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Abstract

Determination of structure of RNA viaNMR is complicated in large part by the lack of a precise
parameterization linking the observed chemical shifts to the underlying geometric parameters. In
contrast to proteins, where numerous high-resolution crystal structures serve as coordinate
templates for this mapping, such models are rarely available for smaller oligonucleotides
accessible via NMR, or they exhibit crystal packing and counter-ion binding artifacts that
prevent their use for the chemical shifts analysis. On the other hand, NM R-determined structures
of RNA often are not solved at the density of restraints required to precisely define the variable
degrees of freedom. In this study we sidestep the problems of direct parameterization of the RNA
chemical shifts/structure relationship, and examine the effects of imposing local fragmental
coordinate similarity restraints based on similarities of the experimental secondary ribose **C/*H
chemical shifts instead. The effect of such chemical shift similarity (CSS) restraints on the
structural accuracy is assessed via residua dipolar coupling (RDC)-based cross-validation.
Improvements in the coordinate accuracy are observed for al of the six RNA constructs
considered here as test cases, which argues for routine inclusion of these terms during NMR-
based oligonucleotide structure determination. Such accuracy improvements are expected to

facilitate derivation of the chemical shift/structure relationships for RNA.
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I ntroduction

Biomolecular NMR plays an important role in structural studies of oligonucleotides, accounting
for approximately 40% of RNA-only models in the Protein Data Bank (PDB; Berman et a.,
2000). However, determination of RNA structure via NMR presents a number of challenges
compared to proteins. One of major contributors is the large number of variable torsion angles
(o, B, 7, 9, €, C, %) per nucleotide compared to the (¢,y) pair for each amino acid. Another is that
commonly used inter-proton distance restraints are less effective for the often elongated
oligonucleotide geometries. In protein NMR, structure definition challenges were ameliorated
via tight restraints on backbone dihedral angle from the experimental chemical shifts, in
combination with precise orientational restraints such as residual dipolar couplings (RDCs;
Tolman et al. 1995; Tjandra and Bax 1997) This approach led to the increase in coordinate
accuracy while also extending applicability to larger proteins (Raman et a. 2010). The caveat of
the procedure is the necessity of establishing precise relationship between the experimental
chemical shifts and three-dimensional coordinates. This challenge has been addressed via
knowledge-based analyses of chemical shifts from proximal sites, taking into account both
structural and primary sequence similarities, relying on extensive databases of high-resolution
protein crystal structures and curated complete sets of *H/**C/*®N chemica shifts. Modern
software tools are capable of backbone torsion angle prediction with precision and accuracy
approaching 10° (Hafsa et al. 2015; Shen and Bax 2013; Berjanski et al. 2006; Cheung €t dl.,

2010), with such restraints now nearly universal for NMR protein structure determination.

As chemical shifts represent one of the most readily accessible and precisely defined NMR
observables, similar developments would be advantageous for oligonucleotides. Coordinate-

based prediction of the RNA/DNA *H, **C and °N chemical shifts is indeed achievable via
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guantum chemistry tools (Fonville et al. 2012; Suardiaz et al. 2013; Sahakyan and Vendruscolo
2013; Victora et al. 2014; Swails et al. 2015; Jin et al., 2016). In complement, a number of semi-
empirical approaches have been developed using additive contributions of ring currents, local
magnetic anisotropies, and induced electric fields (Wijmenga et a. 1997; Suardiaz et al. 2013;
Sahakyan and Vendruscolo 2013), with applications for both validation and refinement of RNA
structures (Frank et al. 2013a; van der Werf et a. 2013; Sripakdeevong et a. 2014). Prediction of
the RNA 'H and **C chemical shifts from structure is also possible via machine learning
empirical methods (Frank et al. 2013b; Frank et al. 2014), with model validation applications.
Increases in the amount of RNA NMR data aso led to development of empirical chemical shift
prediction tools based solely on the primary sequence and the secondary structure (Barton et al.
2013; Brown et a. 2015, finding use for validation and automation of NMR resonance

assignments (Aeschbacher et al. 2013).
Chemical shiftsremain underutilized in NMR structural studiesof RNA

In light of the considerable body of work aimed at interpretation of the nucleic acids chemical
shifts, it could seem surprising that they were aimost never used quantitatively for determining
RNA structure. To a degree, the challenges of inverting the structure/chemical shift relationship
for RNA reflect high density of aromatic rings in nucleic acids and widespread occurrence of
chemical shift referencing imperfections (Aeschbacher et al. 2012). Ultimately, the main
challenge is severe shortage of accurate structural models that could be employed for chemical
shifts analysis. Out of approximately 240 RNA-only chemical shift datasets in the BMRB, fewer
than 10 can be associated with crystal structures in the PDB, in result limiting the analysis to
models determined via solution NMR. However, even though approximately 200 such

correspondences can be established from the BMRB and PDB databases, majority of those do
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not exhibit restraint density sufficient for precise specification of the variable torsion angles, with
average respective restraint uncertainties of approximately 30° In result, empirical RNA
structure-based chemical shift parameterizations so far have been optimized from sparse sets of
only 20-30 structures (Cromsigt et al. 2001; Frank et al. 2013b; Frank et a. 2014), compared to
the case of proteins with primary databases of up to 600 crystal structures and booster datasets
containing approximately 9,500 additional models (Shen and Bax 2010). In consequence, limited
accuracies of modeling both the ring current effects for the *H shifts and the torsion angle
dependencies of the *3C and *'P chemical shifts have been noted as factors adversely impacting

their use for structural analysis (Frank et al. 2013a; Brown et a. 2015; Swails et al. 2015).

