6 +
NHs-NH; 4,48 medium/weak 35438
NHs-NHg 4.52 medium/weak 3.54.8 +
NH¢-NH; 4.18 medium/weak 3.54.8 +
Her1-Her1 (reference) 2.54

¢ Cross-peak classification according to ref 26.

Then, one of the dihedral angles wasrandomly chosen among the dihedral
angles of the molecule. If this angle © was a backbone angle, then it
acquired the value © + AO, where AO was chosen randomly within the
limits of 0 to 25°. If the angle © was a side chain angle, first the rotamer
type for this angle was chosen randomly (i.e. g*, t, or g~ for all x;’s and
x2’s and x3’s in Met residues; £90° for x2’s in Tyr, Phe, His, and Asp
residues, and 120° for a Leu residue) and then AO was chosen randomly
within the limits of —60 t0 60°. The “new” energy was calculated for the
same dihedral angle set except 07" = 6 + AO. Ifthe “new” energy value
E™¥ was lower than E®¢, the new conformation (the new point) was
always accepted and added to the Markov chain, and E™* became E°4.
If not, the new point could also be added, but the probability of acceptance
in this case was proportional to exp((E™¥ - E%)/RT), where T is a
temperaturein degrees Kelvin (7= 300 K was used) and R is the universal
gas constant. (In other words, we used the well-known Metropolis
statistics!® for our Monte Carlosampling.) If the new conformation with
E™¥ was not accepted, the old conformation with E°M was added to the
Markov chain once more. Inany case, after adding a point to the sample,
the procedure was repeated starting from the new choice of dihedral
angle to change until the given length of the Markov chain was achieved.
We generated Markov chains of 200 000 steps for each starting structure,
adding to the statistical samples the results of just the last one out of five
subsequent steps to avoid the intrinsic correlations among conformations
involved in the statistical samples. Thus, each of the statistical samples
contains 40 000 conformations.

Calculation of Mean Values for JINHC,H)s and Interproton Distances.
The mean energy value (E) was calculated cumulatively along with the
lengthening of the Markov chain for every hundred points in each statistical
sample. Typically, during the first 100 groups of 100 points, the (E)
value was equilibrated and then began to oscillate around some stable
value. The conformations associated with the (E) equilibration process
were removed from each statistical sample. Then the vicinal coupling
constants of J(NHC,H) type and the distances between all protons in
the peptide backbone (except protons in the N-terminal a-amino group
and C-terminal carboxamide) were calculated for every conformation of
the remaining parts of each statistical sample. Several relationships of
J(NHC,H) vs ¢ angles have been proposed.’®-2! All of them are
essentially equally valid based on experimental data. (Interestingly, the
most recent dependence of this kind?? appeared to be very close to one
proposed previously.?) Therefore, we have considered all dependencies!®-2!
as possibilities for JINHC,H) calculations. The statistical samples were
divided into 25 subgroups, each containing 1000 conformations, and all
values of JINHC,H)s and interproton distances were averaged over each
subgroup. Then these averaged values were used to calculate the final
mean values and standard deviations of J(NHC,H)s and the interproton
distances. The goal of these procedures was to ensure a Gaussian shape
for the distribution of averaged values of J(NHC,H)s and interproton
distances.

Selection of Statistical Weights. The sets of conformer statistical
weights {w;} were selected as follows. N - 1 random numbers were
generated, each being between 0 and 1. Then they were arranged in the
order of their values, and each value was considered as a point of division
for an interval from 0 to 1. In this way, the interval from 0 to 1 became
divided into N pieces, the length of every piece then being used as w;
values. Itisobvious that the w;values obtained in this manner will satisfy
the conditions of Zﬁl w; = 1 and w; > 0. Each w; value was assigned to
one of the N conformers, creating an initial {w;} set. Toensure simulations
of a more uniform distribution for each w;, the {w;} sets were generated
also by exchanging w; values from the initial {wj} sets for several pairs
of conformers. Each generated {wj} set was then checked as to the

fulfillment of all conditions (1). The procedure was continued until the
number of selected {wj} sets was equal to the value chosen in advance
(typically from 100 000 to 500 000).

