
This is a repository copy of Structural investigation into the threading intercalation of a 
chiral dinuclear ruthenium(II) polypyridyl complex through a B-DNA oligonucleotide.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/144384/

Version: Supplemental Material

Article:

Fairbanks, S.D. orcid.org/0000-0002-5063-1367, Robertson, C.C., Keene, F.R. 
orcid.org/0000-0001-7759-0465 et al. (2 more authors) (2019) Structural investigation into 
the threading intercalation of a chiral dinuclear ruthenium(II) polypyridyl complex through a
B-DNA oligonucleotide. Journal of the American Chemical Society, 141 (11). pp. 
4644-4652. ISSN 0002-7863 

https://doi.org/10.1021/jacs.8b12280

This document is the Accepted Manuscript version of a Published Work that appeared in 
final form in Journal of the American Chemical Society, copyright © American Chemical 
Society after peer review and technical editing by the publisher. To access the final edited 
and published work see: https://doi.org/10.1021/jacs.8b12280

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/


S1 

 

Supplementary information 

Structural investigation into the threading intercalation of a 

chiral dinuclear ruthenium (II) polypyridyl complex through a 

B-DNA oligonucleotide 

Simon D. Fairbanks,
Ώΐ

 Craig C. Robertson,
 Ώ

 F. Richard Keene,
§
 Jim A. Thomas

Ώ
* and Mike P. 

Williamson
ΐ
* 

Ώ
Department of Chemistry, University of Sheffield, Brook Hill, Sheffield, S3 7HF, UK.                                             

Email: james.thomas@sheffield.ac.uk; Fax: +44-(0)114-22-29436 
ΐ
Department of Molecular Biology and Biotechnology, University of Sheffield, Western Bank, Sheffield, S10 

2TN, UK. Email: m.williamson@sheffield.ac.uk. 

§
Department of Chemistry, School of Physical Sciences, University of Adelaide, Adelaide, SA 5005, Australia. 

 

 

 

 

Page contents 

S2 SI 1; Figures S1-S3: crystallographic details 

S6 SI 2; Figure S4: Induced CD for DNA plus 1 stereoisomers 

S7 SI 3; Figure S5: Luminescence decay curves for 1 bound to oligonucleotide 

S8 SI 4; Figure S6: NOE walk for free oligonucleotide 

S9 SI 5; Figure S7: NMR assignments of the free Ru complexes 

S9 SI 6; Table S1: NMR assignments for free and bound nucleotides 

S11 SI 7; Table S2: Chemical shift values for Ru complexes, and shift changes on binding to DNA 

S11 SI 8; Table S3, Figures S8-S10: Intermolecular NOEs  

S14 SI 9; Figure S11: TOCSY spectra of TMe signals in ȿ,ȴ-1, free and bound to DNA 

S14 SI 10; Figures S12-S14: EXSY spectra of thymidine methyls at 298 K, and fitting to obtain 

thermodynamic and kinetic parameters 

S16 SI 11; Figure S15: 
31

P COSY spectra of d-ȿ͕ȴ-1 and d-ȿ͕ȿ-1 complexes 

S17 SI 12; Figure S16: Spacefilling views of two alternative forms of the ȿ͕ȴ-1 complex 

S17 references 

  

mailto:m.williamson@sheffield.ac.uk


S2 

 

SI 1 

A summary of crystallographic data and structure refinement of ȿ,ȴ-1 4(Cl)
-
.[(bpy)2Ru(tpphz)Ru(bpy)2]

4+ 

Identification code iaj646k_0m 

Empirical formula C64H44Cl4N14Ru2 

Formula weight 1353.07 

Temperature / K 100 

Crystal system Triclinic 

Space group P-1 

a / Å 8.3032(16) 

 11.378(2) 

c / Å 18.250(4) 

ɲ ° 95.542(7) 

ɴ ° 92.729(7) 

ɶ ° 95.095(7) 

Volume / Å3 1706.6(6) 

Z 1 

ʌcalc  / gcm-3 1.317 

μ / mm-1 0.646 

F(000) 682.0 

Crystal size / mm3 0.4 × 0.212 × 0.188 

Radiation MoKɲ (ʄ = 0.71073) 