Information contained in the NMR chemical shifts of RNA can be processed directly if

converted to structural similarity restraints

Considering the challenges of linking NMR chemical shifts with RNA structure, increasing
coordinate accuracy of the NMR-determined RNA models and, thus expanding the set of reliable
chemical shift/structure pairs, is an issue of utmost importance. Accuracy of the NMR-
determined structures can be readily assessed via RDCs due to their steep dependence on the
orientations of the respective inter-nuclear vectors (Simon et al. 2005). For the structures refined
against the RDC data, cross-validation statistics averaged over subsets of RDCs excluded from
the refinement (Clore and Garrett 1999) can be monitored via free Q- or R-factor metrics,
analogous to the free R-factors used in crystallography (Bringer 1992), allowing reliable

discrimination between closely related models (Chen and Tjandra 2011).

We explore an idea of directly exploiting patterns of chemical shifts smilarities to improve RNA
structural accuracy independently of any pre-established structure/chemical shifts relationships.

Specifically, we refine RNA structures applying pseudo-energy terms that enforce agreements
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between the internal coordinates of local fragments exhibiting similar **C/*H ribose chemical
shifts, in essence lowering the number of model’ s degrees of freedom according to the observed
chemical shifts. The accuracy of the resulting models can then be gauged against reference
calculations in which such terms are absent. The notion of a link between the similarity of the
oligonucleotide chemical shifts and the related structural parameters was originally expressed in
the NMR analysis of the Dickerson dodecamer B-DNA (Tjandra et al. 2000), and subsequently
used in a study of an A-form RNA helix (PDB deposition 2GBH; O’ Nell-Cabello et al. 2004).
This logic is aso the driving force behind TALOS programs for protein chemical shifts-based
torsion angle prediction (Cornilescu et a. 1999). Non-crystallographic symmetry (NCS) restraint
terms that can enforce fragmental similarities are commonly used for NMR refinement of
multimeric assemblies. However, they can be configured in a more flexible manner after removal
of source code safeguards restricting them to matching primary sequences. We set out to
determine whether introduction of the chemical shift-based fragment similarity restraints
produces consistent favorable effects on the RNA structural accuracy. As this approach does not
involve direct refinement against chemical shifts data, the resulting models would remain

perfectly appropriate for subsequent derivations of the chemical shifts/structure relationships.

To establish a set of test cases, we analyzed all of the approximately 90 NM R-determined
structures of RNA in the PDB that include ribose C-H RDCs among the deposited restraints,
selecting those associated with close-to-complete sets of **C and *H ribose chemical shiftsin the
BMRB. Our search yielded six systems. 36-nucleotide (nt) stem loop SL1 of HIV-1 (PDB code
IN8X; Lawrence et al. 2003), 23-nt stem-loop from Rous sarcoma virus (PDB code 1S34;
Cabello-Villegas et a. 2004), 32-nt stem-loop U6 from S. cerevisiae (PDB code 1XHP; Sashital

et al. 2004), 14-nt cUUCGgq tetraloop from 16S rRNA (PDB code 2KOC; Nozinovic et al. 2009),
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20-nt U2 snRNA stem | from S. cerevisae (PDB code 2033; Sashital et al. 2007), and the
complex between the 16-nt HIV TAR RNA and a 16-nt aptamer (PDB code 2RN1; Van
Melckebeke et al. 2008). These cases represent typical NMR-accessible size range while also
sampling RDC restraint densities from 0.7 RDCg/nt for IN8X to 4.5 RDCg/nt for 2RN1, aiming
to cover the majority of modern NMR-determined structures of RNA. Structure refinement
against the chemical shift data as done hereis applicable to the majority of NMR studies of RNA

and is thus expected to become a useful addition to the RNA structural biology toolbox.

Results and Discussion

Analysis of the database-deposited RNA chemical shifts reveals nucleotide type

dependencies and allows corrections for referencing and assignment imperfections

Chemical shifts-based structure analysis commonly involves corrections for the residue type
dependence, assuming additive contributions of the chemical bonding and the tertiary structure
effects. Such “secondary” chemical shifts are naturally formulated for RNA setting the canonical
A-form as the reference state. Therefore, we have determined the average *H/**C ribose chemical
shift values for each of the four common RNA nucleotide types from the BMRB-deposited data.
Our analysis was restricted to the A-form Watson-Crick paired bases similarly flanked on both
sides. In agreement with earlier assessments (Aeschbacher et al. 2012), we find approximately
40% of the RNA-only chemical shift data sets in the BMRB mis-referenced in the carbon
dimension. In line with earlier recommendations, we have corrected the **C data using the 5’ -GG
and 3'-CC ribose marker chemical shift patterns when such corrections were consistent within

10%. We have also swapped the 2'/3' assignments for a small fraction of sites that exhibited

Lawrence 7


http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on March 9, 2023 - Published by Cold Spring Harbor Laboratory Press

C,'ICs' resonance flips. For the RNA Hs'/Hs" chemical shifts reported in the BMRB, only 30%
correspond to the resolved stereo-specifically assigned pairs. This subset forms two clusters in
the 3.9 - 4.7 parts per million (p.p.m.) range, indicating possible stereo-misassignments
(Supplemental Fig. S1). Approximately two thirds of such resonance pairs with 'H shifts
differing by more than 0.35 p.p.m. constitute the dominant downfield/upfield Hs'/Hs" cluster. In
light of this likely stereo-ambiguity, the analyses were carried out for the downfield and upfield
5’ proton signals instead. Chemical shifts data for the A/G/C/U nucleotides selected according to
the above criteria were further subjected to two cycles of outlier removal outside of three
standard deviations. The resulting accumulated statistics are reported in the Table 2. As
expected, substantial nucleotide type dependence is exhibited by the 1’ sites, with approximately

1 p.p.m. and 0.3 p.p.m differences between the C,’ and H,' shiftsin purinesvs. pyrimidines.

