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Abstract: Cross-validation of a solid-state NMR-derived membrane polypeptide structure is demonstrated.
An initial structure has been achieved directly from solid-state NMR derived orientational restraints based on
a variety of anisotropic nuclear spin interactions. Refining the molecular structure involves setting up a penalty
function that incorporates all available solid-state NMR experimental data and an energy function. A validation
method is required to choose the optimal weighting factor for the total penalty function to balance the contribution
from the experimental restraints and the energy function. Complete cross-validation has been used to avoid
over-fitting the orientational restraints. Such cross-validation involves partitioning of the experimental data
into a test set and a working set followed by checking the freeR-value during the refinement process. This
approach is similar to the method used in crystallography and solution NMR. Optimizing the weighting factor
on the penalty function by cross-validation will increase the quality of the refined structure from solid-state
NMR data. The complete cross-validation andR-factor calculation is demonstrated using experimental solid-
state NMR data from gramicidin A, a monovalent cation channel in lipid bilayers.

Introduction

With the advent of high-resolution macromolecular structure
determination by solid-state NMR,1-4 methods are needed to
validate the structural quality. In this way overfitting of the
experimental data is avoided and a method is established that
permits the comparison of structures derived from different
biophysical techniques. Here a complete cross-validation of the
gramicidin A structure is described. Not only is this a unique
three-dimensional structure determined by solid-state NMR, but
it has been determined in a hydrated lipid bilayer environment
above the gel to liquid-crystalline phase transition of the lipids.
Moreover, this is a high-resolution structure that has led to
numerous functional insights about conductance efficiency and
specificity.5 Additional functional questions with relevance to
a whole class of cation channels could be addressed with further
refinement and validation of this structure. Consequently, this
is a unique membrane-bound structure in the Protein Data Bank
(Accession code: 1MAG).

Gramicidin A is a 15-residue polypeptide with alternatingD

andL stereochemistry that as a dimer forms a monovalent cation
selective channel across lipid bilayers. Its structure has been
determined by utilizing solid-state NMR derived orientational

restraints obtained from uniformly aligned bilayers of dimyris-
toyl-phosphatidylcholine (DMPC). The structure is aâ-strand
in which all of the side chains are on one side forcing the strand
into a helix with 6.5 residues per turn resulting in a central pore,
4 Å in diameter. To span the bilayer two monomers are joined
end to end with formyl blocked amino termini at the bilayer
center.6 Six intermolecularâ-sheet hydrogen bonds stabilize this
dimeric structure.

Orientational restraints are derived from anisotropic nuclear
spin interactions in samples uniformly aligned with respect to
the magnetic field axis. Each of these restraints orients the
molecular frame of the spin interaction site with respect to both
the magnetic field axis and a unique molecular axis through a
P2cosθ dependence.7 Furthermore, each of these precise re-
straints results in a set of potential molecular frame orienta-
tions.8,9 In part, through a considerable set of restraints these
degeneracies can be eliminated. For the gramicidin monomer,
the experimental restraints used for defining an initial structure
and for refinement are 1915N and 213C1 anisotropic chemical
shifts, 1415N-13C1 and 1915N-1H dipolar couplings, 12 CR-
2H, and 54 other quadrupolar couplings for a total of 120
orientational restraints.

A unique molecular fold has been defined from this set of
orientational restraints that describes a right-handedâ-helix and
a unique set of hydrogen bonds.1,10 Recently, both the inter-
and intramolecular hydrogen bonding patterns have been
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confirmed by distance measurements.6 The initial structure did
not resolve all of the structural degeneracies: a set of degenera-
cies known as chirality ambiguities8 have slightly different
peptide plane orientations, but in all possible combinations they
result in the same hydrogen bonding pattern and structural fold.
The initial structure used to demonstrate the cross-validation
method here was the same as the “-/+” structure in Ketchem
et al.10

Refinement of the experimentally defined structure resolves
the chirality ambiguities, relaxes the covalent geometry, and
optimizes van der Waals interactions. Such refinement against
the orientational restraints, hydrogen bond distances, and the
CHARMM potential energy results in a unique three-dimen-
sional structure for both the backbone and side-chains.2 This
refinement has led to a high resolution structure for a bilayer
bound polypeptide or protein. However, the penalty function
used in the refinement has resulted in a question about choosing
the appropriate weighting factor to achieve the optimal balance
between experimental restraints and the energy function. Here
we have used the previously published structural restraints and
refinement protocol2 to calculate a freeR-factor and a complete
cross-validation to determine the optimal weighting factor.

