Supplementary Information

Computational and NMR studies of RNA duplexes with an internal

pseudouridine-adenosine base pair

Indrajit Deb'? *, Lukasz Popenda® *, Joanna Sarzynska'*, Magdalena Matgowska®, Ansuman
Lahiri?, Zofia Gdaniec* and Ryszard Kierzek'

! Institute of Bioorganic Chemistry, Polish Academy of Sciences, Noskowskiego 12/14, 61-
704 Poznan, Poland

2 Department of Biophysics, Molecular Biology & Bioinformatics, University of Calcutta,
Kolkata 700009, West Bengal, India

® NanoBioMedical Centre, Adam Mickiewicz University, Umultowska 85, 61-614 Poznan,
Poland

* these authors contributed equally to this work

* Corresponding author

Joanna Sarzynska

Institute of Bioorganic Chemistry

Polish Academy of Sciences
Noskowskiego 12/14

61-704 Poznan, Poland

e-mail: joanna.sarzynska@ibch.poznan.pl

SUPPIEMENTArY Tables. ... ..vvieie i 2
Supplementary Figures..........ooviiiiiri e 14
Supplementary Methods .........oooouiuiiiiii e 36

Supplementary References ...........ooviiiiiiiiiiiii e 40



I. Deb et al., RNA duplexes with an internal ¥-A base pair

SUPPLEMENTARY TABLES

Supplementary Table S1. *H chemical shifts of the duplex-G¥C recorded in D,O at 25 °C.

Res. | H6/H8 H2 / H5 H1' H2! H3' H4' H5 / H5" amino® imino®
Ul 8.10 5.85 557 | 457 | 454 | 433 | 4.03/3.91 —
c2 8.05 5.86 568 | 4.60 | 468 | 451 | 455/422 | 8.42/7.04 —
A3 8.09 7.04 594 | 473 | 474 | 455 | 459/4.24 -
G4 7.26 - 560 | 452 | 452 | 447 | 451/4.08 13.41
V5 7.16 - 474 | 441 | 446 | 423 | 4.45/4.02 - 10.26 /14.16
C6 7.85 5.65 553 | 453 | 457 | 445 | 455/4.11 | 8.32/6.93 -
A7 8.02 7.03 587 | 468 | 471 | 452 | 458/4.17 -
G8 7.19 - 558 | 431 | 440 | 442 | 4.49/4.06 13.56
U9 7.58 5.15 577 | 407 | 415 | 420 | 4.43/4.04 -
A10 8.38 8.01 580 | 479 | 457 | 435 | 4.06/3.93 -
C11 7.70 5.29 549 | 428 | 447 | 449 | 454/4.16 | 8.32/6.90 -
ui12 7.89 5.41 5.58 4.63 4.65 4.45 457/4.15 - 13.52
G13 7.72 — 5.75 458 4.68 453 453/4.21 11.75
Al4 7.94 7.72 592 | 455 | 462 | 451 | 4.61/4.17 -
C15 7.41 5.17 533 | 422 | 434 | 440 | 450/4.04 | 8.30/6.96 -
u16 7.82 5.34 553 | 4.60 | 460 | 4.41 | 455/4.09 - 13.43
G17 7.67 - 573 | 445 | 461 | 449 | 451/4.15 11.92
Al8 7.85 7.88 6.00 | 409 | 430 | 428 | 4.53/4.08 -

! Exchangeable *H chemical shifts are determined in 90% H,O / 10% DO at 15 °C.

Supplementary Table S2. *C and *'P chemical shifts of the duplex-G¥C recorded in D,O at

25 °C.
Res.| C6/C8 | C2/C5 | c1¥ | Cc2@ | C3 | c4 c5' p
Ul 143.7 104.1 93.4 73.7 61.7 _
C2 142.0 98.1 93.8 72.2 ~4.00
A3 139.6 1525 928 | 756 | 72.9 | 82.0 371
G4 | 1362 - 926 | 754 -3.86
v5 1401 - 82.8 | 748 79.7 65.2 -3.91
C6 97.9 93.8 72.4 -3.85
A7 139.5 152.5 929 | 756 381
G8 | 1359 - 92.7 | 755 | 72.8 393
u9 141.8 103.4 923 | 773 | 701 | 840 431
Al0 | 1414 154.1 75.2 61.7 _
Ci1| 1413 97.0 935 | 756 | 722 64.7 -4.27
u12 103.6 934 | 753 | 724 423
G13| 1364 - 923 | 754 373
Al4 | 1393 154.0 928 | 756 | 72.7 65.0 -4.10
C15 | 1406 97.2 939 | 755 | 72.3 -4.20
u16 103.6 935 | 752 | 724 433
G17 | 1364 - 92.7 | 755 | 73.0 65.6 381
A18 | 1401 154.6 91.7 | 779 | 702 | 839 ~4.04
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Supplementary Table S3. *H chemical shifts of the duplex-C¥G recorded in D,O at 25 °C.

Res. | H6/H8 H2 / H5 H1' H2! H3' H4' H5 / H5" amino” imino”
Ul 8.13 5.87 559 | 458 | 455 | 435 | 4.05/3.92 —

C2 8.08 5.89 560 | 456 | 469 | 452 | 456/4.23 | 850/7.10 -
A3 8.16 7.38 595 | 455 | 474 | 453 | 4.63/4.22 -
C4 7.56 5.24 543 | 437 | 444 | 442 | 454/4.08 | 8.40/6.96 —
V5 7.32 - 475 | 450 | 456 | 424 | 4.42/4.04 - 10.45/13.36
G6 7.61 - 571 | 458 | 467 | 453 | 454/4.12 11.58
A7 7.76 7.45 588 | 4.65 | 465 | 450 | 4.58/4.14 -
G8 7.12 - 559 | 432 | 437 | 442 | 4.47/4.03 13.60
U9 7.59 5.17 579 | 407 | 416 | 421 | 4.44/4.04 -
A10 8.42 8.06 585 | 4.81 | 460 | 438 | 4.08/3.95 -
C11 7.75 5.33 550 | 430 | 450 | 449 | 455/4.18 | 8.40/6.96 -
u12 7.98 5.42 559 | 453 | 459 | 447 | 458/4.15 - 14.22
C13 7.90 5.71 558 | 453 | 460 | 448 | 458/4.16 | 8.22/6.93 -
Al4 8.02 6.90 588 | 4.69 | 470 | 453 | 457/4.18 -
G15 7.13 - 556 | 4.40 | 441 | 446 | 4.49/4.06 13.20
u16 7.70 5.01 553 | 459 | 455 | 441 | 455/4.09 - 13.68
G17 7.63 - 575 | 4.46 | 459 | 449 | 4.49/4.14 12.01
Al8 7.86 7.91 6.01 | 4.09 | 431 | 429 | 454/4.09 -

" Exchangeable *H chemical shifts are determined in 90% H,0 / 10% DO at 15 °C.

Supplementary Table S4. **C and *'P chemical shifts of the duplex-C¥G recorded in D,O at

25 °C.
Res.| C6/C8 C2/C5 c1 c2' C3' c4' C5’ 3p
Ul 143.8 104.2 93.5 73.9 61.9 -
C2 142.1 98.2 93.8 72.8 -3.91
A3 139.6 153.3 929 | 756 | 727 | 82.0 65.1 -3.85
C4 140.9 97.0 934 | 755 -4.04
V5 140.4 - 83.0 | 74.9 79.6 65.5 -3.69
G6 136.4 - 92.7 72.8 -3.61
A7 139.2 153.3 928 | 756 | 727 -3.85
G8 135.8 -~ 927 | 756 | 729 -3.90
u9 141.9 103.5 922 | 773 | 703 | 84.2 65.5 -4.31
Al0 141.4 154.3 929 | 753 | 74.0 62.0 -
C11 141.3 97.2 941 | 756 | 723 64.8 -4.15
u12 142.3 103.1 93.7 | 753 -4.36
C13 143.7 97.9 938 | 75.4 -3.98
Ald 139.4 152.3 928 | 75.7 | 73.0 65.3 -3.77
G15 135.9 - 93.0 | 751 | 72.8 -3.01
U16 141.0 102.9 934 | 753 | 722 -4.50
G17 136.3 — 927 | 756 | 731 65.7 -3.73
Al8 140.0 154.7 916 | 779 | 703 | 83.9 -4.01
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Supplementary Table S5. Local base-pair parameters in solution NMR structures for (A)
duplex-G¥C and (B) duplex-CWYG averaged over 10 models (standard deviations in
parentheses).

