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Determination of the three-dimensional (3D) structure of a
protein in solution from NMR data has relied primarily on the
measurement of a large number of interproton distances (NOES)
supplemented by torsion angle restraints derived fiaouplings
and chemical shifts.Recently developed methods for measure-
ment of dipolar couplingsprovide additional structural informa-
tion which can be used to improve the accuracy of the NMR-
derived protein structuréHere, we describe a novel approach
for determining the backbone structure of a protein solely from
dipolar couplings. The first stage of our method, which we refer
to as molecular fragment replacement (MFR), is analogous to a
method described by Kraulis and Jones for determining local
fragment structures from NOE pattetrend also is similar to
the commonly used database approach for fitting the main chain
electron density of protein X-ray structurest. also bears some
similarity to a recently described approach for identifying the fold
of a protein from its dipolar couplings by searching a database,
but this latter method requires a very similar structure to be present
in the database, and therefore is not a de novo method.

The MFR method is demonstrated for the protein ubiquitin,
for which a 1.8 A X-ray crystal structure is availaBiland which
has been studied extensively by NMRThe ordered part of its
NMR structure (residues-272) is in excellent agreement with
the X-ray structure, with a root-mean-square deviation (rmsd)
of 0.35 A2° Four backbone couplings (NH; C'—N; C'—HN;
C*—H%) have previously been measured for most residues in
ubiquitin, but less for Pro, residues preceding Pro, and residues
with broadened or missing amide resonariéeélso, these
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couplings were measured in two different liquid crystalline phases,
yielding information on the internuclear vector orientations relative
to two different axis systemns.

In its present implementation, the MFR method uses a fragment
size of 7 residues. For each fragment, the best fit between its set
of measured dipolar couplings and each 7-residue fragment found
in the Brookhaven Protein Data Bank (PDB) is determined by
using a linear least-squares methddo expedite this search, a
reduced version of the PDB was created, containing only 1560
proteins, of which two-thirds are of a resolution of 2.2 A or better.
From this entire ensemble of 350 000 PDB fragments, 20 are
selected on the basis of the lowg3between measured and best-
fitted dipolar couplings and, to a much weaker degree,ythe
between experimental chemical shifts and those predicted for each
PDB fragment using a structure/chemical shift datab&3eis
procedure is repeated by shifting the 7-residue fragment by one
residue at a time; that is, for d-residue protein the search is
carried outN — 6 times. An example of how well the dipolar
data typically match those of the best fitting 7-residue PDB
fragment is shown in the Supporting Information.

Ignoring the torsion angles of the first and last residue of each
database fragment, the overlapping collection ok 20 best-
fitting fragments provides 5< 20 pairs of¢ andy angles at
each residue of the query protein (less for the first and last five
residues of the protein). In favorable cases, as typically found
near the center af-helices, all “hits” for a given residue cluster
in the same region of the Ramachandran map. Frequently,
however, there will be outliers, as the dipolar couplings may not
define uniquely the conformation of each individual 7-residue
stretch (see below) so that more than one type of 7-residue peptide
conformation in the database matches the experimental dipolar
couplings. Empirically, we find that if the largest cluster is more
than twice as large as the next largest cluster, the mejlemd
1 angles of the largest cluster provide reliable estimates for the
¢ andy angles of the query residue (rmsd of &lative to angles
measured from the ubiquitin X-ray structure). When no single
cluster is dominantly populated, the median angles of the most
populated cluster are deemed ambiguous and should be used with
caution in subsequent structure calculations.

Starting structures are built for the contiguous segments with
unambiguoug/y values, derived in the manner described above.
Calculations for ubiquitin and several other proteins yield segment
lengths in the 1650 residue range. Remarkably, a higher
rhombicity of the alignment tensor results in lggg ambiguity
and longer segment lengths. This is easily understood considering
that, if for any 7-residue segment one of its-8* or C*—C'
bonds is parallel to one of the principal axes of the alignment
tensor, a database fragment which differs by °180 the
corresponding or v angle will yield couplings for all its residues
that are identical to a segment with the correct backbone angles.
For an axially symmetric tensor, this type of degeneracy occurs
each time a N-C* or C*—C' is parallel or orthogonal to the unique
axis of the alignment tensor, that is, for any orientation in the
x—Yy plane. Most of such 18&flipped bonds are not populated
in the database, because they result in steric clashes, but
nevertheless this ambiguity constitutes the main barrier to building
longer segment lengths.