2ɽ Range for Data Collection / ° 3.612 to 55.112 

Index Ranges -10 ≤ h ≤ 10, -14 ≤ k ≤ 14, -23 ≤ l ≤ 23 

Reflections Collected 46946 

Independent Reflections 7843 [Rint = 0.0683, Rsigma = 0.0575] 

Data / Restraints / Parameters 7843/381/389 

Goodness- -fit on F2 1.022 

Final R indexes [I>=2ʍ (I)] R1 = 0.0492, wR2 = 0.1183 

Final R indexes [all data] R1 = 0.0707, wR2 = 0.1296 

Largest diff. peak/hole / e Å-3 1.84/-0.68 

 

 

Figure S1. ORTEP plot of the X-ray crystallographic structure of ȿ,ȴ-1 with thermal ellipsoids indicating 50% 

probability.  Counter ions and solvent molecules omitted for clarity. 
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A summary of crystallographic data and structure refinement of ȿ,ȿ-1 4[PF6]
-
.[(bpy)2Ru(tpphz)Ru(bpy)2]

4+ 

 

 

Figure S2. ORTEP plot of the X-ray crystallographic structure of ȿ,ȿ-1 with thermal ellipsoids indicating 50% 

probability. Counter ions and solvent molecules omitted for clarity. 

 

Identification code IAJ674k_2_0m 

Empirical formula C66H50F24N16O4P4Ru2 

Formula weight 1913.24 

Temperature / K 100 

Crystal system Monoclinic 

Space group P21 

a / Å 12.4658(7) 

 16.2947(9) 

c / Å 21.7440(12) 

ɲ ° 90 

ɴ ° 97.257(3) 

ɶ ° 90 

Volume / Å3 4381.4(4) 

Z 2 

ʌcalc  / gcm-3 1.450 

μ / mm-1 0.520 

F(000) 1908.0 

Crystal size / mm3 0.5 × 0.2 × 0.18 

Radiation MoKɲ (ʄ = 0.71073) 

2ɽ Range for Data Collection / ° 3.132 to 55.274 

Index Ranges -16 ≤ h ≤ 16, -21 ≤ k ≤ 21, -28 ≤ l ≤ 28 

Reflections Collected 132518 

Independent Reflections 20322 [Rint = 0.0879, Rsigma = 0.0750] 

Data / Restraints / Parameters 20322/1190/1105 

Goodness- -fit on F2 1.030 

Final R indexes [I>=2ʍ (I)] R1 = 0.0710, wR2 = 0.1735 

Final R indexes [all data] R1 = 0.1063, wR2 = 0.1925 

Largest diff. peak/hole / e Å-3 2.38/-0.80 

Flack Parameter 0.065(9) 
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A summary of crystallographic data and structure refinement of ȴ,ȴ-1 4(PF6)
-
.[(bpy)2Ru(tpphz)Ru(bpy)2]

4+ 

 

Figure S3. ORTEP plot of the X-ray crystallographic structure of ȴ,ȴ-1 with thermal ellipsoids indicating 50% 

probability. Counter ions and solvent molecules omitted for clarity. 

Identification code IAJ672k_0m 

Empirical formula C32H22F12N7P2Ru 

Formula weight 895.57 

Temperature / K 100 

ystal system Monoclinic 

Space group P21 

a / Å 12.5327(14) 

 16.3645(19) 

c / Å 21.809(3) 

ɲ ° 90 

ɴ ° 97.129(5) 

ɶ ° 90 

Volume / Å3 4438.3(9) 

Z 4 

ʌcalc  / gcm-3 1.340 

μ / mm-1 0.504 

F(000) 1780.0 

Crystal size / mm3 0.51 × 0.17 × 0.104 

Radiation MoKɲ (ʄ = 0.71073) 

2ɽ Range for Data Collection / ° 3.12 to 55.158 

Index Ranges -16 ≤ h ≤ 14, -21 ≤ k ≤ 21, -24 ≤ l ≤ 28 

Reflections Collected 77631 

Independent Reflections 20302 [Rint = 0.1023, Rsigma = 0.1197] 