Patterns of the Cs' chemical shifts support differences in strengths of the purine and the

pyrimidine C-H... Os" hydrogen bondsin A-RNA

Dependence of the C/H shifts on the nucleotide type gradually decreases from the 1' to the 4’
sites, consistent with the increasing distances to the nucleobases and the diminishing chemical
bonding and ring current effects. Surprisingly, Cs' resonances exhibit purine/pyrimidine
differences nearly equaling those observed for the C,’ sites, while Hs'/Hs" chemical shifts show
little nucleotide type dependence. We propose that this phenomenon reflects shorter and stronger
intra-nucleotide Cs-He...Os'-Cs' C-H/O hydrogen bonds for the A-RNA pyrimidines compared to
the Cg-Hsg...Os-Cs' hydrogen bonds in purines. NMR evidence for such purine/pyrimidine
differences was previously suggested based on the marked differences between the chemical
shift tensors for the Cg and Cg base sitesin A-RNA vs. B-DNA (Ying et al. 2006). Shortening of

the pyrimidine He...Os' distances in A-RNA compared to the purine Hs...Os' is apparent from
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the analysis of crystal structures as well, becoming more pronounced with increasing resolution
of the diffraction data (Supplemental Figure S2). Therefore, our observation of Cs'
purine/pyrimidine chemical shift differences can be considered supporting evidence of the
systematic differences in the corresponding C-H...O hydrogen bonds observable via the Os'- Cs’

sites.

Analysis of the nucleotide-type corrected chemical shifts for the six tested RNA constructs

produces significant number s of novel fragmental similarity restraints

Raw ribose *C/*H chemical shifts for the six tested RNA constructs were corrected for the
nucleotide type dependence as specified in Table 2. Pair-wise similarities of the resulting
secondary chemical shift vectors were calculated according to the Eq. 1 with the oo parameter set
to 1.0, placing emphasis on carbon data's decreased dependence on the inter-residue ring
currents. Nucleotide-type corrected chemical shift smilarity maps for the tested RNA constructs
are shown in Fig. 1. The active NCS restraints were selected as those below the CSS threshold of
0.2 p.p.m., compared to the maximum observed CSS values of 0.8 p.p.m. — 3.3 p.p.m. The
majority of the CSS-paired sites with similar local geometries involve canonical Watson-Crick
base-paired nucleotides (Fig. 2). Overall, selected sets of similarity restraints include a small

fraction of all possible nucleotide pairsin the sequences, ranging between 2% and 7%.

Using the structure of the UUCG tetraloop as an example (PDB entry 2KOC), the following
nucleotides are pared up based on the smilarity of the secondary chemical shifts (see
Supplemental Fig. S3): 3/4, 3/11, 3/12, 3/13, 4/11, 4/12, 4/13, 11/13, and 12/13. These pairings
enforce close geometric similarities within a cluster of nucleotides including 3, 4, 11, 12, and 13
(see Supplemental Fig. S3 and Fig. 2). Compared to the ~0.1 p.p.m. r.m.s. deviations between
the secondary chemical shifts within this cluster, all of the remaining nucleotides exhibit unique
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patterns of chemical shifts differing by as much as 3.3 p.p.m. r.m.s. As they are determined by
the chemical connectivity, these patterns need to be subtracted from the chemical shifts data in

order to reveal the structural effects we are aiming to capture.

Reference calculations excluding chemical shift similarity restraints suggest variation of
structural accuracy depending on the density of NMR restraints and the extent of

conformation dynamics

The initial rounds of reference calculations against the distance and the torsion angle restraints
starting from the PDB-deposited coordinates for the six test cases produced structures exhibiting
poor agreement with the excluded RDCs (Q-factors of 0.7-1.4). Such results are generally
representative of the NOE-based models (Bax and Grishaev 2005), and demonstrate that the
preparatory simulation stages accomplish their purpose. Refinements including RDC restraints
for the reference sets of calculations without the chemical shifts-based NCS terms resulted in
structures exhibiting lower free Q-factors ranging between 0.78 for the loop domain of 1S34 and
0.37 for 2RN1 (Table 3). High average Qe for the 1S34 loop relative to the respective value of
0.59 for the stem, as well as the two-fold difference between their Qs; values are consistent with
previous findings of the loop’s increased conformational dynamics (Cabello-Villegas et al.
2004), suggesting inadequacy of the single-structure representation for this part of the construct.
The difference between the eigenvalues of the alignment tensors for the stem and loop domains
of 1S34, with the respective magnitudes and rhombicities (Da/R) of -16.8 Hz/ 0.47 and -13.1 Hz
/ 0.55, is consistent with conformational variability of the interfacial flip-out base of A7. Aside
from the 1S34 entry, cross-validation statistics of the reference NCS-free structure calculations
appear fairly uniform with the free Q-factors ranging from 0.37 to 0.52. Among the two best

cross-validating entries, 2KOC and 2RN1, the former is characterized by an exceptional density
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of high-precision torsion angle restraints derived from an extensive set of cross-correlated spin
relaxation rates and homo- and hetero-nuclear scalar couplings, while the latter exhibits the
highest density of the fitted 1-bond C-H RDCs (4.2 per nt) of all tested cases. These observations
suggest that RNA coordinate accuracy is correlated with the ratio of the number of NMR

observables to the number of the degrees of freedom necessary to describe the structural model.

