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Synthetic procedures and characterizations of rTPT3,s-TP
General

All solvents and reagents were purchased commercially and used without further
purification. For synthetic procedures all reactions were carried out in oven-dried
glassware under an inert atmosphere. Solvents were distilled and/or dried over 4 A
molecular sieves. NMR spectra were recorded on an AVANCE III 1 BAY 400 MHz
Bruker NMR spectrometer and the chemical shifts were reported relative to the
deuterated NMR solvent used ['H-NMR: CDCI3 (7.26 ppm), DMSOd6 (2.50 ppm)].

Mass spectra were recorded on an Agilent 1200+G6110A.

Synthetic schemes and procedures
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General procedure for preparation of compound 2
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Compound 1 (3.00 g, 10.0 mmol, 1.00 eq) and proton sponge (2.15 g, 10.0 mmol, 1.00
eq) was dissolved in dry ACN. The mixture was concentrated under reduced pressure
to remove water three times. To a solution of compound 1 (3.00 g, 10.0 mmol, 1.00 eq)
and proton sponge (2.15 g, 10.0 mmol, 1.00 eg) in PO(OMe); (18.0 mL) was added
PSCl; (2.60 g, 15.4 mmol, 1.53 eq) at -10°C. The mixture was stirred at 15°C for 2hrs.
LCMS (RT=1.26 min) showed compound 1 was consumed completely and one main
peak with desired mass was detected. The reaction solution was used into the next step
without further work up and purification. Compound 2 (8.66 g, crude) in PO(OMe)3
(18.0 mL) was obtained as a yellow liquid.
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General procedure for preparation of compound 4
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To a solution of compound 2 (4.33 g, 10.0 mmol, 1.00 eq) in PO(OMe);3 (18.0 mL) was
added Bu3N (11.2 g, 60.6 mmol, 14.4 mL, 6.05 eq) and BusN-pyrophosphate (0.60 M,
83.5 mL, 5.00 eq) at -10°C. The mixture was stirred at 15°C for 1 hr. LCMS (ET42571-
7-P1A1, RT = 1.08 min) showed compound 2 was consumed completely and one peak
with desired mass was detected. The reaction solution was added TEAB to pH = 7.
The reaction solution was diluted with H>O (200 mL) and extracted with MTBE (400
mL x 3). The residue was purified by column chromatography (DEAE Sephadex A-25,
TEAB=0.80 N~1.00 N). LCMS (RT=0.592 min) one peak with desired mass was
detected. The residue was purified by prep-HPLC (neutral condition) column: Agela
DuraShell C18 250 x 70mm x 10um; mobile phase: [TEAB (10mM)-ACN]; B%: 1%-
12%, 20min. The mixture was lyophilized. Compound 4 (0.90 g, 1.62 mmol, 8.18%

yield) was obtained as a yellow solid.
'H NMR: (400 MHz D,0)

5 ppm 8.58 (d, /=7.2 Hz, 1H) 8.04 (d, J=5.2 Hz, 1H) 7.57 (d, J=6.8 Hz, 1H) 7.45 (d,
J=5.2 Hz, 1H) 7.09 (d, J/=2.0 Hz, 1H) 4.38-4.50 (m, 5H)
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3P NMR: (162 MHz D,0)
5 ppm 42.9 -8.91, -23.9
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General procedure for preparation of target

Compound 4 (1.50 g, 2.70 mmol, 1.00 eq) was dissolved in de-ionized H20 (5.00 mL)
passed through the resin (Li+, Dowex 50WX8 100mesh). The target compound was
showed spot at TLC, when the spot disappears, stop added water. The water was
collected and lyophilized. Target (0.81 g, 1.46 mmol, 54.0% yield) was obtained as a