Data / Restraints / Parameters 20302/1151/973 

Goodness- -fit on F2 0.984 

Final R indexes [I>=2ʍ (I)] R1 = 0.0758, wR2 = 0.1894 

Final R indexes [all data] R1 = 0.1158, wR2 = 0.2114 

Largest diff. peak/hole / e Å-3 1.16/-0.88 

Flack Parameter 0.086(17) 
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X-ƌĂǇ ƋƵĂůŝƚǇ ĐƌǇƐƚĂůƐ ŽĨ ƚŚĞ ĐŚůŽƌŝĚĞ ƐĂůƚ ŽĨ ȿ͕ȴ-1 were grown using vapor diffusion of a concentrated solution 

ŽĨ ƉƵƌĞ ȿ͕ȴ-1 in methanol. Slow evaporation of the acetone antisolvent produced ruby red crystals suitable for 

structure determination. X-ƌĂǇ ƋƵĂůŝƚǇ ĐƌǇƐƚĂůƐ ŽĨ ƚŚĞ ŚĞǆĂĨůƵŽƌŽƉŚŽƐƉŚĂƚĞ ƐĂůƚƐ ŽĨ ȿ͕ȿ-1 ĂŶĚ ȴ͕ȴ-1 were grown 

using a similar vapor diffƵƐŝŽŶ ŵĞƚŚŽĚ ĨƌŽŵ ĐŽŶĐĞŶƚƌĂƚĞĚ ƐŽůƵƚŝŽŶ ŽĨ ƉƵƌĞ ȿ͕ȿ -1 or ȴ͕ȴ -1 in nitromethane 

with diethyl ether as the antisolvent. 

The intensity data was obtained on either a Bruker Kappa Apex-II CCD or Bruker Kappa Apex-II 

ĚŝĨĨƌĂĐƚŽŵĞƚĞƌ ŽƉĞƌĂƚŝŶŐ ǁŝƚŚ Ă MŽKɲ ƐĞĂůĞĚ-tube X-ray source, or a Bruker D8 Venture diffractometer 

ĞƋƵŝƉƉĞĚ ǁŝƚŚ Ă PŚŽƚŽŶ ϭϬϬ CMOS ĚĞƚĞĐƚŽƌ ƵƐŝŶŐ Ă CƵKɲ ŵŝĐƌŽĨŽĐƵƐ X-ray source at 100 K. The reflections 

were corrected for absorption via empirical methods (SADABS) based upon symmetry-equivalent reflections 

combined with measurements at varied azimuthal angles.
1,2

 The crystal structure was solved and refined 

against F2 values using ShelXT for solution and ShelXL for refinement through the Olex2 program.
2-5

 Non-

hydrogen atoms were refined anisotropically and hydrogen atoms were placed in calculated geometries and 

refined utilizing a riding model and isotropic displacement parameters. 
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SI 2 
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Figure S4. CD spectra of 2 mM d(GCATATCG).(CGATATGC) in 5 mM tris buffer at pH 7.4 with 150 mM NaCl, 

with addition of increasing concentrations of 1. (a) ȿ͕ȴ-1. Control spectra of ȿ͕ȴ-1 alone have no signal in this 

region. (b) ȿ͕ȿ-1. Control spectra of ȿ͕ȿ-1 alone at these concentrations were subtracted to give these spectra. 

(c) ȴ,ȴ-1. Control spectra of ȴ͕ȴ -1 alone at these concentrations were subtracted to give these spectra. 
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Figure S5. Luminescence lifetime decay spectra for 0.5 mM 1 and 2mM d(GCATATCG).d(CGATATCG). The data 

were fitted to a two-exponential decay function. (a) ȿ͕ȴ-1 , fitted to ʏ с ϭϲϰ͘ϰ ± 3.7 ns with 71% population, 