R-factors represent a scaled measure of the difference between
experimental and calculated observables in X-ray crystallogra-
phy11-13 and solution NMR spectroscopy.14-16 Cross-validation
is an extension of theR-factor method involving the partitioning
of the experimental data set into a test set and a working set.
Refinement of the structure is only based on the working set;
and theR-factor calculation, known here as freeR, is based
only on the test set. Moreover, a “complete cross-validation”
has been recently demonstrated for the NOE17 and residual
dipolar coupling restraints in solution NMR.18 Unlike crystal-
lography it is not appropriate to define one working and one
test set for NMR data, because the structural restraints reflect
local structure rather than global packing of proteins into a
crystalline array. Consequently, the complete cross-validation
involves random establishment of 10 test sets over the complete
experimental data set. Cross-validation with each of these test
sets results in a complete cross-validation, as we have performed
here.

It is important to recognize that the restraints used in solution
NMR are different from those in solid-state NMR and conse-
quently the refinement protocol is different. Unlike residual
dipolar restraints the alignment tensor in the solid-state NMR
experiment is both fixed and known, and the accuracy of the
restraints is high because of the large magnitude of the
anisotropic interaction. Furthermore, the interpretation is also
accurate, because the global motions are insignificant and local
motions are quantified in three dimensions. While these are
advantages for solid-state NMR, the high degree of accuracy
also causes a high penalty barrier between structural possibilities
making it difficult to search the conformational space com-
pletely. With relatively few restraints from solid-state NMR,
an appropriate balance between experimental restraints and the
potential energy function is even more important to achieve.

As in solution NMR the goal here is to assess the quality of the
refined structure, but as described above the critical factors that
govern the quality of the structure are entirely different.

Methods

Structure Refinement. The initial structures have been refined
against a generalized global penalty function including all of the
orientational restraints and the CHARMM force field energy function.19

The penalty function used to control the structural refinement is

whereM is the number of structural penalties andλ is a weighting
factor. The individual structural penalties are calculated as

whereN is the number of measurements of a specific data type.
The use of the experimental error in the definition of the total penalty

serves several purposes. In so doing the various data types are
normalized by their frequency units and the magnitude of their error
bar. In other words, the magnitude of each experimental error is relative
to the quality of the observed interaction and, therefore, division by
the error has the result of scaling the different data types so that they
contribute appropriately to the total penalty. Here,15N chemical shifts
have a maximum experimental error of 5 ppm;15N-1H dipolar
couplings have an experimental error of 2 kHz;15N-13C dipolar
couplings have an experimental error of 0.1 kHz; and2H quadrupolar
couplings have an experimental error of 5 kHz.

The gramicidin A structure was refined using the experimentally
characterized intramolecularâ-strand type hydrogen bonds by including
hydrogen bond distances in the penalty function, as routinely done in
solution NMR structural refinement.20 During the refinement, the
intramolecular hydrogen bond distances were refined against ideal H-O
and N-O distances forâ-sheet structure (1.96 and 2.91 Å, respec-
tively).21 These distances were used with a substantial error bar of(0.3
Å to model the range of distances observed in experimental structures.

The refined structures are obtained through a geometrical search in
which the NMR observables and conformation parameters are calculated
for each structural modification and compared with the observed data
and the energy of the previous structure. The conformational search
and evaluation is particularly difficult with the precise orientational
restraints. The possible conformations are separated by very high penalty
barriers, and therefore, an adequate search of the conformational space
is difficult to achieve. Simulated annealing is used to perform the
minimization of the penalty function and to generate a structure with
minimized energy and optimized fit to the experimental data.22,23

Modifications to the structure are made by allowing the complete
geometry of the polypeptide to vary through modifications of the atomic
coordinates and changes in peptide plane orientation.24

