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Classical protein structure determination by NMR relies on
short-range interproton distances (n®eRespite successful
application to the study of compact, globular molecules, this
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tion of structure using only RDC data has not yet been achieved.
In this communication we present MECCAREa novel approach

to the determination of backbone protein structure using RDC
data alone.

For covalently bound spins, measured RDC depend on the
orientation of thdj vector with respect té\. In the presence of
one known alignment tensor, there is significant orientational
degeneracy for measured RDCs, which can be partially raised to
eight equivalent directions by measuring in the presence of a
second, differently aligned tensor (implying the use of two
different liquid crystal media)? A planar motif, whose orientation
is determined to a degeneracy of 8 in the presence of 1 tensor is
reduced to the correct orientation and its mirror image, while the
4-fold degeneracy of a 3D, or chiral, métifs lifted completely
in the presence of two tensors. We have developed a least-squares-
based search algorithm to determine the alignment tensors,
described by 7 parameters in the calculation frafdg @L, A%,

method nevertheless encounters severe limitations when applied®., a, B, 7), wherea, f, y describe the orientation & with
to larger or more complex systems. Recently, our conception of respect toA, taken to be diagonal in the calculation frame.

the future of macromolecular structure determination by NMR

Simultaneously, each peptide plane orientation is determined with

has been revolutionized by the demonstration that incomplete respect to the calculation frame. This algorithm reliably finds the

directional averaging of macromolecules dissolved in liquid

global minimum of the target function over all measured

crystalline media allows routine measurement of residual dipolar couplings,

couplings (RDCY, while retaining conditions essential for high-

resolution solution-state NMR. The geometric dependence of RDC

on the alignment tensoh which is attached to the molecular
frame
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provides coherent long-range structural information from through-

out the biomolecule, and the possibility of exploiting this novel
conformational constraint to simplify the determination of protein

1= (OF® = D{*o)? (2)
requiring no a priori estimation of the alignment tensors. Once
local plane orientations and global tensors have been deter-
mined, a second algorithm then sequentially folds the peptide
chain as described below. The resulting coordinates are finally
refined using the RDC-restrained molecular dynamics program
SCULPTORY!?

Theoretically it is possible to construct the folded peptide chain
from known orientation of individual peptide planes (plane

structure in solution has stimulated considerable interest in the defined here as,G*, C'i-1, N;, G*). Ambiguity between correct

NMR community?

and mirror image plane orientations can be raised by tetrahedral

Recently RDC data have been used to determine the relativegeometry requirements at the junctions connecting peptide planes,

orientation of multidomain macromolecutessing rigid-body

although for the general experimental case this is not always

modeling assuming a common alignment tensor, and have beersufficient. Our structure calculation algorithm uses the following
shown to decrease the disorder present in NMR structural logic: The combination of RDC measured in the peptide plane

ensembles when combined with n®BRDC measurements have

(Ni—HN, Ci-1—N;, Ci-1—HN, G_*—C'i-;) and tetrahedral

been compared with fragments present in structure databases,junctions (G-1*—Hi1* G-1*~Ci-) effectively describes a chiral
an approach which has recently been shown to successfully predicimotif, and allows unambiguous positioning (Figure 1a). For the

the backbone conformation of a protein in solutfdmyt calcula-
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case where planéds oriented, but no peptide plane orientation is
available for planei(+ 1), ¢i/y; values are optimized to reproduce
(C*—He, C*—CP) from (i) and { + 1) and peptide plane data
from (i + 2) (Figure 1b). In general, for sparse data, a target
function comprising all relevant vector orientations is optimized
with respect to¢i/y;) to determine the optimal plane orientations,
albeit less precisely than for the complete peptide plane data sets.
We have applied this approach to the determination of the
backbone structure of a protein using real experimental data. The
protein ubiquitin was chosen as a test case, primarily because
precise data are available from two different alignment ten'Sors,
but also because this molecule presents a number of commonly
encountered conditions including two regions (residues 8 to 10,
and Pro 19) where fewer couplings are available and a confor-
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Figure 1. Positioning of peptide plane ¢ 1), relative to plane (i). (a)

Assuming complete data-set i(h—Hi+1N, Ci—Nit1, Ci—Hi+iN, Co*—

C) and (&—H¢, C*—CF);. Correct (blue) and mirror image (red) positions

of plane { + 1) are easily identified from (€-H*, C*—C#); orientations

and (&-covalence requirements. (b) Plot of experimeptadlependence

on backbone dihedral anglesg/y1s defining plane orientation for

ubiquitin Pro 19 in the absence of peptide plane RDC géteomprises

eight plane couplings for Ser 20, no plane data for Pro 19, and three

(C*—He, Co—CF) couplings for both Glu 18 and Pro 19. Figure 2. Comparison of structure of ubiquitin calculated from 648
residual dipolar couplings from two different alignment tensors using

mationally broadened amide at residue 53. Two sets of-6BIN the algorithm describ_ed, with the struct_ure calcul_ated using 2727 nOe

61 C—HN, 61 and 63 C-N, and 59 and 54 €&-C' couplings restraynts, and_ 98 dihedral ang]eioup!lng restraints. 27 hydrogen

defining the peptide plane orientations, in addition to two sets of bonding restraints, and 945 RDC restraints (1d32). (2a) RegionAgp

. . containing the Pro-Pro dipeptide (338). The coordinates derived
S;f:l;t'?:nand one set of 39 €-C’ couplings were used in the directly from the construction algorithm, and refined using SCULPTOR

. . . _are shown in red and orange respectively, compared to 1d3z (blue). (2b)
The most demanding case concerns two sequential proline comparison of the ordered region of the backboned) of the final

residues (37, 38), for which no orientational plane information is refined structure (orange) and 1d3z (blue) (1.0 A backbone rmsd).
available. RDC data were measured at the (37/38) or (38/39) C

junctions and from the Asp 39 peptide plane. In such cases a
four-parameter minimization algorithm is used to fit the angles
D336, Pa37l1P37 1O the relevant couplings. While the target function

is less well defined, resulting in a higher degree of reorientational
freedom for the dipeptide segment than for the rest of the chain,
subsequent regions of the polypeptide chain are well determined,’~~ ) - . .
as their position in the calculation frame is still constrained to be limits for experimental RDC precision suggest the algorithm is

consistent with the alignment tensors. While translational errors robust, supporting significantly more experlmer?t_al hoise tha_n
are of course possible, in regions where little or no data is present in the measurements used here. The ability to determine

available, the relative positioning of the-85, 40-71 regions the fold of proteins immediately following backbone resonance

of the backbone (Figure 2a) are not significantly affected in this @ssignment is clearly an exciting prospect.

case. This example illustrates an important feature of RDC data, Software is available from the authors.

which provide both precise local, and coherent long-range )
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using this protocol is virtually identical to the structure determined JA005590F

using a complete NMR data $&tFigure 2b), demonstrating the

ability of the technique to accurately reconstruct the backbone
structure of sizable domains of proteins in a real experimental
system, providing RDC data can be measured from continuous
segments of the primary sequence. Initial analysis to determine



