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Supplementary Material

Table S1. Chemical shifts and coupling constants of dinucleotides and 
mononucleotides used as references

Ap2A Ap3A Ap4A Ap5A ATP 
8.008.068.108.128.24H2
8.148.258.348.408.51H8
5.925.975.996.026.12H1'
4.534.564.69~4.734.78H2'
4.414.454.534.564.58H3'
4.334.314.334.354.37H4'
4.314.294.274.264.26H5'
4.214.254.214.194.18H5''

-10.39-10.75-10.42-10.44-10.45P
/-22.20-22.20-22.19-21.86P
///-22.13-8.10P

153.16153.35153.42153.38153.60C2
139.81139.84140.34140.48140.66C8
155.59155.71155.93155.98156.41C6
148.87148.96149.47149.58149.96C4
118.52118.65118.87118.93119.38C5
87.7887.9587.4587.2287.31C1'
75.4875.5975.2075.0074.96C2'
70.6270.3971.0471.1371.07C3'
84.0783.8284.5584.7484.82C4'
65.8565.4265.9165.9965.88C5'
5.24.75.86.06.1J1'2'

5.04.85.15.05.2J2'3'

4.4±0.54.83.63.23.5J3'4'

2.1±12.5±0.42.82.82.8J4'5'

2.7±13.13.33.33.0J4'5''

n.d.2.6±0.42.11.92.3J4'P

4.2±26.2±0.46.06.26.2J5'P

5.4±24.34.64.24.5J5''P

11.611.611.711.611.7J5'5''

9.08.59.29.09.2JC4'P

4.04.04.85.55.1JC5'P

//16.5//J
/19.318.116.019.5J
//0.3//J'

11.011.011.011.011.0JC6H2

12.012.012.312.312.0JC4H2

5.25.04.85.35.0JC4H8

1.8n.d.≤11.81.0JC4H1'

11.511.011.011.011.0JC5H8

202.2202.2203.7202.2202.8JC2H2

215.8215.8215.8215.8216.3JC8H8

4.23.74.54.64.0JC8H1'
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GTP Gp5G Gp4G Gp3G Gp2G 
H8 8.10 8.04 8.02 7.96 7.90
H1' 5.90 5.84 5.82 5.79 5.75
H2' 4.80 4.79 4.75 4.63 4.59
H3' 4.57 4.55 4.52 4.44 4.41
H4' 4.33 4.32 4.29 4.26 4.25
H5' 4.24 4.25 4.24 4.23 4.23
H5'' 4.18 4.20 4.20 4.23 4.15
P -10.40 -10.58 -10.62 -10.83 -10.44
P -21.65 -22.20 -22.42 -22.44 /
P -7.45 -22.14 / / /
C2 154.70 153.23 153.17 153.08 154.31
C8 138.56 137.34 137.19 136.74 137.94
C6 159.80 158.29 158.17 157.97 159.27
C4 152.62 151.21 151.09 150.73 151.90
C5 117.03 115.56 115.49 115.34 116.65
C1' 87.36 86.22 86.29 86.70 87.97
C2' 74.20 72.86 72.97 73.31 74.64
C3' 71.06 69.93 69.84 69.29 70.65
C4' 84.73 83.55 83.35 82.68 83.92
C5' 65.90 64.84 64.69 64.22 65.71
J1'2' 6.4 6.5 6.2 5.4 5.2
J2'3' 5.2 5.2 5.0 4.8 5.1
J3'4' 3.3 3.0 3.1 4.2 4.0±0.5
J4'5' 3.5 3.5 3.5 n.d. 2.7±1
J4'5'' 3.5 3.5 3.8 n.d. 2.7±1
J4'P 1.6 n.d. n.d. n.d. n.d.
J5'P 6.5 6.2 6.0 n.d. 5.4±2
J5''P 4.5 5.0 5.0 n.d. 5.4±2
J5'5'' 11.5 11.5 11.5 n.d. 10.8
JC4'P 9.1 8.9 9.4 9.0 9.5
JC5'P 5.5 5.4 5.3 5.3 5.5
J / n.d. 16.4 / /
J 19.5 15.0 18.3 19.3 /
J' / n.d. 0.1 / /
JC4H8 5.5 5.2 4.8 5.1 5.1
JC4H1' 2.5 2.8 2.4 2.4 2.3
JC5H8 11.5 11.1 11.1 11.2 11.0
JC8H8 215.8 216.1 216.1 217 215.8
JC8H1' 4.7 4.3 4.1 4.1 4.1
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Gp3CGp2C Gp2C'Ap4U Ap3U Ap2U 
///8.218.208.18H2

8.078.017.958.508.488.41H8
5.865.845.976.096.086.05H1'