To search the necessary conformational and local structural space,
two different types of modifications are used, since atom moves alone
are not sufficient to introduce the structural modifications necessary
to obtain structural agreement with the experimental data. Refinement
by torsion moves allows for structural changes without consideration
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of the covalent interactions and thus allows for larger structural
modifications. Torsion moves are generated as compensating changes
to ψi and φi+1 of equal magnitude and opposite sign25 by a random
amount up to(3° per step. Changes in the torsion angles, which have
the effect of modifying the peptide plane as a unit and providing a
means by which the peptide plane conformational space is readily
searched without greatly distorting the overall structure and energetic
parameters, are implemented symmetrically about the chosen bond. Also
random atom moves are used to relax the covalent geometry and to
help minimize the global penalty. The Cartesian coordinates are altered
with small diffusion parameters of 5× 10-4 Å in each dimension. By
using relatively small displacements, atom moves do not search a large
conformation space but are used to generate changes in the structural
penalty and to introduce minor atomic modifications to find a better
match to the experimental data and energy parameters.

Acceptance of an attempted move is controlled by both the
temperature and the difference in the penalty before and after the
attempted move. A move that causes a decrease in the penalty is always
accepted. A move that increases the penalty is only accepted if a random
number between 0 and 1 is less than exp(-∆penalty/T). The simulated
annealing refinement procedure is controlled by a temperature parameter
and an annealing schedule. The Monte Carlo algorithm generates
configurations corresponding to the Boltzmann distribution of canonical
ensemble at a given temperature. The global minimization is controlled
by an annealing schedule, i.e., the rate at which the temperature is
lowered during the course of the refinement. The refinement strategy
used in this study is to introduce minor structural modifications to the
initial structure. Large changes would lead to conformational space
that has already been shown to be excluded through the development
of the initial structure. Therefore, the initial value of the temperature
is set at 300 K for refinement by both torsion and atom moves. The
system configuration undergoes 2000 modificatoins or 200 successful
modifications, whichever is first, before the temperature is lowered by
1%. The refinement is terminated when no successful structural
modification is found at a particular temperature after 2000 attempts,
or after 500 temperature steps.

Increasing the weighting factor for the structural penalty leads to
the over-interpretation of experimental data and decreases the structural
fidelity based on the chemical knowledge of the system. Also, increasing
the weighting factor for the structural penalty decreases the number of
accepted modifications. During the refinement the structural penalty
and energy penalty were both reduced, but they compete for control of
the structural modifications. Therefore, the weighting factor for the
structural penalty can increase the structural precision, here estimated
by evaluating the atomic rms differences from their mean positions.26

R-Factor Calculation for Solid-State NMR. Traditionally, the
R-factor employed in crystallography is defined as∑||obs| - |calc||/
∑|obs| where “obs” and “calc” are the observed and calculated
experimental values, respectively. For normalizing the frequency units
of the various experimental data types, a more appropriate definition
of the R-factor for solid-state NMR data is given by

whereN is the number of structural penalties. This definition results
in a largerR value because the magnitude of the error is much less
than the magnitude of the observable. But, it certainly helps to normalize
the R value of the various data types with their frequency units.

To obtain a high-quality structure using the solid-state NMR data,
we need to choose an optimal weighting factor for the structural penalty.
TheR value for an atomic model refined against the total penalty is a
function of the weighting factor. TheR value decreases in proportion
to the weighting factor. Thus, theR value is not particularly useful for
evaluating the optimal magnitude of the weighting factor. But, the free
R is the agreement between the subset of observed and calculated
experimental data, which do not participate in the refinement. Using
freeRenables us to assess how well the chemical shifts and the dipolar

couplings in the test set are predicted by those in the working set. There-
fore, we can estimate the quality of the fit to the experimental data.

Results and Discussion

Complete Cross-Validation of Solid-State NMR Data.
Figure 1 shows the results from a series of refinements with 10
pairs of working and test data sets chosen from the backbone
and partitioned in a ratio of 90% to 10% in which the weighting
factor,λi for the chemical shifts and dipolar couplings, is varied
from 0.1 to 1000 kcal mol-1. Complete cross-validation consists
of a partitioning of the chemical shifts and dipolar couplings
into 10 test sets of roughly equal size. In this effort,15N chemical
shifts and 15N-1H, 15N-13C dipolar couplings from the
backbone structure (Figure 2) have been divided for the test
sets. When the test sets are partitioned, no more than two
experimental restraints are selected from any one peptide plane
for a given test set. Each working set is defined by excluding
just one of the test sets from the whole data set. All2H
quadrupolar interactions from the side chains are used in each
working set during cross-validation of the backbone structure.
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)2
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Figure 1. Influence of the structural penalty weighting factorλi on
the refinement of the gramicidin A structure using solid-state NMR
derived orientational restraints.λe ) 1 kcal mol-1 and the structural
penalties have dimensionless units. The orientational restraints are
partitioned into 10 pairs of test and working sets comprising 10 and
90% of the data, respectively. (A) WeightedR value. (B) Cross-
validated weightedR value. (C) Deviation of backbone bond length
from ideality. (D) Deviation of backbone bond angles from ideality.