NMR Measurements. The high-resolution 1D and 2D 'H NMR
measurements was carried out at 500.13 MHz with a Brucker AM 500
FT NMR spectrometer equipped with an ASPECT 3000 computer using
a specific 5S-mm 'H probe head for a ca. 4 mM solution in DMSO-ds.
The techniques used in the present studies for the assignment of all of
the proton assignments included two-dimensional double-quantum filtered
proton correlated spectroscopy (DQCOSY),? relayed COSY,* and
nuclear Overhauser enhancement spectroscopy (NOESY).25 The pulse
sequence used in the relayed COSY experiment was D;-90-7,-90°—
D»-180°-Dy-90°-1; with a D, value of 30 ms. The pulse sequence used
in the NOESY experiments was the conventional D;-90°-¢,-90° ¢y,
90°-1,, where tp, is the mixing time (values used were 200, 300, 400, and
500 ms). The relaxation delay (D) in all the experiments was fixed as
2s. The two-dimensional spectra were obtained from 512 measurement
in DMSO-dg solution along the #; axis. For each value of ¢, 1024 data
points were collected along the 1, axis. To enhance the digital resolution,
the time domain data matrix was expanded by zero filling to 1024 data
points along the 1 axis and data were multiplied by sine square bell and
sine bell window functions along the 1, and #; directions prior to their
respective Fourier transformations. Allofthe chemical shifts are expressed
as § (ppm) downfield from external reference tetramethylsilane (TMS).

Results

The NMR NOE data obtained for dermenkephalin are listed
in Table I together with the experimental data of other authors
(see Table III in ref 9). Table I includes six values of the
J(HNC=H) coupling constants and nine intrabackbone NOE’s
observed for the DRE backbone in DMSO solution (intraresidue
NOE’s are omitted). The interproton distances were calculated
as 7y = ((owet/0i)ree®)!/%, where oy are the volumes of the
corresponding cross-peaks, and the reference values of o
(assumed as 100%) and res = 2.54 A are related as the distance
between two aromatic protons in the Tyr! residue (see the last
line of Table I). To estimate the NOEs (or interproton distances
related to them) more quantitatively, we have used histograms
of the distributions for near-neighboring interresidue ;eH~-NH;4,
and NH—NH,,, distances calculated?¢ using the X-ray data on
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Table II. Low-Energy Backbone Conformers of the DRE Molecule

Nikiforovich et al.

