x

. Biirgi
. Daura
. Mark
. Bellanda

. Mammi

E. Peggion

W. van Gunsteren

T

1%}

Authors’ affillations:

R. Biirgi, X. Daura, A. Mark® and W. van
Gunsteren, Laboratorium fiir Physikalische
Chemie, ETH Zidrich, CH-8093 Zirich,
Switzerland. *Present address: Department of
Biophysical Chemistry, University of Groningen,
Nijenborgh 4, NL-9747 AG, Groningen,

The Netherlands.

M. Bellanda, S. Mammi and E. Peggion
University of Padova, Department of Organic
Chemistry, Biopolymer Research Center, C.N.R.
Via Marzolo 1, Padova, Italy, I-35131.

Correspondencs to:

Professor Wilfred van Gunsteren
Laboratorium fiir Physikalische Chemie
ETH Zirich

CH-8092 Ziirich

Switzerland

E-mail: wivgn@igc.phys.chem.ethz.ch

Dutes:

Received 13 April 3000

Revised o8 June 2000

Accepted 11 Joly 3000

To dte this srtice:

Buargi, R., Daurg, X., Mark, A., Bellande, M., Mammi, S.,
Peggion, E., van Gunsteren, W. Folding study of an
Aib-rich peptide in DMSO by moleculsr dynamics
simulstions.

. Peptide Res., 3001, §7, 107-118.

Copyright Munksgaard Intemational Publishers Ltd, 2001
ISSN 1397-002X

Folding study of an Aib-rich
peptide in DMSO by
molecular dynamics
simulations

Key words: Aib; DMSO; GROMOS; 3,4 helix; molecular
dynamics; peptide folding

Abstract: To evaluate the ability of molecular dynamics (MD)
simulations using atomic force-fields to correctly predict stable
folded conformations of a peptide in solution, we show results
from MD simulations of the reversible folding of an octapeptide
rich in a-aminoisobutyric acid (2-amino-2-methyl-propanoic acid,
Aib) solvated in di-methyl-sulfoxide (DMSO). This solvent
generally prevents the formation of secondary structure,
whereas Aib-rich peptides show a high propensity to form
secondary structural elements, in particular 3,o- and a-helical
structures. Aib is, moreover, achiral, so that Aib-rich peptides
can form left- or right-handed helices depending on the overall
composition of the peptide, the temperature, and the solvation
conditions. This makes the system an interesting case to study
the ensembles of peptide conformations as a function of
temperature by MD simulation. Simulations involving the
folding and unfolding of the peptide were performed starting
from two initial structures, a right-handed a-helical structure
and an extended structure, at three temperatures, 298 K, 340 K,
and 380 K, and the results are compared with experimental
nuclear magnetic resonance (NMR) data measured at 298 K and
340 K. The simulations generally reproduce the available
experimental nuclear Overhauser effect (NOE) data, even when
a wide range of conformations is sampled at each temperature.
The importance of adequate statistical sampling in order to
reliably interpret the experimental data is discussed.

The prediction of whether and how proteins and peptides in
solution fold to a relatively compact, stable structure is one
of the grand challenges in computational biochemistry.
Although expressed proteins generally fold to a unique,
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stable 3-dimensional structure, shorter peptides may adopt a
variety of structures in solution. This makes the character-
ization of the ensemble of relatively stable structures of
peptides using experimental methods a non-trivial task. An
experiment yields ensemble averaged properties from which
it is possible to conclude that the ensemble is dominated by
one unique conformation only in particular cases.

In this context, molecular dynamics {MD) simulations
have proven to be an excellent tool for studying the process
of reversible peptide folding. Recently, secondary structures
of various peptides have been studied by means of MD
simulation using explicit solvents (1-7), and implicit
solvation models (8,9). In contrast with other analysis
methods, MD simulation generates an ensemble of struc-
tures from which the behaviour of a system can be inferred
and averages calculated, which can in turn be compared
to experimental averages. With present computers, it is
possible to simulate hundreds of ns for small systems. This
makes it possible to sample a vast variety of conformations.
Moreover, the dynamics of folding-unfolding can be studied,
as these processes can occur on the ns to microsecond time-
scale for small peptides (10).