Figure 2. Orientational restraints in a peptide plane. The primary
structural restraints for the polypeptide backbone are derived from the
15N-1H and 15N-13C dipolar interactions, the CR-2H quadrupolar
interaction, and the anisotropic15N chemical shift. The peptide plane
orientation can be initially determined by two bond vectors, N-H and
N-C. Once the orientations of the individual peptide planes have been
determined with respect to the external magnetic field, the orientations
of the planes with respect to each other are determined by joining the
plane through the shared CR carbon which has a well-defined covalent
geometry. This allows for the determination of the (φ,ψ) torsion angles.
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In this way, the effect of restraints on theR-factor for the
backbone and side chains are separated.

TheRvalue (Figure 1A) decreases as a function ofλi, whereas
the deviation from ideality for the bond lengths (Figure 1C)
and bond angles (Figure 1D) in the refined structures increases
as a function ofλi. A λi value of 10 kcal mol-1 optimizes the
cross-validatedR value (Figure 1B). These data show that the
structural quality is significantly decreased above the cross-
validatedR value minimum. In the observation of bond length
and angle standard deviations in atomic resolution crystal
structures of small molecules,27,28 0.02 Å for bond length

deviations and 2° for bond angle deviations are reasonable. At
a λi value of 10 kcal mol-1, the average backbone structural
violations are under this range. Overfitting at largeλi results in
decreased backbone structural fidelity. Thus, the cross-validated
R value shows the optimal weighting factor for the structural
penalty to avoid overfitting.

Figure 3 analyzes the penalty function contributions as a
function of the weighting factor by the weighted individual

(27) Engh, R. A.; Huber, R.Acta Crystallogr. 1991, A47, 392-400.
(28) Laskowski, R. A.; Macarthur, M. W.; Moss, D. S.; Thornton, J. M.

J. Appl. Crystallogr. 1993, 26, 283-291.

Figure 3. Influence of the weighting factorλi for the individual structural penalties, calculated energy values, and the total penalties on the refined
structures. Theλi weighted structural penalties are calculated for values of-1 to 3 of log(λi/λe) and divided by the number of restraint types used
for the refinement. The penalty values multiplied by theλ values reflect the final penalty used during refinement and not the calculated penalty of
the individual restraints. (A)15N chemical shifts. (B)15N-1H dipolar couplings. (C)15N-13C dipolar couplings. (D)2H quadrupolar couplings. (E)
Hydrogen bond distance. (F) The potential energy calculated from the refined structures. (G) The total penalty values [∑ (λi × structural penalty)
+ ∑ (λe × energy)]. (H) The structural penalty.
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orientational restraint types from the total penalty. These
structural penalties multiplied byλi for 15N chemical shifts,15N-
1H dipolar couplings,15N-13C dipolar couplings, and2H
quadrupolar couplings are minimized well during the refinement
process for aλi value of approximately 10 kcal mol-1. But,
above this optimum, the refinement process does not effectively
minimize the experimental restraints. Below the optimal value
the penalty for experimental restraints typically decreases with
increasing weighting factor. At the optimal weighting factor for
15N chemical shifts (Figure 3A) and15N-1H dipolar couplings
(Figure 3B) the penalty values are much smaller than the
summed error. Also,15N-13C dipolar couplings (Figure 3C)
and 2H quadrupolar couplings (Figure 3D) show a minimal
weighted penalty value near the optimalλi value. The λi

weighted hydrogen bond distance (Figure 3E) penalty also
shows a minimum at the optimalλi. At a small value of the
weighting factor the hydrogen bond penalty increases withλi,
because ideal bond distances were forced to change by
incorporating other structural restraints. But again, the hydrogen
bond penalty is minimized at an optimal weighting of the
structural penalties. In the final model using an optimal
weighting factor, the rms difference for all intramolecular
hydrogen bonds from ideality is 0.09 Å.

