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NMR spectroscopy has evolved into a routine tool for the
resolution of three-dimensional protein structures in solu-
tion,l"! relying almost exclusively on the measurement of a
large number of interproton dipole-dipole nuclear Over-
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hauser effects (NOE).”! Despite this success, NOEs are
notoriously difficult to quantify in terms of precise inter-
atomic distances, with clear consequences on the limits of
attainable structural resolution. This imprecision arises in part
from the existence of numerous leakage mechanisms capable
of contributing significantly to the measured interaction.”!

Residual dipolar couplings (RDCs), measurable under
weak alignment conditions, have shown remarkable prom-
ise, predominantly for complementing NOE-based structure
elucidation, but also for ab initio fold determination.>® In
contrast to NOEs, interpretation of RDCs in terms of
structure and dynamics is susceptible to relatively few sources
of error and therefore should provide access to more precise
structural definition.”*! Although RDCs have been routinely
measured between covalently bound spins of fixed internu-
clear distance, long-range RDCs also provide potentially very
powerful structural information.”'”! It has been shown that
measurement of 'H-'"H RDCs can be made to high levels of
precision in highly deuterated proteins, where dipolar trun-
cation effects are avoided. The aim of this study is to
determine, de novo, the backbone structure of perdeuterated
protein GB1 in solution to the highest possible precision using
only RDCs and residual *C’' NMR chemical shifts (RCSs)
measured in two different alignment media.

We have applied the meccano approach®® to determine
the structure of GBI, using a modified version of the
algorithm that allows for local molecular flexibility and
incorporates long-range RDCs. In the structure calculation,
55 and 54 "N-'"H" couplings, 53 and 47 *C'*"D-'HN, 55 and 54
BC-PC, 37 and 35 PC-'HY, 22 and 15 PC*“"V-'H"?, 55 and
55 BNO_B3CG-D 50 and 50 *C*-"*CP, and 54 and 0 RCSs from
protein G aligned in Pfl bacteriophage!'!! and a lyotropic
medium,'? respectively, were used in the structure calcula-
tion. Critically, 75 and 52 "H™'HN RDCs were also used.['"!

The initial step in the meccano protocol requires evalua-
tion of the alignment induced by the two liquid-crystalline
media, with no knowledge of the protein structure. This
entails determination of the components (D,, D,, 0, ¢, ) of
both tensors (where D, and D, correspond to the axial and
rhombic components, respectively), the orientation of each
peptide plane, and a parameter accounting for dynamic
fluctuation of each plane (using one-dimensional Gaussian
axial fluctuation™ or a common scaling factor for each
coupling).!"! The alignment tensor was also determined using
a static description. In this case, a component of the motion
can be expected to be absorbed into the smaller effective
eigenvalues (D? and D™).1'316]

Following structure-free determination of the components
of the two alignment tensors, the algorithm constructs the
protein backbone by sequential positioning of peptide planes
and intervening tetrahedral junctions."¥ To allow for exper-
imental outliers, a robust maximum-likelihood estimator was
used in place of a classical * function.'”! Use of fixed-
geometry RDCs alone to construct the backbone is termed
protocol 1. Plane orientation is accompanied by optimiszation
of a motional amplitude; again the most appropriate is
selected from the dynamic modes described above. In the
absence of a simple description of the dynamics of *C*-*CP
vectors because of reorientation of adjacent peptide planes,
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motion was incorporated by expressing these RDCs relative
to the dynamically averaged tensor D" and D"

Protocol I uses the same couplings as protocol I, but in
addition introduces 'HN-'HY RDCs between the current
peptide plane and those that are already constructed.!'” As
the sign of these RDCs is not known, the absolute value is
used. Following construction of the chain, the total target
function is minimized simultaneously using a standard ¥’
function with a simple repulsive interaction based on the
van der Waals radii of the backbone atoms. Motion of 'HY-
'HN vectors was incorporated by using the dynamically
averaged tensor D" and DZ. If significant dynamics were
apparent from the effective order parameter S° of either or
both of the participating 'H" sites, an additional scaling of
"HN-"HN couplings was effective.!'/

Protocol I successfully determines the overall fold of the
protein using this approach, with a backbone root-mean-
square deviation (rmsd), compared to the two closest
homologue crystal structures, namely protein GB1 (code
1pgal™) and protein GB3 (ligd"), of 1.3 and 1.4 A,
respectively, for all amino acids (Figure 1, left). Although

Figure 1. Comparison of the meccano structures (green) calculated
without (left) and with (right) '"H-'"H RDCs and the X-ray crystal
structure of 1pga (blue). All (C', C% N) atoms were used for the
superposition of coordinates (left: 1.32 A, right: 0.55 A). The sequence
of 1pga differs from the studied molecule as follows: Q7T, A11l.

