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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 Raalue 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 dRdiactor calculation is demonstrated using experimental solid-
state NMR data from gramicidin A, a monovalent cation channel in lipid bilayers.

Introduction restraints obtained from uniformly aligned bilayers of dimyris-
toyl-phosphatidylcholine (DMPC). The structure igatrand
in which all of the side chains are on one side forcing the strand

. : . . in helix with 6.5 resi r turn resulting in ntral pore,
validate the structural quality. In this way overfitting of the toahe th 6.5 residues pertum resulting in a central pore

. ; . ) : 4 A'in diameter. T n the bilayer two monomers are join
experimental data is avoided and a method is established thatenol todearl1d ew?th f(())rrsn?/? bIoszdaZreninooterr%ir% a? fh: f)ijlgyeerd
permits the comparison of structures derived from different

biophysical techniques. Here a complete cross-validation of the center? Six intermoleculafs-sheet hydrogen bonds stabilize this

A ! . L . dimeric structure.
gramicidin A structure is described. Not only is this a unique . : . . . .
three-dimensional structure determined by solid-state NMR, but Qr[entatlonal restraints are d?”"ed from anisotropic huclear
it has been determined in a hydrated lipid bilayer environment Spin mterac’qon_s in sa_mples uniformly aligned ‘.N'th re_spect to
above the gel to liquid-crystalline phase transition of the lipids. the magnetic field axis. _Ea_lch of t_hese_ restraints orients the
Moreover, this is a high-resolution structure that has led to molecular frame of the spin interaction site with respect to both

numerous functional insights about conductance efficiency andthze magnetic field axis and a unique molecular axis through a
specificity® Additional functional questions with relevance to P C989 depende_ncé.Furthermore,_ each of these precise re-
a whole class of cation channels could be addressed with furthers_tra'r:atﬁ results in a set of pote_nt|al molecular fram(_a orienta-
refinement and validation of this structure. Consequently, this tions?? In part, through a considerable set of restraints these
is a unique membrane-bound structure in the Protein Data Bank

With the advent of high-resolution macromolecular structure
determination by solid-state NMR* methods are needed to

degeneracies can be eliminated. For the gramicidin monomer,
; . the experimental restraints used for defining an initial structure
(Accession code: IMAG). and for refinement are 19N and 213C; anisotropic chemical
shifts, 1415N—13C; and 19'*N—1H dipolar couplings, 12 ¢-
°H, and 54 other quadrupolar couplings for a total of 120
orientational restraints.
A unique molecular fold has been defined from this set of
* Address correspondence to this author. E-mail: cross@magnet.fsu.edu.orientational restraints that describes a right-harngiadlix and
Phone: 850-644-0917. Fax: 850-644-1366. a unique set of hydrogen bon#¥ Recently, both the inter-

Gramicidin A is a 15-residue polypeptide with alternatimg
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

T
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Cross-Validation of a Solid-State NMR Deegd Structure

confirmed by distance measuremehfhe initial structure did

J. Am. Chem. Soc., Vol. 123, No. 30, 202193

As in solution NMR the goal here is to assess the quality of the

not resolve all of the structural degeneracies: a set of degenerarefined structure, but as described above the critical factors that

cies known as chirality ambiguitieshave 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 th€+" structure in Ketchem
et al10

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-chaifisis

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 protocalto calculate a fre®-factor and a complete
cross-validation to determine the optimal weighting factor.

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 functfon.
The penalty function used to control the structural refinement is

M
total penalty= Y (4; x structural penalty + 4, x energy (1)

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

2
j )

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

N1
structural penalty= E
-2

(calculateg— observe

experimental error

R-factors represent a scaled measure of the difference betweemormalized by their frequency units and the magnitude of their error

experimental and calculated observables in X-ray crystallogra-
phy*~13 and solution NMR spectroscop.1¢ Cross-validation

is an extension of thB-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 frée is based
only on the test set. Moreover, a “complete cross-validation”
has been recently demonstrated for the NO&nd residual
dipolar coupling restraints in solution NMR.Unlike crystal-
lography it is not appropriate to define one working and one

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. Heéf#& chemical shifts
have a maximum experimental error of 5 ppAN—H dipolar
couplings have an experimental error of 2 kHZN—3C dipolar
couplings have an experimental error of 0.1 kHz; ardjuadrupolar
couplings have an experimental error of 5 kHz.

