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Peptide Solution Structures

Are NMR-Derived Model Structures for f3-
Peptides Representative for the Ensemble of
Structures Adopted in Solution ?**

Alice Glattli and Wilfred F. van Gunsteren™

Connecting an NMR observable ¢ °™, such as an interproton

distance derived from nuclear Overhauser effect (NOE)
intensity or a *J-coupling constant, with the underlying
conformational ensemble {7} is a long-standing problem for
the structure determination of peptides, proteins, and other
biomolecules in solution."™ In particular, for flexible mole-
cules such as peptides the assumption that all NMR signals
originate from the same predominant conformer may not
hold."" In that case conventional NMR structure refine-
ment procedures are not sufficient for the correct interpre-
tation of the experimental data.

Molecular dynamics (MD) simulation can often
complement the experimental tools for biomolecular
structure determination such as NMR and circular
dichroism spectroscopy.[® 114151 A sufficiently accu-
rate simulation for comparison with and interpretation
of experimental data requires:

1) the choice of the essential degrees of freedom
appropriate to model the system of interest and to
calculate the desired experimental observable,

2) a physically calibrated force field to describe the
interactions along and between the chosen degrees
of freedom,

3) equations of motion or a sampling method that generates
a Boltzmann-weighted ensemble of conformers, and

4) the knowledge of the relation ¢ (7) between the
experimental observable ¢ and the molecular structure
7 of the system of interest.

If the molecular model and the atomic interaction
function (i.e. the force field) were perfect, and if a simulation
could be carried out for an infinitely long time, the generated
ensemble would exactly represent the real molecular system
and there would be no need to carry out an NMR experiment
on the system of interest. Furthermore, the connection
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between experimentally measured observables and the under-
lying conformational ensemble would be perfectly under-
stood, provided that the relation ¢’ (7"), which connects the
experimentally measured observables ¢ to a conformation
7, is exactly known. In practice, however, none of these
conditions are completely fulfilled. Despite the enormous
increase in computation power in recent years, the time
required to sample the complete populated conformational
space of a biomolecule is still beyond affordable simulation
(sampling) for all but the shorter peptides. Additionally, even
though current force fields for biomolecules are steadily
improving in correctly modeling the structure, dynamics, and
energetics of biomolecular systems,'® they are based on
various approximations concerning polarizability, many-body
interactions, quantum effects, etc. On the other hand, conven-
tional structure determination makes use of force fields
because the number of experimental observables is generally
too small to uniquely derive the underlying set of conforma-
tions. Here, we compare two methods for the conformational
interpretation of the NMR data of a 3-hexapeptide (Figure 1):
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Figure 1. Chemical formula of the hydroxy [3-hexapeptide studied. The peptide
is protected by a tert-butoxycarbonyl group (N-Boc) at the N terminus and by
a carbobenzoxy group (Z) at the C terminus. The hydroxy groups are attached
to the C, atoms and the side chains to the Cy atoms of the backbone.

firstly, conventional structure determination by simulated
annealing in vacuo applying NOE distance and dihedral-
angle restraints using a simple force field widely employed for
structure determination of polypeptides, and secondly, free
(unrestrained) MD simulation, which inherently generates
Boltzmann-weighted ensembles, using a physically, thermo-
dynamically calibrated force field and explicit treatment of
solvent degrees of freedom. We show that the two methods
yield rather different results and that the former one may lead
to erroneous interpretation of NMR experiments.

The B-hexapeptide under investigation has been sug-
gested by conventional NMR structure refinement to adopt a
(P)-24-helical conformation in solution!'”! (Figure 2), repre-
senting the first example of the fourth helical secondary
structure element adopted by 3-peptides. By forming intra-
molecular hydrogen bonds, (-peptides adopt secondary
structure elements that are very similar to those found in -
peptides and proteins,"*!*) namely left- and right-handed
helices (3,-,”*% 2.5,-% 10/12-%" and the previously
mentioned 2g-helix!'), turns, and sheets.* Starting from a
fully extended conformation, the 3-hexapeptide displayed in
Figure 1 was simulated in explicit methanol solution at two
different temperatures (298 K and 340 K) and at constant
pressure (1 atm) using the GROMOS simulation package!***”
and the GROMOS biomolecular force field (ver-
sion 45A3P%*1) For simulation details, see the Supporting
Information. The ensembles of structures from the two 100-ns
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trajectories were analyzed
regarding the level of agree-
ment with the NMR-derived
data and regarding the confor-
mational space sampled by the
peptide in the simulation com-
pared to the one covered by the
20 NMR model structures
obtained by standard structure
refinement using the program
X-PLOR.P

