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Carbonyl {C') chemical shift anisotropy (CSA) data from H
NMR experiments is important for accurately analyzing relaxation Figure 1. Data from the HNCO experiment for residue Glu 61. The
datd and for obtaining local orientation parameters such as two antiphaséSN doublet components are shown. Positive and negative
backbone dihedral angléghe latter can complement short-range resonances are shown in solid and dotted lines, respectively. The isotropic
distance data in protein structure calculations. CSA measurementsand anisotropic resonances are at 8.07 and 8.02 ppm, respectively. The
of individually labeled*3C’ sites in the solid state are well 3C' chemical shift is taken as the average value of the two doublet
documented,yet cumbersome to extend to fully labeled proteins. resonance.
In solution, molecules tumble according to Brownian motion and
only isotropic chemical shifts are observed. However, recent 120 A
advances have lead to the establishment of anisotropic conditions
in solution using phospholipid mixtures known as bicelles or
filamentous phage particles. This imparts a small degree of protein
alignment while still permitting molecular tumbling. Under these
conditions one-bond residual dipolar couplings and CSA values
can be measuredThe CSA is defined as the chemical shift
difference between the isotropic and anisotropic states. The
application off’P CSA data for structure refinement has recently
been performed on a DNA oligonucleotitlelere, we demonstrate -80}
with Bax, an o-helical protein which is a key mediator of
apoptosis cascadésn analogous approach usittg' CSA data. 120

The 13C' CSA data was taken from an HNCO experinfent
performed at 32C in 2 mM DTT, 20 mM Tris buffer, pH 6.0
under isotropic and anisotropic (Pf1 phage, 12 mg/mL) conditions. 70 B
The 13C' chemical shift is the average of the two values at each 50/
of the >N doublet resonances. The magnitude of i@ CSA,
AJ, was taken as the difference between @ chemical shift 30
in the two data sets, measured in ppb. Figure 1 shows representa-
tive data for Glutamate 613C' CSA values were typically
between—100 ppb and-100 ppb. The error in the measurement
was estimated to be 5 ppb based on the reproducibility of the
data in the®™N doublet. Peak positions were determined by contour
averaging as described previou&lyrior to being used for <0
structure restraints, thEC' CSA values were corrected by an
offset value of 43 ppb. This was due to misreferencing of the A T 56 ) 5 ey 80
water resonance as a result of quadrupolar splitting idkHeck obs
signal caused by a subset of water molecules aligned with the Dot [H2]
phage materidl Figure 2A shows the correlation of th&’ CSA Figure 2. (A) Correlation between the calculatédC' CSA values based

values between those calculated from a previously solved solutionon the unrefined structure of Ba®(R= 0.52) and thé3C' CSA-refined
structure @, R= 0.92) with the observelfC' CSA values. (B) Correlation
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Figure 3. Orientation of thé*C' chemical shielding tensor in a molecular
frame whereAy,, Ay, and A, are the components of the molecular
alignment tensor.

where 6; is the angle between thg; principal axis of the
diagonalized traceless alignment tensor anddthgrincipal axis

of the traceless CSA tens&The principal components of the
13C' alignment tensor are illustrated in Figure 3. We follow the
commonly used conventiams > 02, = 01;. The magnitude and
orientation ofA; were determined using a least-squares fit between
the one-bondH—'°N residual dipolar coupling data and those
calculated from the structufé SinceAy; differs for each type of
anisotropic sample conditions, tie values were measured on
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Figure 4. Three-dimensional plot showing the overall energy of the
protein structure refined with3C' CSA restraints as a function of the
13C' CSA tensor components;; and oss.

each of the two data sets, 30 structures were calculated, and the
10 lowest-energy structures from each set were used to determine
the Dcy RMSD. Clearly, the quality of the structures improved
by the inclusion of thé*C' CSA restraints. In the case of ubiquitin,
when CSA restraints are included in addition to NOE restraints,

the same sample used for measuring the dipolar coupling data.h® backbone pairwise rmsd from the X-ray crystallography

Thel3C' CSA tensor values used warg = —71.2,09, = —23.3,
andosz = 94.5, as previously determinéd.

To use thel3C' CSA values for structure refinement, a
subroutine was added to the XPLOR 3.84 progdfasuch that

structure is 0.6 A, while leaving out the CSA restraints leads to
a backbone pairwise rmsd of 0.7 A. A similar effect was also
observed for Bax.

For the3C' CSA subroutine to be widely applicable we have

the CSA values are used as restraints which Satisfy the energytaken into account the fact that the values Of]ﬂ@ CSA tensor

function:

ECSA = kCSA (Aéobs - A(3cak‘.)2 2

The force constankcsas, Was adjusted to 0.003 kcal/pptor
the rms betweerdqns and Adcqc to be equal to 16 ppb to take

elements are highly sensitive to th¥C' protonation state and
hydrogen-bonding stafé.Previous work from solid-state NMR
studies demonstrates theg, ando,; principal components exhibit
unique values for protonated and deprotonated carbtnylth

011, varying from—63 ppm (protonated) te-80 ppm (deproton-
ated). Itis critical to understand how different CSA tensor values

into account the measurement error and the goodness of the fiiaffect the total energy of the refined protein structure since the

of the 3C' CSA tensor! Inclusion of the3C' CSA restraints
caused no significant increase in the non-CSA energy terms.
One method to determine the contribution of including*fi@
CSA data in improving the solution structure is to monitor the
change in the quality of the ensemble of structures. The quality
is reflected in the improved correlation between the calculated
and observed values of a given structural restraint that is omitted
from the structure calculations. Here, we have selected the C
Ha residual dipolar couplingsDcy) for this purpose. The rmsd
between the measured and calculaieg has been determined
for both the ensemble of structures without the CSA restraints
and the ensemble of structures with the CSA restraints. Figure
2B shows the correlation betweBay(calc) andDcy(obs) without
the13C' CSA restraints®) and with the CSA restraint®(. For
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hydrogen-bonding state of each individual amino acid is not
always well characterized. Figure 4 shows the results of a grid
search where the total energy was monitored as a function of
varying bothoy; andos; for a range of values corresponding to
the protonated and deprotonated carbonyls (vas changed
appropriately to satisfy the definition of a traceless tensog:

022 + 033 = 0). The plot exhibits a very wide local minimum
which shows similar energies fot’C' CSA tensor values
corresponding to both protonated and deprotonated forms.

The addition of3C' CSA restraints helps define the orientation
of each carbonyl in the protein to a common reference frame and
is a useful complement to distance restraints. The ease with which
the data is acquired and incorporated into structure calculations
should ensure the routine use BC' CSA data in structure
calculations.
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