Table 1 shows that the approximate backbone angles in
ubiquitin can be defined unambiguously for two contiguous
segments (52 and 54-76) when using 67 NH, 69 C—N, 69
C'—HN, and 66 C—H® dipolar couplings, measured in two liquid
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Table 1. Ubiquitin Segments Calculated from Dipolar Couplings
and Chemical Shifes

initial modeP refined model
RMSD vs RMSD vs RMSD vs
segment X-ray (A) X-ray (A) X-ray (A)
1-52 5.44 0.87 0.82
53-76 3.79 1.17 0.42
1-76 6.95 1.21 0.88

aUsing N, C, H*, Cf, and C chemical shifts and the two sets of
experimental dipolar couplings measured with charged and uncharged
bicelles, reported in ref 10. The amide of &lyis conformational-
exchange broadened beyond detectidnitial model built from MFR-
derived backbone anglesExcluding residues 1 and 7J6.
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e, 88 ______ ) Figure 2. Stereodiagram of the backbone representations of the X-ray
T crystal structure (blue) of ubiquitin residues 22, and the refined model

084} T e e (red) obtained from dipolar couplings in two different liquid crystalline

| media, together with isotropic chemical shifts. Planar, trans peptide bonds
\ and standard covalent geometry and bond lengths were used to calculate
06d | this model, but no vanderWaals radii or other terms were used. Further
refinement may be obtained by adding such terms and additional NOE
s~ or H-bond restraints.
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predicted by the model. At each iteration, a residue is selected at
random, and the gradient gff with respect to¢ and y is
calculated numerically, and new optimal values ¢oandy are
6.95—1.21 A predicted. If the new values improyg, they are accepted and
replace the prior values. Figure 1 shows how this procedure results
in rapid convergence; when the model’s fit to the experimental
0 500 1000 1500 2000 dipolar couplings and chemical shifts improves, so does the fit
lteration to the X-ray (and NMR) structure.

Figure 1. x2 between predicted and measured chemical shifts (short  Figure 2 shows a superposition of the ubiquitin X-ray structure
dashes) and rmsd between best-fitted and experimental dipolar couplingsand the refined model calculated using dipolar data from both
(dashed) as a function of iteration number during the minimization alignment tensors. The backbone rmsd is 1.21 A; when the flexible
protocol, which aims to minimize these values. The chemical ghRift C-terminu8 is excluded, this rmsd drops to 0.88 A.
calculated after normalizir_lg all cpuplings relative t_eN_, and decreases structure of large protein backbone segments, and in favorable
from 6.52 to 2.48 Hz during refinement. The sollq I|r_1<_e corresponds 10 ~55es an entire small protein, exclusively from dipolar couplings
the backbone rmsd between the model and the ubiquitin crystal structure g4 chemical shifts. Dipolar couplings can be rapidly measured
and decreases from 6.95 A for the initial model to 1.21 A (residuezs). once a protein assignment is completed, and the approach
The entire refinement takes 10 min on a 400 MHz PC. described here obviates the time-consuming NOE analysis.
However, our protocol can easily integrate experimental NOE
and H-bond information too, and even a handful of long-range
constraints may be sufficient to correctly define the relative
position of oriented fragments relative to one another. Alterna-
tively, packing the fragments by using molecular modeling is
expected to be relatively rapid and straightforward. The approach
described above is just one of many possible schemes for
econstituting a protein structure from database fragments by using

ipolar coupling homology, and numerous such variations are
being explored.

Software is available from the authors.
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crystalline media. The “ambiguous” backbone angles of residue

Gly®3 are fortuitously correct, and building the polypeptide by

using all MFR angles yields an initial fold with roughly the correct

topology, differing by 6.95 A from the X-ray structure (Table

1). For shorter segments this rmsd is correspondingly smaller.

When using dipolar couplings measured in only a single liquid

crystal medium, there is a larger number of residues for which

the approximate backbone angles cannot be determined by usin

the MFR approach (ASp Gly®3, and GI§* for the medium with

the more rhombic alignment tensor; FAsp*?, Gly®3, and Thp®

for the less rhombic tensor). Nevertheless, reasonable initial
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derived backbone angles accumulate when building the initial

model because the long-range information contained in the dipolar ~ Supporting Information Available: One table with structural

couplings is not yet used. However, this orientational information statistics obtained from dipolar coupling data measured in a single liquid

can be reintroduced when using these rough models as startingetystalline medium; one figure showing the agreement between dipolar

structures in a subsequent refinement procedure. This refinemengouplings measured for ubiquitin fragment-686 and PDB fragment

is based on a simple iterative gradient approach, which adjust354_60 of thr Q;DF@. This material is available free of charge via the
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