~4.80~4.784.71~4.76 4.714.72H2'
4.494.464.454.564.514.48H3'
4.314.314.294.364.354.35H4'
4.204.244.284.264.254.23H5'
4.204.154.184.194.194.18H5''

-10.90 or 
78-10.61-10.48

-10.51or 
59-10.77

-10.55or
49P

-22.42//-22.27-22.27/P
//////P

154.52153.24154.37153.67153.68153.55C2
138.11137.00138.14140.60140.42140.40C8
159.42158.24159.29156.36156.28156.21C6
152.37151.13152.22149.99149.85149.78C4
116.78115.68116.81119.32119.22119.18C5
87.2286.4087.7587.2187.3687.44C1'
74.5072.8774.2275.1075.4274.92C2'
71.3269.8870.9771.2871.2771.07C3'
84.5883.2184.2184.9384.6484.52C4'
65.9564.8366.0566.0565.9865.99C5'
6.56.05.76.26.06.0J1'2'

5.05.3±0.55.35.25.05.3J2'3'

3.03.3±0.53.7±0.53.13.43.5J3'4'

n.d.n.d.n.d.2.8±0.52.6±0.5n.d.J4'5'

n.d.n.d.n.d.n.d.n.d.n.d.J4'5''

n.d.n.d.n.d.n.d.n.d.n.d.J4'P

n.d.n.d.n.d.6.3±0.56.4±0.5n.d.J5'P

n.d.n.d.n.d.n.d.n.d.n.d.J5''P

n.d.n.d.n.d.11.4±0.511.3±0.5n.d.J5'5''

8.79.08.710.0±19.18.2JC4'P

4.54.05.05.0±15.04.6JC5'P

///~18//J
19.7/18.7//~1819.020.5J

//////J'
///11.011.011.0JC6H2

///12.0±0.411.612.2JC4H2

5.05.0n.d.5.2±0.74.85.3JC4H8

2.53.0n.d.2.3±12.32.3JC4H1'

11.011.011.011.511.511.5JC5H8

///202.7202.2202.2JC2H2

216.1215.7216.8215.8215.8215.8JC8H8

4.14.03.44.14.34.3JC8H1'
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Ap4UAp3UAp2UUp5U Up4UUp2U UTP 
5.815.705.645.955.965.915.95H5
7.827.757.627.947.947.897.96H6
5.895.825.785.985.965.925.97H1'
4.314.254.184.374.364.324.38H2'
4.364.284.234.424.404.324.42H3'
4.204.184.184.274.254.234.26H4'
4.204.214.234.244.224.234.24H5'
4.204.214.124.214.224.154.21H5''

-10.51or 
59-10.72

-10.55or 
49-10.57-10.66-10.59-10.51P

-22.27-22.27/-22.09-22.40/-21.72P
///-22.09//-7.41P

152.51152.17152.06152.68152.61152.44152.62C2
142.12141.77141.62142.44142.41142.32142.46C6
166.76166.42166.36166.98166.93166.84167.00C4
103.27102.97102.91103.51103.49103.36103.40C5
88.7789.0388.9188.6988.7089.0488.85C1'
74.5174.7274.6874.4174.4774.4974.45C2'
70.3569.9770.1970.5370.4970.3270.28C3'
84.0783.6083.7484.3884.2883.8684.12C4'
65.7165.3465.5665.8965.7965.6065.56C5'
5.14.55.05.65.44.5±0.55.3J1'2'

5.1±0.54.8±0.5n.d.5.25.25.0±15.2J2'3'

n.d.4.8±0.5n.d.3.83.84.5±14.3J3'4'

n.d.n.d.n.d.n.d.n.d.2.5±1n.d.J4'5'

n.d.n.d.2.5±12.8±1n.d.2.5±1n.d.J4'5''

n.d.n.d.n.d.n.d.n.d.n.d.n.d.J4'P

n.d.n.d.n.d.n.d.n.d.n.d.n.d.J5'P

n.d.n.d.5.0±24.5±1n.d.5.0±2n.d.J5''P

n.d.n.d.11.711.1±1n.d.12.0n.d.J5'5''

10.0±19.07.69.29.09.49.5JC4'P

4.2±15.04.35.25.05.25.0JC5'P

~18///16.8//J
~1819.020.516.3±118.4/20.0J

////0.15//J'
8.18.38.08.38.08.18.0JC2H6

2.01.82.02.12.02.02.0JC2H1'

1.31.81.51.71.41.61.6JC4H5

10.511.010.510.811.010.811.0JC4H6

179.0178.1178.1178.9178.8178.8179.0JC5H5

1.82.12.32.12.02.32.0JC5H6

4.14.14.04.04.04.04.0JC6H1'

