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Pseudo-CSA Restraints for NMR Refinement of Nucleic Acid Structure
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Residual dipolar couplings (RDCs) provide global orientational 79 ppm CSA tensor
restraints that have proven to be particularly useful in NMR
structural studies of oligonucleotides, which frequently lack tertiary
contacts:7 One-bond*C—1H RDCs can be measured when the
macromolecule of interest is weakly aligned relative to the magnetic =
field 22 most commonly accomplished by means of a dilute, aqueous
lyotropic liquid crystalline medium consisting of bicell€sor
filamentous bacteriophader by use of anisotropically compressed
acrylamide gel&:1112The values of the RDCs, including their sign, Figure 1. Schematic (epres_entatior) of the orientation and eigenvalues of
are extract_ed from th_e diffe_rence in the appar’e)at. spli_ttings EZﬁs%rSonﬁeg?gg StHsgg’ﬂﬂ;ﬂf;:gﬂggg;nsor’ and TROSY pseudo-CSA
between aligned and isotropic sample conditions. For oligonucleo-
tides, the least resonance overlap in the!RB-13C spectrum, from
which these couplings are extracted, is commonly found for the 621
base correlations, where, Cs, Cs, and G each fall in their own
characteristic regions. However, although the downfté@-{H} -
doublet component is enhanced in resolution as a result of - 136.6
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interference between tHéC chemical shift anisotropy (CSA) and - 13c

13C—1H dipolar relaxation mechanism%pften referred to as the - 136.8

TROSY effect* the upfield doublet component has much larger r

line width. The concomitant increase in resonance overlap and Gz - 137.0

weaker intensity of the upfieBFC—{*H} doublet component makes — |

accurate measurement of its position more difficult, particularly in 75 74 14 3 pem

larger oligonucleotides, adversely affecting measurement of the ryre 2 Superposition of a small region of the—13C TROSY spectrum
corresponding RDC. of helix-35, recorded under isotropic (red) and Pf1-aligned (blue) conditions,

For nuclei with well characterized, uniform CSA tensors, such at 800 MHzH frequency, 5°C.
as backbon&C' in proteins and*P in nucleic acids, experimentally
determined chemical shift changedg, between aligned and
isotropic samples have proven to be useful orientational restraints
in structure calculation, fully analogous to RD&s!’ The value
of AJ is given by

quality. Measurement akd' has previously been demonstrated for
I5N—{1H} in protein backbone amidé%.However, in that case,
collinearity between thé®N CSA and the®>N—*H dipolar tensors
results in strong attenuation of the magnitudeAaf relative to
A and makesAd' quite sensitive to small site-to-site variations
-5 S8 — ) NS in CSA. Our recent experimental st@lyof base 3C CSA
A0 = Oariso ™ Oiso i=;z jZZ,ZA”wg(a”)a" @) orientation and magnitude confirms that within helical secondary
e structure CSA tensors are quite uniform, highly rhombic, and have
whereAj; are the principal components of the molecular alignment their most shielded component orthogonal to the plane of the’base.
tensor,d; are the principal components of the CSA tensor, énd Cancellation of dipolar and CSA effects therefore presents much
is the angle between principal aji®f the alignment tensor and  less of a problem in nucleic acids than in proteins. In the frame of
principal axisi of the CSA tensor,Ad is measured from the  the base, the tensor describing the local field resulting from the
decoupled HSQC spectrum at a resolution and sensitivity that is sum of the dipolar and CSA interactions can be considered a
intermediate between that of the narrow downfield and the broad “pseudo-CSA” tensor, obtained by adding an axially symmetric
upfield 3C—{H} doublet component in &H-coupled HSQC tensor describing thEC—1H dipolar interaction to the regular CSA
spectrum. Thus, although intrinsically useftilaccurate measure-  tensor. The magnitude and orientation of these pseudo-CSA tensors
ment of both RDCs and\d becomes difficult for larger oligo- depend on the strength of the magnetic field (Figure 1).
nucleotides. Technically, the measurement &' is quite straightforward,

In contrast, the position of the narrow, downfieC—{H} although particular care must be taken to ensure that the aligned
TROSY component can be determined accurately even for larger, and isotropic samples are as similar as possible in pH, ionic strength,
slowly tumbling oligonucleotides. Its change in resonance position etc., as chemical shift changes resulting from such external factors
between isotropic and aligned conditions equals= A + RDC/ could impact the measurement &d'.

2. We here demonstrate that such values can be readily measured Figure 2 demonstrates the measuremetdffor a 24-nt stem-
in a slowly tumbling oligonucleotide, and that their incorporation loop RNA sequence, mimicking nucleotides 73760 of E. coli
as restraints results in considerable improvement in structural 23S ribosomal RNA and modified to contajn/46. Experiments
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Figure 3. Agreement between experimental data and calculated structure of the A-form helical region of helix-35. (A) SVD fit of the observed\bROSY
shifts to the helix-35 coordinates (PDB code 2GBH), using CSA parameters of ref 20. Data measuré@ ar5Shown as squares (rms3.7 ppb) and

those measured at & as triangles (rms= 4.3 ppb). (B,C) Cross-validation correlation plots, illustrating the agreement between observed and predicted
one-bond3C—'H RDCs with (C) and without (B) inclusion akd’ shifts as restraints during structure calculation. Red and blue circles correspond to ribose
and base RDCs, respectively. Root-mean-square differences (rmsds) between observed andpegickes decrease from 13408.3 Hz when TROSY

shifts are not fitted to 2.8 0.3 Hz when they are included in the structure calculation. Comparable relative improvements are observed in the absence of
the empirical database: rmsds decrease from 18612 Hz when TROSY shifts are not fitted to 4430.9 Hz when included.

were carried out at 800 MHH frequency and 5C, wherel3C Acknowledgment. We thank Ed Nikonowicz (Rice U.) for the
relaxation rates indicate a rotational correlation time of8.8.5 helix-35 RNA sample, and Dennis Torchia (NIDCR, NIH) for
ns. Outside the region shown in Figure 2, several correlations from helpful discussions. This work was supported by the Intramural
the loop segment exhibit considerabke(;01 ppm)H chemical Research Program of the NIDDK, NIH, and by the Intramural
differences between aligned and isotropic samples, too large to beAntiviral Target Program of the Office of the Director, NIH.
attributable to'H CSA. The loop is subject to dynamic averaging
of multiple conformations, whose precise occupancies depen
strongly on sample conditions. Even though both aligned and
isotropic samples were extensively dialyzed against identical
buffers,H chemical shift changes0.01 ppm remain, reflecting
the effect of the Pfl on the equilibrium of conformers and
preventing reliable measurement A%’ for these dynamically
disordered residues. In contrast, with the exception of a terminal
base pair adjacent to the loop, none of the helical nucleotides show (1) Mollova, E. T.; Hansen, M. R.; Pardi, A. Am. Chem. So200Q 122
IH chemical shift changes 9 ppb, and theit3C Ad' values can 11561-11562. ; .

' (2) Bayer, P.; Varani, L.; Varani, Gl. Biomol. NMR1999 14, 149-155.
be extracted reliably. These values closely agree with predictions

d Supporting Information Available: Two tables with'H and3C

A¢' values measured at 25 and°&. Code for incorporatingAd
restraints into the structure calculation is available as a part of Xplor-
NIH distribution. This material is available free of charge via the
Internet at http://pubs.acs.org.
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