Introduction of the chemical shiftsbased similarity restraints significantly improves

structural accuracy as measured via residual dipolar coupling cross-validation

Except for the loop domain of the 1S34 entry, introdusction of the CSS-based restraints brings
substantial improvement in cross-validation statistics with relative decreases in Qe ranging
between 14 % and 38 %, and ending with the free Q-factors varying between 0.31 and 0.45 (Fig.
3; Table 2). Negligible cross-validation improvement for the 1S34 loop domain likely reflects
low density of CSS-based restraints acting upon it (one out of six total). In addition to the
previously noted well-cross-validating 2KOC and 2RN1 constructs which, with NCS restraints
included, exhibit free Q-factors of 0.26 and 0.32 respectively, IN8X and 1XHP now also cross-
validate with low Qree values of 0.34. Significant accuracy improvements in these cases are
likely aided by particularly high numbers of close chemical shift matches and the corresponding
active CSS restraints (see Table 1). Application of the CSS-derived pairwise NCS terms leads to
effectively identical geometries for the corresponding nucleotide pairs (coordinate r.m.s.d. values
below 0.01 A). Superimposed structures calculated with and without CSS restraints are shown in

Supplemental Fig. S5.

Comparison of the empirical validation parameters for the structures refined with and without the
CSS-derived geometric similarity terms (Supplemental Table S3) indicates that the predominant

effect of enforcing the CSS lies in improvement of the fraction of nucleotide “suites’” within
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well-recognized rotameric states (Williams et al. 2018; Murray et al. 2003). Clash statistics
remain largely unchanged, dominated by the specifications of the non-bonded force field and the
overall quality of the experimental distance restraints. Similarly, no systematic changes are

observed for the coordinate precision.

CSS restraints act to limit the number of the degrees of freedom in the RNA structural

model in agreement with the experimental chemical shifts

Improvement of the RNA coordinate accuracy with the introduction of the fragment similarity
restraints suggests that restriction of the models degrees of freedom in this manner reflects real
responses of chemical shifts to the structural changes. These observations are consistent with
early analyses of the effect of NCS restraints on the structural accuracy of medium-resolution
protein crystal structures (Kleywegt and Jones 1995). Application of the chemical shift-based
similarity restraints is straightforward and comes with no additional experimental or
computational costs, as any NMR-based structure analysis implies chemical shift availability.
Moreover, poor ribose chemical shift dispersion that generally complicates formulation of the
NMR restraints becomes an advantage with this approach, as it increases the number of
enforceable close chemical shift matches. Since the NCS-based restraints involve similarities
rather than the specific chemical shift values, the resulting structures remain appropriate for
studying chemical shifts/torsion angles relationships, simply representing more accurate variants
of the original models. As the procedure used for obtaining the similarity restraints compares
chemical shifts within the same spectral dataset, it is unaffected by any possible imperfections of
the absolute chemical shift referencing or pulse sequence effects, again facilitating its routine

use. The price for this simplicity of application is the necessarily limited amount of information
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associated with such chemical shift processing, when compared to direct mapping of the

chemical shiftsto thetorsion angles currently achievable for proteins.

Further improvements of structural accuracy are likely achievable with expanson and

continued curation of the BMRB, the public database of RNA chemical shifts

Interpretation of the RNA chemical shifts through the proximal torsion angles as done here
neglects the impact of the remote nucleobases. Earlier studies concluded that such effects are
generally small for the ribose carbon sites (Frank et a. 2013b), while dependences of the ribose
'H shifts on types of the neighboring nucleotides are certainly possible (Barton et al. 2013).
Indeed, ribose H;" and H," sites (PDB nomenclature) are positioned closest to the bases of their
3’ or 5 neighbors in A-RNA. However, inspection of the sites included in the CSS-based
restraints reveals that their Hy' atoms are generally located 5-6 A away from the centers of the
nearest aromatic rings of their 5' neighbors, relatively far considering the r distance dependence
of the ring current terms. This observation is consistent with earlier findings of independence of
the Hy' shifts on the nature of both 3" and 5’ neighboring basesin A-RNA (Cromsigt et al. 2001).
On the other hand, Hy" sites in the NCS-restrained residues are positioned approximately 3A
from the centers of their 3' neighboring nucleobases and could be impacted by the corresponding
ring currents. Earlier studies, however, have not identified clear correlation of the Hy" shifts with
the nature of the 3' neighbors in A-RNA (Cromsigt et al. 2001, Barton et al. 2013). Fine-tuning
of the CSS terms to suppress these effects should be possible via additional corrections of the