(A) duplex-G¥YC

Base pair | Shear [A] Stretch [A] Stagger [A] Buckle [°] Propeller [°] | Opening [°]
UL-A18  |-0.23(001) |003(0.00) |-0.15(0.01) |23(0.7) -15.1(0.2) 1.0 (0.2)
C2-G17 | 020(0.00) |-0.01(0.00) |0.20(0.01) | 2.6(0.4) -12.7 (0.7) 1.0 (0.1)
A3-UL6 | 0.07(001) |-001(0.00) |0.13(0.02) | 1.0(0.6) 124(06) | 22(0.2)
G4-Cl5  |-0.24(0.00) |-0.03(0.00) |0.18(0.01) | 2.9(0.4) 112(08) | 11(0.0)
W5.A14  |-017(0.01) |-0.02(0.00) |0.13(0.03) |-1.0(0.6) 96(0.6) |-0.9(0.2)
C6-G13 | 020(0.01) |-0.02(0.00) |0.22(0.01) |-2.0(0.8) -10.6 (0.5) 1.0 (0.1)
A7-U12 | 013(001) |000(000) |0.16(0.01) |-0.7 (0.1) 118(06) | 1.4(0.1)
G8-Cll  |-0.27(0.00) |-0.05(0.00) |0.08(0.01) |-5.7(0.3) 196(0.2) | 13(0.0)
U9-A10  |-0.13(0.00) |0.03(0.00) |0.17(0.01) |-7.4(0.3) 148(0.2) | 0.6(0.1)
AVG all |-005(0.19) |-001(0.02) |012(0.11) |-0.9 (3.5) -13.1 (2.9) 1.0 (0.8)
MD# 002(035 |002(0.14) |0.04(044) |13(105) |-141(80) |18(5.1)
(B) duplex-C¥G
Base pair | Shear [A] Stretch [A] Stagger [A] Buckle [°] Propeller [°] | Opening [°]
UL-A18  |-024(0.02) |004(0.00) |0.03(0.04) |44 (L1) -13.6 (0.9) 0.6 (0.5)
C2-G17 | 0.21(000) |-0.01(0.00) |0.14(0.02) | 6.8(0.6) -14.0 (0.2) 1.0 (0.1)
A3-U16 | 014(0.01) |-001(0.00) |0.04(001) | 18(0.4) 148(03) | 14(0)
C4-G15 | 023(0.00) |-0.02(0.00) |011(0.02) |15(04) 136(05) | 13(0.1)
W5.A14 |-023(0.01) |-0.02(0.00) |012(0.01) |-1.6(0.3) 112(07)  |-0.1(0.2)
G6-C13  |-0.20(0.01) |-0.02(0.00) |021(0.00) |-1.7 (0.4) -11.1(0.5) 0.6 (0.1)
A7-U12 | 005(0.01) |-0.01(0.00) |0.14(001) |-21(03) 139(02) | 1.9(0.2)
G8-Cll |-026(0.00) |-003(0.00) |019(0.01) |-3.1(0.7) 154(08) | 1.3(0.0)
U9-A10 |-0.16 (0.01) |002(0.00) |0.02(0.02) |-1.6(L1) -13.0 (0.7) 0.1(0.3)
AVG all' |-005(0.19) |-0.01(002) |011(0.07) |05(3.2) 134(15) | 09(0.7)
MD# 001(035 |002(0.13) |0.0(0.44) 0.5 (L1.5) 147(79) | 19(.2)

* Averaged over 9 base-pair and 10 models.

# Average values were calculated using the 7 central base pairs (bp) (excluding terminal bp) and over 100-500
ns of the trajectories.
Calculations were performed with CURVES+ Version 2.6/CANAL Version 1.3.
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Supplementary Table S6. Local base-pair step parameters in solution NMR structures for
(A) duplex-G¥C and (B) duplex-CWYG averaged over 10 models (standard deviations in

parentheses).

duplex-G¥C

Base pair step Shift [A] Slide [A] Rise [A] Tilt [°] Roll [] Twist [°]
U1-A18/C2-G17 0.34(0.01) |-1.53(0.02) [3.29(0.00) |[-1.7(0.1) |9.2(0.1) [32.9(0.2)
C2-G17/A3-U16 0.00(0.03) |-1.42(0.02) |3.18(0.02) |0.2(0.2) |11.2(0.7) |33.6(0.3)
A3-U16/G4-C15 -0.12(0.02) |-1.82(0.01) [3.15(0.01) |-1.9(0.2) |6.2(0.5) |29.5(0.3)
G4-C15/¥5-Al4 -0.01(0.03) |[-226(0.02) [3.37(0.01) |-0.8(0.2) |3.4(0.1) [30.3(0.3)
P5-A14/C6-G13 0.24(0.03) |-2.02(0.02) |3.24(0.02) |[16(02) |57(06) [31.7(0.2)
C6-G13/A7-U12 -0.05(0.01) |-1.48(0.02) [3.15(0.02) |1.1(0.2) |85(05) |32.6(0.2)
A7-U12/G8-C11 -0.05(0.01) |-1.48(0.02) |3.15(0.02) |1.1(0.2) |850.5) 32.6 (0.2)
G8-C11/U9-A10 -0.00(0.01) |[-1.30(0.01) [3.27(0.01) |-0.9(0.1) |7.3(0.0) [345(0.0)
AVG_all" 0.04(0.15) |-1.66(0.32) |3.24(0.08) |-0.2(1.2) |7.6(23) [32.1(1.6)
MD# 0.02(0.74) |-1.60(0.48) [3.30(0.33) |-0.1(45) |9.5(6.8) |30.6(3.8)

(A) duplex-C¥YG

Base pair step Shift [A] Slide [A] Rise [A] Tilt [°] Roll [] Twist [°]
U1-A18/C2-G17 0.16 (0.04) |-1.64(0.02) |3.23(0.04) |-1.0(0.4) 7.3(0.7) [32.1(0.5)
C2-G17/A3-U16 -0.03(0.01) [-1.50(0.01) [3.29(0.01) |05(0.2) [12.2(0.3) [33.2(0.1)
A3-U16/C4-G15 0.02(0.02) |-1.89(0.01) [3.29(0.01) |-0.6(0.1) 41(0.1) [31.0(0.2)
C4-G15/¥5-Al4 0.09(0.01) |[-1.89(0.02) [3.28(0.01) | 0.9(0.2) 7.1(0.9) |29.3(0.4)
P5-A14/G6-C13 0.07 (0.03) |-1.60(0.02) [3.20(0.01) |-1.2(0.2) 83(05) |325(0.3)
G6-C13/A7-U12 -0.11 (0.01) |-1.82(0.03) |3.24(0.00) | 0.0(0.1) 6.6 (0.3) |31.4(0.3)
A7-U12/G8-C11 0.20 (0.02) |-1.75(0.02) [3.20(0.02) |-1.3(0.1) 6.7(0.4) |31.0(0.2)
G8-C11/U9-A10 0.07(0.01) |[-1.84(0.02) [3.27(0.01) |1.9(0.1) 35(0.2) |32.0(0.3)
AVG _all” 0.01(0.11) |-1.74(0.14) |3.25(0.04) |-0.1(1.1) 70(25) |31.6(L.1)
MD# 0.02(0.71) |-1.58(0.47) |3.33(0.34) |-0.1(44) |9.7(7.0) [30.7(3.9)

* Averaged over 9 base-pair and 10 models.
# Average values were calculated using the 7 central base pairs (bp) (excluding terminal bp) and over 100-500

ns of the trajectories.

