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RNA

Polymeric chain of nucleotides

Pentose sugar ribose

Connected 3’ -> 5‘ by negatively charged phosphate backbone

One of four nitrogenous bases attached at the 1’ position

Isotopic labeling is easy if precursors are available

Residue-speci�c via solid phase synthesis from phosphoramidite monomers (size-limited)
Uniform labeling by residue type by in vitro transcription from NTPs

Large suite of homonuclear and heteronuclear NMR experiments allowing for
sequential chemical shift assignment and acquisition of constraints for structure generation
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General paucity of RNA structural information

In the PDB: 133,000 protein structures, 2200 protein:RNA complexes, 1400 RNA structures

NMR well-represented in RNA structures - 35% of depositions vs. 8% for proteins

Few NMR structures over ~50 nucleotides  - median 24 nucleotides, average ~28 nucleotides

As of January 2020
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Major challenges

Isotope labeling is essential for addressing these challenges

Limited chemical shift dispersion / overlap

Di�culty applying heteronuclear correlation experiments to larger systems

Lack of NOEs between secondary structure elements



Model system - HIV-1 RRE

232 nucleotide, ~75 kDa
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base pairing

Generally single stranded

Self-complementary sequences allow formation of A-form double helices

Self-complementary sequences allow formation of A-form double helices
separated by bulges and large internal loops



Challenge 1: signal overlap
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Challenge 1: signal overlap
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Deuteration
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Challenge 1: signal overlap

Computational tools greatly facilitate analysis

Marchant, Summers, Johnson, J. Biomol. NMR 2019
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Challenge 2: heteronuclear labeling

All simulations courtesy of Spinach: Hogben et al., JMR 2011
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Challenge 3: relative orientation of secondary structure elements

Global features such as the relative orientation of distinct
secondary structure elements remain challenging to obtain



Challenge 3: relative orientation of secondary structure elements

Strickland et al., J. Am. Chem. Soc. 2019

Pseudocontact shifts via interaction with paramgnetically tagged U1A protein:
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6.807.007.207.407.607.808.008.208.40

210.0

220.0

230.0

¹H, ppm

15
N

, p
pm

N

NN

N
2

1

34

5
6

7
8

9

Adenine

ND2

H
H

~15 Hz

~15 Hz

~11 Hz

~7 Hz

Large dependence on
passive spin

Long selective nitrogen pulses

Can fit if both signals
resolved

∝

Residual dipolar couplings



0.5

0.4

0.3

0.2

0.1

 12  14
2(J+D)H2N1

2 (J
+D

) H
2N

3

 16  18  20 10

 12

 14

 16

 18

 20

0.
2

0.3

 12  14
2(J+D)H2N1

2 (J
+D

) H
2N

3

 16  18  20 10

 12

 14

 16

 18

 20

 12  14
2(J+D)H2N1

2 (J
+D

) H
2N

3

 16  18  20 10

 12

 14

 16

 18

 20

0.2

0.3

0.4
0.5
0.6
0.7
0.8
0.9
1.0

1.1

1.2

1.3

0.1

/



Pulse calibration essential

miscalibration (radians) (11.5º)

J (
H

z)

J o
�s

et



 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 0  20  40  60  80  100  120  140
Re

si
du

al
 S

ig
na

l

Power level (W)

Hard pulse
1H

15N

τtrec

 8.34  8.32  8.30
 1H, ppm

8.28 8.26 

Probe power output is inhomogenous
across the sample

Di�cult to accurately calibrate heteronuclear
pulses



 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 0  20  40  60  80  100  120  140
Re

si
du

al
 S

ig
na

l

Power level (W)

Hard pulse

BIR4 pulse1H

15N

τtrec

 8.34  8.32  8.30
 1H, ppm

8.28 8.26 

(Garwood, M.; Ke, Y. J. Magn. Reson. 1991, 94, 511−525)
Adiabatic pulses designed for insensitivity to B1



G1 G2

* *

G2

e rT
фrec

ф1 ф2

1H

15N

Grad

T

t1
2 CPD

t1
2

t2

• 59 RDCs with uncertainty < 0.3 Hz measured for RRE
• No comparable method for measuring these couplings in large RNAs

