Science Advances

RAVAAAS

advances.sciencemag.org/cgi/content/full/6/41/eabc6572/DC1

Supplementary Materials for

Solution NMR readily reveals distinct structural folds and interactions in doubly
13C- and °F-labeled RNAs

Owen B. Becette, Guanghui Zong, Bin Chen, Kehinde M. Taiwo, David A. Case, T. Kwaku Dayie*

*Corresponding author. Email: dayie@umd.edu

Published 7 October 2020, Sci. Adv. 6, eabc6572 (2020)
DOI: 10.1126/sciadv.abc6572

This PDF file includes:

Supplementary Materials and Methods
Figs. S1to S6

Tables S1 to S3

References



Supplementary Materials and Methods:

RNA in vitro transcription. All RNAs were prepared by in vitro transcription with the following
components: 40 mM Tris-HCI (pH 8.3), 1 mM spermidine, 0.01% Triton X-100, 80 mg/mL PEG, 0.3 uM
template DNA, 0.3 uM T7 promoter DNA, 25 U thermostable inorganic pyrophosphatase (NEB), and 0.1
mg/mL T7 RNA polymerase. HIV-2 TAR RNAs were synthesized in 10-mL reactions with 5 mM NTPs
and 6 mM MgCl, while hHBV € RNAs were prepared in 15-mL reactions with 7.5 mM NTPs and 9 mM
MgCl. All RNAs were transcribed and purified as previously described (3,4). Final NMR buffers were
as follows: HIV-2 TAR: 10 mM Na3PO4 (pH 6.5), 150 mM NacCl, 0.02% NaN3, 0.1 mM DSS, 100%
2H,0; hHBV &: 10 mM NasPOs (pH 6.5), 0.02% NaNs3, 0.1 mM DSS, 100% *H>O. Prior to NMR analysis,
RNAs were denatured at 95 °C for 2 min then annealed by snap cooling on ice. RNA concentrations were
approximated by UV absorbance using extinction coefficients of 387.5 mMcm™ for HIV-2 TAR and
768.3 mMem! for hHBV &. All RNA concentrations were > 0.5 mM in ~ 300 uL.

Thermal melt analysis. We collected thermal melting profiles for both wildtype (WT) and 5-
fluorouridine (SFU) substituted HIV-2 TAR and hHBYV ¢ as previously described (6, 24). Briefly, RNAs
were diluted to ~ 1 uM in 10 mM sodium cacodylate (pH 6.5) or 10 mM sodium cacodylate (pH 6.5) and
150 mM NacCl, for hRHBV ¢ and HIV-2 TAR, respectively. All RNAs were pre-annealed by heating at 95
°C for 2 min then snap cooled on ice. The absorbance at 260 nm was measured upon heating from 4 to 95
°C with a ramp speed of 1 °C/min and data collection every minute. The thermodynamic parameters for
unimolecular folding, AH, AS, and Tw, were determined by fitting the raw melting profiles to the following
equation (25):

A?—Ag+(mt—mb)T

Equation1 A(T) = A} + m,T + S

1+eRT R
where Api and my are the y-intercept and slope for the bottom/top baseline. We assumed that the RNA’s
heat capacity did not change upon melting.

Electronic structure calculations. Calculations were carried out on 1-methyl-uracil and 5-fluoro-1-
methyl uracil, using geometries optimized at the MP2/ccpVTZ level of theory. Chemical shielding tensors
were computed (with GIAO orbitals) at the Hartree-Fock and MP2 levels, as well as with a "pure" density
functional (OLYP, (26)) and a "hybrid" model (PBEO, (27)) that includes 25% of Hartree-Fock exchange.
The pcSseg-2 basis, which is optimized for chemical shielding calculations (28), was used for calculations
of the shielding tensors. To test basis set convergence, the calculations other than MP2 were repeated at
the pcSseg-3 basis set level. All calculations used the Gaussian-16 program (29).

The symmetric part of the shielding tensor was diagonalized to obtain principal shielding components;
principal components for a traceless shift tensor are reported as d11 = oiso - 11, etc., where Giso 1S one-
third the trace of the shielding tensor. Shift tensors are ordered such that 811 is the least shielded, and 533
is the most shielded component.



A summary of the results is shown in Tables S2 and S3. In each case, the rows are ordered by decreasing
amount of Hartree Fock exchange, from 100% (HF) to 25% (PBEO) to 0% (PBE or OLYP). There is no
comparable fraction for the MP2 results. For both molecules, the overall anisotropy A for '3C5 becomes
smaller (closer to zero) as the amount of Hartree-Fock exchange decreases. Results for MP2 are generally
closest to the pure functional OLYP results. Increasing the basis set size from pcSseg-2 to pcSseg-3 has
very little effect. Results for the '°F5 tensor are more varied. Here A becomes larger (more negative) as

the amount of Hartree-Fock exchange decreases, and the MP2 results are closest to PBEQ rather than
OLYP.