In Figure 3 the simulated
and the NMR-derived data are
compared in terms of 40 NOE
distances and 12 *J-coupling
constants. The average effective
violations of the upper-bound
distances from all recorded
structures in both simulations
and from the 20 X-PLOR struc-
tures are displayed in Fig-
ure 3A-C. The upper-bound
nature of NOE-derived distan-
ces implies that only violations
with positive values are true
violations. Essentially all exper-
imentally observed NOEs are
satisfied both in the X-PLOR
structures and in the simula-
tions at 298 and 340 K. The
ensemble of structures at
298 K marginally violates two
interresidue  NOE distances:
HC,(2)/HCy(1) (NOE sequence
number 3) and NH(2)/NH(3)
(NOE sequence number 16) are
both violated by 0.05 nm. The
simulation at 340 K violates
only one NOE distance
(sequence number 3) by
0.03nm. We also checked whether long proton—proton
distances correspond to the absence of measured NOEs,
although the latter may have other causes such as fast
exchange, a particular overall tumbling time, and extensive
spin-spin splitting. The 12 experimentally measured *J-
coupling constants are compared to the average */-coupling
constants calculated for the trajectory structures from the
simulations at 298 and 340K and for the 20 X-PLOR
structures using the Karplus relation® as shown in Fig-
ure 3D-F. With an average absolute deviation of 0.4 Hz, the
average *J-coupling constants calculated from the ensemble
of structures generated at room temperature agree very well
with the experimentally measured values. Only one deviation
exceeding 1 Hz, for HN-HGC; of residue 1, is observed. The 20
X-PLOR structures agree slightly worse with the experimen-
tal values than the simulation at room temperature with
deviations of more than 1 Hz for the H-C3-C,-H torsions of
residues 1 and 4, resulting in an average absolute deviation of
0.6 Hz.

Figure 2. Superposition of the
20 NMR model structures
with lowest energy from the
ab initio simulated-annealing
structure refinement runs!"’!
with the 40 upper-bound dis-
tance restraints and 12 tor-
sional-angle restraints derived
from NMR data at 298 K in
methanol.'”! The simulated
annealing runs were per-
formed using the X-PLOR
program and force field.”
The model structures suggest
that the peptide adopts a (P)-
2g-helical conformation. The
structures are superimposed
using the backbone atoms of
residues 2-5. The protection
groups are omitted for clarity.
Color scheme: C=yellow,

H =white, N=blue, O=red.
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Figure 3. Panels A-C: Average (r ®-averaging) distance violations of
the upper-bound distances over all the recorded structures (2x10°) in
the MD simulations at 298 (A) and 340 K (B) and the over the 20 X-
PLOR structures!"”! (C). The upper-bound distances are inferred from
40 experimental NOE intensities observed in the ROESY NMR spec-
trum at 298 K.l Panels D—F: Comparison of the 12 *J-coupling con-
stants (6 HN-HGCg, 6 HCg—HC,) extracted from the one-dimensional
"H NMR spectrum measured at 298 KI'”! with the corresponding calcu-
lated *J-coupling constants averaged over all structures from the MD
simulations at 298 K (D) and at 340 K (E) and averaged over the 20 X-
PLOR structures!"” (F). The Karplus equation® with a=6.4 Hz,
b=—1.4 Hz, and ¢=1.9 Hz"" for 3J(HN,HC) and with a=9.5 Hz,
b=—1.6 Hz, and ¢=1.8 Hz!"! for }J(HC,HC) was used. Tables of the
experimental NOE upper-bound distances and *J-coupling constants,
of NOE distance bound violations of the r®-averaged distances and
the calculated *J-coupling constants averaged over the X-PLOR struc-
tures and the structures from the MD simulations are included in the
Supporting Information.