ĂŶĚ ʏ с ϵϵ͘ϰ ± 5.5 ns with 29% population.  (b) ȿ͕ȿ-1 , fitted to ʏ с ϭϰϳ͘ϰ ± ϱ͘ϴ ŶƐ ǁŝƚŚ ϲϵй ƉŽƉƵůĂƚŝŽŶ͕ ĂŶĚ ʏ с 
90.5 ± 6.5 ns with 31% population.  (c) ȴ͕ȴ-1, fitted to ʏ с ϭϳϱ͘ϲ ± ϭ͘ϰ ŶƐ ǁŝƚŚ ϵϱй ƉŽƉƵůĂƚŝŽŶ͕ ĂŶĚ ʏ с ϳϮ͘Ϭ ± 

10.7 ns with 5% population.    
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Figure S6. The Hϭ͛-H6/8 NOE walk for the free DNA duplex d(GCATATCG).d(CGTATAGC), 2 mM in D2O at 298K. 

All homonuclear NMR experiments were carried out on a Bruker Avance 800 MHz spectrometer. DNA samples 

were prepared in D2O with 25 mM NaCl.  Oligonucleotide was used at 2 mM in order to ensure a completely 

duplex sample as melting of the strands occurred at lower concentrations. DNA assignments were made using 

standard TOCSY, COSY and NOESY experiments. Mixing times for the TOCSY and NOESY experiments were 60 

ms and 200 ms respectively. 
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SI 5 

 

 

Figure S7. 2D NMR assignment of free metal complexes. Spectra are TOCSY (black), COSY (green) and NOESY 

(red). Blue and red lines correlate the spin systems of the tpphz and bipyridine respectively. The dashed 

red/blue indicates a bipyridine-tpphz inter-ligand NOE crosspeak. 
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Table S1.  Full resonance assignment of DNA duplex d(GCATATCG).d(CGTATAGC) and changes in chemical 

shift upon addition of the optical isomers of [{Ru(bpy-d8)2}2(tpphz)]
4+

 

  H8 H6 H5 H1' H2' H2" H3' me 

G1 7.98 - - 6.01 2.64 2.82 4.87 - 

ȿ͕ȿ-1 -0.04 - - -0.04 0.01 -0.06 -0.05 - 

ȿ͕ȿ-2 -0.17 - - -0.25 -0.15 -0.21 -0.04 - 

ȿ͕ȴ -0.04 - - -0.04 0.01 -0.06 -0.06 - 

C2 - 7.49 5.46 5.73 2.20 2.52 4.92 - 

ȿ͕ȿ-1 - -0.04 -0.10 -0.03 -0.10 -0.13 0.02 - 

ȿ͕ȿ-2 - 0.24 -0.25 0.38 0.60 -0.13 0.30 - 

ȿ͕ȴ - -0.06 -0.15 0.01 -0.13 -0.12 -0.01 - 

A3 8.37 - - 6.32 2.74 3.00 5.06 - 

ȿ͕ȿ-1 -0.40 - - -0.23 -0.42 -0.26 -0.11 - 

ȿ͕ȿ-2 0.18 - - -0.56 0.14 -0.06 0.02 - 

ȿ͕ȴ -0.25 - - -0.17 -0.31 -0.18 -0.06 - 

T4 - 7.22 - 5.73 2.16 2.54 4.92 1.53 

ȿ͕ȿ-1 - -0.15 - -0.19 0.33 -0.12 0.14 -1.61 

ȿ͕ȿ-2 - -0.02 - 0.01 -0.05 0.02 -0.02 -0.18 

ȿ͕ȴ - -0.02 - -0.11 0.39 0.01 0.19 -0.96 

A5 8.26 - - 6.25 2.67 2.93 5.01 - 

ȿ͕ȿ-1 0.27 - - -0.57 0.05 -0.09 -0.10 - 

ȿ͕ȿ-2 0.04 - - 0.02 0.01 -0.01 0.01 - 

ȿ͕ȴ 0.18 - - -0.59 -0.04 -0.17 -0.17 - 

T6 - 7.23 - 5.97 2.03 2.45 4.87 1.35 
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ȿ͕ȿ-1 - -0.12 - -0.11 -0.07 -0.03 -0.02 -0.13 

