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Abstract

Using residual chemical shift anisotropies (RCSAs) measured in a weakly aligned stem—loop RNA, we examined the carbon chemical
shift anisotropy (CSA) tensors of nucleobase adenine C2, pyrimidine C5 and C6, and purine C8. The differences between the measured
RCSAs and the values back-calculated using three nucleobase carbon CSA sets [D. Stueber, D.M. Grant, 13C and (15)N chemical shift
tensors in adenosine, guanosine dihydrate, 2'-deoxythymidine, and cytidine, J. Am. Chem. Soc. 124 (2002) 10539-10551; D. Sitkoff, D.A.
Case, Theories of chemical shift anisotropies in proteins and nucleic acids, Prog. NMR Spectrosc. 32 (1998) 165-190; R. Fiala, J. Czer-
nek, V. Sklenar, Transverse relaxation optimized triple-resonance NMR experiments for nucleic acids, J. Biomol. NMR 16 (2000) 291—
302] reported previously for mononucleotides (1.4 Hz) is significantly smaller than the predicted RCSA range (—10-10 Hz) but remains
larger than the RCSA measurement uncertainty (0.8 Hz). Fitting of the traceless principal CSA values to the measured RCSAs using a
grid search procedure yields a cytosine C5 CSA magnitude (CSA, = (3/2 - (67, + 8%, + 0%))"> = 173 + 21 ppm), which is significantly
higher than the reported mononucleotide values (131-138 ppm) and a guanine C8 CSA,, (148 + 13 ppm) that is in very good agreement
with the mononucleotide value reported by solid-state NMR [134 ppm, D. Stueber, D.M. Grant, 13C and (15)N chemical shift tensors in
adenosine, guanosine dihydrate, 2’-deoxythymidine, and cytidine, J. Am. Chem. Soc. 124 (2002) 10539-10551]. Owing to a unique sen-
sitivity to directions normal to the base plane, the RCSAs can be translated into useful long-range orientational constraints for RNA
structure determination even after allowing for substantial uncertainty in the nucleobase carbon CSA tensors.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Circulation of current within electronic clouds of mole-
cules gives rise to a local magnetic field at nuclei of interest
that fluctuates as molecules tumble relative to the applied
magnetic field. The orientational dependence of this local
field can be mathematically described by five elements of
a 2nd rank chemical shift anisotropy (CSA) tensor. Knowl-
edge of CSA tensors is required to account for CSA relax-
ation mechanisms. This proves to be important for a range
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of biomolecular NMR applications including the interpre-
tation of spin relaxation data in terms of angular con-
straints [1-4] and dynamical parameters [5,6] and in
analyzing TROSY effects [7]. Knowledge of CSA tensors
is also necessary for structure determination by solid-state
NMR [8-10] and for interpreting spectra of partially ori-
ented samples in which anisotropic chemical shift interac-
tions no longer average to zero [11-15].

Of particular interest in nucleic acids are the CSAs of
the nucleobase carbons adenine C2, pyrimidine C5 and
Co6, and purine C8 (Fig. 1A). These C—H carbons are essen-
tial spins for probing the fast dynamics of nucleic acids by
spin relaxation measurements [16-21]. Unlike amide nitro-
gens in proteins, imino '°N relaxation data is only available
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Fig. 1. Simultaneous measurements of nucleobase RDCs and RCSAs in TAR4312 RNA. (A) Watson-Crick base-pairs showing the nucleobase carbons
targeted for RCSA measurements along with the definition of the angle @ (shown as positive values) used in Table 1 to define the orientation of the d,;/6,
CSA principal axes. (B) Secondary structure of TAR4312 in which A22-U40, G26-C39 and the CUGGGA hairpin loop in wt-TAR are replaced with C22-
G40, A26-U39, and a UUCG loop, respectively. Filled circles denote Watson-Crick hydrogen bonding as inferred from a Jyn-COSY experiment [39].
Residues that experience the largest bicelle-induced perturbations in isotropic '*C chemical shifts are circled. (C) Measurements of base RDCs (' D¢yy) and
RCSAS (J4ni) using C2 in A26 as an example. Uniformly *N/!*C-labeled TAR4312 was prepared by in vitro transcription. NMR samples contained
~0.5mM RNA, 15 mM sodium phosphate, pH 6.4, 0.1 mM EDTA, and 25 mM NaCl in D,O. NMR experiments were carried out on a Bruker AMX

600 MHz spectrometer equipped with a cryogenic probe.

for half the residues in nucleic acids (guanine and uridine/
thymine) and seldom for flexible sites of interest due to ra-
pid exchange of imino protons with solvent [22]. The large
CSA of these aromatic carbons together with the often
highly anisotropic tumbling of nucleic acids makes knowl-
edge of all five CSA tensor elements crucial for these stud-
ies especially when working at higher magnetic fields.

