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Three-dimensional structure determination of protein using NMR
is often based on the distance geometry method and/or restrained
molecular dynamics calculations.1 Overall convergence of the
structures from NMR is based not only on quality of experimental
data but also computing power to explore the huge conformational
space of the protein. In the structure determination, the conforma-
tional space is almost identical with torsion angle space and
increases with size of protein. At present, on a single processor,
limitation of the computational power restricts the quantities of the
calculations, and less than 200 of initial structures or molecular
dynamics trajectories have been used to explore the conformational
space. Here, we have used a distributed computing implementation
to calculate tens of thousands of structures to explore the confor-
mational space comprehensively and to determine high-resolution
structures. We applied this method to endothelin-1 (ET-1), a novel
cardiovascular bioactive peptide.

ET-1 is a suitable model system of protein folding, composed
of secondary structural elements,R-helix and â-turn, which are
stabilized by two disulfide bonds in its 21 amino acid sequence.
The cystine-stabilizedR-helix motif (CSH-motif) was discovered
by our group for ET-12 and investigated for a series of peptides in
a variety of species.3 The motif is in the N-terminal region of
ET-1, resulting in convergence of the region for previously reported
NMR studies,2,4 which are in agreement with X-ray structures.5

However, there has been no consensus about C-terminal structures,4c

which were dispersed in the previous NMR studies. The C-terminal
residues play an important role in the bioactivities of ET-1.6

Determination of the C-terminal folding is a key target of the
method we present here.

NMR experimental data of ET-1 were collected by standard
strategy7 and conditions.8 Three hundred nine distance constraints
obtained by homonuclear two-dimensional NOESY were subjected
to distance geometry and simulated annealing calculations using
XPLOR-NIH v2.0.69 on the distributed computing of 17 Linux PCs
controlled by a SUN GRID engine.

The calculations were started by generating initial structures from
random array,10 and followed by 80-ps simulated annealing (SA)
at high initial temperature, 5000 K. The total number of initial
structures was increased up to 32 000, and 20 final structures with
lowest energies of target function were selected to elucidate root
mean square deviations (rmsd). To investigate the effect of samp-
ling scale based on the numbers of initial structures, the rmsd
values were compared between smaller and larger subsets of SA
structures, from 50 to 32 000. The results, plotted in Figure 1,
indicate a clear dependency of the rmsd on the initial structures,

even for thousands and tens of thousands of structures. The rmsd
decreased exponentially with an increase of initial structures up to
16 000, and after that it was almost constant to 32 000. These
numbers are 100 times larger than those used in ordinary structure
determination.

The structures determined here have well-defined C-terminal
conformation, as shown in Figure 2, and have been deposited in
the Protein Data Bank as entry 1v6r. The C-terminal part of the
peptide has an extendedâ-structure and is loosely looped back to
the R-helix by a turn in the junction, forming a hydrophobic core
around the side chain of Tyr 13. Thus, the side chain of Trp 21,
which plays an important role in expression of bioactivities and is
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Figure 1. (a) The pairwise averaged rmsd values of all backbone atoms
of ET-1 have been elucidated for 20 minimum energy structures out of
various numbers of calculated structures with 80-ps simulated annealing at
initial temperature 5000 K. (2) Overlay for all residues from 1 to 21. (9)
Overlay for residues 3 to 15. (b) The same plot as (a), expanding the
horizontal axis.

Figure 2. (a) Overlay of 20 minimum energy structures of ET-1, pairwise
backbone rmsd 0.58( 0.28 Å. (b) The lowest energy structure of (a) with
ribbon drawing, schematically representingR-helix andâ-turns in red and
green, respectively.
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recognized as a pharmacophore of ET-1 antagonists, is close to
the rings of Tyr 13 and Phe 14, with distances of 8.5( 0.1 Å and
11.6 ( 0.1 Å measured at Cγ positions, respectively (see Figure
2b). This folding is not consistent with X-ray crystal structure,5

which hasR-helix in the C-terminal region, but is in good agreement
with experimental NMR parameters (J-coupling and sequential
NOEs).2,4 These conformational differences between solution and
crystal structure had been suggested by a previously reported NMR
study.4c

On the other hand, the conformation of the N-terminal region,
which was already defined in the past studies,2,4,5 reached baseline
much faster. With 200 initial structures, the residues 3 to 15 have
an rmsd of 0.7 Å and have well-defined structures. The fast decrease
of rmsd is considered to reflect small conformational space restricted
by two disulfide bonds, consisting of the CSH-motif that we had
investigated. Compared to NOE distance constraints, which imply
experimental error margins, the disulfide bond is a strong constraint
in the molecular dynamics calculations. Two hundred initial
structures is sufficient to investigate such a small conformational
space, but not sufficient for a larger one such as a peptide of 21
amino acids.

The rmsd values for all residues, 1 to 21, exhibit a double
exponential decay as shown in Figure 1a,b. It is obvious that the
faster decay is caused by the convergence of the N-terminal region,
followed by a second very slow decay, which is presumably caused
by the difference of constraint strength between disulfide bonds
and NOE. With the use of a small number of initial structures, i.e.,
less than 500, the structure determinations will be very likely
trapped in the localized folds, and it will bias the overall
convergences. Figure 3 represents the convergences of ET-1 with
two different numbers of initial structures. When we use a small
number of initial structures, i.e., 100, our result of ET-1 (see Figure
3a) shows a dispersion of the C-terminus and rmsd values similar
to the previous studies.2,4 The dispersion is caused from localized
folding of the N-terminal trapped by initial structure dependencies,
and that is the reason NMR solution structure of ET-1 had missed
the convergence in the C-terminal region. It is strongly suggested
that the same bias of overall convergences will happen in general
structure determinations of proteins with an insufficient number of
initial structures or molecular dynamics trajectories.

The most effective and simple way to avoid the initial structure
dependency is calculation of the largest possible number of
structures to be selected out by their target function energies. The
distributed computing is a powerful tool for such a huge number
of independent calculations, and its computational power can be

easily increased by increasing the number of connected PCs. Our
calculations in this study might be a year of calculations for a single
computational workstation, but by using 17 PCs, it took only weeks.
With 100 PCs, the calculation will take only days. And the cost of
100 PCs is almost the same as one middle range computational
workstation.

In general, the conformational space of proteins is much larger
than that of ET-1, and the number of initial structures needed to
explore them comprehensively is definitely greater than tens of
thousands. To use CPU resources of the distributed computing
effectively, we propose a two-step strategy of the structure
calculation as follows. First, start calculation from about 10 thousand
completely random initial structures with tens of picoseconds of
relatively short SA at high initial temperature, and second, sort out
10% of the structures by their target function energy to be subjected
to hundreds of picoseconds of long SA at relatively low initial
temperature. In this strategy, the conformational space will be
reduced by the first SA and effectively explored by the second SA.
We implemented the strategy using a 113 amino acid protein,
neocarzinostatin, obtained strikingly well-defined structures with
rmsd 0.28( 0.06 Å, and deposited it in the Protein Data Bank as
entry lo5p.11
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Figure 3. ET-1 structures calculated with (a) 100 initial structures and (b)
32 000 initial structures. Both structures are the overlay of 10 minimum
energy structures, fitting residues 3 to 15, to indicate differences in
C-terminus convergences.
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