Based on purely geometric criteria, the occurrence of
hydrogen bonds in the 20 X-PLOR structures and in the
ensemble of structures recorded in the simulations at 298 and
340 K has been determined (Table 1). Interestingly, eight-
membered hydrogen-bonded rings (HBy), characteristic for a
(P)-2¢-helix, appear only at very low percentages in the two
simulations (<4 %), while they are to some extent present in
the X-PLOR bundle of structures. This indicates that the
suggested (P)-24-helix is only scarcely, if at all, populated in
the simulations at 298 and 340 K. The hydrogen-bond analysis
also shows that no regular secondary structure is sampled at
room temperature, while at elevated temperature the occur-
rence of four 12-membered hydrogen-bonded rings hints at
the formation of a (P)-2.5,,-helix. Additional simulations
starting from either a (P)-2.5,,-helix or one of the 20 X-PLOR
structure, which are suggested to represent a (P)-25-helix,!"”!
show the (P)-2.5,,-helical conformation to be stable once the
peptide has adopted it, while the X-PLOR structures are
rather unstable (see the Supporting Information). In addition
to the backbone-backbone hydrogen bonds, various hydro-
gen bonds between the a-hydroxy hydrogen and carbonyl
oxygen atoms are present at the two temperatures. However,
hydrogen bonds of the type OH(i)—O(i) (HBs), proposed to
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stabilize the (P)-2¢-helical confor-
mation,'”) are observed neither in
the simulations nor in the 20 X-
PLOR structures. T
The results of the conforma-
tional clustering analysis over the  population/
combined ensembles (10000 struc- %o
tures from each simulation (at
298 K and 340K) and the 500

LT R - |

A)

MD at 298 K
I MDat340 K
1 X-PLOR structures

copies of each of the 20 X-PLOR

25 “‘ ||||||||||| | I I 111 Blisgcgcgcny Rl:aaas

structures) are displayed in 20H ®)
Figure 4. The conformational clus- f

tering analysis groups the struc- T 15 H

tures of the ensembles according -

to their positional root-mean-  popylation/ ° ]

square deviation (rmsd) of the o, 5:

backbone (N, C; C, C) atoms f

(excluding the first and last residue 0 " I ETTT I

with the protecting groups) ¢ 10 2 30 0 50 60

between each other structure
favoring the most populated clus-
ter.’!l When a rather stringent
rmsd  similarity criterion of
0.04 nm is used (Figure 4A), the

Table 1: Occurrence of intramolecular hydrogen bonds. A hydrogen
bond is considered to exist when the donor-hydrogen-acceptor angle is
larger than 135° and the hydrogen—acceptor distance is less than

0.25 nm. The hydrogen bonds are grouped according to the type of
hydrogen-donor (NH or OH group) and the size (in terms of number of
atoms) of the resulting hydrogen-bonded ring (e.g. a hydrogen bond
between NH of residue i and C=0 of residue (i—2) results in an eight-
membered hydrogen-bonded ring, denoted as HBg). O(0) corresponds
to the carbonyl oxygen of the Boc protecting group. Only hydrogen bonds
with a population larger than 10% in one of the sets of structures are
shown.

Occurrence of hydrogen bonds [%]

MD simulation Refinement
Donor—Acceptor 298 K 340K X-PLOR
NH()-O(i~2) [HBy]
NH(3)-0(1) 0 1 20
NH (4)-0(2) 0 1 25
NH(5)-0(3) 2 4 10
NH()-O(i—3) [HBy]
NH (3)-0(0) 0 30 0
NH(4)-0(1) 0 26 0
NH(5)-0(2) 0 35 0
NH (6)-0(3) 1 18 0
NH()-O(i+1) [HB]
NH(2)-0(3) 11 0 0
NH (5)-0(6) 11 1 0
OH()-0(i~1) [HB,]
OH(6)-O(5) 0 14 0
OH()-O(i~2) [HBy]
OH(4)-0(2) 0 8 10
OH(5)-0(3) 1 22 0
OH(6)-O(4) 1 10 0
OH()-O(i~3) [HB\s]
OH(4)-0(1) 1 26 0
OH(5)-0(2) 0 10 0
OH()-O(i+2) [HBy,]
OH(3)-0O(5) 38 0 0
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Figure 4. Conformational clustering analysis combining the “ensemble” of 500 copies of each of the
20 NMR model structures (i.e. equally weighing each NMR model structure) with the ensembles of
10000 structures each (1 per 10 ps) sampled in the MD simulations at 298 and at 340 K. The plots
show the population in percentage per cluster (conformers) and the portion of structures per cluster