To date, only one solid-state NMR study of RNA
mononucleotide powders has reported experimental values
for the principal components of the nucleobase carbon
CSAs (Table 1, SS) [23]. However, the CSA orientations
were obtained using density functional theory (DFT) calcu-
lations on simplified mononucleotides. To our knowledge,
no experimental data has been obtained so far that reports
on the orientation of the carbon nucleobase CSAs. Two
other nucleobase carbon CSA sets derived by DFT calcula-
tions on simplified mononucleotides and which include
both principal values and orientations have also been
reported in the literature (Table 1, DFT1 [24] and DFT2
[25]). Though widely used in the analysis of '*C relaxation
data, the validity of these mononucleotide CSAs in the
context of RNA polynucleotides under solution conditions
remains to be established. This is important given the well-
known dependence of CSAs on intermolecular interactions
[23,24,26,27] and involvement of nucleobases in hydrogen-

bonding and stacking interactions. Indeed, a recent '*C
relaxation study of RNA dynamics alludes to potential
deviations from the mononucleotide CSAs. In particular,
difficulties were encountered when using the SS CSAs in
analyzing '’C relaxation data measured at high (17.6 T)
but not low (11.7 T) magnetic fields [21]. Furthermore,
the discrepancies in the reported CSA magnitudes
(CSA, = (3/2- (8}, + 0%, + 5§3))1/2, where ¢; are the prin-
cipal values of the traceless CSA tensor) for purine C8
and pyrimidine C6 are sufficiently large to impart undesir-
able uncertainty in the dynamical interpretation of relaxa-
tion data (Table 1).

Here, we have measured the manifestation of nucleobase
carbon CSAs as residual perturbations in chemical shifts
that can be observed when a weak degree of RNA align-
ment is imposed [13-15,28-30]. Such residual chemical shift
anisotropies (RCSAs) have previously been used to deter-
mine CSA tensors for carbonyl carbons, amide nitrogens,
and amide protons in proteins [13,28] and more recently
for sugar carbons in A-form RNA helices [15]. Since
RCSAs depend on the orientation of CSA tensors relative
to the order tensor governing alignment, they also provide
long-range orientational constraints [14,31] for structure
determination, much like residual dipolar couplings
(RDCs) [32,33]. Having an abundance of such long-range
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Table 1

Analysis of nucleobase carbon CSAs using RCSAs measured in TAR4312

Atom (#) Source 011 (ppm) 022 (ppm) 033 (ppm) ¢ (deg) CSA, (ppm) rmsd (Hz) 0 (%)

A C2 (1) SS 84.7 3.6 —88.3 -3.0 149.9 1.8 (1.4) 44 (36)
DFTI1 84.0 1.0 —85.0 -3.8 146.4 1.6 (1.2) 40 (31)
DFT2 82.1 1.8 ~83.9 ~3.6 143.8 1.6 (1.2) 41 (32)

CC5(4) SS 80.1 -1.2 —78.9 -11.0 137.7 1.6 (1.4) 43 (38)
DFTI1 82.0 —11.0 -71.0 -9.6 133.5 1.9 (1.7) 55 (49)
DFT2 80.6 -11.2 —69.4 -89 131.0 1.9 (1.8) 56 (53)
RCSA 107.4 £21.4 —18.0 £24.2 —894+75 38.2+13.3 172.6 £21.2 0.6 14
Calc-4 +20.3 +19.0 +74 (—90 to 90) +17.7 — —

U C5(2) DFTI 80.3 -7.6 -72.7 10.7 133.0 1.7 (1.6) 51 (48)
DFT2 76.5 -7.0 —69.5 10.6 126.9 2.0 (1.9) 63 (60)

C C6 (2) SS 98.4 9.1 -107.5 31.0 178.8 0.9 (1.0) 19 (22)
DFTI1 94.0 -7.0 —87.0 19.8 157.1 1.4 (0.9) 34 (22)
DFT2 98.3 14.2 —112.5 26.9 183.9 1.4 (1.4) 30 (30)