yellow solid.
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8 ppm 8.47 (d, J=7.2 Hz, 1H) 7.99 (d, J=5.2 Hz, 1H) 7.47 (d, J=6.8 Hz, 1H) 7.37 (d,
J=5.2 Hz, 1H) 7.03 (s, 1H) 4.39-4.47 (m, SH)
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Figure S1. High resolution HPLC profiles for (A) R, and (B) S, diastereomers of
chemically synthesized rTPT3,sTP.
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Figure S2. Secondary structures of RNAs used in this study. (A) Secondary structure
of RNase P from Bacillus stearothermophilus. The labeling sites (U67, U86) are
indicated with orange background. (B) Secondary structure of DENV 3°SL. The
labeling sites (A67, U97) are indicated with orange background. (C) DENV 3’SL3o and
(D) DENV-mini3o used for smFRET experiments are fused with a 30-nts tail at their 3’
ends (green). A complementary 30-nts single-stranded DNA with a Cy5 and a biotin
labeled at its 3’ and 5’ ends, respectively, is used to introduce Cy5 and biotin labels by
annealing. The sCy3 labeling sites on 3’SL3o or DENV-mini3o are indicated with orange

background. The sequence corresponding to 3’SL is highlighted in blue.
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Figure S3. Purification of rTPT3.s- or rTPT3%-modified RNAs. (A-B) Native
purification of RNA transcripts of the doubly rTPT3,s-modified RNase P RNA with
Superdex 200 column (A) and the doubly rTPT3,s-modified 3’SL RNA with Superdex
75 column (B) by Size exclusion chromatography. Peaks containing target RNA are
indicated with red arrows. The native PAGE of fractions of purified RNAs are shown
on the right. (C) Native PAGE of purified rTPT3,s- or rTPT3%-modified 3’SL3 at the
site of U86. The wild type 3’SL RNA is included (lane 3) as reference.
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Figure S4. Reactivity of rTPT3-modified and rTPT3.s-modified RNAs with
monomaleimido sCy3. PAGE analysis of rTPT3-modified and sCy3-labeled 3’SLs.
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Figure S5. Stability test of rTPT3,s-modified and probe-labeled RNAs after storage at
4°C for 12 and 48 hours. Native PAGE of RNase P U67/U86 (rTPT3.s-modified and
spin-labeled), 3’SL A67/U97 (rTPT3.s-modified and spin-labeled) and 3’SLjo
(rTPT34s-modified and sCy3-labeled) are shown on left, middle and right panels,

respectively.
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Figure S6. Hydrolytic stability of rTPT3-modified 3’SL at the site of A67 and sCy3-

labeled 3’SL through rTPT3,s at the site of A67 under different buffer conditions. (A-

B) Denatured PAGE analysis of rTPT3-modified and sCy3-labeled 3’SLs at different

pHs in the absence (A) and presence of 5 mM Mg?* after heated at 65°C for 10 mins

(B). (C) Denatured PAGE analysis of rTPT3-modified and sCy3-labeled 3’SL in the

buffer containing 5 mM Mg?" and at pH 9. Samples were collected at 5, 10, 15 and 20

minutes after heated at 65 °C.
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Figure S7. Purification of spin-labeled RNA samples under nondenaturing conditions.
(A) The elution profiles of doubly Nanogold-labeled RNase P (U67/U86) by anion
exchange chromatography. Peaks corresponding to free spin, the spin-labeled RNAs
and the conductivity curve are indicated. (B) Native PAGE analysis of fractions of

purified double spin labeled RNase P (U67/U86) from anion exchange chromatography.
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Figure S8. The kinetics of pre-tRNA processing by the wild type and spin-labeled
RNase P RNAs. Samples were collected at 5, 10, 20 and 30 minutes after starting the

reactions and denatured immediately for analysis.
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Figure S9. Additional PELDOR data and analysis. (A) Original PELDOR data. Shown
on the right are raw dipolar evolution traces overlaid with the corresponding simulated
background generated by LongDistances (1). Shown on the left are the background-
corrected dipolar evolution traces. For the single-labeled U67 SSL and U866 SSL
samples, no decay was observed in the background corrected traces, indicating a lack
of inter-molecular dipolar coupling between the spin labels. (B) Analysis of the double-
labeled U67/U86 DSL data by Consensus DEER Analyzer (CDA). CDA (2,3) carries
out automatic data analysis using two fitting approaches, and was used here following
a recently published community guideline (4) for reporting PELDOR data. Shown on
the top are the CDA generated fitting using either Tikhonov regularization (left) or
neural network (DEERNet) (right). Shown on the bottom is the CDA generated
consensus distance distribution, with the shading indicating the uncertainty range. The
CDA determined optimal regularization parameter (o) is 3.12, and the resulting
distance distribution is highly similar to that obtained using LongDistances (Main Text
Fig. 4D). The CDA analysis indicated that the measured data has a signal-to-noise ratio
of 41.5 and a modulation-depth of 37%. These results support confidence on the