Tyr 1 D-Met? Phe? His* Leu’ Met¢ Asp’
conformer ¥ ¢ ¥ @° ¥ @° ¥ @ ¥ ¢ ¥ .3 ¥ energy, kcal/mol
1¢ 157 92 41 -90 -8 62 38 -127 51 56 27 -89  -29 —41.3
165 86 38 -79 -13 68 29 -116 57 55 27 -94  -34 —42.4
158 90 45 -89 -6 63 38 -124 51 55 29 -93 -26 -34.6%
7 9 7 7 4 4 7 8 8 5 7 9 11
2 158 91 36 -88 -16 58 50 -137 -60 -129 20 -80 -33 —42.3
149 99 24 -94 -14 62 34 -159 -61 -111 48 =71 41 -394
154 93 24 -95  -15 58 41 -151 -58 -102 21 =75 =37 -325
8 10 15 11 9 5 9 12 5 13 17 11 12
3 136 96 29 -95 =36 -94 -7 66 21 -162 33 -88 148 —42.7
150 85 38 -83 45 -95 -1 67 19 -162 30 -76 141 —42.3
146 91 43 -86 48 -91 -5 66 21 -160 33 -83 125 -343
9 10 10 10 5 7 3 5 6 6 6 11 24
4 143 86 39 -96 -29 -143 -65  -161 97 47 58 -78 87 —41.8
153 85 44 -80 -23 -145 -73 -l64 114 47 59 -155 150 —43.6
154 83 41 -81 -36 -140 =71 -159 110 47 59 -159 152 -37.4
9 9 7 9 9 11 5 6 9 6 8 8 10
5 162 115 -164 -95 =20 -142 —-63 -164 92 48 59 =73 -33 —41.9
155 115 -l64 -70 -26 -141 -70  -163 112 46 59 -88  -32 -37.1
145 115 -164 -84 28 -137 —-65  -163 97 48 58 -82  -34 -30.6
22 1 0 9 9 9 5 8 15 6 13 11 13
6 —46 104 -149 -101 -25 -140 -60 -168 95 45 58 -70 150 —45.0
-33 104 -149 -100 -34 -137 -54  -163 77 45 48 -102 106 —40.6
—42 104 -149 -100 -27 -144 —-62 -156 83 49 57 -128 137 -32.7
12 1 2 7 14 14 5 7 11 5 13 32 29
7 156 97 33 -93 -16 -140 -151 -50 45 -112 67 -89 150 —40.5
156 96 41 -95 45 -93 165 -61 -33 -136 65 —68 128 —40.8
154 95 28 -85 =32 -90 165 -74  -38  -133 84 -110 130 -324
6 10 13 12 13 13 8 10 9 16 32 44 20
8 155 90 40 -90 -25 -152 171 —63 139 51 61 -81 150 —43.2
163 84 39 -80 40 -139 181 =75 142 56 47 -78 140 —45.4
159 86 39 -83 37 -142 179 -74 142 57 46 -77 135 -37.6
9 11 7 7 7 10 10 6 8 8 11 12 15
9 165 85 -108 -69 27 -81 —43 -151 116 =73 -33 -72 149 —45.8
168 85 -108 -53 -30 -78 -55 -151 138 -91 -32 =717 133 —45.4
153 85 -39 -75 =29 -75 —41  -135 110 -82 -35 -86 133 -324
14 1 74 12 10 9 12 23 16 15 13 30 27
10 148 63 -119 -96 -10 -75 —46 54 49 -79  -30 -76  -30 —45.4
162 63 -119 -95 -9 -81 —48 52 47 =77 =29 -87 -28 —41.4
162 63 -119 -98 -12 -74 —46 55 51 -79 -33 -76  -32 -329
10 0 2 6 9 7 7 5 12 13 13 10 10
11 155 86 -112 -83  -17 -76 —44 -95 -6 54 51 -73 =36 —44.3
167 99  -112 -92 -5 -76 —44  -105 4 56 46 -85 -31 —42.1
153 95  -112 -89 -11 -76 —44  -100 5 49 55 -81  -35 -33.9
13 12 1 6 5 0 0 6 6 5 11 9 11
12 152 80 -96 -75 24 -89 =31  -152 112 =75 143 =72 -30 —43.5
160 76 -96 -78 =25 -89 -31 -145 104 =75 146 -84 -28 —44.5