U C6 (2) DFTI1 102.7 —14.4 —88.3 19.3 166.8 0.6 (0.2) 14 (5)
DFT2 105.4 1.8 -107.2 28.3 184.1 1.3 (1.3) 30 (30)

A C8 (1) SS 78.3 -1.6 —76.7 -27.0 134.3 0.5(0.2) 14 (6)
DFT1 71.3 —13.6 —-57.7 -21.2 113.6 0.1 (0.1) 3(3)
DFT2 72.5 =35 —69.0 -294 122.8 0.1(0.2) 3(6)

G C8 (5) SS 76.0 3.0 -79.0 -28.0 134.3 1.7 (1.4) 48 (40)
DFT1 71.7 —15.4 —56.3 -21.6 113.2 1.4 (1.2) 49 (42)
DFT2 73.1 -9.8 —63.3 -304 119.0 1.5(1.2) 49 (39)
RCSA 97.8 +11.8 -37.1+£122 —60.7 +4.0 —1.8+6.9 148.1 +12.8 0.6 16
Calc-5 +16.9 +19.3 +6.9 (=90 to 90) +14.7 — —

The number of RCSAs measured is shown in parentheses next to the residue/carbon type. Shown are the principal values (8,1, 62, J33), orientation (¢, see
also Fig. 1A), and magnitude (CSA, = (3/2 - (8%, + 03, + (553))]/2) of the traceless CSA tensor reported by solid state NMR (SS) [23] and DFT calcu-
lations from Sitkoff et al. (DFT1) [24] and Fiala et al. (DFT2) [25]). In all cases, J33 is oriented normal to the base plane. The mean and standard deviation
in CSA parameters derived from a grid-search employing the measured RCSAs (“RCSA”) is shown. The standard deviations reflect uncertainty in the
RCSA measurements (0.8 Hz), base orientations (£6°), and the domain specific order tensors (£5% and +0.1 in GDO and #, respectively). The
corresponding standard deviations obtained when using synthetic RCSAs is also shown (“Calc”’) and was used to gauge how well the RCSAs can
intrinsically define the CSA parameters given the latter uncertainties. The entire range of accepted ¢ angles are shown for ““Calc.” The root-mean-square-
deviation (rmsd) and quality factor (Q) [15,48] for a given carbon type is shown when comparing the measured RCSAs with values back-calculated using
an order tensor derived using RDCs and the RDC-validated domain structures. The best-fit results (rmsd and Q-factor) following +5%, +0.1, and ca. 6°
variations in the order tensor GDO [49], order tensor asymmetry 7, and orientation of individual bases are shown in parenthesis. For the single adenine C2
and C8 RCSA, only the difference between the measured and predicted values was used to compute rmsd and Q.

constraints is particularly important for structure determi-
nation of extended and proton deficient nucleic acids.

difference in C—H splittings measured in aligned (T =310
K) and isotropic (7' =292 K) phases (Fig. 1C). Due to
the temperature dependence of isotropic chemical shifts
(0is0), the RCSAs could not simply be computed from the
difference in chemical shifts measured at 298 and 310 K.
Rather, the value of d;, at 310 K (5% ) was determined

iso,bicelle

2. Results and discussion

Our study was carried out on a uniformly *C/"°N

labeled mutant of the transactivation response element
(TAR4312) RNA (Fig. 1B) which was partially aligned
using a 5% (w/v) DHPC:DMPC (3:1) bicelle medium
[32,34] that forms an aligned liquid crystalline phase at
temperatures above 298 K [35]. At or below room temper-
ature the bicelles form an isotropic phase, allowing the
measurement of the isotropic chemical shifts, their temper-
ature dependences, and scalar couplings. One bond C-H
splittings and '*C chemical shifts were measured simulta-
neously from the difference and average frequency respec-
tively of the upfield and down field components of the
{"*C)}-H doublet (Fig. 1C). These components were mea-
sured in separate sub-spectra using 2D *C-'H S*E HSQC
experiments [36,37]. The RDCs were computed from the

by linearly extrapolating Jd;,, measured in the isotropic
phase (286, 292, and 298 K) to 310 K (Figs. 1C and 2A).
This approach was previously used to measure RCSAs in
the protein ubiquitin [13]. The chemical shifts measured
in the aligned phase (3} piceites = O ticette T Ouni ) Were also
corrected to account for changes in the lock frequency due
to quadrupolar *H splittings (7.6 Hz). The RCSAs were
then computed by subtracting &'’k .. from 53,%,2,1;05“65.
The RDCs and RCSAs measured in TAR4312 are listed
in Table 2.