reference state chemical shifts for the nearest neighbor effects.
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As demonstrated by the results for IN8X and 1XHP entries, increases in the density of the CSS
restraints likely bring additional improvements in the structural accuracy. The general idea of the
approach outlined here offers ample potential for further development, such as further fine-
tuning of the contributions of the individual carbon and proton sites within the CSS score. We
also propose that the CSS-based restraints may be applicable even between independently
refined congtructs, similar to the manner they were used here for the two domains of 1S34.
Refinement of a cluster of RNA structures linked by the CSS restraints would be a novel concept
that has not been previously considered in biomolecular NMR. A significant advantage of this
approach is that it could bring additional increases in the density of the active CSS-based
restraints proportionally to the number of structures within the co-refined set. Since the CSS-
based strategy relies on detection of close chemical shift matches, development of the inter-
construct fragmental similarity restraints would require establishing precise chemical shift
referencing for the separate entries, as well as corrections for small effects brought by pulse
sequence variations (Aeschbacher et al. 2012; Brinson et a. 2019). For the six test cases
considered here, ribose 'H chemical shifts are consistent with BMRB statistics. In contrast, two
of the studied constructs — IN8X and 1XHP exhibit sizeable shifts in ribose *°C referencing, in
agreement with earlier findings (Aeschbacher et al. 2012; Frank et al. 2013b). For the 1XHP
entry, the offset appears correctable as the five ribose carbon resonance types are shifted by
similar amounts (2.6 p.p.m. — 1.9 p.p.m.). In contrast, resonance offsets of the five ribose carbon
types for IN8X are not consistent as they range between 6.2 p.p.m. and 13.7 p.p.m., thus
precluding data re-referencing. This issue does not impact restraint generation as carried out in
this study, but would need to be addressed before any joint analysis of the chemical shifts data

can be performed. The strategy outlined here does not appear directly extendable to the **C/*H
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chemical shifts of the nucleobases due to a complex interplay of the effects of the nearby
aromatic ring systems. However, structural accuracy improvements resulting from application of
the ribose CSS terms coupled with better descriptions of the base-base and base-backbone
interactions may facilitate better empirical parameterization of the ring currents, opening up a

way towards more routine use of the nucleobase chemical shiftsin RNA structure determination.

Future avenues for improvement include better characterization of lower-populated

conformers

Even with the improved structural accuracy brought by the CSS restraints, derivation of the
torsion angle/chemical shifts mapping for RNA is expected to be challenging. Variation of the
torsion angles within the main A-form rotamer that encompasses 75% of the nucleotides is
limited (r.m.s. of 8° or less for the main chain torsions and 3° or less for the ring torsions in sub-
2.7A resolution RNA crystal structures in the PDB). Such tight definition of the major rotameric
cluster (3'emmtp3' in the d;.1/€i.1/Ci-1/ou/Bilyi/&; suite notation of Murray et al. 2003) would require
very high precison of chemical shift modeling in order to yield non-trivia structural restraints;
however, this analysis may be aided by the large fraction of data included in it. Ribose *H/**C
chemical shifts are likely to be more informative for separating the discrete RNA backbone
rotamers, in which case the main challenge is the low population of such states relative to the
dominant A-form. The small number of suitable RNA constructs considered in this study does
not alow for making conclusions regarding the mapping of the chemica shifts to structural
parameters; however, we can evaluate sensitivity of the secondary chemical shiftsto variation of

thelocal structure.

Analysis of the ribose secondary **C shifts for the two best-cross-validating constructs (2KOC
and 2RN1) reveals that one third of the outliers constitute 3'- or 5'- termina nucleotides,
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associated with chain termination effects and likely increased conformational dynamics
(Cromsigt et al. 2001). Canonical A-form nucleotides with ribose secondary **C chemical shifts
near zero exhibit tight clustering with standard deviations from 0.1 p.p.m. to 0.6 p.p.m. In order
to investigate structural origins of the remaining outliers, we have carried out structure
refinement with active CSS terms while fitting all experimental NMR restraints for the 2KOC

and 2RN1 constructs, followed by the torsion angle analysis.

For the 2KOC construct, non-termina ribose secondary chemical shift outliers are observed for
nucleotides U7-G10 (Supplemental Fig. S3), corresponding to the last three nucleotides of the
UUCG tetraloop and the 3’ -flanking Watson-Crick base-paired G10. Considering tight definition
of the respective backbone torsion angles (Supplemental Table S1), chemical shift deviations
from the values typical for the A-form RNA reflect the 3'emttp2’, 2'emmtp2’, and 2'epptt3’
rotamers of the three torsion angle suites within the tetraloop (Murray et al. 2003). C,-endo
pucker of the nucleotides U7 and C8 is thus associated with upfield 4-5 p.p.m shifts for the Cy/,
downfield 5-8 p.p.m. shifts for the C3', and downfield 2-5 p.p.m. shifts for the C4’ resonances. C,'
resonances are least affected by the unusual rotamers of the UUCG tetraloop, with 2 p.p.m.
downfield secondary shifts for C8 and G9, while Cs' resonances exhibit fairly uniform downfield
secondary shifts of 3-4 p.p.m. for U7-G10. These outlier **C chemical shifts are also expected to
reflect altered base stacking and unusual glycosidic x torsions suggesting that ribose B3¢
resonance positions respond to RNA backbone rotamer switches in a complex and coordinated
manner, which would likely preclude ssimple analysis of the isolated torsion angles based on

small contiguous clusters of local chemical shifts.