reported distance distribution.
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Figure S10. Inter-spin distance modeling for U67/U86 labeled RNase P. A pdb-format
MSL label was generated with Chem3D, and modeled onto the RNase P structure (PDB
ID 2A64) using ALLNOX (5). (A) The chemical structure of MSL-labeled R,-r'TPT3,s.
(B) Representative snapshot of the double spin labeled RNase P. (C) The enlarged
views of U67-rTPT3-MSL and U86-rTPT3-MSL in (B).
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Figure S11. Purification of Nanogold-labeled RNA samples under nondenaturing
conditions. (A) The elution profiles of doubly Nanogold-labeled 3’'SL RNA by anion
exchange chromatography. Peaks corresponding to the flow-through (FT), free
Nanogold, the Nanogold-RNA conjugate and the conductivity curve are indicated. (B)
Native PAGE analysis of fractions of purified doubly Nanogold-labeled RNA from

anion exchange chromatography.
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Figure S12. The native PAGE of fluorophore-labeled 3’SL3p and DENV-minizo RNAs
(both at site of U86) before and after sCy3 labeling.
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Figure S13. The RNA binding assay of wild type 3’SL3o or sCy3-labeled 3’SL3o with
5’SLB-DAR. The concentrations of wild type 3’SL3o or sCy3-labeled 3’SL3o are kept

constant. The 5’SLB-DAR:3’SL3o molar ratio is 0.5:1, 1:1, 1.5:1, respectively.
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Table S1. Overall structural parameters for 3’SL and RNase P by SAXS.

Sample Io® Rg?* (A) Io® R (A) Dumax (A) | MW¢(kDa) | MWY (kDa)

3’SL WT 0.13£0.02 | 362+04 | 0.13+0.02 | 37.5+04 132 32.30

3’SL U67/86 0.15+0.02 | 37.0£0.6 | 0.15+0.02 | 37.8+0.7 133 3210 33.00
3’SL U67 SL 0.10£0.01 | 37.3+0.6 | 0.10£0.01 | 384=0.5 138
3°SL U97 SL 0.10+£0.01 | 39.1+£0.7 | 0.10£0.01 | 40.1£0.6 145

3’SLU67/U97DL | 0.12£0.02 | 39.4+0.7 | 0.12+0.02 | 40.6+0.7 145 e e

Free AuNP 0.06+0.01 | 86+0.1 | 0.06+0.01 8.7+0.1 19

RNase P WT 120£0.08 | 50.8+0.8 | 1.23+0.08 | 52.1+0.8 183 137.6 135.8

RNase P U67/86 122£0.15 | 513+06 | 1.27+0.18 | 525+0.7 185 137.6 138.7

2 Derived from Guinier fitting; ® derived from GNOM analysis; “MW: molecular weight
predicted from sequences; ¢ MW: molecular weight calculated based on the power law
of volume of correlation

521




Table S2. Data for determination of RNA labeling efficiencies.

Spin-labeling efficiency

Sample Lna(sample) | [NOX] (uM) | [RNA] (uM) | %Label
U67 single-labeled 38561210 95 195 47%
U86 single-labeled 38020502 89 190 48%
Double spin-labeled 47843364 198 197 50%
Nanogold-labeling efficiency
Sample Aseo Asno [Gold]/[RNA] | %Label
A67 single-Nanogold 9.105 0.891 54% 54%
U97 single-Nanogold 9.039 0.915 60% 60%
double- Nanogold 11.580 1.022 122% 61%
sCy3-labeling efficiency
Sample Aoeo Asag [A549]/ [A260] %Label
3’SLso 6.561 0.370 34% 34%
DENV-minizo RNA 12.692 0.108 40% 40%
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