Calculations were performed with CURVES+ Version 2.6/CANAL Version 1.3.
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Supplementary Table S7. Average mass-weighted root-mean-square deviations (RMSDs)

and radius of gyrations (Rgs) for the studied 9-bp duplexes”.

duplex-GWC | duplex-C¥YG | duplex-AYU | duplex-UYA

(duplex-GUC) |(duplex-CUG) |(duplex-AUU) |(duplex-UUA)
RMSD (A) 1.39+0.26 1.39 +£0.26 1.40 £ 0.26 1.39+0.27

1.20 £ 0.33 1.21+£0.38

(141+0.27) |(1.43+0.27) |(1.42+0.29) |(1.47+0.33)
Rc(A) 10.94 +£0.28 10.82 +£0.31 10.79+£0.27 | 10.75+0.27

(10.92 £0.28) [(10.81 £0.29) [(10.87+0.28) |(10.79 + 0.26)

“Averages and standard deviation were calculated over 100-500 ns of the trajectories for heavy atoms in
reference to the initial A-form geometry and additionally for duplex-GWC and duplex-CW¥G in reference to the

NMR model (in italic). Average values for unmodified duplexes are in parentheses.
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Supplementary Table S8. The representative average structural parameters in studied RNA duplexes calculated from MD simulations (standard
deviations in parentheses).

duplex-G¥C duplex-C¥YG duplex-AWU duplex-UYA A-RNA" RNA*

mod ref mod ref mod ref mod ref
BP-Axis
Inclination [°] 16.6 (5.7) 16.7 (5.8) 17.1 (5.8) 17.2 (5.8) 18.1 (6.0) 19.5 (6.1) 18.6 (6.0) 19.6 (6.3) 15.9
Intra-BP
Buckle [°] 1.3 (10.5) 1.7 (10.7) 0.5 (11.5) 1.0 (11.6) 0.6 (11.6) 1.0 (11.7) 1.3 (11.5) 1.5 (10.7) 0.0
Propeller [°] -14.1(8.0) |-143(8.1) |-14.7(7.9) |-151(7.9) |-154(85) |-16.0(84) |-159(8.2) |-16.2(8.3) |13.7
Opening [°] 1.8 (5.1) 2.2 (5.1) 1.9 (5.2) 2.4 (5.1) 2.3(5.6) 2.8 (5.6) 2.3(5.8) 2.8 (5.6) -3.6
Inter-BP
Shift (Dx) [A] 0.02 (0.74) |0.02 (0.70) |0.02(0.71) |0.03(0.70) |0.03(0.71) |0.02(0.70) |0.02 (0.69) |0.03 (0.67) |0.0 0.0 (0.12)
Slide (Dy) [A] -1.60 (0.48) |-1.59 (0.48) |-1.58(0.47) |-1.56 (0.47) |-1.51(0.48) |-1.44(0.47) |-1.49(0.48) |-1.47(0.48) |-1.69 -1.44 (0.15)
Roll [°] 9.5 (6.8) 9.5 (6.9) 9.7 (7.0) 9.8 (7.0) 10.3 (7.1) 11.1 (7.3) 10.7 (7.5) 11.2 (7.7) 9.0 7.91 (2.11)
Twist [°] 30.6 (3.8) 30.5(4.5) 30.7 (3.9) 30.6 (3.7) 30.3 (3.8) 30.3 (3.8) 30.5(4.3) 30.3 (4.3) 314 32.29 (1.93)
h-rise [A] 2.69 (0.41) |2.69(0.43) [2.70(0.42) |2.69 (0.41) |2.66(0.43) |2.61(0.44) |2.64(0.45) |2.60(0.46) |2.81

mod — modified duplex, ref — unmodified reference duplex.

Average values were calculated using the 7 central base pairs (bp) (excluding terminal bp) and over 100-500 ns of the trajectories. Standard deviations (SD) reflect the range
of thermal fluctuations in the MD simulations.

“ A-RNA was generated by NAB in the Amber Tools15 based on the fibre-diffraction data *.

* data from X-ray structures database, analyzed with Curves+ 2,

A-RNA generated by the NAB has positive propeller and negative opening whereas structures from MD display negative propeller and positive
opening. Negative propeller and positive opening is also reported for experimental structures >, analyzed with NUPARM and 3DNA program,

respectively.
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Supplementary Table S9. Interaction energies in the eight base-pair steps containing the V-
A base pair [kcal/mol]. For the comparison interaction energies were calculated for similar
systems without ¥ modification. Interaction energies were calculated both with molecular
mechanics (MM) force field and at the quantum-chemical (QM) level (B97D/Def2TZVPP
level of theory). MM energies (decomposed into van der Waals and electrostatic terms) were
calculated using 40000 frames from 100-500 ns of the molecular dynamics trajectories. QM
calculations are based on the geometries of the average structure of the most populated
clusters obtained from the cluster analysis of the appropriate trajectory. QM energies are
shown in blue.

dUp'EX-G‘PC Modified duplex Reference duplex
Coulomb VDW Total Coulomb VDW Total
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
Stack 1 Intra-strand 4G/5¥ 0.95(1.25) |-5.89(0.61) -4.94(1.39) 208(1.32) |-6.07(0.62) -3.99 (1.46)
-4.40 -3.73
5. é 5\},_3. 14A/15C 1.30(0.89) | -5.36(0.69) |-4.06(1.13) 1.30(0.87) -5.33(0.67) |-4.03(1.10)
3.CA-5 -3.76 -3.68
1514 Inter-strand 4G/14A -1.71(1.03) | -1.01(0.41) | -2.72 (1.11) -1.68 (1.13) -1.07(0.42) -2.75(1.21)
-3.59 -3.45
5W/15C 2.81(1.21) |-1.67(0.61) 1.14(1.36) 2.79(1.26) | -1.59(0.60) | 1.20 (1.40)
-0.73 -1.14
Step stacking | 4G-15C/5W-14A 3.35(2.21) | -13.93 (1.18) -10.58 (2.51) 4.49 (2.32) | -14.06 (1.17) -9.57 (2.6)
(sum) -12.48 -12.00
Inter-strand 4G-15C -26.37 (2.58) | 0.44 (1.72)  -25.93(3.10) -26.49 (2.58)  0.49 (1.72)  -26.0 (3.10)
(base pair) -23.18 -23.31
5¥-14A -8.47 (2.07) -0.52(1.31) |-8.99 (2.45) -8.66 (2.11) | -0.58 (1.30) |-9.24 (2.48)
-12.33 -12.66
Step base pair | 4G-15C/5¥-14A -34.84 (3.31) -0.08 (2.16) | -34.92 (3.95) | -35.15(3.33) |-0.09 (2.16) | -35.24 (3.97)
(sum) -35.51 -35.97
Step all (sum) | 4G-15C/5%-14A  -31.49 (3.98) | -14.01 (2.46) | -45.50 (4.68) -30.66 (4.06) |-14.15 (2.46) -44.81 (4.75)
-47.99 -47.97
Step 4G-15C-5¥-14A -47.36 -47.17
(combined)
QM stacking -11.85 -11.20
Stack 2 Intra-strand 5¥/6C 0.18(1.01) | -3.91(056) -3.73(1.15) -0.22(1.05) |-3.90(0.58)  -4.12 (1.20)
-4.24 -4.61
5. ?P (6:_3. 13G/14A -1.73 (1.49) -6.82(0.70) |-8.55(1.65) -1.49(1.47) -6.89(0.69) |-8.38(1.62)
3-AG-5 -7.55 -7.58
1413 Inter-strand 5¥/13G 1.65(0.55) -0.40(0.14) ' 1.25(0.57) 2.19(0.64) | -0.41(0.15) | 1.78(0.66)
0.79 1.16
6C/14A 436(0.77)  -3.17(0.58) | 1.19(0.96) |4.38(0.79) -3.11(0.58) |1.27(0.98)
-0.99 -0.94
Step stacking | 5%-14A/6C-13G | 4.46 (2.03) | -14.3 (1.08) | -9.84(2.3)  4.86 (2.07) |-14.31(1.08) -9.45 (2.33)
(sum) -11.99 -12.66
Inter-strand 5¥-14A -8.47 (2.07) |-0.52(1.31) -8.99 (2.45) -8.66(2.11) |-0.58(1.30)  -9.24 (2.48)
(base pair) -12.33 -12.66
6C-13G -26.39 (2.48) 0.29 (1.68) |-26.10(3.00) -26.39 (2.51) 0.31(1.69) | -26.08 (3.03)
-23.93 -24.02
Step base pair | 5¥-14A/6C-13G  -34.86 (3.23) -0.23 (2.13) |-35.09 (3.87) | -35.05(3.28) | -0.27 (2.13) |-35.32(3.91)
(sum) -36.26 -36.68
Step all (sum) | 5¥-14A/6C-13G -30.4 (3.81) | -14.53(2.39) | -44.93 (4.50) | -30.19 (3.88) | -14.58 (2.39) | -44.77 (4.56)
-48.25 48.65
Step 5¥-14A-6C-13G -47.76 -48.22
(combined)
QM stacking -11.50 -11.54