In the current work, we study the secondary structure
formation of an octapeptide rich in a-aminoisobutyric acid
(2-amino-2-methyl-propanoic acid, Aib} in DMSO. The
chemical structure is shown in Fig. 1. As a solvent,
DMSO usually reduces or even prevents the formation of
stable secondary structure. Aib-rich peptides, however, have
a high propensity to adopt secondary structure, particularly
3,0 and a-helices (11), even in DMSO. Because the
octapeptide contains seven achiral (Aib) residues and only
one chiral (L-Leu) residue, it is expected to adopt both left-
handed (L) and right-handed (R) helical structures. The
presence of the L-Leu residue at position 6 would result in a
slight preference for the R-helical form. This makes the
present system an interesting test of the interatomic force-
field used, provided the MD simulations are sufficiently
long so that both L- and R-helical structures are sampled.

Nuclear magnetic resonance (NMR) studies have been
performed on the octapeptide studied {12). The lack of
a-protons makes NMR experiments on such peptides very

Z - Aib' - Aib? - Aib’ - Aib*- Aib®- Leu®- Aib’ - Aib®- OMe
Figure 1. Chemical formula of the octapeptide. CB, and CB, indicate
the pro-S and pro-R methyl groups, regpectively.
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difficult to interpret. The NMR results seem to indicate the
right-handed 3,,-helix as the predominant structure. It is,
however, highly desirable to use an independent technique
to unambiguously determine the dominant secondary
structure of the octapeptide, as the NMR data are a time
average over an ensemble of structures, and especially for
flexible molecules it is questionable to what extent a single
structure can be representative for the ensemble. Therefore,
the current study has two aims: (i) to model the conforma-
tional equilibria of the octapeptide in solution in order
to enable interpretation of the NMR data, and {ii) to test
the ability of the force-field to reproduce the available
experimental data independent of an initial structural
model.

Four MD simulations were performed. To investigate the
stability of the right-handed helical fold, two of the
simulations were started from a right-handed {R} a-helical
structure, one at 298 K {298,g) and one at 380 K {3804g).
To investigate the ability of the simulations to fold the
peptide from an arbitrary conformation, two simulations
were performed starting from an extended conformation
{all backbone dihedral angles equal to 180°}, one at 298 K
(298,) and one at 340 K (340.). Using higher temperatures
the equilibrium between folded and unfolded conformations
is shifted towards the latter and the number of (un)folding
transitions is enhanced, which leads to broader sampling.
Table 1 gives an overview of the MD simulations.

Methods

All simulations were performed with the GrOMOs96
package (13,14), using the cromos force-field 43A1 (14).
The peptide was placed in a right-handed a-helical con-
formation in a periodic truncated octahedron with 768
DMSO molecules {15) for the 298,z and the 380,z simula-
tions, and in an extended conformation (all backbone
torsional angles set to the trans-configuration) with 1119
DMSO molecules for the 298, and the 340, simulations.

Table 1. Overview of the four MD simulations of the octapeptide
Z{Aib)s-L-Leu{Aib),-OMe in DMSO

Starting

Label Temperature (K) configuration Length (ns)
298, 298 a-helix (right-handed) 50

298, 298 Extended chain 150

340, 340 Extended chain 150

380, 380

a-helix (right-handed) 50




Covalent bond lengths were kept rigid using the SHAKE
procedure {16} with a geometric tolerance of 107*. Before
starting the simulations, a steepest-descent energy mini-
mization was carried out to relax the solvent molecules
around the peptide. Initial velocities were assigned from
a Maxwell-Boltzmann distribution at 200 K. During the
initial phases of the simulations, the dihedral angles were
restrained using a harmonic potential energy function
relaxing the force constant from o.1 k] mol™ deg™ to o
within 150 ps.