Although inclusion of the CHARMM structural energy has
been important for correcting the structure in terms of covalent
geometry and nonbond interactions, it influences the structure
in a way that may not correspond exactly to the influence from
the experimental data. The energy is calculated for the molecule
in a vacuum while the experimental data have been obtained
from a hydrated lipid bilayer environment. The penalty due to
the experimental data is reduced to a point that is very close to
zero during refinement. While the calculated energy is signifi-
cantly reduced during refinement, it can be reduced further in
the absence of the experimental restraints.2 This indicates that
although the penalties from the two different types of restraints
are both necessary and are reduced during refinement, they
compete for control of the structural modifications. Panels F
and G in Figure 3 trace the calculated energy and the total
penalty value from the refined model. These values increase
with increasingλi for the structural penalties, because the
potential energy calculation of the structure uses empirical
energy functions, in this study, CHARMM. Overfitting of the
experimental restraints leads to structural violations, including

bond and nonbond interactions. The difference between the total
penalty value and the energy is the total structural penalty shown
in Figure 3H that has a minimum atλi ) 10 kcal mol-1. As
shown in Figure 1B in which the cross-validated R has a
minimum, there is a good correlation between the weighted
structural penalty and the cross-validatedR. Thus, the analysis
of the λi weighted structural penalty could be used as another
indicator to check the optimal weighting factor for experimental
data.

Structural Quality Assessment. Figure 4 analyzes the
averaged residual angle deviations from ideality as a function
of residue and weighting factor. These angle deviations include
all the backbone angles: C-N-CR, CR-C-N, CR-C-O, Câ-
CR-C, N-CR-C, N-CR-Câ, and O-C-N. All residues
display small violations at the optimal weighting value of the
structural penalty, except for severalD-Leu residues that have
slightly higher deviations. Each of these leucines has tryptophans
on either side resulting in tight packing of the side chains in
this region of the polypeptide. These leucine spacers between
the tryptophans have recently been recognized as important
residues for ion permeability and channel lifetime, presumably
through aliphatic/aromatic interactions.29,30These results suggest
that for functional reasons there may be induced strain in the
backbone structure.

Moreover, the leucine side chain data in the form of2H
quadrupolar interactions represent very challenging data to
interpret. This challenge is embedded in the task of separating
dynamic and structural influences on the spectroscopic data.
The small-amplitude librational motions in the backbone have
been well characterized by both variable-temperature powder
pattern analysis and field-dependent15N relaxation rates.31,32

As this analysis moves out onto the side chains, it becomes
more complex with additional and larger amplitude motions
about theø1 andø2 torsion angles.33,34The results here suggest

(29) Jude, A. R.; Greathouse, D. V.; Koeppe, R. E.; Providence, L. L.;
Andersen, O. S.Biochemistry1999, 38, 1030-1039.

(30) Koeppe, R. E.; Hatchett, J.; Jude, A. R.; Providence, L. L.; Anderson,
O. S.Biochemistry2000, 39, 2235-2242.

(31) North, C. L.; Cross, T. A.Biochemistry1995, 34, 5883-5895.
(32) Lazo, N. D.; Hu, W.; Cross, T. A.J. Magn. Reson. 1995, 107B,

43-50.
(33) Lee, K.-C.; Cross, T. A.Biophys. J. 1994, 66, 1380-1387.
(34) Lee, K.-C.; Huo, S.; Cross, T. A.Biochemistry1995, 34, 857-

867.

Figure 4. (A) Average residual bond angle deviations from ideality monitored for values of-1 to 3 of log(λi/λe). Gramicidin A residues: CHO-
LVal1-Gly2-LAla3-DLeu4-LAla5-DVal6-LVal7-DVal8-LTrp9-DLeu10-LTrp11-DLeu12-LTrp13-DLeu14-LTrp15-NHCH2CH2OH.
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that the dynamic and structural analysis is not yet optimally
resolved and consequently backbone distortions are induced.
Clearly the weighted structural penalty for2H orientational
restraints (Figure 3D) and the energetics of the backbone sites
associated with many of these side chain restraints are in
potential conflict and may be in need of slight adjustment.