I. Deb et al., RNA duplexes with an internal ¥-A base pair

dUp'EX-C‘PG Modified duplex Reference duplex
Coulomb VDW Total Coulomb VDW Total
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
Stack 1 Intra-strand 4C/5¥ 0.82(0.87) |-3.65(0.59) |-2.83(1.05) |-0.32(0.97) |-3.84(0.60) |-4.16 (1.14)
-4.25 -5.61
4 5
5.Cw.3 14A/15G 1.04 (1.01) |-6.09 (0.69) |-5.05(1.22) [1.08(1.06) |-6.01(0.73) |-4.93(1.29)
3-GA-5 -6.31 -6.07
1514 Inter-strand 4C/14A 1.37(0.27) |-0.41(0.16) |0.96(0.31) |1.41(0.28) |-0.44(0.17) |0.97 (0.33)
0.22 0.25
5¥/15G 2.83(1.00) [-3.81(0.64) |-0.98(1.19) |3.55(1.12) |-3.77(0.65) |-0.22(1.29)
-1.89 -0.88
Step stacking | 4C-15G/5¥-14A | 6.06 (1.69) | -13.96 (1.12) |-7.9 (2.03) |5.72 (1.84) |-14.06 (1.16) |-8.34 (2.18)
(sum) -12.23 -12.31
Inter-strand 4C-15G -26.26 (2.57) | 0.32 (1.69) | -25.94 (3.08) | -26.44 (2.56) | 0.45 (1.72) |-25.99 (3.08)
(base pair) -23.57 -23.42
5¥-14A -9.09 (1.79) |-0.37 (1.34) |-9.46 (2.24) |-9.25(1.95) |-0.40 (1.34) |-9.65 (2.37)
-12.38 -12.77
Step base pair | 4C-15G/5¥-14A |-35.35 (3.13) | -0.05 (2.16) |-35.4 (3.80) |-35.69 (3.22) | 0.05(2.18) |-35.64 (3.89)
(sum) -35.95 -36.19
Step all (sum) | 4C-15G/5%W-14A | -29.29 (3.56) | -14.01 (2.43) | -43.30 (4.31) | -29.97 (3.71) | -14.01 (2.47) | -43.98 (4.46)
-48.18 -48.50
Step 4C-15G-5¥-14A -46.64 -46.97
(combined)
QM stacking -10.69 -10.78
Stack 2 Intra-strand 5¥/6G 224(1.11) |-4.21(0.62) |-1.97 (1.27) |3.65(1.28) |-4.09 (0.69) |-0.44 (1.45)
-4.04 -2.39
56
5.wG.3 13C/14A 2.35(0.62) |-4.08(0.61) |-1.73(0.87) |2.32(0.62) |-4.13(0.61) |-1.81(0.87)
3-AC-5 -3.31 -3.60
1413 Inter-strand 5¥/13C 0.11(0.31) [-0.20 (0.06) |-0.09(0.32) |-0.07 (0.35) |-0.20(0.07) |-0.27 (0.36)
-0.92 -1.16
6G/14A -0.78 (1.28) |-5.67 (0.73) |-6.45(1.47) |-0.41(1.41) |-5.71(0.74) |-6.12 (1.59)
-6.05 -5.56
Step stacking | 5%-14A/6G-13C | 3.92 (1.83) | -14.16 (1.14) |-10.24 (2.16) | 5.49 (2.03) |-14.13 (1.18) | -8.64 (2.35)
(sum) -14.32 -12.71
Inter-strand 5W-14A -9.09 (1.79) |-0.37 (1.34) |-9.46 (2.24) |-9.25(1.95) |-0.40 (1.34) |-9.65 (2.37)
(base pair) -12.38 -12.77
6G-13C -26.24 (2.50) | 0.21 (1.66) |-26.24 (2.50) | -26.33 (2.50) | 0.28 (1.68) | -26.05 (3.01)
-24.06 -24.06
Step base pair | 5¥-14A/6G-13C | -35.33 (3.07) |-0.16 (2.13) |-35.49 (3.74) | -35.58 (3.17) | -0.12 (2.15) |-35.7 (3.83)
(sum) -36.44 -36.83
Step all (sum) | 5¥-14A/6G-13C |-29.29 (3.56) | -14.01 (2.43) | -45.73 (4.31) | -30.09 (3.76) | -14.25 (2.45) | -44.34 (4.49)
-50.76 -49.54
Step 5¥-14A-6G-13C -49.56 -48.36
(combined)
QM stacking -13.12 -11.53