155 89 -96 -74 =26 -89 -31 -l44 102 =75 147 -78 -36 -38.1
6 9 1 5 2 0 0 6 6 1 22 10 11
13 160 81 -90 -80 -31 -82 -31 -145 127 -78 82 -74 34 —42.5
156 90 -90 -75 =36 -82 -18  -147 88 -78 121 -81 -29 —42.9
152 87 -90 -79 -34 -82 -16 -154 102 -78 121 -76  -36 -35.4
16 11 0 5 3 0 3 8 9 0 19 11 11
14 -56 74  -102 -64 =37 —68 -33 -163 131 -76 72 -83 -29 -389
-17 148  -102 -85 =25 -79 -18 -164 123  -109 2 -66 -31 -329
—45 32 -102 -94 -16 —68 -34 -152 119 -88 104 -79 =35 -26.3
14 101 0 12 10 9 11 12 23 29 42 11 12
structure I 150 50 -101 -52 48 -90 108 -64 -77 —47 45 —41 -34.5
from ref 9 156 173 55 =72 =30 -84 60 -166 -54 -90 -29 -140 —40.0
154 160 54 -70 -34 -85 64 -153 -58 -88 -32 -115 -31.9
8 10 5 9 9 8 14 19 7 11 12 26

4 The first line corresponds to the starting conformation of a sample, and the second line corresponds to a conformation with the minimal energy
in the sample (i.e., in the remaining part of 25 000 conformations). The third and fourth lines represent the mean values of dihedral angles and their
standard deviations, respectively.  The value averaged over the 25 000 conformations of the sample. ¢ Angles (¢ and ) in degrees.

19 proteins, which have been analyzed in ref 27 (see Figure 2 in
ref 26). The histograms in question are distinctly 2-fold, with
the peak limits corresponding to ca. 2.0~2.8 and 2.8-3.6 A for
the «H—NH,, distance (i.e., to “strong” and “medium” NOEs)
and to ca. 2.0~3.5 and 3.5-4.8 A for the NH~NH;,, distance
(i.e., to “strong” and “medium/weak” NOEs).24 These limits
can be used as semiquantitative estimations for an assignment of

(27) Billeter, M.; Braun, W.; Wiithrich, K. J. Mol. Biol. 1982, 155, 312—
346,

a particularinterprotondistance to “strong”, “medium”, or “weak”
NOE’s. Since the observed values of aH—NH;s; NOE:s corre-
spond mostly to interproton distances around 3 A, they can be
regarded as belonging to both regions in the histogram, which
allows one to classify these NOE:s as the “strong/medium” ones.
The observed NH,~NH;+; NOEs can be classified in the same
way as the “medium/weak” ones. Accordingly, we can define
the upper and lower limits of the experimental interproton
distances, which alsoarelistedin TableI. Assuming that NOEvp
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Figure 1. Histogram of the distribution for the intramolecular distance
Ca,-C=; in the statistical sample corresponding to conformer 8 in Table
II. An arrow corresponds to the mean distance value.