For the 2RN1 construct, non-terminal secondary ribose **C chemical shift outliers are observed

for the nucleotides C5-U7, G20-C23, and G27 (Supplemental Fig. $4). Out of these, stretches

Lawrence 16


http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on March 9, 2023 - Published by Cold Spring Harbor Laboratory Press

C6-U7 and G21-C23 make up the domain interface of the TAR-TAR* GA kissing complex. The
original report of the 2RN1 structure (Van Melckebeke et al. 2008) highlighted the unusual C,'-
exo pucker for A11 and G21, as well as the C;'-endo pucker for G20, with the rest of the non-
terminal sites confined to the common Cj3'-endo conformation. Analysis of the structure bundles
generated with the CSS restraints indicates that, rather than corresponding to the unusual but
precisaly determine pucker states, nucleotides C5-C6, A11-G12, G21-U22, and A28-29 exhibit
greatly increased backbone torsions angle uncertainties (Supplemental Table S2). Inspection of
the corresponding torsion angle restraints reveals that all of these sites are associated with either
completely unrestrained o, B, and vy torsions, or their restraint uncertainties of approximately
+100° (G6, G12, G20-U22, A28-C29). Compared to the remaining £30° torsion angle restraints
representing the canonical A-RNA conformation, these omissions were meant to allow greater
conformational freedom for both the non-canonical G21-A28 base pair and the interface between
the TAR and TAR*GA domains. However, the resulting decreased structural precision near
these sites complicates the analysis of the nearby unusual chemical shifts. On the other hand,
structure/chemical shifts analysis for 2RN1 highlights two discrepancies that appear readily
addressable. Nucleotide U7 belongs to the canonical A-form suite 3'emmtp3’, inconsistent with
its extreme ~12 p.p.m. downfield C4' resonance and warranting further investigation. Similarly,
nucleotide G12, while poorly defined structurally as stated above, displays ribose chemical shifts
entiredly consistent with the canonical A-form rotamer 3'emmtp3’. These examples highlight
benefits attainable with closer integration of the RNA chemical shifts data in structure

refinement.

Concluding Remarks
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We propose routine use of the chemical shifts-based fragment similarity restraints described here
in all structural studies of RNA using solution NMR data. Such applications are best performed
while monitoring cross-validation statistics, most straightforwardly accomplished in cases when
RDC restraints are available. Keeping in mind that one of the payoffs of the better accuracy of
the NMR-derived RNA models is the possibility of improved NMR structure-based mapping
between the torsion angles and the chemical shifts, further applications can be selected from
approximately ninety structures of RNA constructs in the PDB that include RDCs as deposited
restraints. Such study would require access to the corresponding datasets of chemical shifts,
approximately 40% of them not deposited to the BMRB, and a joint effort of the RNA NMR
community. The strategy outlined in this study readily lends itself to a number of extensions
outlined above, paving a way towards better integration of experimental ribose and nucleobase

chemical shiftsin the RNA structure determination.
M ethods

Ribose **C and *H chemical shifts corresponding to the PDB depositions 1N8X, 1534, 1XHP,
2KOC, 2RN1, and 2033 were obtained from the BMRB database (entries 5773, 6062, 6320,
5705, 11014, and 15080, respectively). RNA-only data entries deposited to the BMRB were also
analyzed to construct the nucleotide-type specific chemical shift distributions for the ribose H,/,
H.", H3', Hy', Hs', Hs", Cy, Cy', C3', C4', and Cs' sites based on the data recorded at temperatures
between 15°C and 35°C. In total, the assembled set included 537 A, 781 G, 577 C, and 548 U
nucleotides from the 78 entries listed in the Supplementary Information section. Raw ribose
chemical shifts for the six tested RNA constructs were corrected for the residual systematic

differences between the nucleotide types calculated from the BMRB-extracted statistics. The
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agreement between the vectors of such secondary proton and carbon ribose chemical shifts was

guantified for all nucleotide pairs viathe chemical shift smilarity (CSS) index:

NlH N13C

2. (287 2 (w85
CSS=4= = (1)
NlH +N13C

where Ny and Nisc are the numbers of *H and *3C ribose chemical shifts of the same type

reported for both nucleotides within a given pair, Ad values denote the differences between the

respective secondary chemical shifts, and the factor o balances the impact of the *H and *C data.
Nucleotides at the 3' and 5’ chain ends were excluded from the CSS index evaluation due to
differences in chemical bonding and base stacking, as well as likely increased conformational
dynamics that would preclude their representation by a single conformation. In cases when Hs'
and Hs" resonances were reported as unambiguously assigned, their chemical shifts were used as
deposited. Otherwise, the shifts were flipped to result in the downfield Hs' and the upfield Hs".
Nucleotide pairs with the lowest CSS scores were selected for application of the respective

similarity restraints viathe NCS terms.

RNA structure refinements were carried out with the experimental NMR distance, torsion angle,
and RDC restraints associated with the PDB depositions IN8X, 1S34, 1XHP, 2KOC, 2RN1, and
2033. The most precise 1-bond C-H and N-H RDC restraints were split into multiple exhaustive
sets of fitted and cross-validated couplings (Table 1). In the cases when the experimental RDCs
included less precisely determined coupling types, the corresponding restraints were fitted but
not cross-validated against, with the corresponding fit force constants scaled down to reflect their
higher uncertainties. Such examples included 1-bond base and ribose C-C RDCs for the 1S34

entry, 1-bond C-C and 2-bond C-H base RDCs for the 2033 entry, and lower-precision 1-bond
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C-H RDCs for the 2RN1 entry (see Table 1 for details). Flexible linkage of the stem and loop
domains previously noted for the 1S34 entry (Cabello-Villegas et a. 2004) necessitated
refinement with separate alignment tensors fitted to the two domains and resulted in their

independently evaluated cross-validation statistics.