Peptide and solvent separately were wcakly coupled to
a temperature bath (17) with a relaxation time of 0.1 ps.
In addition, the system was coupled to a pressure bath (17)
of 1 atm using the isothermal compressibility x,=4.575X10™
{k] mol™ nm™)* and a relaxation time of o.5 ps. The time
step for the leap-frog algorithm was set to 0.002 ps. For the
nonbonded interactions, a twin-range cutoff was used,
evaluating the short-range contributions of the van der
Waals and electrostatic interactions within 0.8 nm at every
time step and the long-range contributions within 1.4 nm
every five time steps. Electrostatic forces outside 1.4 nm
were treated using a reaction field with the relative
dielectric permittivity egp=54. Trajectory coordinates were
saved every o.5 ps for analysis.

laviation {nm
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Birgi et al . Molecular dynamics of an Aib-rich peptide
Results and Discussion
Secondary structure

Figure 2 shows the backbone atom positional root mean
square deviations (r.m.s.d.) for residues 2-7 from a left-
handed {left panels} and a right-handed (right panels) 3,.-
model helix (upper panels), and from a left-handed and
a right-handed a-model helix (lower panels) for all four
simulations as a function of time. Figure 3 shows the
occurrence per residue of the two predominant secondary
structure elements, a-helical (blue) and 3,,-helical (red), as
defined in the program procHeck (18), for the four
simulations as a function of time. PROCHECK does not
differentiate between left-handed and right-handed struc-
tures. A variety of other secondary structure elements such
as hydrogen-bonded tums and bent residues were detected.
For clarity, these were omitted from Fig. 3;

Both Fig. 2 and Fig. 3 show that the helical structure in
the 298,x simulation is stable for extended periods on the ns
time-scale; during the first 25 ns, only transitions between
the a-helical and the 3,,-helical structure are observed.
Starting from an extended structure {simulation 298.) R-
helical structures are sampled at different times throughout

]
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Figure 3. Secondary structure analysis based on the criteria of the
program PROCHECK (18) for the simulations 298,g (A}, 298, (B),
340e (C), 380an {D). Residues with 3,,-helical conformations are
plotted red, those with a-helical conformations in blue.

the simulation. Comparing the two room-temperature
simulations (298,g and 298,} it is clear that the former is
dominated for tens of ns by its R-helical starting structure.
This is not the case at 380 K (simulation 380,g), where the a-
helix is lost after half a ns and the N-terminal part of the
peptide then folds repeatedly into 3,.-helical structures
(Fig. 3). A similar pattern is observed in the 340, simulation.
When raising the temperature from 298 K (298, simulation)
to 340 K {340, simulation) and to 380 K (380,g simulation),
the time-scale for major conformational changes becomes
shorter (Fig. 3): from 10~30 ns {298} to 4-10 ns (340.) and to
1-4 ns [3804g). Figure 3 also shows how close in conforma-
tional space the a- and the 3,,-helical structures are. Once
a helical conformation is reached the peptide starts swapping
between a- and 3,,-helical forms.

As for the chirality of the peptide conformations, in Fig. 2
it can be seen that at room temperature only right-handed
helical structures are formed. However, at room tempera-
ture the time-scale of major conformational changes is of the
order of tens of ns. Even simulations of so-150 ns do not
result in a representative sampling of conformational space,
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Figure 4. Ramachandran plots of ol ¢ upl o

the simulations 308, Al 208; [B), 340 (C], yBou (D

and it is therefore not possible to draw definitive con-
clusions based on the 298,z and 298, simulations. At the
higher temperatures, the peptide behaves as though it were
essentially achiral. In the 380,p simulation, there seems
to be a slight preference for left-handed structures over

right-handed. These observations are confirmed in the

Ramachandran plots shown in Fig. 4; the higher the
temperature, the greater the apparent preference for left-
handed structures (i.e. more density in the upper-right
quadrant). Even at room temperature the last residue, Aib®,
is predominantly found in left-handed configurations. This
is in agreement with the observation of Karle & Balaram {11)
that in crystal structures of Aib-containing peptides, the
ones terminating with a Leu-Aib-OMe, an Aib-Aib-OMe or
an Ala-Aib-OMe sequence generally {14 out of 17) show
a left-handed helical conformation at the final Aib residue.
The crystal structure of a bromo-substituted analog of the
octapeptide simulated here contains two equally populated
enantiomeric helical conformations for the terminal residue
Aib® (19). Furthermore, the Ramachandran plots show that,



except for the 298,g simulation, the Leu residue prefers
extended conformations as opposed to helical ones. Thus,
L-Leu serves rather as a helix-breaker than as a helix-former
in the octapeptide, in agreement with the observation that
Leu is more frequently found in B- than in a-structures (20}.