Besides assuming a linear temperature dependence for
diso over 286-310 K, which was observed for all carbons
examined (e.g., Fig. 2A), the latter approach for measuring

RCSAs assumes no TAR4312 alignment at 7' < 298 K.
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Fig. 2. Measurement of nucleobase RCSAs in TAR4312 weakly aligned in a bicelle medium. (A) Measurement of RCSAs in bicelles using a linear
extrapolation of the temperature dependence of isotropic '*C chemical shifts. Shown are two examples from domains I and II. (B and C) Lack of
TAR4312 alignment in bicelles at <310 K. (B) Correlation plot between one bond C-H splittings measured at 298 K in the presence and absence of
bicelles. (C) Correlation plot between measured RDCs (RDC = 310-298 K) and “would be RDCs” (RDCx* = 298 K in bicelles — 298 K without bicelles).

Any unaccounted for residual TAR4312 alignment would
lead to underestimation of the RCSAs and ultimately their
associated CSAs. Negligible TAR4312 alignment at
<298 K was confirmed based on a number of observations.
First, no quadrupolar *H splittings were observed at
<298 K. Second, the differences between C-H splittings
measured in the presence and absence of bicelles at 298 K
(root-mean-square-deviation, rmsd = 0.8 Hz, Fig. 2B) are
within the estimated measurement uncertainty (0.9 Hz,
see legend of Table 2). Finally, a poor correlation
(R=0.35) is observed between the measured RDCs and
“would be RDCs” at 298 K (Fig. 2C).

As shown in Fig. 3, we observed significant bicelle-in-
duced perturbations in i, (rmsd = 8.4/7.2/5.5 Hz at 292,
298, 310 K) which precluded measurements of RCSAs as
the difference between chemical shifts observed in the pres-
ence and absence of bicelles. The latter approach was pre-
viously used to measure *'P RCSAs in DNA [14] and '*C
RCSAs in RNA [15] but using the Pfl-phage ordering
medium [38,39]. The bicelle-induced perturbations in
TAR4312 are particularly pronounced for structurally
unstable regions (Fig. 1B, circled residues) including the
bulge (U23, C24, and U25) and two neighboring adenines
in domain Il (A26 and A27) that based on Jyn-COSY
experiments [40] are not involved in A-U Watson—Crick
hydrogen bonding (data not shown). Interestingly, these
residues also have carbon chemical shifts that have mark-
edly different temperature dependencies in the presence
and absence of bicelles (Fig. 3, inset). These perturbations
likely arise from changes in the structural dynamics of

TAR4312 due to transient contacts with the bicelles. Simi-
lar perturbations have been reported for fraying terminal
residues in a duplex RNA in Pfl-phage [15]. These results
underscore the importance of accommodating ordering
media induced changes in J;, when measuring RCSAs
and suggest that the bicelle medium can affect the confor-
mational dynamics of flexible RNAs.

The RCSA (d,,;) measured for a carbon nucleus k de-
pends on the magnitude and orientation of the kth CSA
tensor (55‘/) relative to the order tensor (S;) governing align-

ment [41]
. 2
bani(k) = (50bs - 5iso) = g Z S,jéf; (1)

ij={xyz}

To interpret RCSAs using Eq. (1), we first used RDCs to
validate domain structures for TAR4312 and determine
their order tensors. The domain structures comprised ideal-
ized A-form helices and a previous X-ray structure [42] of
the U31U32C33G34 tetraloop (Fig. 1B). The local struc-
ture of these domains has previously been validated using
RDCs measured in free TAR [43] and for TAR bound to
four distinct ligands that target the bulge and neighboring
residues without affecting the remaining local helical struc-
ture [44-46]. The 108 RDCs belonging to TAR residues
that coincide with those of TAR4312 fit (using SVD [41))
the above domain structures with an overall rmsd (normal-
ized to reflect the TAR4312 degree of order) of 1.5 Hz
(Fig. 4A). As shown in Fig. 4B, the agreement between
the RDCs measured in TAR4312 and these model struc-
tures is equally good with the overall rmsd in the SVD fit
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Table 2
RDCs and RCSAs in TAR4312 measured at a 'H spectrometer frequency
of 600 MHz