the resolution of Ipga is lower than that of ligd (2.1 A
compared with 1.1 A) these two structures are very similar,
with an rmsd between all backbone atoms of 0.38 A. The
sequence of the protein studied here differs from 1pga and
ligd by two and six amino acids, respectively. The apparent
resolution of the meccano structure is in line with previous
applications of the protocol wusing fixed-geometry
restraints.*?) The main differences between the crystal and
meccano structures are due to small translational shifts, for
example, between 3-sheets, that are expected when only local
orientational information is used to determine the fold.
Addition of the 'HY-'"HY couplings (protocol II) drasti-
cally improves the structure (Figure 1, right) giving a full
backbone rmsd of 0.55 A compared to 1pga and 0.65 A
compared to ligd. Removal of five amino acids (14-18) in the
first loop region from the comparison reduces the rmsd values
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to 0.41 A and 0.46 A for the two crystallographic structures,
respectively. The remarkable similarity in the central -sheet
region of the three proteins is shown in Figure 2, where the
backbone atoms of 18 amino acids superimpose to a

Figure 2. Comparison of the meccano structure calculated with '"H-"H
RDCs (green) and the crystal structures Tpga and Tligd (both blue).
Only the B-strand region is shown. Backbone (C', C% N) atoms (8-12,
19-23, 48-51, 55-59) were used for coordinate superposition (0.24 A
compared to 1pga; 0.25 A compared to 1igd). Hydrogen bonds are
shown as dotted lines between donor and acceptor atoms.

resolution of 0.24 A and 025 A compared to the crystal
structures (different by 0.22 A rmsd). Not surprisingly the
structural quality is high with respect to the population of the
most-favored regions of the Ramachandran plot (91%
compared to 93 % for ligd and 87 % for 1pga). The quality
of the protocol II meccano structure is further assessed as
described below.

Three types of RDC (*C'O-THNO THNO_13CFO_ and trans-
hydrogen-bond “C-'HY) from both alignment media were
left out of the structure calculation and used for cross-
validation. These vectors are not colinear with the peptide
plane and are therefore not defined by other measured RDCs,
but rather provide fully independent assessment of both local
and long-range structure. The sign of these RDCs is unknown,
so absolute values were calculated from the structure. The
close reproduction of these RDCs underlines the high
resolution of the meccano structure.'* Notably, reproduction
of all 130 RDCs (rmsd =0.45 Hz) is slightly better than that
found with the crystal structures for ligd (0.48 Hz) and 1pga
(0.50 Hz) and very close to experimental error (0.4 Hz).

We have compared the hydrogen-bonding network pres-
ent in the meccano structure with that present in the two
crystal structures (Figure 3). The comparison shows striking
similarities throughout the protein. Hydrogen bonds that are
found to be weaker in the crystal structures, (d(NH-O) >
2.0 A), are weak in the meccano structure, and consistently
stronger interactions are also reproduced. Orientations of
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Figure 3. Comparison of hydrogen-bond geometries in the 'H-'H
meccano (thick lines) and crystal structures 1pga and Tigd (thin lines).
Top: Distance (d) between proton and acceptor. Bottom: N-"N-O
angle (6). The mean geometry of crystal structures is shown as the
center of the error bar; extremities are the values for the two
structures.

hydrogen-bonding partners are very similar, with consistently
eccentric hydrogen-bond angles (9(N-"H-O) < 160°) found at
the same sites in all three structures.

Although protein G is a compact protein with relatively
little flexibility, the dynamic parameter extracted from
protocol I allows the conformation to successfully find the
fold, whereas a static version, in which only the orientation of
the plane is optimized, fails. The effective order parameter
extracted from the calculation shows similar features to those
determined in a recent study of protein G backbone dynamics
using data from seven alignment media® (Figure 4),
although Gly46 does not show the increased dynamics
determined previously. When extracted from only two align-
ment media this term may be expected to contain contribu-
tions from experimental and structural noise in addition to
conformational disorder, and we suggest that this parameter
be interpreted in a similar way to the crystallographic
B factor.

It appears then that fixed-geometry and "H-'H RDCs, in
combination with standard peptide-chain geometry, can
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Figure 4. Dynamic amplitude parameter (S?) recalculated from 1D
Gaussian axial fluctuation (GAF) motional amplitudes or axial
motional model. The effective order parameter for the NH bond (thick
line) is compared to the order parameter derived from 3D GAF
analysis of data from seven alignment media (thin line), and the

B factor for ligd (bars).
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afford a level of structural precision rarely found from studies
of proteins in solution. The accuracy of RDCs alone is
sufficient to determine backbone structure; no force-field
terms besides simple steric repulsion, and no side chains
beyond CF, were considered in the algorithm. Despite stand-
ardization of protein alignment techniques, this level of
precision remains largely unexploited, possibly because
RDCs are often combined with less accurate structural
constraints such as NOE. We note that our attempts to
refine the X-ray crystal structures using RDC-driven
restrained molecular dynamic simulations with the same
data resulted in apparently lower quality structures and
poorer reproduction of hydrogen-bonding geometries (not
shown).

In conclusion, this study clearly demonstrates the power
of combining local orientational definition from fixed-geom-
etry RDCs, with long-range structural information from 'H-
'H RDCs, to determine protein structure. Use of these
constraints alone provides access to ultrahigh-resolution
structures of a precision that is apparently comparable to
that available from high-resolution X-ray crystallography as
measured by independent cross-validation and structure
comparison. We are convinced that this level of precision
will have a significant impact on the understanding of more
subtle aspects of biomolecular structure and dynamics in
solution.
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