Clustering

In order to obtain a better picture of the conformational
variety in the ensemble of structures of the octapeptide, the
structures have been grouped into clusters with respect to
their backbone atom positional r.m.s.d. for residues 2-7. For
the precise definition of the clustering algorithm, we refer to
Daura et al. (3). Each cluster consists of structures that differ
by less than 0.1 nm in backbone atom positional r.m.s.d.
The clusters are mutually exclusive, i.e. different clusters
cannot contain the same structure. For the 298,5 simulation
26 clusters were found; for the 298, simulation 77 clusters;
for the 340, simulation 147 clusters; and for the 380.r
simulation 105 clusters. Figure 5 shows the relative
population of all the clusters. For all simulations, only
about 20 clusters are populated by more than 1%. The
ensemble of peptide structures is dominated by only about
s-10 peptide conformations. This is in agreement with MD
simulations of the unfolded state of other peptides showing

Birgi et al . Molecular dynamics of an Aib-rich peptide

that the unfolded or denatured state is not of random
conformational nature but can be characterized by a low
number, 10'-10%, of conformations (2,3). Example confor-
mations selected from the trajectories of the octapeptide are
shown in Fig. 6. In panel I, the variety of backbone
structures within a cluster is indicated: the five super-
imposed structures shown are members of the first {most
populated) cluster of the 298,g simulation taken at different
times. Because the clustering criterion involves only the
backbone atoms of residues 2-7, the terminal residues and
the side-chains show a variety of conformations.

A secondary structure analysis, using the program
PROCHECK, of the different clusters can be found in Fig. 7.
The lengths of the bars indicate the percentage of occurrence
of a given sécondary structure element. Simulation 298,x
(panel A) is biased by its o-helical (dark blue) starting
structure. In the simulations 340, and 380.g {panels C and
D), the most populated cluster (sequence number 1) has its
N-terminal part folded into a 3,,-helical (red) form. Cluster
one in simulation 298, (panel B) is only slightly 3,,-helical
in its N-terminal part, whereas cluster two is more helical.
However, as noted before, the room-temperature simula-
tions 298.x and 298, are not long enough to provide adequate
statistics. In terms of the number of highly populated
clusters as well as their relative populations (Fig. SA,B) and

Figure 5. Relative population of all clusters 60 [ ‘ ‘ ‘j
in simulations 298,z (A), 298, {B), 340, (C), A B
and 380,p (D) using a backbone atom 50 1 1
positional r.m.s.d. (residues 2-7) of less than
0.1 nm as the clustering criterion. 40 T i
30 4
20
— |
10 ‘
= ‘
Q
g 0 i L . i ! !
2 0 10 20 0 10 20 W 40 50 60 70
s
g6 - ;
= 1
T 59 | C R i
a0 | 4 .
30| + ]
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Figure 6. Selected structures of the octapeptide: left-handed 3,, helix
{A); right-handed 3,, helix {B); left-handed a-helix (D), right-handed
a-helix (E}; structure with maximum radius of gyration in simulation
298, {C); structure with minimum radius of gyration in simulation
298, (F); central member of the most populated cluster in simulation
298, {G); central member of the most populated cluster in simulation
340, [H); several members of the most populated cluster of simulation
298,p. (I).

the dominant type of secondary structure present (Fig. 7A,B),
the simulations at 298 K are not converged. The sampling
difficulties at 298 K are also clear when comparing results at
different temperatures. When lowering the temperature
from 380 K to 340 K and 298 K, one would normally expect
the relative population of the most stable (lowest cluster
sequence number) conformation to increase. This is the case
comparing simulations 380,z and 340, in Fig. 5, but not
when comparing simulations 340, and 298,. The structures
of clusters one and two of simulation 298, (see Fig. 8), are
very similar, and their relative populations differ by less
than 4%. Yet, their secondary structures are characterized
differently by the program procueck (Fig. 7B). Structures in

113 Peptide Res. 57, 2001 / 107-11

cluster 1 are mainly identified as being comprised of turns,
while structures in cluster 2 are predominantly recognized
as partial 3,.-helices. Longer simulations at 298 K may
easily shift the character of the most populated cluster
towards 3,,-helical as it is found in the simulations at higher
temperatures {Fig. 7C,D).