Residue Atom/vector RCSA (Hz) RDC (Hz)

Gl18 C8/C8-H8 41408 —14+14
C19 C5/C5-H5 0.8 +0.8 —92+14
A20 C2/C2-H2 —25+0.8 13.6+1.4
A20 C8/C8-H8 —3.6+0.8 135+ 1.4
G21 C8/C8-H8 —35+0.8 11.6+1.4
Cc22 C5/C5-H5 —4940.8 127+1.4
Cc22 C6/C6-H6 —51+0.8 23+14
G28 —/Cl'-HI' — —149+14
G28 C8/C8-H8 —32+0.8 135+ 1.4
C29 C5/C5-H5 —6.440.8 128+1.4
C29 C6/C6-H6 —74+0.8 11.7+1.4
U3l —/Cl'-HI' — —02+14
U3l C5/C5-H5 ~7.6+0.8 137+ 14
U3l C6/C6-H6 —74408 119+1.4
U32 —/C1’-H1' — 46+14
C33 —/Cl’-HI' — —04+14
G34 —/C1'-Hl' — 75+1.4
G34 C8/C8-H8 —6.9+0.8 9.0+ 1.4
G36 C8/C8-H8 —55+0.8 132+ 1.4
C37 —/C1'-HY’ — 32+14
G40 C8/C8-H8 —2.1+0.8 3.6+ 1.4
C41 C5/C5-H5 ~-5940.8 75+ 14
U42 C5/C5-H5 —3.1+0.8 124+14
u42 C6/C6-H6 —47408 135+ 1.4
G43 C8/C8-H8 —56+0.8 167+ 1.4
C44 —/Cl'-HI' — 145+ 1.4

The RDC measurement uncertainty was obtained by multiplying the
observed rmsd between splittings measured at 292 and 298 K (0.9 Hz) by
2'2, The RCSA measurement uncertainty was obtained by propagating
the errors in 3} e and 6?51[%%116. The 5§L2f§icene uncertainty (0.3 Hz) was
obtained from the rms of residuals in the three point linear-fit of d;s, vs.
temperature (Fig. 2A). The 6?510?&6116 uncertainty was obtained using the
following procedure. Perfect synthetic data corresponding to d;s, at 286,
292, and 298 K was generated. Each data point was then perturbed by an
amount chosen randomly from a Gaussian distribution centered at zero
with the standard deviation set to the rms in the three-point residuals.
Linear extrapolation of the resulting data set to 310 K was then used to
compute an error in &; ... The error was obtained from the standard

iso,
deviation in 31°%8 . following thousands of such runs (0.7 Hz).

[41] (1.5 Hz) being approximately equal to the estimated
RDC measurement uncertainty (1.4 Hz, see legend of
Table 2).

Next, we examined the agreement between the measured
RCSAs and values back-calculated using Eq. (1), the RDC-
validated domain structures, RDC-derived domain-specific
order tensors and each of the DFT1, DFT2, and SS nucle-
obase carbon CSAs. The analysis that follows assumed
uniform CSAs from site to site and that internal motions
uniformly scale all of the measured RDCs (and derived
order tensors) and RCSAs by a similar amount. Further-
more, the bond lengths reported by Cornell et al. [47]
(FcH(base) = 1.08 A and rcpgy = 1.09 A) were assumed in
the RDC-determination of the order tensors. Any systemat-
ic under-/over-estimation of these bond lengths will lead to
under-/over-estimation of the degree of order and hence
predicted RCSAs. It should be noted at the outset that most
of the DFT1, DFT2, and SS CSA tensor elements are in
very good agreement with one another especially the orien-
tations (Table 1). In all cases, the most shielded component
(033) 1s oriented perfectly along the base normal and the
least shielded component (J;;) close to coincident (¢
< 30°) with the corresponding C—H bond (Table 1). Howev-
er, for a subset of carbons, particularly pyrimidine C6 and
purine C8, large differences in the principal values are
observed leading to differences in CSA,, as large as 27 ppm.