I. Deb et al., RNA duplexes with an internal ¥-A base pair

duplex-A‘I‘U Modified duplex Reference duplex
Coulomb VDW Total Coulomb VDW Total
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
Stack 1 Intra-strand 4A/5Y 0.29 (0.88) | -5.28(0.66) -4.99 (1.10) | 0.40(0.88) | -5.37(0.68) | -4.97 (1.11)
-5.14 -5.36
5. i é, 3 14A/15U 0.25(0.87) -5.43(0.66) -5.18(1.09) |0.37(0.89) | -5.42(0.68) |-5.05(1.12)
3. UA-5 -5.66 -5.61
1514 Inter-strand 4AJ14A 0.95(0.34) | -1.03(0.33) -0.08 (0.47) | 1.00(0.36) | -1.11(0.35) -0.11 (0.50)
(cross-pair) -0.96 -1.07
5¥/15U 343(1.27) | -157(0.50) 1.86(1.36) |3.46(1.28) |-1.45(0.50) |2.01(1.37)
0.62 0.60
Step stacking | 4A-15U/5U-14A | 4.92 (1.81) | -13.31(1.11) -8.39(2.12) 5.23(1.83) |-13.35(1.14) -8.12(2.16)
(sum) -11.14 -11.44
Inter-strand 4A-15U -8.80 (2.02) |-0.58(1.30) -9.38(2.40) -8.75(2.12) |-0.56(1.30)  -9.31(2.49)
(base pair) -12.47 -12.39
5¥-14A -8.64(1.92) -0.51(1.31) -9.15(2.32) |-8.90(1.99) '-0.51(1.32) |-9.41(2.39)
-12.02 -12.19
Step base pair | 4A-15U/5W-14A | -17.44 (2.79) | -1.09 (1.85) | -18.53 (3.35) -17.65(2.91)  -1.07 (1.85)  -18.72 (3.45)
(sum) -24.49 -24.58
Step all (sum) | 4A-15U/5%-14A | -1252 (3.33) -14.4 (2.16) |-26.92 (3.97) -12.42 (3.44) | -14.42 (2.17)  -26.84 (4.07)
-35.63 -36.02
Step 4A-15U-59-14A -34.39 -34.71
(combined)
QM stacking -9.90 -10.13
Stack 2 Intra-strand 5W¥/6U 2.87(0.88) |-3.97(0.55) -1.10(1.04) 3.73(0.95) | -3.94(0.60) -0.21(1.12)
-2.28 -1.29
5. ?I, %_ 3 13A/14A 1.65(0.70) | -5.97 (0.71) -4.32(1.00) ' 1.74(0.72) | -5.97 (0.73) | -4.23 (1.03)
3-AA-5 -4.45 -4.20
1413 Inter-strand 5W/13A 0.21(0.36) | -0.42(0.16) -0.21(0.39) 0.16 (0.42) | -0.44(0.17)  -0.28 (0.45)
-1.31 -1.64
BU/L4A 0.95(0.85)  -3.00(0.63) -2.05(1.06) |1.07(0.90) |-2.94(0.62) | -1.87(1.09)
-2.65 -2.51
Step stacking | 5¥-14A/6U-13A | 5.68 (1.45) | -13.36 (1.11) -7.68(1.83) 6.70 (1.55) |-13.29 (1.14) -6.59 (1.92)
(sum) -10.69 -9.64
Inter-strand 5W-14A -8.64(1.92) |-051(1.31) -9.15(2.32) -8.90(1.99) -0.51(1.32) -9.41(2.39)
(base pair) -12.02 -12.19
6U-13A -9.07 (1.87) -0.64 (1.27) -9.71(2.26) |-9.06 (1.87) | -0.61(1.28) |-9.67 (2.27)
-12.77 -12.65
Step base pair | 5¥-14A/6U-13A | -17.71 (2.68) -1.15(1.82) | -18.86 (3.24) | -17.96 (2.73) | -1.12 (1.84) | -19.08 (3.29)
(sum) -24.79 -24.84
Step all (sum) | 5¥-14A/6U-13A | -12.03 (3.05) |-14.51 (2.13)  -26.54 (3.72) -11.26 (3.14) |-14.41 (2.16) -25.67 (3.81)
-35.48 -34.48
Step 5¥-14A-6U-13A -35.06 -34.03
(combined)
QM stacking -10.27 -9.19
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duplex-U‘PA Modified duplex Reference duplex
Coulomb VDW Total Coulomb VDW Total
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
Stack 1 Intra-strand 4U/5¥ 3.79(0.95) -3.80(0.59) -0.01(1.12) |3.80(0.96) | -3.94(0.60) |-0.14 (1.13)
-1.12 -1.29
5. ‘[‘J E’P 3 14A/15A 1.73(0.71)  -6.01(0.73) -4.28 (1.02) '1.74(0.71) -5.97 (0.74) -4.23(1.03)
3-AA-5% -4.54 -4.24
1514 Inter-strand 4U/14A 0.15(0.41) | -0.43(0.17) -0.28(0.44) 0.12(0.42)  -0.45(0.17) -0.33(0.45)
-1.55 -1.59
5W/15A 143(0.82) -2.99 (0.61) -1.56(1.02) '1.13(0.89) -2.93(0.62) -1.80 (1.08)
-2.33 -2.50
Step stacking | 4U-15A/5W-14A | 7.10 (1.50) | -13.23(1.13) |-6.13 (1.88) |6.79 (1.55) |-13.29 (1.15) | -6.5 (1.93)
(sum) -9.54 -9.62
Inter-strand 4U-15A -8.75(2.00) | -0.61(1.28) |-9.36(2.37) -8.82(1.98) -0.56(1.30) -9.38 (2.37)
(base pair) -12.23 -12.19
5P-14A -8.77 (1.84) | -0.55(1.29) -9.32(2.25) -9.03(1.90) | -0.60(1.28)  -9.63 (2.29)
-12.17 -12.63
Step base pair | 4U-15A/5%-14A  -17.52 (2.72) | -1.16 (1.82) | -18.68 (3.27) -17.85(2.74) |-1.16 (1.82) -19.01 (3.29)
(sum) -24.40 -24.82
Step all (sum) | 4U-15A/5W-14A -10.42 (3.11) -14.39 (2.14) -24.81 (3.77) -11.06 (3.15) -14.45 (2.15) -25.51 (3.81)
-33.94 -34.44
Step 4U-15A-5Y-14A -33.61 -33.99
(combined)
QM stacking -9.21 -9.17
Stack 2 Intra-strand 5W/6A -1.28 (1.34) | -4.15(0.61) | -543(2.17) -0.91(1.43) -4.07(0.62) -4.98 (1.56)
-5.72 -5.03
5. 5\{, g_ 3 13U/14A -0.73(1.31) | -4.10(0.62) -4.83(2.10) -0.79 (1.36) | -4.10(0.63)  -4.89 (1.50)
3-AU-5 -5.01 -4.96
1413 Inter-strand 5¥/13U 1.90 (0.31)  -0.19(0.06) | 1.71(0.32) 2.31(0.35) | -0.19(0.06) | 2.12(0.36)
0.71 0.90
6A/14A 2.01(0.50) |-4.75(0.74) -2.74(0.89) 2.05(0.50) |-4.72(0.74)  -2.67 (0.89)
-3.60 -3.57
Step stacking | 5W-14A/6A-13U  1.90 (1.94) | -13.19 (1.14) -11.29 (3.16) 2.66 (2.07) | -13.08 (1.15) -10.42 (2.37)
(sum) -13.62 -12.66
Inter-strand 5¥-14A -8.77 (1.84) -0.55(1.29) -9.32(2.25) |-9.03(1.90) | -0.60(1.28) |-9.63(2.29)
(base pair) -12.17 -12.63
6A-13U -9.06 (1.90) -0.62(1.28) |-9.68(2.29) -9.09 (1.87) | -0.61(1.28) |-9.70(2.27)
-12.65 -12.69
Step base pair | 5W-14A/6A-13U  -17.83 (2.64) | -1.17 (1.82) |-19.00 (3.21) -18.12 (2.67) -1.21(1.81) -19.33 (3.23)
(sum) -24.82 -25.32
Step all (sum) | 5¥-14A/6A-13U -15.93 (3.28)  -14.36 (2.15) | -30.29 (3.92) | -15.46 (3.38) | -14.29 (2.14) | -29.75 (3.68)
-38.44 -37.98
Step 5¥-14A-6A-13U 1 3.79 (0.95) | -3.80(0.59) |-0.01 -38.00
(combined) -38.44
QM stacking -13.62 -12.68
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I. Deb et al., RNA duplexes with an internal ¥-A base pair

Supplementary Table S10. MM-PBSA binding free energies [kcal/mol], om - standard error

of the mean.

Energy Duplex-G¥YC |op Duplex-GUC  |oy AAE_(Y-U)

component

E VDW -48.00 0.05 -47.93 0.05| 0.07

E EL 1082.18 0.37 1082.74 0.37|-0.56

E PB -1102.81 0.35 -1104.06 0.36| 1.25

E NP -6.90| 0.002 -6.90| 0.002| 0.00

E(EL+PB) -20.63 -21.32 0.69

AGping -75.53|  0.05 -76.14|  0.05| 0.61

TAS -29.78 -29.28 -0.50

AAGping 1.11

AAGEXP.5 -0.71 (£0.55)
Duplex-C¥G |oy Duplex-CUG  |oy AAE _(¥-U)

E_VDW -48.19 0.05 -48.30 0.05| 0.11

E_ EL 1075.53 0.38 1078.43 0.43|-2.90

E PB -1097.56 0.36 -1099.28 0.40| 1.72

E_NP -4.82| 0.002 -4.82| 0.002| 0.00

E(EL+PB) -22.02 -20.85 -1.17

AGping -75.04 0.05 -73.97 0.05|-1.07

TAS -29.48 -29.58 0.10

AAGping -1.17

AAGEXP5 -2.43 (+0.49)
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I. Deb et al., RNA duplexes with an internal ¥-A base pair