184.9185.6185.6185.6184.9184.7185.0JC6H6

4.14.14.04.04.04.04.0JC6H5

8.28.28.08.08.18.08.2JH6-H5
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CMP Gp3CGp2CGp2C'
6.115.915.886.92H5
8.077.807.728.08H6
5.985.875.825.82H1'
4.314.214.164.21H2'
4.314.254.224.24H3'
4.224.184.184.24H4'
4.034.244.234.34H5'
3.964.244.124.17H5''

4.11
-10.90 or 

78-10.61-10.48P
/-22.42//P
////P

158.55158.00156.81157.24C2
142.57141.51140.27145.07C6
166.92166.46165.27163.53C4
97.3396.7995.5597.37C5
89.7989.9188.8191.15C1'
75.0875.0873.9975.50C2'
70.3369.3368.3168.98C3'
84.2182.8281.7483.01C4'
63.6464.8763.8464.76C5'

3.6±0.53.54.02.7J1'2'

n.d.n.d.n.d.n.d.J2'3'

n.d.n.d.n.d.n.d.J3'4'

2.7n.d.n.d.n.d.J4'5'

2.9n.d.n.d.n.d.J4'5''

n.d.n.d.n.d.n.d.J4'P

3.7n.d.n.d.n.d.J5'P

5.1n.d.n.d.n.d.J5''P

11.9n.d.n.d.n.d.J5'5''

8.59.39.08.7JC4'P

4.04.54.03.7JC5'P

////J
/19.7/18.7//J
////J'

6.56.36.0n.d.JC2H6

1.81.3  n.d.n.d.JC2H1'

2.01.81.6n.d.JC4H5

9.09.09.010.0JC4H6

175.6173.9177.7182.0JC5H5

3.02.2n.d.3.0JC5H6

4.03.53.6/3.82.5JC6H1'

184.9183.8184.5185.5JC6H6

4.03.53.6/3.85.5±1JC6H5

7.67.87.67.6JH6-H5

n.m. not measured; n.d. not determined
If not mentioned otherwise, JHH, JHP±0.2 Hz, JCH, JCP, JPP±0.5 Hz.
~ H2' overlap with HOD signal. The chemical shift is estimated.
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Table S2. Differences in chemical shifts (in ppm) between dinucleoside 

polyphosphates and the corresponding mononucleotide. (mononucleotide 

dinucleotide

No. Dinucleotide H2'pu) H3'pu) H2'py) H3'py)

1 Ap2A 0.25 0.17 / /

2 Ap3A 0.22 0.13 / /

3 Ap4A 0.09 0.05 / /

4 Ap5A ~0.05 0.02 / /

5 Ap2U 0.06 0.10 0.20 0.19

6 Ap3U 0.07 0.07 0.13 0.14

7 Ap4U ~0.02 0.02 0.07 0.06

8 Up2U / / 0.06 0.10

9 Up4U / / 0.02 0.02

10 Up5U / / 0.01 0

11 Gp2G 0.21 0.16 / /

12 Gp3G 0.17 0.13 / /

13 Gp4G 0.05 0.05 / /

14 Gp5G 0.01 0.02 / /

15 Gp2C ~0.02 0.11 0.15 0.09

16 Gp3C ~0 0.08 0.10 0.06

17 Gp2C' 0.09 0.12 0.10 0.07
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Table S3. Torsion angles of Ap2A and Ap4A (including standard deviation) 

Ap2A ()a Ap2A ()a Ap4A ()a Ap4A ()a

1 188.3  20.7 222.2  75.1 234.1  87.3 229.8  87.6

2 188.6  21.7 195.1  81.0 -7.9  62.6 274.7  61.0

1 182.4  27.2 182.0  30.6 180.7  25.8 175.6  36.0

2 184.9  25.9 190.2  38.0 181.6  81.1 130.1  31.2

1 62.6  13.9 57.4  18.8 66.7  46.4 50.4  28.0

2 62.7  14.3 57.3  22.7 70.2  19.9 43.7  31.6

1 227.1  17.0 258.7  39.4 -74.0  36.3 239.0  42.5

2 227.1  16.6 233.5  56.0 -2.3  47.5 241.2  59.5

a The simulations started with a certain stacking mode ( or ), but this changed during the 

simulation (to an extended conformation or another mode of stacking), so the data is not an average for 

only one stacked conformation, but all the stacked forms and the extended form.
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Fig. S1 . The change of the lattice parameters a, b, c of the Ap4A unit cell during a 1 

ns MD simulation.
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Fig. S2. The change of the angle  of the Ap4A unit cell during a 1 ns MD simulation.
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Fig. S3. The inter-base distance (N9-N92) (Fig. 9) as a function of time during 10 ns