Shown in Fig. 4C are correlation plots showing the
RCSAs measured in Watson—Crick base-pairs and values
back-calculated using the mononucleotide CSAs. Similar
overall agreement is observed for the three CSA sets with
the best agreement observed for DFT1 and SS followed
by DFT2. Similar agreement was observed when combin-
ing the RDCs and RCSAs in the SVD fit (rmsdrpc (Hz)/
rmsdrcsa (Hz) =1.5/1.3, 1.5/1.2, and 1.4/1.4 for SS,
DFT1 and DFT2, data not shown). Although the observed
agreement (rmsd = 1.3-1.4 Hz) is favorable considering
that the differences between measured and predicted
RCSAs are almost an order of magnitude smaller than
the predicted RCSA range (ca. —10-10 Hz), the differences
remain higher than the estimated RCSA measurement
uncertainty (0.8 Hz, see legend of Table 2).

Shown in Table 1 is the rmsd and quality factor (Q)
[15,48] describing the level of agreement between the mea-
sured and predicted RCSAs for individual carbon types.

T S e
O N B OO O N B

*C Chemical Shift Difference (Hz)

Domain | | Bulge | Domain |l | Loop | Domain il |  Domain |
| m202K 40
=298 K T35 amcs Mol
12310K

1.0
10 15 20 25 3.0 35 40
Slope in Bicelles (Hz-K")

Residue

Fig. 3. Residue specific bicelle-induced perturbations in isotropic '*C chemical shifts in TAR4312. Shown are the differences between C2 (adenine), C5
(pyrimidine), C6 (pyrimidine), and C8 (purine) chemical shifts measured in the presence and absence of bicelles at 7= 292, 298, and 310 K. (Inset)

Corresponding slopes of the *C chemical shift vs. temperature.
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Fig. 4. Evaluating nucleobase CSA tensors using RCSAs. (A and B) RDC-based validation of model structures for the two TAR4312 domains comprising
idealized A-form helices for hydrogen bonded Watson—Crick residues and an X-ray structure [42] for the UUCG tetraloop. (A) Correlation plot between
108 RDCs previously measured for TAR in the free state [43] and when bound to four distinct ligands [44-46] and values back-calculated using best-fit
order tensors determined independently for each domain using the assumed model domain structures and a modified version of ORDERTEN_SVD [41].
Only RDCs belonging to TAR residues that coincide with those of TAR4312 were included in the fit. (B) Corresponding correlation plot between
measured and back-calculated RDCs in TAR4312. A total 13/13 RDCs in domains I/II with condition numbers of 3.7/2.6 were used in the latter SVD fit.
The idealized A-form helices were generated using Insight I (molecular simulations) with propeller twist angles set to —15° [54]. (C) Correlation plot
between measured RCSAs and values back-calculated using the RDC-derived order tensor, and SS (filled squares), DFT1 (filled triangles), and DFT2
(open triangles) CSAs. (D) Same as in (B) for cytosine C5 (filled circles) and guanine C8 (filled diamonds) when using the RCSA-fitted CSAs. Also shown
is the fit between measured uridine C5 RCSAs and values back-calculated when assuming the RCSA-derived cytosine C5 CSA (filled squares). For
comparison, the corresponding agreement with DFT1 is shown using open symbols. (Inset) The angle (0) between the principal axis of the order tensor
(S..) and C-H RDC vectors (in white) and 33 CSA axis (in black) in TAR4312. In all cases, RDCs and RCSAs from flexible residues (domain I G17-C45,
domain IT A26-U39 and A27-U38, loop U32 and C33 [20,55]) were excluded from above analysis. The error bars denote the estimated uncertainty in

RDCs (1.4 Hz) and RCSAs (0.8 Hz).

We focus on cytosine C5 and guanine C8 for which more
than two RCSA measurements were available (Table 1).
Poor agreement is observed for these carbons with all three
mononucleotide CSAs (Q >40%). This is the case even
after allowing the input order tensor parameters to vary
within their experimental uncertainty (+5% and +0.1 vari-
ations in the generalized degree of order, GDO [49], and
asymmetry #, respectively) and allowing the orientation
of individual nucleobases to vary randomly by ca. 6° (Ta-
ble 1, shown in parentheses). The latter was used to ac-
count for structural noise and was accomplished by
applying random Euler rotations independently to each
base. This suggests that some of the scatter in Fig. 4C is
due to deviations from the assumed mononucleotide guan-
ine C8 and cytosine C5 CSAs. Indeed, better agreement is
observed when excluding the latter RCSAs from the fit of
Fig. 4C (rmsd (Hz)/R =1.2/0.95; 1.1/0.88; and 1.2/0.96
for SS, DFT1, and DFT2, respectively).