Duplex-AYU  |oy Duplex-AUU  |oy AAE_(¥-U)

E_VDW -47.46| 0.05 -47.25|  0.05|-0.21
E_EL 1114.98| 0.39 1123.07| 0.40|-8.09
E_PB -1128.63|  0.37 -1135.44| 0.38| 6.81
E_NP -4.70| 0.002 -4.72| 0.002| 0.02
E(EL+PB) -13.65 -12.37 -1.28
AGping -65.80| 0.05 -64.33|  0.05|-1.47
TAS -28.46 -28.50 0.04
AAGping -1.51
AAGEP® -0.27 (£0.27)

Duplex-UYA |op Duplex-UUA  |oy AAE _(¥-U)

E_VDW -47.36|  0.05 -47.62| 0.05| 0.26
E_EL 1128.08| 0.39 1129.96| 0.41/-1.88
E_PB -1140.09|  0.37 -1141.43|  0.39| 1.32
E_NP -4.70| 0.002 -4.72| 0.003| 0.02
E(EL+PB) -12.01 -11.47 -0.54
AGying -64.06| 0.05 -63.80|  0.05/-0.26
TAS -27.72 -28.05 0.32
AAGying -0.58
AAGE*P® -0.55 (+0.19)

Duplex formation energy (kcal/mol) was calculated by subtracting the energy of the two
single strands from that of the duplex, using single-trajectory approach. E_VVDW denotes van
der Waals energy, E_EL - electrostatic energy, E_PB - electrostatic solvation free energy with
the Poisson Boltzmann (PB) model, E_NP - contribution of the nonpolar surface area to the
solvation free energy, TAS configurational entropy of the solute from quasi-harmonic
analysis. Calculations of AGyping do not include contributions due to changes in the
conformational entropy of the RNA. Experimental data from Kierzek at al. >, standard
deviation in parenthesis.
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SUPPLEMENTARY FIGURES

Supplementary Figure S1. Mass-weighted root-mean-square deviation (RMSD) time
evolutions for the duplex-GWC and duplex-CWG in reference to the NMR model (model 1 of
ten lowest-energy NMR ensemble).
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I. Deb et al., RNA duplexes with an internal ¥-A base pair

Supplementary Figure S2. Root-mean-square fluctuation (RMSF) of the backbone atoms (P,
OP1, OP2, O5', C5' and 03") calculated per residue in the studied RNA duplexes, red — V-
modified duplex, black — reference, unmodified duplex.
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I. Deb et al., RNA duplexes with an internal ¥-A base pair

Supplementary Figure S3. S® order parameter of the C1'-H1' vector of the sugar moiety
calculated in the studied RNA duplexes, red — ¥-modified duplex, black — reference,
unmodified duplex.
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I. Deb et al., RNA duplexes with an internal ¥-A base pair

Supplementary Figure S4. Local base-pair parameters in the W-modified and reference,
unmodified duplexes: opening; green — W-modified NMR; red — ¥-modified from MD
simulation; black — reference, unmodified from MD simulation. Vertical lines represent

standard deviations.
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I. Deb et al., RNA duplexes with an internal ¥-A base pair

Supplementary Figure S5. Local base-pair step and helical parameters in the W-modified
and reference, unmodified duplexes: (A) shift, (B) roll, (C) inclination; green — ¥-modified
NMR; red — ¥-modified from MD simulation; black — reference, unmodified from MD
simulation. Vertical lines represent standard deviations.
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(B) Roll (p)

Z
y X
duplex-G¥C duplex-C¥G
25 1 1 1 1 1 1 1 1 25 1 1 1 1 1 1 1 1
] —+— mod_NMR [ ] —*— mod_NMR F
] —=— mod [ ] —=— mod [
207 —— ref F 20 —w—ref r
15 - 15 -
=10 = =10 [
S A F S A F
=i 4 [ = g [
5 - 3 g
0 - 04 E
T, & % & % & b & T, & % & & & B &
7 < 2 3 () e ) 7 < 2 Z <5 (> 2 &)
© G T o B & 4 e T N N N Y
Base-pair Step Base-pair Step
duplex-AYU duplex-U¥A
25 1 1 1 1 1 1 1 1 25 1 1 1 1 1 1 1 1
] —=— mod & ] —=— mod [
Jo—r—ref [ ] —— ref [
20] o 20] o
15 L 153 L
] / [ ] [
=10 - ‘ =0 P \ i
2 ] r 2 ] r
5 g 5 a
] : ] -
T, & % % b b B & T, & % 4 % % b %
7 < > 'z 3 > e 8 7 < 2 Z 3 () e )
D T B G B % Y D % % F L G
Base-pair Step Base-pair Step

19
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(C) Inclination (1)
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Supplementary Figure S6. Intra-strand P-P distances (A) from 5' to 3' direction; green —
Y-modified NMR; red — W-modified from MD simulation; black — reference, unmodified
from MD simulation. Vertical lines represent standard deviations.
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Supplementary Figure S7. Inter-strand C1'-C1' distances (A); green — ¥-modified NMR; red
— Y-modified from MD simulation; black — reference, unmodified from MD simulation.

Vertical lines represent standard deviations.
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Supplementary Figure S8. Glycosidic torsion angles (y) for W5 and U5 in the simulated
duplexes; red — ¥-modified duplexes; black — reference duplexes, unmodified.
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Supplementary Figure S9. View of the stacked W-A base pair in 8 unique base pair steps in
the studied duplexes. In each window, in the strand on the left side the 5’ base is on the top, on
the left column the W-A bp is in the bottom, on the right column it is in the top. The
geometries are for the average structures of the most populated cluster over the MD
trajectories.

Duplex-G¥YC

5'GY/3'CA bp step 5"YC/3'AG bp step

Duplex-C¥YG

5'CW/3'GA bp step 5'"WG/3'AC bp step

Duplex-AYU

5'AY/3'UA bp step 5"YU/3'AA bp step

Duplex-UYA

5'UY/3'AA bp step 5"¥A/3'AU bp step
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Supplementary Figure S10. QM-based stacking energies for 8 unique base pairs steps
containing the W-A base pair (red) and their unmodified counterparts (blue). The base pair
steps are ordered according to the decreasing stability from the left to the right.
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Stacking energies for the base pair steps containing the W-A base pair fall within the range -
13.62 kcal/mol (5"WA/3'AU base pair step) to -9.21 kcal/mol (5'UW/3'AA base pair step)
whereas for the unmodified counterparts the range falls between -12.68 kcal/mol to -9.17
kcal/mol. The most stable step involving the ¥-A base pair is the 5"PA/3’AU base pair step.
The second most stable step is 5"PG/3’AC base pair step. These steps are more stable than
any base pair steps with U-A base pair.