simualtions for (a) Ap2A (b) Ap4A
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Fig. S4 . Distances N62-O2' and N6-O22' (Fig. 11) for Ap2A in the  stacking 

form, during 1 ns simulation.
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Fig. S5 . Distances N62-O2' and N6-O22'  (Fig. 11) for Ap4A in the  stacking 

form, during 1 ns simulation.
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Fig. S6 . Distances N62-O2' and N6-O22'  (Fig. 11) for Ap2A in the  stacking 

form, during 1 ns simulation.
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Fig. S7. Distances N62-O2' and N6-O22'  (Fig. 11) for Ap4A in the  stacking 

form, during 1 ns simulation.
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Fig. S8. Distances N62-O2' and N6-O22'  (Fig. 11) for Ap2A in the  stacking 

form, during 1 ns simulation.
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Fig. S9. Distances N62-O2' and N6-O22'  (Fig. 11) for Ap4A in the  stacking 

form, during 1 ns simulation.
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Assignment of ApnAs coupling constants as compared to literature

The conformation of ApnAs n = 2-6 in solution was investigated by Mayo et al 

before.1 We confirmed that there are upfield shifts () of H8, H2, H1', H2' and H3'

chemical shifts compared to the corresponding mononucleotides. These  values 

become smaller for longer phosphate chains. We also confirmed that Ap2A and Ap3A 

have smaller J1'2' and larger J3'4' values as compared to longer ApnAs, i.e., n = 4, 5.

However, we found differences in the measured coupling constants of up to ca. 5 Hz 

as compared to literature values (Table S4). We disagree with the reported assignment 

of the coupling constants 3J4'5', 3J4'5'' and 3JP5', 3JP5''.1 The coupling constants 3JP5' and 

3JP5'' are actually larger than 3J4'5', 3J4'5'' based on Ap4A J-resolved spectrum (Fig. S10)

and 1H-coupled 31P NMR spectrum for Ap3A (Fig. S11). This finding is consistent 

with literature assignment for mononucleotides.2

Table S4. Comparison of the J values (Hz) determined in this study (in bold) with 

literature data

J4'5' J4'5'' J5'P J5''P

Ap2A 2.5 2.1 2.5 2.7 1.3 4.2 1.9 5.4

Ap3A 7.5 2.5 3.8 3.1 2.5 6.2 4.4 4.3

Ap4A 6.9 2.8 5.0 3.3 3.1 6.0 3.8 4.6

Ap5A 6.3 2.8 3.8 3.3 3.1 6.2 3.8 4.2
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Fig. S10. 600 MHz J-resolved spectrum of Ap4A. Sample concentration 7.4 mM in 

D2O, pD 7.5, 300 K.

Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is (c) The Royal Society of Chemistry 2010



PRIVILEGED DOCUMENT FOR REVIEW PURPOSES ONLY

Fig. S11. 243 MHz 31P NMR spectrum without decoupling of Ap3A .Sample 

concentration 7.3 mM in D2O, pD 7.48, 300 K. constants that were obtained: JPP, JP5', 

JP5'', JP4'.

1. K. H. Mayo, O. M. Mvele and R. N. Puri, FEBS Lett., 1990, 265, 97-100.
2. C. R. Cremo, Methods Enzymol., 2003, 360, 128-177.
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Fig. S15. Progressive PMF profiles of Ap4A-.
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Fig. S16. Progressive PMF profiles of Ap4A-.
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Fig. S17. Progressive PMF profiles of Ap4A-.

Fig. S18. 1H NMR spectra of Gp2C' (17) in D2O at 600 MHz with glycerol as 
reference (3.5-3.8 ppm).

N9-N92 Distance (Å)

Free energy 
(kcal/mol)

Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is (c) The Royal Society of Chemistry 2010



PRIVILEGED DOCUMENT FOR REVIEW PURPOSES ONLY

Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is (c) The Royal Society of Chemistry 2010



PRIVILEGED DOCUMENT FOR REVIEW PURPOSES ONLY

Fig. S19. 13C NMR spectra of Gp2C' (17) in D2O at 151 MHz.
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Fig. S20. 1H NMR spectra of Gp3C (16) in D2O at 600 MHz with glycerol as 
reference (3.5-3.8 ppm).
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Fig. S21. 13C NMR spectra of Gp3C (16) in D2O at 151 MHz.
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Fig. S22. 1H NMR spectra of Gp2C (15) in D2O at 600 MHz with glycerol as 
reference (3.5-3.8 ppm).
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Fig. S23. 13C NMR spectra of Gp2C (15) in D2O at 151 MHz.
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