The gramicidin A structure was refined using the experimentally
characterized intramoleculgfstrand type hydrogen bonds by including
hydrogen bond distances in the penalty function, as routinely done in

test set for NMR data, because the structural restraints reflectsolution NMR structural refinemeft. During the refinement, the

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

intramolecular hydrogen bond distances were refined against idge@l H
and N-O distances fop-sheet structure (1.96 and 2.91 A, respec-
tively).?t These distances were used with a substantial error ka0 &

to model the range of distances observed in experimental structures.
The refined structures are obtained through a geometrical search in
hich 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.
Modifications to the structure are made by allowing the complete

A

accurate, because the global motions are insignificant and localyeometry of the polypeptide to vary through modifications of the atomic

motions are quantified in three dimensions. While these are
advantages for solid-state NMR, the high degree of accuracy

coordinates and changes in peptide plane orientétion.
To search the necessary conformational and local structural space,

also causes a high penalty barrier between structural possibilitiestwo different types of modifications are used, since atom moves alone

making it difficult to search the conformational space com-
pletely. With relatively few restraints from solid-state NMR,

are not sufficient to introduce the structural modifications necessary
to obtain structural agreement with the experimental data. Refinement

an appropriate balance between experimental restraints and th®Y torsion moves allows for structural changes without consideration

potential energy function is even more important to achieve.
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of the covalent interactions and thus allows for larger structural 1.2
modifications. Torsion moves are generated as compensating changes A
to y; and ¢+, of equal magnitude and opposite sigby a random 0.9
amount up tat3° per step. Changes in the torsion angles, which have

the effect of modifying the peptide plane as a unit and providing a T 06
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 & 104 A in each dimension. By *<o.05}
using relatively small displacements, atom moves do not search a large S 004l
conformation space but are used to generate changes in the structural § ™
penalty and to introduce minor atomic modifications to find a better 3 0.03f
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 O s o 05775 5 25 3 0_1 55005 Ti5 5 553
attempted move. A move that causes a decre;ase inthe penal'ty is always log (Ai/Ae) log (Ai/2e)
accepted. A move that increases the penalty is only accepted if a random__ o
number between 0 and 1 is less than exfspenaltyT). The simulated Flgure_l. Influence of the _st_ru_ctural penalty we_lghtlng_ factoron
annealing refinement procedure is controlled by a temperature parametethe refinement of the gramicidin A structure using solid-state NMR
and an annealing schedule. The Monte Carlo algorithm generatesderived orientational restraintde = 1 kcal mof™ and the structural
configurations corresponding to the Boltzmann distribution of canonical Penalties have dimensionless units. The orientational restraints are
ensemble at a given temperature. The global minimization is controlled Partitioned into 10 pairs of test and working sets comprising 10 and
by an annealing schedule, i.e., the rate at which the temperature is90% of the data, respectively. (A) Weightéd value. (B) Cross-
lowered during the course of the refinement. The refinement strategy Validated weightedR value. (C) Deviation of backbone bond length
used in this study is to introduce minor structural modifications to the from ideality. (D) Deviation of backbone bond angles from ideality.
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 Figure 2. Orientational restraints in a peptide plane. The primary
the weighting factor for the structural penalty decreases the number of structural restraints for the polypeptide backbone are derived from the
accepted modifications. During the refinement the structural penalty *>N—'H and **N—%C dipolar interactions, the &-2H quadrupolar
and energy penalty were both reduced, but they compete for control of interaction, and the anisotropteN chemical shift. The peptide plane
the structural modifications. Therefore, the weighting factor for the orientation can be initially determined by two bond vectors;HNand
structural penalty can increase the structural precision, here estimatedN—C. Once the orientations of the individual peptide planes have been
by evaluating the atomic rms differences from their mean posifibns. determined with respect to the external magnetic field, the orientations

R-Factor Calculation for Solid-State NMR. Traditionally, the of the planes with respect to each other are determined by joining the
R-factor employed in crystallography is defined @gobg — |cald]|/ plane through the shared, €arbon which has a well-defined covalent
Ylobg where “obs” and “calc” are the observed and calculated geometry. This allows for the determination of tkieyf) torsion angles.
experimental values, respectively. For normalizing the frequency units

of the various experimental data types, a more appropriate definition couplings in the test set are predicted by those in the working set. There-

-
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of the R-factor for solid-state NMR data is given by fore, we can estimate the quality of the fit to the experimental data.
_ 1 [Icalculateq— observeq)2 A Results and Discussion
N& experimental error Complete Cross-Validation of Solid-State NMR Data.