For comparison stacking energies were calculated for the geometries derived from NMR
models for duplex-GWC and duplex-CWG. Stacking energies for the base pair steps calculated
for the geometries within the same duplex follow the same trend as the energies calculated for
MD-derived geometries. Stacking energies calculated for the geometries derived from NMR
models of distinct duplexes shows discrepancies in the energy trend obtained for MD-derived
geometries. The observed differences in base pair step stacking energies between MD and
NMR geometries are quite expected and result from the fact that the NMR structures were
energy minimized whereas representative geometries derived from the MD trajectories
experiencing thermal fluctuations.
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Supplementary Figure S11. Impact of ¥ to the QM stacking interaction energies of the base
pair steps: intra-strand (blue) and inter-strand (green) contributions. AE = Enogit-Eunmodit-

1r5 | | | | |
: ] Bl QM-intra-strand B
| QM-inter-strand |
— 0,5- B
o ] L
E . l [] ] i
=~
© - i
|2
X 0,5 I -
a I I
_‘I | L
_1r5_ —
-2 T .IQ. T lz-, I T I j@
©C B L B e 2 2 %
v 7
S % 5 x5 % % %

Base pair step

The stabilization effects of ¥ at the 5"VG/3’AC, 5'WU/3'AA and 5'GY/3'CA base pair steps
are dominated by the more favorable intrastrand WG, WU and GY stacking interactions
compared with those of UG, UU and GU, respectively. At these base pair steps, the ¥ slightly
destabilized the interstrand interactions. At the 5"PA/3'AU base pair step, both the intrastrand
YA and interstrand W/U stacking interactions were found to be more favorable than those at
the 5’'UA/3'AU base pair step. At the 5'CW/3'GA base pair step, the ¥ destabilized the
intrastrand stacking interactions by 1.35 kcal/mol while stabilizing the interstrand stacking by
1.0 kcal/mol. At the 5'¥C/3'GA base pair step, the slight destabilization of 0.37 kcal/mol from
the intrastrand interactions was compensated by the stabilizing interstrand interactions.
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Supplementary Figure S12. Interaction energies calculated for the base pair steps in this
work, based on the average geometries of the most populated clusters derived from MD
simulations of unmodified duplexes in this paper (B97D/Def2TzVPP) and by Svozil et al., °
based on the average-energy geometries (RI-DFT-D/TPSS/LP).
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Supplementary Figure S13. Change in the stacking energy between base pairs at given base-
pair step upon ¥ modification (red — QM, grey — MM). The data are ordered in decreasing
stability (as calculated with QM) of 8 unique dinucleotide steps containing V-A base pair in

RNA duplexeS. AE = Emodif'Eunmodif.
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Supplementary Figure S14. Change in the stacking energy between bases in a single strand
of RNA duplex at given base step (AE intra-strand) upon ¥ modification (red — QM, black —
MM with the bars showing standard deviation). AE = Emogit-Eunmodit-
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Supplementary Figure S15. Prediction of the impact of W to the staking energies at
trinucleotide steps; orange — AEqwm; grey — AEpm. AE = Emodit-Eunmodit-
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Supplementary Figure S16. Change in the QM stacking energy at two base pair steps upon
Y modification in comparison with the experimental change in thermal stability of the
duplexes (red — QM, green — experiment °). AE = Emodgit-Eunmodi.
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The change in the stacking energies upon replacing U with ¥ to obtain an internal V-
A base pair at the GPC and C¥G steps correlates with the experimental result ° showing a
more favorable thermodynamic effect for ¥ modification of duplex-CWG than that of duplex-
GWYC (Supplementary Fig. S16). Moreover, the changes in the stacking energies upon the ¥
modifications at the AWYU and UWA steps agree with the less favorable thermodynamic
effects of ¥ modifications for duplex-A¥YU and duplex-UYA.

In general, there is no quantitative correlation between the QM gas phase stacking data
and the nucleic acid stability ". The QM calculations provide intrinsic stacking energies that
correspond to the gas phase environment ®° . The free energy effect that is associated with the
base sequence includes not only intrinsic base stacking but also entropy effects and hydration.
Moreover, stacking calculations are performed with respect to the no-stacking reference state,
whereas thermodynamic measurements of duplex formation are performed with respect to a
single strand, where some portion of stacking can be expected. Nevertheless, Johnson and
coworkers *°, using nucleobase geometries from average fiber diffraction data and QM energy
calculations, demonstrated a correlation between the predicted and experimental nearest-
neighbor binding energies.
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Supplementary Figure S17. Isodensity surface color-coded by electrostatic potential (ESP).
U-A and Y-A base pairs (top row), internal triple base pairs in the W-modified sequences
(right side) and reference sequences (left side), view from the major groove side. The negative
ESP regions are indicated in red, and the positive regions in blue.

S'UUA/3'AAU S'"UpA/3'AAU

The isodensity surfaces for the U-A and W-A base pairs indicated rearrangement of the
charge localization around the major groove due to the isomerization of uridine to ¥, but the
isodensity surface shapes were very similar. The Hoogsteen edge of ¥ is more positive than
that of U, with positive charge located on the hydrogen attached to the N1 atom. The
stabilization of the stacking interactions at the 5'-G¥/3'-CA base pair step can be rationalized
by the attractive interactions due to the proximity of the electropositive region located at
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HN1-¥ and the electronegative region at N7 of G (distance 3.5 A). The increased
electropositivity of HN1-¥ compared with that of the corresponding H5 in U also contributes
to the stabilization at the 5"YG/3’AC and 5"PA/3’AU base pair steps where the HN1-¥...N7-
A/N7-G distance is 4.1 A and at the 5"PU/3’AA base pair step where the HN1-¥...04-U
distance is 4.4 A. On the other hand, the electropositive regions at the H6 of cytidine and
HN1-Y¥ contribute to the destabilization of the interaction energy at the 5'CW/3'GA base pair
step.
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Supplementary Figure S18. Distribution of the distance between HN1-¥5 atom and OP2
atom of the preceding residue in the simulated W-modified duplexes.
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Supplementary Figure S19. Schematic representation of base pair interactions in one base
pair step. Here, A, B, C and D represent the bases. The solid lines represent intra- and
interstrand interaction energies, while the dotted lines represent hydrogen bonding interaction
energies between the base pairs.
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SUPPLEMENTARY METHODS

1. RNA Synthesis

For NMR study, each of the obtained duplexes was dissolved in a volume of 200 pl of 90%
H,0 and 10% D0 solution and placed into 3 mm NMR sample tubes. Buffer conditions were
10 mM sodium phosphate, 150 mM NaCl, 0.1 mM EDTA at pH 6.8. For experiments
performed in D,0O, the samples were evaporated to dryness from DO three times and finally
redissolved in 99.996% D,0. To allow a hybridization of the strands to yield the duplex
before NMR measurements or after water exchange each sample was heated for 3-5 min at
90 °C and then slowly cooled to room temperature.

2. Structural Restraints

Watson-Crick base pairs and hydrogen bonding pattern between ¥ and A bases were
identified according to ° based on observation of downfield shifted imino and amino proton
resonances and characteristic NOE correlations. Thus, restraints for hydrogen bonds taken
from the standard base-pair geometries of nucleic acids as suitable distances with a tolerance
of £0.2 A were also imposed. The constraints for endocyclic and backbone torsion angles
were obtained on the basis of the estimates of 3,y couplings as described previously ***? |
The sugar pucker conformation was constrained to 3’-endo for most of residues due to lack or
weak visible H1' to H2' cross-peaks in the 'H-'H COSY spectra. Thus ranges for all
endocyclic vp-v4 torsion angles were set as follows vo =3 £ 15°, v1 = -25+ 15°, v, =37 £ 15°,
vz =-36 £ 15°, v4 =21 £ 15° except torsions of the U9 and A18 residues at the 3’-ends of the
polynucleotide chains. In case of the latter ones, intermediate *Jui.h2 couplings were
observed and to reflect the possibility of conformational averaging sugar puckers were left
unconstrained. The orientations of the nucleobases with respect to the sugar rings
characterized by the glycosidic torsion angles (y) were derived by the intensity of the
intranucleotide H1'-H6/H8 cross-peaks in 2D NOESY spectra and accordingly restrained to
allow anti range (-158 + 30°). The backbone a and { were set to 0 + 120° to exclude the trans
conformation upon the 3P chemical shifts analysis (Varani et al. 1996). An estimation
of 3JP_H3', 3Jp_H5', 3Jp_H5~ in 'H-¥p CcOSY spectra provided information on backbone  and ¢
angles. According to the observations torsion angles B were restrained to the trans
conformation (178 + 30°) for both duplexes. Similarly the & angles were restricted to the
typical for A-form helices trans range of -153 + 30°. Taking into regard H4'-H5'/H5"
couplings observed in the *H-'H COSY spectra the y torsion angles were restricted to a
gauche” range (54 £ 30°).