= (NOE)e*P 4+ Dexp and NOEY = (NOE)e* — Dex®, we can find
the values of (NOE)exP’s and D**’s for use in inequalities (1).
(The interproton limits selected in Table I are also in agreement
with a calibration of NOE values vs interproton distances in a
recent study.?®)

The temperature coefficients of the chemical shifts for the
DRE amide protons were found in our study to be in the range
of -5 to—11 ppb/deg K (in the range of —4 to -7 ppb/deg K in
ref 6). Generally the values in this range correspond to amide
protons more or less exposed to the solvent and do not provide
any definite structural information.

Then the statistical samples for 14 low-energy coformers of
the DRE peptide backbone (see Table II) were calculated as
described in the Methods section. Generally, the quality of
statistical samples depends primarily on the numerical values of
the Monte Carlo sampling parameters, like the length of the A¢
step or the acceptance rate, etc. Typically, this quality should
be checked for at each particular sampling. One of the best
means of checking is to calculate the distribution for the end-
to-end intramolecular distance and to compare its shape to the
Gaussian distribution (see e.g., ref 29). As an example, Figure
1 contains the histogram of the distribution for C*;~C2; distance
in the statistical sample corresponding to DRE conformer 8 in
Table II. The histogram shows that the shape approximates a
Gaussian distribution,

Table II also contains the values of backbone dihedral angles
for the lowest energy conformation found for each statistical
sample (second lines in the entries corresponding to each
conformer). One can see that sometimes the Monte Carlo
sampling yields conformers with energies that are lower than
those for the starting conformers of a sample despite the
preliminary minimization of their energies. This discrepancy
reflects the inherent inaccuracy of the numerical methods of
energy minimization and Monte Carlosampling used in any study
employing molecular mechanics. Inourview itisone morereason
not to confine ourselves to a single low-energy DRE structure,
but to consider simultaneously several conformers possessing
relative energies within a certain energy gap. The third and fourth
lines in the entries related to each conformer in Table II describe
the meanvalues and standard deviations of the backbone dihedral

(28) Hyberts, S. G.; Goldberg, M. S.; Havel, T. F.; Wagner, G. Protein

Science 1992, 1, 736-751.
(29) Premilat, S.; Maigret, B. J. Chem. Phys. 1977, 66, 3418-3425.
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angles averaged over a corresponding statistical sample, as well
as the average energies. The values of standard deviations for
dihedral angles represent the levels of internal lability for each
DRE conformer; with few exceptions all DRE conformers appear
to be similar in this respect. In two cases (Ay; for conformer 9
and A¢, for conformer 14) the large values of the standard
deviations indicate that these particular statistic samplings covered
not one but two connected local energy minima for the p-Met?
residue.

Comparison of Experimental and Calculated Structural Pa-
rameters. In total, we have derived 15 experimental parameters
(6 and 9 interproton distances) to match statistical samples for
DRE conformers obtained by energy calculations. Thenthemean
values and standard deviations of the parameters were calculated
foreachof the statistical samples. Inthecaseof the JINHC,H)s,
we actually have calculated several mean values and standard
deviations for each statistical sample because we employed various
J(¢)dependencies'®2! (see Methods). Accordingly, we have used
as conditions in eq 1 both the largest ({(J™2*);;) and the smallest
((Jminy ) calculated values. This means that we have reformu-
lated the conditions in (1) into two separate inequalities:

N
Zwr<fmx)rk = (S
=]

- <t (1)
Q_wD™,)* +0.25)!/?
=1
and

(S = S w(J™)

. <t a”
(Z(Wl’Dminik)z + 0_25)1/2
=1

The values of the upper (A,;,) and lower (4y,4) limits were then
calculated as (A%ld, ), = (420 Vi + (D% )i and
(A% 0 )i = (A4 Y ik = (D999 ) for the calculated values
of J(HNC=H)s and the interproton distances and as (4°?,;); =
AP, + D%y and (AP, )i = AP, — DF*P, for their measured
values. These limits for every parameter and for each low-energy
DRE conformer are listed in Table III. Then they were used in
conditions (1), (1"), and (1) for selection of statistical weight
{wi} sets for the 14 DRE conformers (performed according to the
Methodssection). Thevalues of ¢ hereand in all cases mentioned
below were equal to 1.96, which corresponds to the 95% level of
the confidence interval. The selection procedure was stopped
when 500 000 {wj} sets satisfying the conditions (1) were obtained,
which allowed us to estimate the distributions of statistical weight
values for 14 DRE conformers. It is obvious that only 500 000
{wi} sets (each of them being a point in the 14-dimensional space)
arenot enough tocover the 14-dimensional volume with the density
sufficient to result in realistic statistical weight distributions.
Indeed, the only result obtained upon which we can rely was that
the lower limits of statistical weights w; can be close to zero for
all DRE conformers. The highest mean values among all 14
conformers were ca. 0.14 and 0.11 for conformers 7 and 8,
respectively. The results of the selection procedure showed also
that even for this estimation, the distributions of statistical weights
for these two conformers possessed a very tight correlation (the
correlation coefficient was —0.91). The upper and lower limits
of thecalculated structural parameters in question (i.e., (4%},
= Z{:I Wi(Acalcdik + DcaICdik) and <Acalcdlow)k - Z{:I Wr(A“l“dik _
Dreledyy), averaged over all 500 000 {w;}sets, are listed in the first
column in Table IV,