To explore the handedness of the peptide conformations,
a detailed analysis of the handedness per residue was
made for the first 10 clusters of each simulation. Table 2
shows the results grouped into R (third quadrant of the
Ramachandran plot); L {first quadrant of the Ramachandran
plot); and - (second or fourth quadrant of the Ramachandran
plot). Residues 1 and 8 were not considered as they were
excluded from the clustering criterion. Except for the 298,5
simulation, which is biased by its starting structure, there is
an overall preference for L-handed conformations. However,
we can see that both L- and R-conformations are often
present at the same time for different residues along the
peptide chain. Sometimes the handedness changes more
than once along the peptide chain. It is also apparent that
the Leu® residue is hardly found in either R- or L-handed
conformations.

Comparison with experiment

For a comparison of the simulated proton-proton distances
with experimentally determined nuclear Overhauser effect
(NOE) distance bounds, 34 values at 298 K and 32 values at
340 K were available (12). As all simulations were based on a
united atom model, distances to methyl groups had to be
calculated using appropriate pseudo atoms {14). For compar-
ison with the experimental NOE bounds including methyl
groups, the latter had to be recalculated in the following
way:
- 1. All the experimental NOE distance bounds to
methyl groups had been obtained as a weighted sum, rj?
=Y }-.f;k where r;; denotes the distance from proton i to
the methyl group j and r;; is the distance from proton i to
proton k of the methyl group j (12). The distances calculated
with pseudo atoms, however, correspond to a geometric
mean position of the three protons of the methyl group
ri?="/;3"k-.Iijk- Therefore, the experimental NOE bounds
involving methyl groups of Bellanda et al. (12} were
multiplied by a factor of 3'/3.

2. A pseudo atom correction of 0.03 nm was added to the
NOE bounds involving methyl groups (21).

The modified NOE distance bounds are listed in Table 3.
The NOE bounds to the Aib methyl groups CB1 (pro-S) and
CBa (pro-R) have been assigned such that they match the
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Figure 7. Secondary structure analysis of the
20 most populated clusters for the
simulations 298, {A), 298, (B), 340, (C],
380,r (D) calculated with the program
PROCHECK (18). 3,0-Helical residues are
plotted in red, a-helical in dark blue, bends
in brown, tumns in light blue, and beta
bridges in yellow. The lengths of the bars
indicate the percentage of occurrence of a
given secondary structure element per
residue. The clusters are ranked according to
decreasing population.
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Figure 8. Structures of the central members of clusters one
(most populated, blue) and two {second most populated, red)
of simulation 298,.

right-handed 3,,-helix. Because we did not want to assume
any previous knowledge about the structure of the peptide,
we calculated the violation of the NOE distance bounds for
both the assignments as given in Table 3 {Fig. 9A) as well as
the opposite assignments (CB1 and CB2 interchanged) for
the Aib methyls (Fig. 9B). Considering Fig. 9A, all the NOE-
bound violations (blue and red lines indicate bound
violations of experimental data collected at 298 K and
340 K, respectively) are below 0.1 nm for the 298,y
simulation. The biggest violation observed is 0.08 nm for
the distance §CB2-7HN (no. 30). This simulation is,
however, dominated by the R-helical starting structure.
For the simulation starting from the extended structure

21,I|IIs|||Ills| I
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(298,), the same NOE shows the biggest violation. It is the
only violation greater than 0.1 nm. Comparison with the
298,z simulation shows that the NOE violations are reduced
as soon as there is a longer period of helical structures.
However, in neither simulation is the sampling sufficient.
For the 340, simulation, all the NOE violations are below
o.0s nm. The NOE bounds are thus essentially satisfied at
this temperature. Even for the 380, simulation, the NOE
data measured at 340 K are basically satisfied.

When choosing the opposite assignment of NOE peaks to
the chirally indistinguishable methyl groups CB1 and CB2,
e.g. by assigning the NOE bounds to match a left-handed 3,,-
helix, i.e. by exchanging CB1 and CB2 in Table 3, we notice
that all the NOE-bound violations increase in the 298,p
simulation (Fig. 9B). This is understandable as the 298,x
simulation is biased by its right-handed starting structure.
However, for all the other simulations we see that the NOE
bounds 1CB2-4HN (no. 8), 2CBa-sHN (no. 14) and
3CB2-6HN (no. 19} are less violated when the assignments
are made according to a left-handed 3,,-helix, whereas the
NOE bounds 5CB2-7HN (no. 30} and §CB2-8HN (no. 31) are
less violated if the assignments match the right-handed 3,,-
helix. This indicates that in the 298, 340. and 380.g
simulations, the first five residues seem to prefer a left-
handed rather than a right-handed conformation, and that
there is a change in chirality at the Leu®. As we can see from
Fig. 4, the last two residues prefer a left-handed conforma-
tion again. It is also interesting to see that the NOEs