ȿ͕ȿ-2 - -0.01 - -0.09 -0.01 -0.04 -0.02 0.08 

ȿ͕ȴ - -0.18 - -0.24 -0.05 -0.09 -0.02 -0.23 

C7 - 7.49 5.67 5.75 2.02 2.38 4.86 - 

ȿ͕ȿ-1 - 0.01 -0.01 -0.06 0.01 0.01 -0.01 - 

ȿ͕ȿ-2 - -0.02 -0.01 -0.04 -0.02 0.00 -0.02 - 

ȿ͕ȴ - 0.00 -0.04 0.00 -0.03 -0.02 0.01 - 

G8 7.96 - - 6.18 2.63 2.38 4.69 - 

ȿ͕ȿ-1 -0.01 - - -0.03 -0.01 -0.02 -0.02 - 

ȿ͕ȿ-2 -0.02 - - -0.02 -0.02 -0.02 -0.01 - 

ȿ͕ȴ -0.02 - - -0.04 -0.03 -0.02 -0.01 - 

C9 - 7.64 5.92 5.76 1.92 2.41 4.71 - 

ȿ͕ȿ-1 - -0.02 -0.07 -0.04 0.03 -0.02 -0.01 - 

ȿ͕ȿ-2 - 0.00 -0.06 -0.03 0.06 -0.01 -0.01 - 

ȿ͕ȴ - 0.01 -0.05 -0.03 0.09 0.02 -0.01 - 

G10 7.98 - - 5.60 2.76 2.85 5.03 - 

ȿ͕ȿ-1 -0.02 - - -0.09 -0.01 -0.06 0.00 - 

ȿ͕ȿ-2 -0.02 - - -0.01 -0.02 -0.02 -0.01 - 

ȿ͕ȴ -0.03 - - 0.05 -0.04 -0.01 -0.01 - 

A11 8.27 - - 6.31 2.70 3.00 5.06 - 

ȿ͕ȿ-1 -0.35 - - -0.20 -0.37 -0.27 -0.07 - 

ȿ͕ȿ-2 -0.05 - - -0.02 0.02 -0.03 -0.04 - 

ȿ͕ȴ -0.17 - - -0.13 -0.21 -0.10 -0.01 - 

T12 - 7.17 - 5.74 2.12 2.54 4.89 1.47 

ȿ͕ȿ-1 - -0.07 - -0.18 0.37 -0.19 0.17 -1.35 

ȿ͕ȿ-2 - -0.04 - -0.05 -0.08 -0.19 0.03 -0.10 

ȿ͕ȴ - 0.17 - -0.02 0.53 -0.14 0.25 -0.49 

A13 8.26 - - 6.25 2.63 2.93 5.02 - 

ȿ͕ȿ-1 0.25 - - -0.61 0.10 -0.11 -0.09 - 

ȿ͕ȿ-2 -0.54 - - -0.27 -0.63 -0.43 -0.02 - 

ȿ͕ȴ 0.21 - - -0.58 0.12 -0.12 -0.06 - 

T14 

 

7.13 - 5.79 1.99 2.40 4.89 1.37 

ȿ͕ȿ-1 - -0.06 - -0.15 -0.10 -0.04 -0.04 -0.12 

ȿ͕ȿ-2 - -0.33 - -0.29 0.36 0.17 0.10 -2.17 

ȿ͕ȴ - -0.05 - -0.14 -0.03 -0.03 -0.01 -0.15 

G15 7.87 - - 5.94 2.64 2.75 4.98 - 

ȿ͕ȿ-1 0.03 - - 0.02 0.02 -0.01 0.01 - 

ȿ͕ȿ-2 0.08 - - -0.61 -0.06 -0.11 -0.27 - 

ȿ͕ȴ 0.03 - - 0.05 0.01 0.00 0.02 - 

C16 - 7.50 5.50 6.22 2.19 2.19 4.51 - 

ȿ͕ȿ-1 - -0.02 0.01 -0.04 -0.02 -0.02 -0.01 - 

ȿ͕ȿ-2 - -0.27 -0.27 -0.41 -0.23 -0.12 -0.11 - 

ȿ͕ȴ - -0.03 -0.02 -0.05 0.00 0.00 0.00 - 
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Table S2. Changes in ruthenium complex chemical shift upon DNA binding 