Figure 1 shows the results from a series of refinements with 10
whereN is the number of structural penalties. This definition results pairs of working and test data sets chosen from the backbone
in a largerR value because the magnitude of the error is much less and partitioned in a ratio of 90% to 10% in which the weighting
than the magnitude of j[he observable. Bu_t, it ceftainly helps to n_ormalize factor, 4; for the chemical shifts and dipolar couplings, is varied
the R value of the various data types with their frequency units. from 0.1 to 1000 kcal mof. Complete cross-validation consists

To obtain a high-quality structure using the solid-state NMR data, of a partitioning of the chemical shifts and dipolar counlings
we need to choose an optimal weighting factor for the structural penalty. P 9 P piing

TheR value for an atomic model refined against the total penalty is a '”tP 10 test sets of roughly equal ,S'Ze' In this e,ﬁm chemical
function of the weighting factor. ThR value decreases in proportion  Shifts and **N—*H, N—3C dipolar couplings from the
to the weighting factor. Thus, tR value is not particularly useful for ~ backbone structure (Figure 2) have been divided for the test
evaluating the optimal magnitude of the weighting factor. But, the free sets. When the test sets are partitioned, no more than two
R is the agreement between the subset of observed and calculatedexperimental restraints are selected from any one peptide plane
experimental data, which do not participate in the refinement. Using for a given test set. Each working set is defined by excluding
freeRenables us to assess how well the chemical shifts and the dipolarjyst one of the test sets from the whole data set. %Al
(25) Peticolas, W. L.; Kurtz, BBiopolymersL980 19, 1153-1116. quadrupolar interactions from the side chains are used in each
(26) Havel, T. F.; Wthrich, K. J. Mol. Biol. 1985 182, 281—294. working set during cross-validation of the backbone structure.
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Figure 3. Influence of the weighting factok; for the individual structural penalties, calculated energy values, and the total penalties on the refined
structures. Thée,; weighted structural penalties are calculated for valuesbto 3 of log@i/Ae) and divided by the number of restraint types used

for the refinement. The penalty values multiplied by thealues reflect the final penalty used during refinement and not the calculated penalty of
the individual restraints. (AY®N chemical shifts. (B}*N—*H dipolar couplings. (CPN—3C dipolar couplings. (D¥H quadrupolar couplings. (E)
Hydrogen bond distance. (F) The potential energy calculated from the refined structures. (G) The total penalty (@luessfructural penalty)

+ Y (Le x energy)]. (H) The structural penalty.

In this way, the effect of restraints on thHefactor for the deviations and 2for bond angle deviations are reasonable. At

backbone and side chains are separated. a i value of 10 kcal mol?, the average backbone structural
TheRvalue (Figure 1A) decreases as a functioi;pivhereas violations are under this range. Overfitting at lafgeesults in

the deviation from ideality for the bond lengths (Figure 1C) decreased backbone structural fidelity. Thus, the cross-validated

and bond angles (Figure 1D) in the refined structures increasesR value shows the optimal weighting factor for the structural

as a function ofl;. A 4; value of 10 kcal moi® optimizes the penalty to avoid overfitting.

cross-validated value (Figure 1B). These data show that the Figure 3 analyzes the penalty function contributions as a

structural quality is significantly decreased above the cross- function of the weighting factor by the weighted individual

validatedR value minimum. I_n the_observa_tion of bo_nd length (27) Engh. R, A.- Huber, RActa Crystallogr 1991, A47, 392400,

and angle standard deviations in atomic resolution crystal (5g) Laskowski, R. A.; Macarthur, M. W.; Moss, D. S.; Thornton, J. M.

structures of small molecul@$?® 0.02 A for bond length J. Appl. Crystallogr 1993 26, 283-291.
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Residue

Figure 4. (A) Average residual bond angle deviations from ideality monitored for valueslofo 3 of log@i/Ae). Gramicidin A residues: CHO-
LVaIl-G|y2-LAIag-DLeU4-LA|a5-DVale-LVaITDVals-LTrpg-DLeUlo-LTrpll-DLeUlz-LTrplg-DLeU14-LTrp15-NHCHZCHQOH.