Xplor-NIH (Schwieters et al. 2003; Schwieters et al. 2006) and CNS (Bringer et al. 1998)
software packages were used for all structure refinements with source code modifications
allowing for (i) the continuous SVD fit of the fully variable 5-parameter alignment tensors
during the refinement against the RDC restraints, and (ii) the application of the NCS restraints
between the nucleotides of differing types. The empirical force field employed in the structure
refinement included harmonic terms for bonds, angles, and chirality-specifying improper
dihedrals, as well as quartic repulsive-only terms representing non-bonded interactions with the
atomic radii multiplier of 0.9 and the force constant of 4 kca A* M™. Simulated annealing
protocols included 500 ps of variable-step torson angle molecular dynamics with the
temperature linearly ramped down from 1000 K to 1 K, followed by 100 steps of Powel energy
minimization. The master RDC force constants for the most precise 1-bond C-H RDCs were
ramped up geometrically during simulated annealing starting from 0.01 kcal Hz? M™ to the final
values that matched RDC fit qualities for the respective PDB-deposited structures. NCS force
constants for each nucleotide pair exhibiting lowest CSS scores were set inversely proportional
to the corresponding CSS values, enforcing closer geometric agreement for the pairs with more
similar chemical shifts. In all cases, the original structures deposited into the PDB were first
subjected to 1-ns rounds of smulated annealing that only included distance and torsion angle
restraints with the temperature linearly decreased from 1000 K to 1 K. This stage was necessary

to ensure removal of the residual effect of the fitted RDCs that could otherwise favorably bias
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cross-validation statistics. The resulting structures served as inputs for the simulating annealing
refinements against multiple sets of fitted RDCs, performed either with or without the CSS-based
NCS terms. In the cases where complete sets of 1'-5' ribose *H/**C chemical shifts were reported
for a given nucleotide pair, NCS restraint terms between purines and pyrimidines were applied to
the entire ribose rings, Cs', Os', and P atoms, or to the sets of atoms additionally including base
C4/N3/Cg/Hg or Cy/O./Cg/Hs for the purine/purine, or the pyrimidine/pyrimidine pairs,
respectively. The former cases corresponded to the similarity restraints acting on the backbone
torsion angles only, while the latter additionally included the glycosidic y torsions, capturing the
effects of the nucleobase orientation on the ribose *H/**C chemical shifts. In cases when
Cs'/Hs'Hs" chemical shifts were not reported for at least one of the paired nucleotides, P atoms
were removed from the corresponding NCS terms. Similarly, when neither Cs'/Hs'/Hs" nor
C4'/H,4' chemical shifts matches could be evaluated for a given nucleotide pair, both Os' and P
atoms were removed from the NCS term. The above-defined NCS term atom selections are

illustrated in Supplemental Fig. S6.

RDC values in each cross-validated set were predicted from the final structures using the
alignment tensors determined from the fitted RDC set. Cross-validation statistics are reported via

free Q-factors calculated as

1 Nxval i i
\/N z (RDvaaI,obs-RDvaa,pred)2
eree — xval i=1 (2)

4+3R?
[Dagly g™

The numerator of the expression contains the sum over the cross-validated (inactive) set of RDCs

with the predicted values calculated from the alignment tensor fitted to the active RDCs, and the
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denominator — the corresponding magnitude Da;; and rhombicity Ry Fitted and free Q-factor
statistics are reported as the averages and the uncertainties of the averages over the multiple sets

of fitted/cross-validated RDCs used for each entry.

Supplemental Material includes the list of RNA entries from BMRB used for extraction of the
chemical shift statistics (Supplementa_Text.pdf), distributions of the backbone torsion anglesin
the entries 2KOC and 2RN1 with the structures refined against the CSS-based terms and all RDC
data fitted, structure statistics for the models refined with and without the CSS terms
(Supplemental_Table S1.pdf, Supplemental Table S2.pdf, and Supplemental Table S3.pdf,
respectively), clustering of the stereo-specifically assigned Hs' and Hs" chemical shifts from the
BMRB datistics (Supplementary Fig S1.pdf), distributions of the nucleobase/backbone C-
H...O hydrogen bond donor/acceptor distances in the crystal structures of RNA in the PDB
(Supplemental_Fig_S2.pdf), the secondary chemical shifts of the ribose carbon sites in the
2KOC and 2RN1 entries (Supplementa Fig S3.pdf and Supplementa Fig $4.pdf,
respectively), overlays of the structures calculated with and without the CSS-based terms
(Supplemental_Fig_S5.pdf), and illustration of the atom sets used for specification of the NCS

terms (Supplemental_Fig_S6.pdf).
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TABLE 1. Data summary for the test systems considered in this study.