belonging to the “ensemble” of NMR model structures (black) and to
the ensemble of structures generated at 298 K (blue) and at 340 K
(red) by unrestrained MD simulation. In order to illustrate the confor-
mational spread of the various ensembles, two different rmsd-similar-
ity criteria are used: A more stringent one of 0.04 nm (A) and the stan-
dard criterion for a 3-hexapeptide of 0.08 nm (B). With the first crite-
rion a total of 2772 clusters are found, of which clusters 1-20 repre-
sent more than 509%, clusters 1-120 more than 75%, clusters 1-625
more than 90%, and clusters 1-1272 more than 95% of the total pop-
ulation. With the second criterion a total of 237 clusters are found, of
which clusters 1-4 represent more than 50%, clusters 1-10 more than
75 %, clusters 1-28 more than 90%, and clusters 1-51 more than
95% of the total population. For both rmsd criteria, only the popula-
tions of the first 60 most populated clusters are shown.

three ensembles do not share any part of conformational
space; each cluster is populated by members of only one of
the three ensembles. With a larger rmsd criterion of 0.08 nm
the ensembles slightly overlap at their peripheries (Fig-
ure 4B). Cluster 8 represents the only cluster containing
structures from all three ensembles (MD at 298 K: 12 %; MD
at 340 K: 12%; X-PLOR: 76 % ). Figure 4 also illustrates that
the Boltzmann-weighted ensembles generated by free (unre-
strained) molecular dynamics simulations bear a much larger
conformational variability than the bundle of structures
obtained by restrained simulated annealing.

Summarizing, we find that even though the 20 model
structures obtained from simulated annealing and the two
ensembles generated by free MD simulations show different
hydrogen-bond patterns and access different parts of the
conformational space of the peptide, they all agree with the
available NMR data. First, this indicates that for a given set of
experimental observables, depending on the structural prop-
erties of a peptide, more than one solution structure is
possible. Consequently, a single structure may not be
representative for the ensemble of structures in solution.

Angew. Chem. 2004, 116, 64726476
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Second, this study demonstrates that unbiased MD simulation
using a thermodynamically calibrated force field reproduces
experimental NMR data such as NOE upper-bound distances
and */-coupling constants just as well or even better than a set
of NMR model structures derived by classical single-structure
simulated-annealing refinement techniques using a simple
force field in vacuo and the NOE upper bounds and J-value
derived torsional-angle values as restraints. The fact that the
MD simulations using the GROMOS force field do not need
40+ 12 restraints to satisfy the NMR data on the peptide
demonstrates the accuracy of this force field and of the
inclusion of explicit solvent compared to results from the use
of the X-PLOR force field in vacuo. Therefore, standard
NMR refinement procedures for flexible molecules such as
small peptides as well as for proteins should be revised by
completing the refinement process with molecular dynamics
simulation in explicit solvent with a thermodynamically
calibrated force field in order to generate a proper Boltz-
mann-weighted ensemble of structures. This should lead to a
more reliable structural interpretation of the experimentally
measured NMR observables. In the present case of the f3-
hexapeptide the MD simulations show that a (P)-25-helical
conformation is not stable and therefore probably not
representative for the ensemble of solution structures. It
cannot be excluded that the finding that the simulation using
the GROMOS force field prefers the formation of a (P)-2.5,,-
helix over a (P)-2¢-helix might be an artifact of the force field.
Yet, the simulations agree with the experimental data and the
GROMOS force field has very well reproduced experimental
findings in previous peptide folding investigations.!"":! 133131
Finally, we note once more that the comparison of modeling
or simulation results with experiment should always be done
with primary, measured data such as NOE intensities, and
maybe distances, or *J-values and not only with secondary,
derived data such as molecular structures and torsional-angle
values in order to avoid spurious conclusions regarding
(dis)agreement with experimental data.

Received: April 20, 2004
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