Because of limited computer resources, it would be helpful to
decrease the number of DRE conformers considered. We have
used the data of Table III for rough estimates of the relative
agreement of calculated and experimental data for each particular
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Table IIIl. Calculated and Measured Structural Parameters for DRE Low-Energy Structures®

interproton distances, A

J(HNC<H), Hz
for residues 2-7 aH~NH;+1 NH~-NH;+;
conformer 2 3 4 S 6 7 12 23 34 45 56 67 45 56 67
1 6.30 6.61 5.56 8.29 5.53 6.85 2.40 3.61 3.38 2.63 2.86 2.95 2.70 2,76 2,98
8.45 7.85 7.92 9.82 7.87 8.37 2.40 3.61 3.38 2.63 2.86 2.99 2.70 2,76 2.98
2 6.90 6.88 5.55 6.17 7.31 4.87 2.36 3.48 4.65 2.73 2.81 2.18 3.63 2.61 3.03
8.43 8.76 7.90 8.19 9.43 6.66 2.36 3.50 4.65 2,75 2.83 2.18 3.63 2.71 3.09
3 6.18 5.87 6.54 5.50 5.62 5.49 2.30 3.60 3.62 2.32 3.35 2.56 3.07 2.07 293
8.80 8.19 8.46 7.84 7.15 7.93 2.30 3.60 3.62 2.34 3.35 2.56 3.07 2.07 293
4 5.82 5.43 7.19 5.69 5.29 5.77 2.36 3.60 3.58 2.47 3.64 3.80 2.20 3.07 2.61
7.57 7.51 9.54 7.25 7.60 7.08 2.36 3.60 3.58 2.49 3.64 3.84 2.20 3.09 2.61
5 8.39 5.83 7.57 5.06 5.34 5.45 2.33 2.49 3.54 2.31 3.64 3.49 2.26 3.05 2,61
9.93 7.84 9.53 6.83 7.58 7.67 2.35 2.49 3.54 2.33 3.64 3.57 2.26 3.09 2.65
6 7.98 7.48 6.29 5.95 5.39 5.94 3.60 2.35 3.51 2.26 3.64 3.28 2.34 3.03 2.62
9.31 9.16 9.45 7.61 7.66 8.77 3.60 2.35 3.53 2.28 3.64 3.36 2.36 3.05 2.66
7 6.85 5.50 5.73 4.12 7.24 4.46 2.36 3.52 3.55 4.57 2.49 2.45 3.57 3.34 241
8.88 8.46 9.12 7.03 10.12 7.35 2.36 3.52 3.55 4.57 2.51 2.51 3.57 3.78 2.49
8 5.47 5.81 7.02 4.48 5.57 4.35 2.41 3.59 3.58 4.38 2.66 4.62 2.27 2.82 2,76
8.70 7.53 9.12 6.84 7.93 7.83 241 3.59 3.58 4,38 2.66 4.62 227 2.84 278
9 6.41 4.55 5.04 6.92 5.42 5.03 2.36 242 3.54 2.49 3.59 3.99 2.22 241 3.56
7.34 6.85 6.48 8.53 7.62 6.57 2.38 3.28 3.54 2.51 3.59 4.03 2.22 243 3.56
10 3.47 7.46 4.83 5.53 5.38 5.32 2.44 2,20 3.43 2.53 3.61 2.84 2.69 2.45 3.55
4.91 8.83 6.50 7.86 6.87 6.44 2.44 2.20 3.43 2.55 3.61 2.86 2.71 2,47 3.55
11 6.83 6.62 5.44 7.60 5.38 5.69 2.37 2.21 3.42 2.48 3.61 2.33 3.25 3.00 2.65
8.63 7.93 6.30 8.98 7.66 7.05 2.37 2.21 3.42 2.48 3.61 2.33 3.25 3.02 2.67
12 6.84 6.52 5.44 7.54 5.39 5.70 2.37 2.26 3.53 2.22 3.55 3.83 2.21 4.57 2.38
8.63 7.99 6.30 9.04 7.67 7.08 2.37 2.26 3.53 2.22 3.55 3.83 2.21 4.59 2.40
13 5.81 5.60 6.10 6.04 5.66 4.83 2.36 2.30 3.58 2.36 3.45 3.72 2.22 4.46 2.26
8.35 6.70 6.98 7.94 6.51 6.79 2.38 2.30 3.58 2.36 3.45 3.74 222 4.48 2.26
14 5.11 6.34 2.85 6.25 4.30 5.52 3.60 2.23 3.45 2.54 3.55 3.89 2.25 3.38 233
6.61 9.17 6.18 7.84 8.70 6.80 3.60 2.23 3.45 2.58 3.55 4.03 2.25 4.72 2.49
exp 7.97 7.93 7.96 7.60 7.81 7.50 2.00 2.00 2.00 3.50 2.00 3.50 2.00 3.50 2.90
8.97 8.93 8.96 8.60 8.81 8.50 3.60 3.60 3.60 4.80 3.60 4.80 3.60 4.80 3.60
@ The first line contains the values of 4P = 4mex 4+ pmax and the second line contains the values of Alov = 4min _ pmin
Table IV. Comparison of Calculated and Experimental NMR Parameters
averaged over conformers given
residue all conformers 1,4,7,8 7,8 structure I, ref 9 exptl
J(HNC*H), Hz
2 5.9-8.6 5.7-8.7 5.6-8.8 0.5-5.1 8.0-9.0
3 5.9-8.3 5.5-8.1 5.6-8.3 0.6-5.3 7.9-8.9
4 5.4-8.3 5.8-9.4 6.0-9.1 5.3-9.4 8.0-9.0
5 5.6-8.2 44-8.8 4.2-7.0 1.6-6.6 7.6-8.6
6 5.4-8.5 5.4-9.3 5.7-9.7 0.4-4.8 7.8-8.8
7 5.1-7.6 4.5-8.0 44-78 0.34.2 7.5-8.5
aH~NH;4 distances, A
ii+1
12 2.4-2.7 24-2.4 24-24 2.3 2.0-3.6
23 2.8-3.2 3.5-3.6 3.5-3.6 2.2 2.0-3.6
34 3.5-3.7 3.5-3.6 3.5-3.6 3.6 2.0-3.6
45 3.1-3.3 2.6-3.2 2.5-2.6 2.2 2.0-3.6
56 2.5-3.0 2.3-3.1 2.4-33 3.6 2.0-3.6
67 2.6-2.9 2.5-2.8 2.5-2.8 3.6 2.9-3.6
NH~NH4 distances, A
45 2.9-3.2 2944 4.4-4.5 4.3 3.548
56 29-3.7 29-4.2 2.94.5 3.1 3.54.8
67 2.9-3.5 2.9-3.5 2.9-3.6 29 3.54.38