3. Structure calculations by simulated annealing method

The starting structures were energy minimized with 50 steps of steepest descent followed by
150 steps of conjugate gradient algorithms in an implicit solvent environment using the
default radii (igh = 1) and the sander module. A cutoff of 12 A was chosen to include the
nonbonded interactions during energy minimization. Different initial velocities were assigned
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for the 100 independent restrained MD (rMD) simulations during the first cycle. The
trajectories were propagated using Langevin dynamics with an absolute value of 20.0 for any
component of the velocity vector, a time step of 1 fs and a collision frequency of 1 ps™,
applying constraints to the bonds involving hydrogen atoms by the SHAKE algorithm. A
maximum distance cutoff of 12 A between the atom pairs was used for the pairwise
summation involved in calculating the effective Born radii, while to include the nonbonded
interactions, a long-range cutoff of 20 A was considered during the restrained MD
simulations. The temperature of the system was raised from 0 K to 3000 K within the first 5
ps and was held constant at 3000 K for the next 3 ps. Then, the system was cooled to 100 K
within the next 82 ps, followed by further cooling to 0 K within the next 10 ps. All the NOE
distances and dihedral angles around the backbone that were associated with sugar puckering
were restrained by force constants of 12 kcal/mol/A? and 12 kcal/mol/rad?, respectively, using
a potential well with a flat bottom with parabolic sides to make sure that each violation was
active. Chirality restraints were also applied by a force constant of 12 kcal/mol/rad® to restrain
the orientations of the chiral atoms by restricting the flipping of covalent bonds at high
temperature. We followed a similar simulated annealing protocol for the second cycle with
the exceptions that the temperature was raised to 600 K, and the force constants applied for
the NOE distance restraints and dihedral and chirality restraints were 30 kcal/mol/A? and 30
kcal/mol/rad®, respectively. In both of the simulated annealing cycles, the weight of the
restraints varied from 0.1 to 1.0 within the first 8 ps of heating and equilibration to allow large
violations and thereafter was held at 1.0 for the rest of the 92 ps of simulation time.

4. Molecular Dynamics (MD) Simulations

The initial model build structures was solvated with TIP3P ** water molecules in truncated
octahedral boxes in a manner so that the closest distance between any atom of the solute
molecule and the edge of the periodic box is 10 A. All the systems were neutralized with Na*
ions and additional Na* and CI" ions, using Joung and Cheatham ion parameters ** , were
added to the neutralized and solvated systems to set the salt concentration at 1.0 M. This salt
concentration intended to replicate the environment of UV melting experiments °.The
influence of ion concentration in the MD simulations on RNA structure and dynamics has
been discussed elsewhere !¢, The Na* and CI" ions were swapped with random water
molecules that were not closer than 6.0 A from any residue of the 9-bp duplexes and not
closer than 4.0 A from any other Na'/CI" ions. The solvated systems of both the unmodified
and W-modified RNA duplexes were subjected to energy minimization by 200 steps of
steepest decent followed by 300 steps conjugate gradient with a weak RMS force convergence
criteria of 0.1 kcal/mol for the energy gradient holding the duplexes by a positional restraint
force of 25.0 kcal/mol/A%. In the next step, constant pressure Langevin dynamics using a
collision frequency of 1 ps* was performed for 50 ps at 300 K to equilibrate the solvent
molecules holding the duplexes by a positional restraint force of 25.0 keal/mol/A®. Then the
systems were further subjected to two stages of energy minimizations by 500 steps of steepest
decent followed by 2000 steps conjugate gradient in each stage and with the default RMS
force convergence criteria of 0.00010 kcal/mol with the exception in the first stage that a
positional restraint force of 25.0 kcal/mol/A? was applied to the duplexes. These two stages of

37



I. Deb et al., RNA duplexes with an internal ¥-A base pair

energy minimizations were followed by three stages of equilibration before production run. In
stage 1, the systems were slowly heated from 0 K to 300 K in 80 ps using constant volume
Langevin dynamics with a collision frequency of 5 ps™ holding the duplexes with a restraint
force of 15 kcal/mol/A The temperature was held constant at 300 K for the next 20 ps. In the
second stage of 100 ps equilibration run at 300 K, constant pressure Langevin dynamics with
a collision frequency of 1 ps™ was used holding the duplexes with a lower restraint force of 10
keal/mol/A%. In the final stage of equilibration run for 1 ns at 300 K, the conditions of
previous stage were followed except the positional restraint force on the duplex molecule was
removed and to avoid fraying ends the inter-strand Watson-Crick hydrogen bonding distance
restraints were applied to the terminal base pairs following Saenger '’ which allowed 0.1 A
movement from the equilibrium bond distance. The conditions for the production run were
similar to the final stage of the three stage equilibration. Trajectory files were written at each
10 ps time step during a total 500 ns of production run. Constant pressure simulations were
carried out using Berendsen barostat ** by turning on isotropic position scaling with a
reference pressure of 1 atm and a pressure relaxation time of 2 ps. The nonbonded interactions
within 10.0 A long-range cutoff were taken into account during minimizations, equilibrations
and production run. All the equilibration and production MD simulations were run with a 2 fs
time step. SHAKE * was turned on for bonds involving hydrogen atoms. The particle mesh
Ewald (PME) method % with a direct space cutoff of 10 A was used for all the simulations.

5. Analysis of MD trajectories

The last 400 ns of trajectories from the total 500 ns of production runs were analyzed. During
lie analysis, we considered a cutoff of 999.0 A for both the electrostatic and van der Waals
interactions. Cluster analysis was carried out with the initial clustering for every 10 frames
only, the number of clusters was set to 5 and the minimum distance between clusters greater
than 2.0 A. For cluster analysis, the distance metric used was the coordinate RMSD of the
heavy atoms of residues 3-7, 12-16. The most populated clusters contained of 60-90% frames.
The MM-PBSA python script included in AMBER was used for the calculations of free
energy (AG) of duplex formation. For MM-PBSA calculations, we used single trajectory
approach and a total of 8000 frames from the last 400 ns trajectories and an ionic strength of
150 mM were considered. For S? order parameter calculation, the C1'-H1' bond % was chosen
as ired vector to define and diagonalize ired matrix. Second order Legendre polynomials was
used to determine spherical harmonics and 10 ps timestep was chosen with a maximum time
10 ns to calculate the correlation function. The correlation functions were calculated using
direct method and were normalized.

6. Ab Initio Base Pair Step Stacking Energies

The sugar-phosphate backbone was removed from the selected geometries, and the bases were
replaced by the monomers of the bases optimized individually in the gas phase at the
B97D/Def2TZVPP level of theory. For each monomer of the base, the N1/N9-C1/C5-C1'
bond was replaced by the N1/N9-CH3/C5-CH3 bond. For the geometry optimization
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calculations of monomers of the bases, the structures were prepared using the molecular
structure editor MOLDEN 2. The planarity of the exocyclic -NH, groups was maintained by
freezing the dihedral angle associated with the groups during the geometry optimization
calculations.

Choice of proper geometries for stacking calculations

The QM-based stacking energies have previously been shown to be sensitive to the
geometry °. Such geometry, in principle, can be derived from several sources such as fiber
diffraction data, high resolution X-ray structures and molecular dynamics (MD) simulations.
Svozil and coworkers proposed a protocol for the selection of geometries based on MD
simulations that are the average-energy geometries °. In our calculations, we used average
geometries derived from the cluster analysis of the trajectories %. To ascertain that our base
pair step geometries represent the systems sufficiently well, we compared the stacking
energies of eight unique base pair steps in the unmodified duplexes calculated for our
geometries with those evaluated by Svozil et al. at the average-energy geometries
(Supplementary Fig. S12). The plot shows the same trends for the sequence dependences of
the stacking energies calculated with both methods.

Additionally, we have calculated the base pair step stacking energies of NMR-derived
geometries (model 1 of ten lowest-energy solution NMR ensemble) for both the duplex-G¥C
and duplex-CWG, and compared with the base pair step stacking energies of the representative
geometries derived from MD trajectories (Supplementary Figure S10).
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