orientational restraint types from the total penalty. These bond and nonbond interactions. The difference between the total

structural penalties multiplied by for N chemical shifts!>N— penalty value and the energy is the total structural penalty shown
1H dipolar couplings,’>N—13C dipolar couplings, andH in Figure 3H that has a minimum at = 10 kcal mol.. As

quadrupolar couplings are minimized well during the refinement shown in Figure 1B in which the cross-validated R has a
process for al; value of approximately 10 kcal mol. But, minimum, there is a good correlation between the weighted

above this optimum, the refinement process does not effectively structural penalty and the cross-validatdrhus, the analysis
minimize the experimental restraints. Below the optimal value of the 4; weighted structural penalty could be used as another
the penalty for experimental restraints typically decreases with indicator to check the optimal weighting factor for experimental
increasing weighting factor. At the optimal weighting factor for data.

5N chemical shifts (Figure 3A) anBN—'H dipolar couplings Structural Quality Assessment. Figure 4 analyzes the
(Figure 3B) the penalty values are much smaller than the averaged residual angle deviations from ideality as a function
summed error. Also;®N—*C dipolar couplings (Figure 3C)  of residue and weighting factor. These angle deviations include
and ?H quadrupolar couplings (Figure 3D) show a minimal gJ| the backbone angles: -N—C,, C,—C—N, C,—C—0, G;—
weighted penalty value near the optimél value. The 4 Co—C, N—C,—C, N—C,—Cs, and O-C—N. All residues
weighted hydrogen bond distance (Figure 3E) penalty also display small violations at the optimal weighting value of the
shows a minimum at the optima|. At a small value of the  structural penalty, except for severaleu residues that have
weighting factor the hydrogen bond penalty increases With  slightly higher deviations. Each of these leucines has tryptophans
because ideal bond distances were forced to change byon either side resulting in tight packing of the side chains in
incorporating other structural restraints. But again, the hydrogen this region of the polypeptide. These leucine spacers between
bond penalty is minimized at an optimal weighting of the the tryptophans have recently been recognized as important
structural penalties. In the final model using an optimal residues for ion permeability and channel lifetime, presumably
weighting factor, the rms difference for all intramolecular through aliphatic/aromatic interactiofs These results suggest

hydrogen bonds from ideality is 0.09 A. that for functional reasons there may be induced strain in the
Although inclusion of the CHARMM structural energy has packbone structure.

been important for correcting the structure in terms of covalent  n1oreover. the leucine side chain data in the form2sf

geometry and nonbond interactions, it influences the structure quadrupolar interactions represent very challenging data to
in a way that may not correspond exactly to the influence from jnterpret. This challenge is embedded in the task of separating
the experimental data. The energy is calculated for the moleculegynamic and structural influences on the spectroscopic data.
in a vacuum while the experimental data have been obtainedrhe small-amplitude librational motions in the backbone have
from a hydrated lipid bilayer environment. The penalty due 1o peen well characterized by both variable-temperature powder
the experimental data is reduced to a point that is very close o pattern analysis and field-dependéfil relaxation rated?32

zero during refinement. While the calculated energy is signifi- g this analysis moves out onto the side chains, it becomes

cantly reduced during refinement, it can be reduced further in more complex with additional and larger amplitude motions
the absence of the experimental rest.ra?nTi;us indicates that  ahout they; andy torsion angled334 The results here suggest
although the penalties from the two different types of restraints

are both necessary and are reduced during refinement, they (29) Jude, A. R.; Greathouse, D. V.; Koeppe, R. E.; Providence, L. L.;
compete for control of the structural modifications. Panels F Andersen, O. SBiochemistry1999 38, 1030-1039. _

and G in Figure 3 trace the calculated energy and the total o.g%ﬁ%ﬁ@%’sﬁ&/ﬁibgagghgtzté%i\zlgig A.R.; Providence, L. L.; Anderson,
penalty value from the refined model. These values increase (31) North, C. L.; Cross', T. ABiochefnistrylggs, 34, 5883-5895.

with increasing/; for the structural penalties, because the 43(3:523 Lazo, N. D.; Hu, W.; Cross, T. Al. Magn. Resan1995 1078
potential energy galcqlanon of the structure uses empirical (33) Lee, K.-C.: Cross, T. ABiophys. J1994 66, 1380-1387.