Marchant, Bax, Summers, J. Am. Chem. Soc. 2018

VF-HMQC

 0

 2

 4

 6 H2 - N1

2 HzD2O splitting:

Isotropic 2 Hz 15 Hz

15 Hz

 0

 2

 4

 6

 0  20  40  60  80  100  120  140  160  180  200  220  240

RD
C 

(H
z)

Residue number

H2 - N3

I

II

5'- -3'

G-C
U-A
U-A
U-A
C-G
G-C
A-U
G-C
G-C

U U

U-A
U-A
C-G
U-A
U-A
G-C
G-C
G-U
U-A
U-A
C-G
C-G
U-A

G
G

G

A

A
G

G

A-U
G-C
G-C
A-U
C-G
G-C
A-U
C-G
G-U

A

C

A

U

G

- -GG C
C G

G
GG

UA
C

AG
GC

A-U
A-U
C-G
A-U
G-C
A-U
C-

-

G
A

-- - - -

U
A

G
U

U U
C A

A
UA

G-

-

CC-GG-CU-AC-GG-CC-GA-UG-C

A

AA
U

U
U A

10

20

30

40

50

60

80

100
1105 1154

200

210

220

230

III/IV

A

C-G

G-C

G-C

U-A

U-A

U G
C-G
G-C

G-C

G-C

C-G

C-G
U-A

U-A

A
U U G

A130
•

U G•

AAA
G G

G C

UU U
AAC

A
A

1111

120-

140

1148

V
C

AC A

AA
A

A
A C

-

- -

G
G

-U
G

-C

G
C

A

-U

A
U

C

-G
C

-G
U

-G
C

-G
G

-C
A
U CA

A
A

CA

160

170

180

190

6.806.90
¹H (ppm)

210.0

215.0

220.0

225.0

15
N

 (p
pm

)

99 224

6.806.90
¹H (ppm) ¹H (ppm)

99 224

6.806.90

99 224

SOFAST-HMQC
VF-HMQC

S3E (x10)

 8.0  7.5  1H, ppm

~



Model system

36 nt, 10 Adenosines

Derived from MMLV 5’-L SLC

7.07.27.47.6

5.05.25.45.6

7.88.0 6.46.66.88.28.4
¹H (ppm)

136

137

138

139

140

141

142

143

144

97

98

99

100

101

102

103

104

105

152

153

154

155

¹³C
 (p

pm
)

19

18

27

29

1

26

33

10

22
31

4

32

11

28

34

9

15

21

12

3

6

5

17

16

8
23

36

14

2

30

25

35

24

13

20

7

27 18

12

26

34
19

29 6
11

33

28

32

4

16

23

22

36

31

30

14

13

3

35

21

8

G
G
U
U
G
A
G
U
G

G
U

G A

g g
a

aC
A
C
U
C
A
A
C

GAA
CU
A G

U U C

C5’

10

15

5

20

25

30

35
3’



6.66.87.07.27.47.67.88.0
¹H (ppm)

212

214

216

218

220

222

224

226
15

N
 (p

pm
)

18.N3

18.N1
27.N1

27.N3

12.N3

12.N1

26.N1

26.N3

34.N1

34.N3

19.N3

19.N1

29.N3

29.N1

6.N3

6.N1

11.N3

11.N1

33.N1

33.N3

225

215 27.N3

27.N1
18.N1

18.N3

12.N3

12.N1

26.N3

26.N1

34.N1

34.N3

19.N3

19.N1

29.N3

29.N1

6.N3

6.N1 11.N1

11.N3 33.N3

33.N1

 8.0  7.0 1H, ppm

 15
N

, p
pm



A27
A26

A11
A12

A18 A19

A6

A33
A34

A29D
S3

E 
(H

z)

-2

-1

 0

 1

 2

-2 -1  0  1  2
DVF-HMQC (Hz)

RMSD = 0.14 Hz Q = 10.9 %

-2

-1

 0

 1

 2

-2 -1  0  1  2

D
pr

ed
 (H

z)

Dobs (Hz)

A H-N3
A H-N1

27

27

26

26

18

18



Removed helix:helix NOEs and relaxed geometry
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Significantly extends the size limit for RDC measurement in RNA

Sufficient to determine interhelical orientation with as few as three
adenosines per element

Consistent with existing methods

Applicable to RNAs on the order of hundreds of nucleotides, providing access to
higher quality structures of larger RNAs than previously possible
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N.B. Calculations by Sklenár and colleagues suggest
~1.5 Hz decrease in 2JH2N1 when base paired
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