PDB Total Total Fitted Fitted Lower- Fitted Fitted Number of Number of
ID nts 1-bond 1-bond lower- precision distance dihedral CSSbased  fitted/ cross-
C-H C-H precision  RDCtypes restrainty angle similarity validated
RDCgnt  RDCs/nt RDCs/nt nt restraints/nt restraints RDC sets
IN8X 36 0.72 0.67 N.A. N.A. 10.6 33 45 13
1S34 23 3.61 3.17 1.04 1-bond C-C 18.4 4.3 6 8
1IXHP 32 2.38 222 N.A. N.A. 15.7 7.6 25 15
2KOC 14 2.07 2.00 N.A. N.A. 18.4 119 6 29
1-bond C-C,
2033 20 2.95 2.65 0.55 24.7 6.2 13 10
2-bond C-H
2RN1 32 2.78 2.50 1.69 1-bond C-H 14.2 5.3 13 10
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TABLE 2. Average chemical shifts in p.p.m. for the A-form A/G/C/U nucleotides. Statistics

were extracted from the RNA data deposited at the BMRB.

Nt C' C/ C; GC/ G HY Hy Hy Hy Hs/Hs' He/Hy'
type upfield  downfield
A 0205 7565 7283 8213 6520 593 459 458 447 413 449
G 9284 7545 7291 8211 6575 574 456 451 448 412 445
C 9394 7554 7235 8204 6459 552 440 442 440 406 450
U 9364 7547 7245 8222 6462 553 443 447 444 408 451
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TABLE 3. RDC fit and cross-validation statistics for the tested RNA constructs.

PDB ID Qrit without Qritwith  Qgee Without  Qfree With
similarity similarity similarity similarity
restraints restraints restraints restraints

IN8X 0.009+0.001 0.037+0.004 0.474+0.045 0.344+0.046

1S34-stem  0.028+0.001 0.028+0.001 0.593+0.050 0.374+0.030

1S34-loop 0.056+0.006 0.059+0.007 0.779+0.113 0.762+0.087
1XHP 0.025+0.001 0.033+0.001 0.480+0.048 0.345+0.034
2KOC 0.047+0.001 0.047+0.004 0.419+0.078 0.261+0.047

2033 0.116+0.007 0.109+0.004 0.516+0.067 0.440+0.059

2RN1 0.036+0.001 0.038+0.001 0.373+0.052 0.320+0.036
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FIGURE LEGENDS

FIGURE 1. Inter-nucleotide CSS maps for the six tested RNA constructs. Progression of colors
from red to blue corresponds to the CSS values increasing from 0.07 p.p.m. to 0.40 p.p.m.

Nucleotide ID numbers match those in the corresponding PDB depositions.

FIGURE 2. Schematic representation of the location of the CSS-related nucleotides within the
tertiary structures of the six tested constructs. Lowest-scoring CSS scores corresponding to the

active NCS restraints are highlighted in red.

FIGURE 3. The impact of the CSS-based restraints on the RDC cross-validation statistics

(average free Q-factors) for the tested RNA constructs.

Lawrence 32


http://rnajournal.cshlp.org/
http://www.cshlpress.com



http://rnajournal.cshlp.org/
http://www.cshlpress.com

1XHP

1834

1N8X

2RN1

2033

2KOC


http://rnajournal.cshlp.org/
http://www.cshlpress.com

Qfree

0.8

0.6

0.4

0.2

0.0

B without CSS restraints
H with CSS restraints

1N8X 1S34 1S34 1XHP 2KOC 2033 2RN1
stem loop


http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on March 9, 2023 - Published by Cold Spring Harbor Laboratory Press

@ RNA

A PUBLICATION OF THE RNA SOCIETY

Chemical shifts-based similarity restraints improve accuracy of RNA
structures determined via NMR

Chad Lawrence and Alexander V. Grishaev

RNA published online September 11, 2020

Supplemental  http://rnajournal.cshlp.org/content/suppl/2020/09/11/rna.074617.119.DC1
Material

P<P  Published online September 11, 2020 in advance of the print journal.

Accepted  Peer-reviewed and accepted for publication but not copyedited or typeset; accepted
Manuscript manuscript is likely to differ from the final, published version.

Creative This article is distributed exclusively by the RNA Society for the first 12 months after the
Commons full-issue publication date (see http://rnajournal.cshlp.org/site/misc/terms.xhtml). After 12
License Mmonths, itis available under a Creative Commons License (Attribution-NonCommercial

4.0 International), as described at http://creativecommons.org/licenses/by-nc/4.0/.

Email Alerting Receive free email alerts when new articles cite this article - sign up in the box at the
Service top right corner of the article or click here.

” ”1 11 Providing Precise Solutions for %’ SA

your research. IENTIFIC

To subscribe to RNA go to:
http://rnajournal.cship.org/subscriptions

Published by Cold Spring Harbor Laboratory Press for the RNA Society


http://rnajournal.cshlp.org/content/suppl/2020/09/11/rna.074617.119.DC1
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://rnajournal.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by& saveAlert=no&cited_by_criteria_resid=rna;rna.074617.119v1&return_type=article&return_url=http://rnajournal.cshlp.org/content/early/2020/09/11/rna.074617.119.full.pdf
http://rnajournal.cshlp.org/cgi/adclick/?ad=57175&adclick=true&url=https%3A%2F%2Fwww.usascientific.com%2F%3Futm_source%3DCSHL%26utm_medium%3DeTOC%26utm_campaign%3DCSHL_pipette%26utm_id%3DCSHL
http://rnajournal.cshlp.org/subscriptions
http://rnajournal.cshlp.org/
http://www.cshlpress.com