To this end, we carried out an exhaustive three-parame-
ter (d11, 2o, and @) grid search to see if we could find CSA
tensors that fit the cytosine C5 and guanine C8 RCSAs to
within experimental uncertainty. In both cases, the d33 ori-
entation (two parameters) was assumed normal to the base
plane. CSA tensors were accepted if they reproduced (using
Eq. (1) and the RDC-derived order tensors) the measured
RCSAs to within a cut-off that includes the uncertainty
in the measured RCSA (0.8 Hz) and RDC-derived order
tensor (£5% and +0.1 variations in GDO and 7, respec-
tively). These calculations were repeated millions of times
each time following application of ca. 6° random Gaussian
perturbations in the orientation of each base to account for
structural noise. The average and standard deviations in
the CSA parameters over the accepted solutions are listed
in Table 1 (“RCSA”). For both cytosine C5 and guanine
C8, CSA parameters could be obtained that reproduce all
measured RCSAs to within experimental precision
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(rmsd < 0.8 Hz, Q < 20%, Fig. 4D and Table 1). Differenc-
es are however observed between the RCSA-derived princi-
pal values and @ angles and the corresponding
mononucleotide values (Table 1). We avoid interpreting
the differences in @ since simulations using synthetic C5
and C8 RCSAs show this angle to be intrinsically difficult
to define on the basis of the RCSAs measured in
TAR4312 (Table 1, Calc-4 and Calc-5). This is in part
due to placement of the d;; direction close to within the
axially symmetric S,,—S), plane of the order tensor. Never-
theless, we note that the deviations in @ from the corre-
sponding mononucleotide values are larger for cytosine
C5 (~50°) compared to guanine C8 (~24°).

In contrast to @, simulations employing synthetic data
show that the cytosine C5 and guanine C8 CSA principal
values can be defined to a useful level of precision
(~+16 ppm) using the measured RCSAs (Table 1, Calc-4
and Calc-5, respectively). The mean cytosine C5 CSA mag-
nitude obtained wusing the RCSA grid search
(CSA, =173 + 21 ppm) is significantly higher than all of
the values reported for mononucleotides (131-138 ppm).
In contrast, the RCSA-derived CSA, value for guanine
C8 (148 4+ 13 ppm) is only slightly higher than the mono-
nucleotide values and within experimental uncertainty
equal to that of SS (134 ppm).

A number of factors suggest that the observed differenc-
es between the mononucleotide C5 CSA, values and that
derived here using RCSAs reflect genuine differences in
C5 electron density in the mononucleotide and polynucleo-
tide base. First, we note that the RCSA-derived CSA
parameters for cytosine C5 leads to a better fit between
the measured and back-calculated uridine C5 RCSAs
(Fig. 4D, squares). The rmsd decreases from 1.6 to
0.6 Hz and the Q-factor from 48 to 14%. It is also notewor-
thy that the larger RCSA-derived C5 CSA, value is compa-
rable to that reported for pyrimidine C6 by SS and DFT2
(179-184 ppm). Unlike C5, a good fit is observed between

the four measured C6 RCSAs and the SS and DFT2 CSAs
(Table 1). Our results therefore suggest that the pyrimidine
C5 and C6 have similar CSA, values. Second, it is notewor-
thy that previous DFT calculations have shown that the
CSA principal values of cytosine C5 are particularly sensi-
tive to intermolecular interactions [23]. Finally, the larger
cytosine C5 CSA, value obtained here may explain some
of the anomalously high order parameters (S> ~ 1) recently
obtained for a number of C5 sites in RNA Watson—Crick
base pairs [21]. These large order parameters could have
arisen from use of what would have been an underestimat-
ed SS input CSA,, value in analyzing the C5 relaxation data
[21].