J. Peptide Res. §7, 2001 / 107-118 213
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Table 2. Handedness of the central member conformations of the Table 3. Experimentally derived proton-proton and proton-

first 10 clusters for the simulations 298 5, 298, 340,, and 380.x as methKyI NOE bounds, measured at two temperatures: 298 K and
a function of the residue number. The population (Pop.) of the 340 K. Protons of the Aib methy! groups are indicated by the
clusters is given in per cent. The symbols R and L indicate ¢,J symbols CB1 (pro-S) and CB2 (pro-R). The bounds involving the
angles in the third {¢,¥<0) and first (¢,y>0) quadrant of the B methyl groups include a pseudo-atom bound correction of
Ramachandran plot, respectively; the symbol - indicates ¢, angles 0.03 nm, because the geometric mean of the positions of the three
in the second (=0, ¥ <0) or fourth ($<0, ¥ >0) quadrant of the methyl hydrogens is used in the NOE distance calculation (21).
Ramachandran plot. Residues 1 and 8 were not considered, as they

were excluded from the clustering criterion. NOE upper bounds at
. NOE sequence
Residue number number Atom1 Atom2 298K(nm) 340 K (nm)
Nr. (% § 1 1HN 2HN 0.351 0.326
Simulation 298, 2 1C81 1HN 0.365
56 R R R R R R 3 1CB2 1HN 0.378 0.415
15 R R L R - - 4 1c81 2HN 0.404 0.044
3 R R - R R R 5 1CB2 2HN 0.455 0.512
8 R - R R - R 6 181 3HN 0.49
- R - R R
R 7 1C82 3HN 0.502 0.600
R R L - - R
8 1C82 4HN 0.486
- R - R R
9 2HN 3HN 0.337 0.300
R L L - -
o5 R R R R R 10 2c81 2HN 0.367 0.406
10 o5 R R - R R 1" 2082 2HN 0.405 0.401
simulation 298, 12 282 3HN 0.481 0.515
22 - R L L 13 2082 aHN 0.519 0.666
18 L L ot t R 1 282 SHN 0.47 0.502
18 R L L R L 15 3CB2 3HN 0.454
18 - R R L R 1% 3HN 4HN 0.299 0.279
12 R R R R R 7 3¢B1 4HN 0.393
1 - -
0 RoL ot 18 3CB2 aHN 0.470 0.568
9 L R - R R
1 3CB2 6HN 0.461
8 6 R L L R -
20 4HN SHN 0.286
9 6 L - L ot 0.2%0
10 3 - R - - 2 4cB1 aHN 0.350 0.388
simula n 340, 2 4CB2 SHN 0.486
1 28 L ¢t bt ¢ L 23 4CB2 6HN 0.492
2 n L <~ R L - 7} 5CB2 SHN 0.490
3 9 R - L L L 25 SHN 6HN 0.281 0.259
4 9 - L LR R 2 5CB1 6HN 0.402
5 8 R "-, Lt - L 27 5CB2 6HN 0572
6 8 Rt bt R 7 5CB1 6HA 0.492 0574
7 7 L L R R -
- : 2 5CB2 6HA 0.657
8 4 Rt - L L
: 30 5c82 7HN 0.477 0.546
9 4 R = - 1 t
. 0.486 X
N ) SR - . 3 5CB2 8HN 0.564
Simula n 380 32 6HN 7HN 0.261 0.266
- - L L L _ 33 6HA 7HN 0.297 0.298
2 12 L L t R R 34 6HA 8HN 0.349 0.392
3 7 R R L L - - 35 THN 8HN 0.288 0.289
4 6 Lt L L - L R 36 7¢81 7HN 0.392
5 4 - L R R R 37 7CB2 7HN 0.453
6 4 t vt L - R - 38 7c81 8HN 0.414
7 4 Lt omL - ¥ 39 782 8HN 0.582
8 4 L toL - - <
- Iy a0 8CB1 8HN 0.380 0.434
9 4 L L L b R4
s a 8CB2 8HN 0.406 0.445
10 3 R R L -
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Figure 9. Violations of the experimentally derived NOE distance bounds (see Table 3) at 298 K (blue; 34 NOEs) and 340 K {red; 32 NOEs) for the
simulations 298,z (A}, 298, (B}, 340, (C), and 380,5 (D). The NOE sequence numbers for Fig. 9A are defined in Table 3. In Fig. 9B, the assignments
for the pro-S and pro-R methyls have been switched in comparison with Table 3. At 298 K, no bounds are available for NOEs with sequence
numbers 15, 34, 27, 29, 36, 37, and 39. At 340 K, no bounds are available for NOEs with sequence numbers 3, 6, 8, 17, 19, 22, 23, 26, and 38.