If one excludes the Hartree-Fock calculations, the shift anisotropies vary by about 15% over the range of
DFT and MP2 calculations studied. Further studies are ongoing to examine the effects of using the 1-
methyl base analogue (rather than a ribose at the N1 position), and the effects of incorporating uracil or
its fluorine analogue into the RNA helix. For the purposes of the illustrative relaxation calculations
reported here, we chose to insert the OLYP/pcSseg-2 tensors into the Spinach spin simulation program
(30). Studies of the sensitivity of relaxation results to assumptions about CSA tensors and their
orientations will be reported elsewhere.

Solution NMR spectroscopy. All 'H/"F-13C TROSY spectra were collected at 298 K using a Bruker 600
MHz Avance III spectrometer equipped with a BBI and TXI probe for '°F- and 'H-!3C experiments. The
PYF-13C TROSY and 'H-13C TROSY experiments were adapted from a sensitivity-and gradient-enhanced
"H-1N TROSY used for proteins (31,32). For the F-1*C TROSY measurements, the carrier was set to -
167 and 140 ppm for °F (®2) and '3C (1), respectively. A J-coupling constant of 232 Hz was used for
the F-13C transfer and 180 Hz coupling was used for the 'H-!3C transfer. For the 'H-'*C TROSY
experiment, the carrier was set to 4.7 ppm and 100.5 ppm for 'H (®2) and *C (1), respectively. 32
transients were collected for each complex point with acquisitions times of 302 ms for w2 and 132 ms for
o1. The interscan delay was set to 2.0 s for both the °F-*C and 'H-!3C TROSY experiments. Total
experiment time for measuring each component of the '°F-13C or 'H-'*C correlation was 4 hr, 18 min. All
data were processed with Bruker’s Topspin 4.0.7. 'H chemical shifts were internally referenced to DSS
(0.00 ppm), with the 3C chemical shifts referenced indirectly using the gyromagnetic ratios of *C/'H
(44). The '°F chemical shifts were internally referenced to trifluoroacetic acid (-75.51 ppm) (45).

Small molecule titration. SFU hHBV ¢ was diluted to ~ 0.4 mM in 10 mM Na3POs4 (pH 6.5), 0.02 %
NaN3, and 0.1 mM DSS in ~ 150 pL. The small molecule was titrated from a 50 mM stock prepared in
d6-DMSO to a maximum concentration of ~ 200 uM. 512 transients were recorded for each complex
point with acquisition times of 300 ms in > and 120 ms in m;. Carrier positions and recycling delay are
as described above. Reduced experimental time was achieved with a 25% non-uniform sampling (NUS)
scheme (46). Chemical shift perturbations (CSPs) were calculated as follows (38):