conformer. We have checked possible overlappings of theintervals
[Acaid,, 404, ], and [A%P,, 4% ]« for every conformer. If
these intervals were not overlapping, the values s = (a**Pyp)x -
(Acalwlow)ik (1f Acalwlow > AexPup) Or Six = (AexPlow)k - (Acalwup)ik
(if Asled,, < A4°*py,) have been calculated. These values can
provide a kind of measure of disagreement between the calculated
and measured structural parameters. The s values aredescribed
in Table V, where the “~” signs signify the cases when overlapping
occurs, i.e., agreement exists. Table V showsthatnosingle DRE
conformer alone cansatisfy all experimental data. Itis noteworthy
also that the s; values for different conformers related to the
same parameter in all cases are of the same sign. This means
that no conformer possessing a significant s; value could be
“balanced” by another conformer also possessing a significant s

value for the same parameter, but with the opposite sign. The
special significance of conformers 7 and 8 also could be seen in
the data in Table V, since they are the only ones displaying
overlappings in the NH,~NH; distance.

It is reasonable to assume that the conformers with the highest
possible statistical weights would be those with the smallest |s;|
values. Supposing the arbitrary limits for |s:| values of 1.0 Hz
in the case of the J(HNC=H)’s and 1.0 A in the case of interproton
distances, we can pick conformers 1, 4, 7, and 8 as the most
probable ones. The same selection procedure has found 500 000
{wi} points satisfying the conditions (1) for these four conformers.
The estimates for the (w;), wi**;, and w¥P; values were about 0.20~
0.29, 0.00, and 0.55-0.63, respectively, for all four conformers.
Interestingly, the estimates for (w;), w*?;, and wl¥; were virtually
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Table V. Overlappings between Intervals of Calculated and Measured Structural Parameters for DRE Low-Energy Structures®
J(HNC=H), Hz interproton distances, A
for residues 2-7 aH~NH;+; NH,—NH,'-H
conformer 2 3 4 5 6 7 12 23 34 45 56 67 45 56 67
1 - 0.1 - - - - - - - - - - 0.9 0.5 0.7
2 - - 0.1 - - 0.8 - - -1.1 - - - 0.8 1.3 0.8
3 - - - - 0.7 - - - - - - - 1.2 09 1.4
4 04 0.4 - 0.4 0.2 0.4 - - - - - 03 1.0 - 0.4
5 - 0.1 - 0.8 0.2 - - - - - - 0.3 1.2 - 0.4
6 - - - - 0.2 - - - - - - 0.2 1.2 0.1 0.5
7 - - - 0.6 - 0.2 - - - - - 0.4 - 1.0 -
8 - 0.4 - 0.8 - - - - - - - 0.1 - - 0.7
9 0.6 1.1 1.5 - 0.2 0.9 - - - - - - 1.0 - 1.0
10 3.0 - 1.5 - 1.0 1.1 - - - - - - 1.0 0.6 1.0
11 - - 1.7 - 0.2 0.4 - - - - - 0.2 1.0 1.2 0.5
12 - - 1.7 - 0.1 0.4 - - - - - 0.5 1.3 - -
13 - 1.2 1.0 - 1.3 0.7 - - - - - 0.6 1.1 - -
14 1.3 - 1.8 - - 0.7 - - - - - 0.4 0.9 - -

¢ The sign “-" marks the existence of an overlap.

O

Figure 2. Stereoview of overlapped models for DRE proposed!? é-receptor-bound conformation (thin line) and the N-terminal tripeptide moieties of
conformers 1, 4, 7, and 8 (bold lines). All hydrogens as well as the D-Met side chain in the N-terminal tripeptides of conformers 1, 4, 7, and 8 are

omitted.

the same when just 100 000 {w;} points were found, which indicates
theirreliability. Thevaluesof (4%, ), and (4%, ), averaged
over 500 000 {w;} points for conformers 1, 4, 7, and 8, are listed
in the second column in Table IV. Interestingly, there is not
much difference between the data in the first and second columns
in Table IV, On the other hand, the selection procedure failed
to find even a single {w;} point satisfying the conditions (1) for
the ten remaining DRE conformers (i.e., for 14 original ones
without conformers 1, 4, 7, and 8), despite employing more than
107 trial points.

Since the data of Table V show that no single DRE conformer
could satisfy all of the experimental data, the “minimal” set of
low-energy DRE conformers matching the experimental data in
DMSO solution should consist of at least two structures. Allsix
possible pairs of conformers 1, 4, 7, and 8 were checked for the
selection of statistical weight values that will satisfy the conditions
(1). Four out of six pairs were found to match the experimental
data, namely the pairs of conformers 1 and 7, 4 and 7, 4 and 8,
and 7 and 8. Thus, the DRE conformers 7 and 8 seem to be the
“indispensable” ones in that the experimental data could not be
matched simultaneously by any combination of DRE low-energy
conformers without taking into account either conformer 7 or
conformer 8. To estimate the w'P; values for these conformers,
the selection of 100 000 {w} points was performed for the pair
of conformers 7 and 8, which gave the w*?;values of 0.81 and 0.92
for conformers 7 and 8, respectively. On the contrary, to obtain
the estimation of their wio¥; values, the selection procedures were
performed for all DRE conformers, but without either conformer

7 or conformer 8. The w'*;values were 0.17 for conformer 7 and
0.16 for conformer 8.

Discussion

The approach used in this study is quite different compared
to other approaches to the problem of solution conformation for
short peptides (e.g.seeref 9). The point we have tried to underline
is that at present any information available about the solution
conformation for a relatively small peptide inevitably involves a
considerable amount of uncertainty. This uncertainty starts with
inaccuracies in the experimental mesurements used and in the
choice of experimental conditions. A second difficuity is the
approximations made to extract structural parameters from the
values measured (e.g. interproton distances from NOE values or
dihedral angles from J(HNC=H)s). A third problem is the
intrinsic inaccuracies of the various methods of molecular
modeling used to match a particular peptide model(s) with the
experimental data. Thus, any conclusion about the statistical
weights of different conformers for a given small peptide isalways
an estimate of the “true” equilibrium values. In this respect, the
main difference in our approach is that we explicitly include the
uncertainty in the estimation process.

