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Residual dipolar couplings (RDCs) readily can be measured for
molecules aligned in a magnetic field and carry a wealth of
information on both molecular structure and internal dynarhfcs. (
Introduction of suitable alignment media, mostly lyotropic liquid

crystals, but also anisotropically compressed hydrotfelsave
enabled accurate NMR measurement of RDCs in isotopically
enriched proteins, where they are becoming increasingly used to

evaluate and/or refine structural quality and to probe internal .\ J
dynamics>~11 RDCs report on the time-averaged orientations of

the corresponding internuclear vectors, but infinite sets of solutions D E F
eX'St_ if measurements are garrled out 'r.] only a single alignment Figure 1. Alignment tensor orientations relative to the ribbon backbone
medium. These degeneracies can be lifted if measurements aretructure of GB3 for six mutants, all in liquid-crystalline Pf1 medium. The
repeated under conditions where the average alignment directionsix tensors are for (A) K19AD47K; (B) K19ED40N; (C) K19EK4A-C-
of the protein relative to the magnetic field has been alté#éy.  His-tag; (D) K1I9EK4A-N-His-tag; (E) K19AT11K; (F) K19EK4A. Diago-
Upto five.linearly indepe.ndent glignment tensors can l?e generated,nmﬂ'gr?i?u égzsgrro; é?t?;ﬁgﬁs{g?h(i?ﬁ gt%yof(gtﬂieggrraer;% o%di(nbg;ultierz egave
each defined by the five unique elements of their traceless, . . . -
symmetric 3x 3 Saupe matrix, and if more than five alignments Our study uses highly robust and commercially available liquid-

are available, this permits structure-independent validation of the crystalline suspensions of I.Dfl for prOtem al_lgnment, resulting in
. NMR spectra of superb quality. Before designing new GB3 mutants,
self-consistency of these ddta.

Availability of five independent alignments permits not only the V42E mutation, also occurring in GB1, was used to increase

. . . . the net negative charge from2 to —3. This mutation increases
extraction of the motional amplitude of each internuclear vector : L= . .
) the alignment contribution from electrostatic repulsion between Pfl
defined by RDCs, but also reports on the degree of asymmetry

and the direction of such motin! Motions probed by RDCs and GB3 and facilitates design of suitable mutations. Using the

. ; . PALES prograni? six mutants that perturb the surface charge
are integrated over a wide range of time scales, from femto- 10 iy ion were generated: K19AD47K, K19EDAON, K19AT11K
milliseconds, and RDCs thereby provide a powerful complement y ' '

. K19EK4A, and K19EK4A with either an N-terminal or a C-terminal
to NMR relaxation rates. In recent years, much effort has focused

. - . : i His-tag extension. This set yields five independent alignment tensors
on generating the requisite 5 independent alignment tensors, in SOM&hile minimizing structural perturbation caused by the mutations

cases using as many as 30 different types of alignment niedia. (Supporting Information); the sixth mutant permits evaluation to
However, with protein alignment being dominated by essentially ¢ extent five tensors suffice to describe the data and also resolves
three independent types of interactions, steric repulsion, electrostaticgayeral cases where very minor chemical shift changes resulted in
repulsion, and electrostatic attraction, the generation of five accidental spectral overlap for some of the mutahs.
orthogonal alignments has remained quite challengfing. Backbone amidéSN-H RDCs were collected by recording 3D

In charged nematic media, such as Pfl phiddhe alignment  1NCO spectra withoutH decoupling during®N evolution and
tensor is dominated by an electrostatic interaction between the solutejthout 13ce decoupling during Cevolution. In the 3D HNCO
and the nematogen. This allows the alignment of a protein in the spectra, each correlation is split into four multiplet components,
electric field of the phage to be predicted on the basis of the geparated byJyy + Dy in the 15N dimension and byJec, +
protein’s three-dimensional structure and known location of its 1p.. . in the3C’ dimension, yielding duplicates for each splitting
charged surface groupThe present study suggests a rational way - and allowing an error estimate-0.1 Hz) from the root-mean-square
to alter the alignment of a protein by changing the protein’s surface value of the pairwise differences. Alignment tensors were deter-
charge distribution. We demonstrate that conservative mutation of mined by SVD fitting of the RDCs to the wild-type GB3 structure
selected surface side chains is an effective method for generating(PDB entry 20ED}°
linearly independent alignment tensors. Our study focuses on the  The six alignment orientations are shown in Figure 1. The degree
third immunoglobulin binding domain of protein G, or GB3, a of linear independency of these tensors is most effectively evaluated
domain of 56 residues that has been extensively characterized bypy SVD analysi¥ of the RDCs (Figure 2). The first five singular
high-resolution X-ray crystallograpbyand NMR32920 |ts X-ray values, 97.8, 79.7, 24.9, 19.6, and 12.7 Hz, correspond to the five
structure indicates that, despite six mutations, its backbone structureéindependent alignment orientations spanned in our measurements.
is virtually indistinguishable from GB1, immediately identifying  The sixth singular value (2.5 Hz) is five times smaller than the
loci for mutation to alter the surface charge distribution without fifth one, indicating that perturbation to the structure and dynamics
affecting the protein backbone. caused by the mutations is very small. A better assessment of the
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Figure 2. Singular value decomposition éDyy RDCs, all measured in
Pf1 medium, for the six GB3 mutants. Residues 10, 11, 21, and 47, for
which data in only five mutants were available, were excluded.
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Figure 3. Correlation between experiment&N-H RDCs and couplings
calculated from an SVD fit to the GB3 solution NMR structure (PDB entry
20ED) for (A) the five mutants listed in the figure and (B) for the KI9EK4A
C-His-tag mutants'!Dyy values for residues 1012, 24-26, and 39-41,

not included in calculation of 20ED, are not included in the figures but are
listed in the Supporting Information.

independence of the five alignments is obtained by SVD of the

normalized alignment tensors. The corresponding singular values

GB3, with no significant outliers for the mutated sites (Supporting
Information). The corresponding) factors? also listed in
Figure 3, confirm that any change in NH vector orientation between
different mutants is vanishingly small. Interestingly, the fit of the
K19EK4A-C-His-tag mutant RDCs is slightly worse than for the
others. This alignment tensor is most orthogonal (Supporting
Information) to any of the tensors used in the determination of the
20ED structuré? suggesting that it contains new experimental
information not yet present in the 20ED structure.

Our study demonstrates that mutation of charged surface groups
is an effective approach to change molecular alignment without
perturbing the protein backbone structure. With a set of five linearly
independent alignment tensors in a single, easily manageable
alignment medium, this opens the way for detailed analysis of both
backbone and side-chain dynamics.
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Supporting Information Available: One table with'Dyy values

in the six different GB3 mutants; one table with the normalized scalar
products between the Pfl alignment tensors of the six different mutants
used in the present work, and the five tensors used in the study by
Ulmer et al.; one table with products between the experimentally
observed and PALES predicted tensors; one figure with residue-specific
fitting errors for the six mutants. This material is available free of charge
via the Internet at http://pubs.acs.org.
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