2
Equation 2 CSP = \[(A519F)2 + (gl_SC (A613c)>
19F

Where 13¢/19F corresponds to the range in chemical shifts for the '*C/!°F dimensions and A83¢/19r for
the change in 1*C/"F chemical shift upon addition of small molecule.
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Figure S1. Theoretical R; values for the 3Cy and *Cy components as a function of 1. Theoretical
R> values are taken at the commercially available magnetic field strength closest to the maximum
TROSY effect (13Cy = 950 MHz; '3Cr = 600 MHz) and 25 °C.
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Figure S2. Theoretical R values for the Fc and "Hc components as a function of t.. Theoretical
R> values are taken at the commercially available magnetic field strength closest to the maximum
TROSY effect (*Cu =950 MHz; '*Cr = 600 MHz) and 25 °C.
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Figure S3. SFU TAR-2 four components of the F-13C correlation. (A) Spectra of A, bottom right, B,
TROSY, top right, C, top left, and D, anti-TROSY, bottom left, components of the °F-13C correlations of
SFU TAR-2. All contours are set identically in all four spectra. Peak assignments are indicated on the B,
TROSY spectrum. In all four spectra, the carrier was set to -167.0 and 140.0 ppm for °F (®>) and 13C
(o1), respectively. 32 transients were collected for each complex point with acquisitions times of 302 ms
for m> and 132 ms for ®i. An interscan delay of 2.0 s was used. Quantification of (B) '3C and (C) "°F
linewidths for each of the four components.
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Figure S4. SFU hHBYV ¢ four components of the F-13C correlation. (A) Spectra of A, bottom right,
B, TROSY, top right, C, top left, and D, anti-TROSY, bottom left, components of the °F-1*C correlations
of SFU hHBV . All contours are set identically in the four spectra. Peak assignments are indicated on the
B, TROSY spectrum. In all four spectra, the carrier was set to -167.0 and 140.0 ppm for '°F (w) and *C
(o1), respectively. 32 transients were collected for each complex point with acquisitions times of 302 ms
for m2 and 132 ms for ®i. An interscan delay of 2.0 s was used. Quantification of (B) '3C and (C) "°F
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Figure S5. WT TAR-2 four components of the 'H-'3C correlation. (A) Spectra of A, TROSY, bottom
right, B, Anti-TROSY, top right, C, top left, and D, bottom left, components of the "H-!3C correlations
of WT TAR-2. All contours are set identically in all four spectra. Peak assignments are indicated on the
A, TROSY spectrum. In all four spectra, the carrier was set to 4.7 ppm and 100.5 ppm for 'H (®2) and
BC (o), respectively. 32 transients were collected for each complex point with acquisitions times of 302
ms for w2 and 132 ms for ;. An interscan delay of 2.0 s was used. Quantification of (B) '*C and (C) 'H
linewidths for each of the four components. Note that U40 was not observed in the B, Anti-TROSY and
C spectra.
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Figure S6. WT hHBYV ¢ four components of the 'H-'3C correlation. (A) Spectra of A, TROSY, bottom
right, B, Anti-TROSY, top right, C, top left, and D, bottom left, components of the "H-!3C correlations
of WT hHBYV ¢. All contours are set identically in all four spectra. Peak assignments are indicated on the
A, TROSY spectrum. In all four spectra, the carrier was set to 4.7 ppm and 100.5 ppm for 'H (®2) and
BC (m1), respectively. 32 transients were collected for each complex point with acquisitions times of 302
ms for w2 and 132 ms for ;. An interscan delay of 2.0 s was used. Quantification of (B) '*C and (C) 'H
linewidths for each of the four components. Note that only peaks 12, 13, 14, 15, and 16 were observed
in the B, anti-TROSY, and C spectra.




Table S1. Thermodynamic parameters for WT and SFU RNAs.

WT HIV-2 TAR 5FU HIV-2 TAR WThHBV ¢ 5FU hHBV ¢
AH/ 91+6 2101+ 6 -130.+5 1176
kcalmol!

AS/ -0.26 + 0.02 -0.28 + 0.02 0.40+0.01 -0.36+0.01
kcalmolK!

Twm /K 355.6+0.5 357.4+0.4 327.0+0.1  327.1+0.1




Table S2. Results for 1-methyl uracil, 1*C5

Method basis set o1 022 033 @ A Oiso | Oref | Oiso
Hartree-Fock | pcSseg-2 91.5 -17.4 -74.1 17.5 |-137 | 87.9

MO06 pcSseg-2 91.9 -8.3 -83.6 142 | -138 | 613 |176.2 | 114.9
PBEO pcSseg-2 85.8 -9.0 -76.8 12.5 | -129 | 74.2 | 186.5 | 112.3
PBEO pcSseg-3 85.8 -8.9 -76.9 12.4 | -129

B3LYP pcSseg-2 85.9 -10.0 | -75.9 12.1 |-129 | 69.0 | 181.7 | 112.7
PBE pcSseg-2 83.2 -8.5 -74.7 10.6 | -125 | 69.5 | 181.8 | 112.3
OLYP pcSseg-2 80.8 -9.3 -71.5 10.7 | -121 | 73.8 | 182.6 | 108.8
OLYP pcSseg-3 80.5 -9.4 -71.1 10.7 | -121

MP2 pcSseg-2 81.1 -11.6 | -69.5 11.2 | -122 | 88.6

Stikoff/Case | iii-iglo 80 -8 -73 10.7 | -121

ssNMR uracil 81.4 -3.1 -78.4 -122 99.6

Principal components & of the traceless chemical shift tensor, in ppm; ¢ is the angle between 811 and the
C-H bond; A is (822+033)/2 - d11. Oreris the result for TMS, and iso 1S Oref - Giso-

Table S3. Results for 1-methyl,5-fluoro-uracil, 13C5 and “F5

3¢5 I9F5

Method basis set o1l 022 033 A O11 02 033 A

Hartree-Fock | pcSseg-2 78.4 -20.2 | -58.2 -118 | 39.0 | 5.7 | -44.7 | -59

PBEO pcSseg-2 64.9 -9.4 -55.5 -97 539 | 229 |-76.7 | -81
PBE pcSseg-2 58.8 -5.9 -52.8 -88 | 61.2 | 28.6 |-89.8 |-92
OLYP pcSseg-2 56.6 -5.9 -50.8 -85 | 58.5 | 25.1 |-83.5 | -88
MP2 pcSseg-2 59.9 -9.8 -50.1 -90 | 50.0 | 14.7 | -64.8 | -75

Entities are defined as in Table S2.
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