Figure 5 shows a set of 40 simulated annealing structures of
gramicidin A obtained with the optimal weighting factor. The
side view of the symmetric dimer and the end view of the
monomer are shown to illustrate the lipid bilayer spanning
structure and channel pore formation. The rms deviation of the
backbone atoms between individual refined structures from their
mean coordinate positions is just 0.11 Å. The precision of the
orientational restraints is very effective in restraining this
structure.

The orientational restraints correspond to first-order average
Hamiltonian quantities and, consequently, the orientational
restraints generate accurate and precise structural restraints.
Another advantage of the orientational restraints is that the errors
associated with each of the restraints do not sum as the structure
is assembled.10,35 This is because each restraint orients the
molecule with respect to the laboratory frame of reference, an
absolute restraint, whereas distances between atomic sites within

a macromolecule, such as NOE restraints, represent relative
restraints. Therefore, each orientational restraint is an inde-
pendent structural restraint, while distance restraints are de-
pendent structural restraints.

In solution NMR, residual dipolar couplings measured on
partially oriented protein samples have been introduced recently
into structural determination.36,37 Each dipolar coupling serves
as an orientational restraint for defining the orientation of a
structural element relative to the alignment axis fixed in the
molecular frame. It has been shown that using dipolar couplings
from the protein backbone provides restraints that narrowly
restrict the range of accessibleψ and φ backbone torsion
angles.38,39From refinement ensembles, it has been shown that
the precision of the refined backbone structure is greatly
improved with dipolar couplings compared to the calculation
with NOE restraints alone.40 In addition, it has recently been
shown that through the use of residual dipolar coupling restraints

(35) Cross, T. A.; Ketchem, R. R.; Hu, W.; Lee, K.-C.; Lazo, N. D.;
North, C. L.Bull. Magn. Reson.1992, 14, 96-101.

(36) Tolman, J. R.; Flanagan, J. M.; Kennedy, M. A.; Prestegard, J. H.
Proc. Natl. Acad. Sci. 1995, 92, 9279-9283.

(37) Tjandra. N.; Bax, A.Science1997, 278, 1111-1114.
(38) Bewley, C. A.; Gustafson, K. R.; Boyd, M. R.; Covell, D. G.; Bax,

A.; Clore, G. M.; Gronenborn, A. M.Nat. Struct. Biol. 1998, 5, 571-578.
(39) Cai, M.; Huang, Y.; Zheng, R.; Wei, S.-Q.; Ghuirlando, R.; Lee,

M. S.; Graigie, R.; Gronenborn, A. M.; Clore, G. M.Nat. Struct. Biol. 1998,
5, 903-909.

(40) Clore, G. M.; Starich, M. R.; Bewley, C. A.; Cai, M.; Kuszewski,
J. J. Am. Chem. Soc. 1999, 121, 6513-6514.

Figure 5. A stereoview of the refined structure of gramicidin A. The 40 simulated annealing structures are superimposed (heavy atoms are shown).
The weighting factor for structural penalty,λi ) 10 kcal mol-1, and the weighting factor for potential funciton,λe ) 1 kcal mol-1, are used for the
calculation. The root-mean-square deviation of the backbone coordinates from the refined ensembles of structures is 0.11 Å. This backbone root-
mean-square deviation is calculated between individual refined structures and the mean coordinate structure. The side view (top) shows the symmetric
dimer that spans the lipid bilayer. The end view (bottom) of a monomer clearly shows the channel pore that supports a single file column of water
molecules.
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from the alignment media a unique structure can be achieved
without the use of NOE data.41 It has been shown previously
that such a unique structure can be achieved with a substantial
set of orientational restraints from a single alignment preparation
in solid-state NMR.1,2 These solid-state NMR restraints are so
effective because of the lack of global motion and the well-
characterized local motions. Here the orientational restraints are
even more effective because of the near-maximal order param-
eters in our samples.

Conclusion

Complete cross-validation of a structure entirely characterized
by orientational restraints has been achieved for the first time.

A minimum in the freeR-factor as a function of the relative
weighting of experimental and energy restraints has resulted in
an optimal weighting factor such that neither under- nor over-
fitting of these restraints occurs during refinement. The cross-
validation result further justifies the assessment of the structural
quality. The rms deviation of 0.11 Å among the backbone atoms
represents high precision for a membrane protein or polypeptide
structural characterization in a lipid bilayer environment.
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