energy functions, in this study, CHARMM. Overfitting of the (34) Lee, K.-C.: Huo, S.; Cross, T. /Biochemistry1995 34, 857—

experimental restraints leads to structural violations, including 867.
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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 penalt},= 10 kcal motl?, and the weighting factor for potential funcitoh, = 1 kcal mol?, are used for the
calculation. The root-mean-square deviation of the backbone coordinates from the refined ensembles of structures is 0.11 A. This backbone root-
mean-square deviation is calculated between individual refined structures and the mean coordinate structure. The side view (top) shows¢he symmetr
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.

that the dynamic and structural analysis is not yet optimally a macromolecule, such as NOE restraints, represent relative
resolved and consequently backbone distortions are inducedrestraints. Therefore, each orientational restraint is an inde-
Clearly the weighted structural penalty féid orientational pendent structural restraint, while distance restraints are de-
restraints (Figure 3D) and the energetics of the backbone sitespendent structural restraints.
associated with many of these side chain restraints are in In solution NMR, residual dipolar couplings measured on
potential conflict and may be in need of slight adjustment. partially oriented protein samples have been introduced recently
Figure 5 shows a set of 40 simulated annealing structures ofinto structural determinatio#f:3” Each dipolar coupling serves
gramicidin A obtained with the optimal weighting factor. The as an orientational restraint for defining the orientation of a
side view of the symmetric dimer and the end view of the structural element relative to the alignment axis fixed in the
monomer are shown to illustrate the lipid bilayer spanning molecular frame. It has been shown that using dipolar couplings
structure and channel pore formation. The rms deviation of the from the protein backbone provides restraints that narrowly
backbone atoms between individual refined structures from their restrict the range of accessible and ¢ backbone torsion
mean coordinate positions is just 0.11 A. The precision of the angles®®3°From refinement ensembles, it has been shown that
orientational restraints is very effective in restraining this the precision of the refined backbone structure is greatly
structure. improved with dipolar couplings compared to the calculation
The orientational restraints correspond to first-order average with NOE restraints alon®. In addition, it has recently been
Hamiltonian quantities and, consequently, the orientational shown that through the use of residual dipolar coupling restraints
restraints generate accurate and precise structural restraints.™(3g) Toiman, J. R.; Flanagan, J. M.; Kennedy, M. A.; Prestegard, J. H.
Another advantage of the orientational restraints is that the errorsProc. Natl. Acad. Sci1995 92, 9279-9283.
associated with each of the restraints do not sum as the structure (37) Tiandra. N.; Bax, ASciencel997 278 1111-1114. ‘
is assembled?% This is because each restraint orients the A_;(?C’?c))r‘zévc\:l_el\ﬁ;Cé%heGnutfct;?:\?(X]_'l\}/(N;'f gt(r’ggt'_ l\éi.oll?.l,gggvsllé%_%gax,
molecule with respect to the laboratory frame of reference, an  (39) cai, M.; Huang, Y.; Zheng, R.; Wei, S.-Q.; Ghuirlando, R.; Lee,

absolute restraint, whereas distances between atomic sites withirM. S.; Graigie, R.; Gronenborn, A. M.; Clore, G. Mat. Struct. Biol 1998
5, 903-909.

(35) Cross, T. A.; Ketchem, R. R.; Hu, W.; Lee, K.-C.; Lazo, N. D; (40) Clore, G. M.; Starich, M. R.; Bewley, C. A.; Cai, M.; Kuszewski,
North, C. L.Bull. Magn. Reson1992 14, 96—101. J.J. Am. Chem. Sod 999 121, 6513-6514.




7298 J. Am. Chem. Soc., Vol. 123, No. 30, 2001 Kim et al.

from the alignment media a unique structure can be achievedA minimum in the freeR-factor as a function of the relative
without the use of NOE daté. It has been shown previously  weighting of experimental and energy restraints has resulted in
that such a unique structure can be achieved with a substantiabn optimal weighting factor such that neither under- nor over-
set of orientational restraints from a single alignment preparation fitting of these restraints occurs during refinement. The cross-
in solid-state NMRL2 These solid-state NMR restraints are so validation result further justifies the assessment of the structural
effective because of the lack of global motion and the well- quality. The rms deviation of 0.11 A among the backbone atoms
characterized local motions. Here the orientational restraints arerepresents high precision for a membrane protein or polypeptide
even more effective because of the near-maximal order param-structural characterization in a lipid bilayer environment.

eters in our samples. . o
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