sCB2~7HN (no. 30), and §CB2-8HN (no. 31) are moderately
violated at 298 K (Fig. 9 A, B panels A, B, blue lines} and
not violated at all at 340 K (Fig. 9 A, B panel C, red lines)
although the carboxy terminus of the peptide is highly
flexible and only adopts helical forms for short times.

Regarding the averaging involved in the NMR experiment,
it is of interest to compute the NOE violations of single
structures, Figure 10A shows the violations of the NOE
bounds as defined in Table 3, for several conformations
displayed in Fig. 6 taken from the simulations. Figure 10B

]. Peptids Res. 7, 3001 [ 107-118 11§
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Figure 10. Violations of the experimental NOE distance bounds at 298 K (blue} and 340 K [red) of selected structures (sce also Fig. 6): left-handed
310 belix (A); right-handed 3,,-helix (B}; left-handed a-helix {D); right-handed a-helix (E}, structure with maximum radius of gyration in
simulation 298, (C}; structure with minimum radius of gyration in simulation 298, (F); central member of the most populated cluster in
simulation 298, (G); central member of the most populated cluster in simulation 340, (H); and the violation of the (r>"/¢ averages for
simulation 298, compared with the data at 298 K (blue) and for simulation 340, compared with the data at 340 K (red) (I). The NOE sequence
numbers for Fig. 10A are defined in Table 3. In Fig. 10B, the assignments for the pro-S and pro-R methyls have been switched in comparison
with Table 3.
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shows the violations of the same structures to the NOE
bounds with the opposite assignment of NOE peaks to the
chirally indistinguishable methyl groups CB1 and CBa (CB1
and CB2 interchanged in Table 3). In Fig. 10A, we can see
that the right-handed 3,,-model helix (Fig. 10A panel B}
satisfies the experimental NOE distance bounds quite well,
whereas all the other model helices (Fig. 10A panels A, D, E)
show violations greater than 0.1 nm for some of the NOE
bounds. Not unexpectedly, the most extended conformation
observed (Fig. 6C) shows the largest violations (Fig. 10A
panel C). Although the simulation at 340 K satisfies the
NOE bounds well (red in Fig. 10A panel I}, the ensemble
contains a considerable number of left-handed helical
structures. Furthermore, it is interesting to note that the
structures of the most populated clusters taken from
simulations 298, and 340. (Fig. 10A panels G, H) do not
satisfy the experimental NOE bounds very well. Yet the
average NOE violations of these simulations are quite low
{Fig. 10A panel I). This reflects the nonlinearity of the r¢
averaging involved in the NMR experiment.

In Fig. 10B, we make similar observations to those made
in Fig. 10A. The model structure satisfying the NOE bounds
best for the opposite assignment of the Aib methyl groups is
obviously the left-handed 3,,-helix (Fig. 10B panel A).
Unlike in Fig. 10A, however, the opposite handedness of
the 3,,-model helix (Fig. 10B panel B) induces no violations
greater than o.1 nm. Furthermore, it is interesting to note
that none of the model structures satisfies the NOE bounds
at 340 K (Fig. 10B panels A, B, D, E, red lines) as well as the
ensemble average of the 340, simulation (Fig. 10B panel I,
red lines).

Conclusions

For all four simulations of the octapeptide in DMSO, a
variety of secondary structures is observed. The right-
handed o-helical structure is found to be stable for an
extended time period at room temperature, but is not
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