Another feature of our approach is the combined use of
experimental and calculation data. We assume that energy
calculations are capable of finding the low-energy conformers of
the peptide backbone for a given peptide. Nonetheless, a low-
energy conformer set obtained by energy caiculations may miss
some conformers with low energiesdue to the intrinsicinaccuracies
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Figure 3. Stereoview of overlapped conformers 7 (bold line) and 8 (thin line). All hydrogens are omitted.

of the calculations. However, we are interested in finding not
just conformers possessing low energies but the family or families
of conformers representing the different geometrical possibilities
of the peptide in terms of the experimental parameters. (For
instance, all DRE conformers in Table II represent the same
single family in terms of experimental interproton distances oH;—
NH,,aH3~NH, and aHs~NHjg,see Tables IITand V.) Typically,
the number of such families is significantly less than the number
of low-energy backbone conformers.!! Thus we are less likely to
omit a family than some low-energy conformers in the calculation
resuits. Nevertheless, we cannot guarantee that no other low-
energy conformers for peptide backbone can be found except
those found in the study. For example, structure I previously
proposed as the DRE solution conformation® possesses an energy
higher than our conformers after energy minimization using the
same force field. However, Monte Carlo sampling of the vicinity
of structure I found conformations with energies comparable to
those of conformers in this study (see the last entry of Table II).

Keeping the above in mind, one has to be rather cautious in
conclusions that can be formulated in this study regarding the
DRE solution conformation. Nonetheless, we cansafely conclude
that the family of low-energy conformers 1, 4, 7, and 8 is in good
agreement with experimental data. On the other hand, no
agreement could be found not including these conformers.
Moreover, we can conclude that at least one out of two conformers
7 and 8 is highly probable, with a total w!°¥; value not less than
0.16. The agreement with the experimental data provided by
this family of conformers is much better than that in the case of
structure I found by other authors® (see the fourth column of
Table IV, especially the data on the JJHNC*H)s). At the same
time, these conformers as well as structure I include one close
interproton contact, NH3-NH,, which was not observed exper-
imentally in either our measurements or the earlier ones. A
possible reason for this discrepancy might be the very close
proximity of the various NH~NH diagonal peaks in the NOESY
spectra, as also was noted earlier.’

The common feature of conformers 1, 4, 7, and 8 is the similar
values of dihedral angles for the peptide backbone of the
N-terminal tripeptide region (see Table II). As suggested
earlier,!0-!! a model of the §-receptor-bound conformationof DRE
primarily involves the conformation of its N-terminal tripeptide
with specific spatial arrangement of the aromatic side chains of
the Try!and Phe® residues. Itisveryinterestingthatthebackbone

conformation of the N-terminal tripeptide for the DRE conformers
1,4, 7, and 8 (as well as for conformers 2 and 3) is essentially
the conformation proposed!? as a model of the §-receptor-bound
conformer of DRE (see an overlap of the discussed conformers
in Figure 2). The differences occur in the values of dihedral
angles for the Tyr! and Phe’ side chains. However, it should be
noted that this study did not deal with various side chain rotamers
but with peptide backbone conformations only.

The indispensible conformers 7 and 8 are actually very similar
toeach other, differing mainly in a Leu-Met’ peptide bond plane
rotation (see Figure 3). They share the specific feature of an
extended backbone conformation in the region of the His® residue.
This helps maintain a kind of chain reversal within the central
type I 8-like turn in conformer 7 (conformer 8 has g-II like turn)
at the Leu’~Met® residues and with antiparallel extended “legs”
formed by the peptide bonds Phe’~His* and His*~Leu’ from the
one side and by the peptide bond Met®~Asp’ and the side chain
of the Asp’ from the other side. This reversal could be further
stabilized by hydrogen bonding between the NH of Phe? and the
B-carboxyl of Asp’.

In summary, the main conclusions of this study are as follows:

1. Atleast one of the low-energy backbone conformers 7 and
8 should exist among the solution conformations for DRE in
DMSO with a statistical weight not less than 0.15. This does not
exclude the presence of other low-energy conformers; but the
presence of at least one of those two is crucial for reproducing
the available NMR data for DRE in DMSO solution,

2. One cannot match the available NMR data for the peptide
backbone of DRE in DMSO solution without considering
conformers possessing the peptide backbone conformation of the
N-terminal tripeptide, which corresponds to a model for the
é-receptor-bound DRE conformer. This suggests that the
é-receptor-bound DRE conformation pre-exists in solution with
a significant statistical weight. This conformation could be
matched completely by conformers 1, 4, 7, and 8 just by rotating
the side chains of Tyr! and Phe?.
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