In contrast to most spin relaxation measurements, which
depend quadratically on CSA,, RCSAs scale linearly with
the CSA principal values. While this makes RCSA-based
definition of the CSA tensor more difficult, it also means
that the structural interpretation of RCSAs can tolerate a
greater deal of CSA uncertainty. Indeed, SS, DFT1 and
DFT2 CSAs all yield an overall RCSA fit to the
TAR4312 structure (rmsd <1.4 Hz, Fig. 4C) that is
approximately an order of magnitude smaller than the pre-
dicted RCSA range (—10 to 10 Hz). This suggests that all
of the measured RCSAs, including adenine C2 and CS8,
can be translated into useful “loose” structural constraints
even after accommodating some uncertainty in the CSAs.
Such uncertainty would also take into account potential
site-specific variations in the CSA. What makes nucleobase
RCSAs particularly attractive structural parameters is that
they provide constraints on the d;; principal direction
which is oriented normal to the base along a direction sel-
dom sampled directly by RDC interaction vectors, as
shown in the inset of Fig. 4C for TAR4312.

To illustrate the utility of RCSAs as structural con-
straints, we examined the range of cytosine and guanine
base orientations that are allowed by RDC and
RDC + RCSA measurements. For each case, a domain-

Fig. 5. Long-range constraints on the orientation of nucleobases from '*C RCSAs. Sauson—Flamsteed projection maps showing the RDC (in red) and
RDC + RCSA (in blue) allowed base orientations for (A) G36 (one RDC and one RCSA) and (B) C22 (two RDCs and one RCSA). The base orientations
are depicted relative to the order tensor PAS (S, S),, S..) derived for TAR4312 using RDCs (poles of map, depicted in green). Clustering of solutions
around the poles of the map implies agreement with the RDC validated A-form structures. The reduction in the spread of RDC solutions (in red) upon
inclusion of RCSAs (in blue) reflects how much better base orientations can be defined by RCSAs even in the presence of ~10-20% CSA uncertainty (see

main text).
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specific order tensor was derived using RDCs excluding
values belonging to the residue examined. Next, all allowed
base orientations were interrogated for their ability to back
calculate RDCs or both RDC + RCSAs. Base orientations
were accepted if the differences between the measured and
predicted RDCs (or both RDCs and RCSAs) were smaller
than a specified cut-off comprising errors in the measure-
ment (1.4 and 0.8 Hz for RDCs and RCSAs, respectively),
order tensor (£5% and +0.1 variations in GDO and 7,
respectively), and CSA tensor (+10%, +0.15, and £20°
variations in CSA,, 5, and @, respectively). The input
CSA parameters were centered around the RCSA-derived
values (RCSA, Table 1) but their uncertainty leads to CSA,
values that span those of DFT1, DFT2, and SS. Similar re-
sults were also obtained when centering the CSA parame-
ters around the DFT1 or SS values (data not shown). As
shown in Fig. 5A, a single C8-H8 RDC only partially re-
stricts the allowed orientations of the G36 nucleobase. This
is because in addition to the taco-shaped continuous distri-
bution of orientations [50], rotations about the C8-HS8
RDC bond vector itself are allowed leading to poor defini-
tion of the orientation normal to the base plane. Including
an orthogonal constraint from a single C8§ RCSA measure-
ment greatly helps reduce the allowed orientations even
after allowing for the aforementioned CSA uncertainty.
As would be expected, the orientational solutions cluster
closely around the poles of the map and hence orientation
of the base in the RDC-validated A-form structure. For
C22, the addition of a single C5 RCSA to two RDCs also
substantially restricts the allowed continuous orientational
solutions (Fig. 5B). Similar results were obtained for all
other C2, C5, C6, and C8 RCSAs when using any of the
mononucleotide CSAs and similar CSA uncertainty (data
not shown).

3. Conclusion

The RCSAs measured in TAR4312 argue that the CSA
magnitude (CSA,) of cytosine C5 in A-form RNA under
solution NMR conditions is larger than that previously
reported for mononucleotides. In contrast, the RCSAs
largely support the validity of the mononucleotide guanine
C8 CSA, value reported by solid-state NMR. Even after
allowing for substantial uncertainty in the CSAs (ca. 10—
20%), the RCSAs could be translated into useful long-
range base-centered orientational constraints. This is in
part because RCSAs provide constraints on directions
orthogonal to the base plane that are seldom sampled
directly by RDC vectors. Such constraints can in principle
be obtained from additional measurements of other nucle-
obase one bond and two bond RDCs [51-53]. However, at
the available magnetic field strengths, the field dependent
RCSAs are between 4 and 15 times larger in magnitude
and can be measured using sensitive NMR experiments
that do not require resolution of small multiplet compo-
nents. This will prove to be an advantage when studying
larger RNAs.
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