ȿ͕ȿ-1a 1 2 3 4 5 6 7 8 9 10 11 12 

ɷͬƉƉŵ 8.16 7.07 8.31 9.18 7.95 8.38 8.38 7.96 9.09 8.35 7.33 8.27 

ȴɷ -0.30 -0.98 -1.72 -0.85 -0.10 -0.08 -0.07 -0.09 -0.94 -1.68 -0.72 -0.19 

             ȿ͕ȿ-1b 1 2 3 4 5 6 7 8 9 10 11 12 

ɷͬƉƉŵ 8.38 8.00 9.02 8.44 7.77 8.23 8.42 7.81 9.09 8.26 6.67 8.10 

ȴɷ -0.08 -0.05 -1.01 -1.59 -0.28 -0.22 -0.04 -0.24 -0.94 -1.77 -1.38 -0.36 

             ȴ͕ȿ-1 1 2 3 4 5 6 7 8 9 10 11 12 

ɷͬƉƉŵ 8.22 6.96 8.43 9.05 7.88 8.33 8.42 7.90 8.81 8.57 7.54 8.44 

ȴɷ -0.24 -1.09 -1.61 -0.98 -0.17 -0.13 -0.04 -0.15 -1.23 -1.46 -0.51 -0.02 
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Table S3.  Intermolecular NOEs between DNA duplex d(GCATATCG). d(CGTATAGC) and the optical isomers of 

[{Ru(bpy-d8)2}2(tpphz)]
4+

 

ȿ,ȿ-1a  H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12 

T4 

      

Me  Me  Me,2',2" 1',2',2" 1',2',2" 1',2',2" 

A5 

         

1' 1' 1' 

T12 1' 1' 1',2',2" Me,2',2" Me Me 

      A13 1' 1' 1' 

         

                          

ȿ͕ȿ-1b H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12 

C2 

      

H5 H5 H5,1' 1',2',2" 1',2',2" 1' 

A3 

         

1' 1' 1' 

T14 

  

1',2',2" Me,2',2" Me Me 
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G15 

 

1' 1' 

         

                          

ȿ͕ȴ-1a H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12 

T4 

      

Me Me Me,2',2" 1',2',2" 1',2',2" 2" 

A5 

            T12 

 

1',2',2" 1',2',2" Me,2' Me Me 

      A13 1' 

 

1' 

          

 

 

 

Figure S8. Intermolecular NOEs involving d-ȿ,ȿ-1A. 
 
An expansion of ƚŚĞ Ϯ͕͛Ϯ͟ and TMe-aromatic region of the 

NOESY spectrum of d(GCATATCG).d(CGTAGTAGC) (red), overlayed onto a spectrum containing half an 

equivalent of d-ȿ,ȿ-1
 
(black). The intraŵŽůĞĐƵůĂƌ NOE ĐŽƌƌĞůĂƚŝŽŶƐ HϲͬϮ͕͛Ϯ͟ ;green) and H6/TMe (purple) and 

the intermolecular NOE correlations d-ȿ,ȿ-1A/TMe (blue) and d-ȿ,ȿ-1A/H2͛,2͟ (orange) are located in both 

grooves of the DNA. A schematic of the (T4,A13)|(T12,A5) binding site is given for reference. 
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Figure S9. Intermolecular NOEs involving d-ȿ,ȿ-1B. An expansion of ƚŚĞ Ϯ͕͛Ϯ͟ and TMe-aromatic region of the 

NOESY spectrum of d(GCATATCG).(CGTAGTAGC) (red), overlayed onto a spectrum containing half an 

equivalent of ȿ,ȿ-1
 ;ďůĂĐŬͿ͘ TŚĞ ŝŶƚĞƌŵŽůĞĐƵůĂƌ NOE ĐŽƌƌĞůĂƚŝŽŶƐ HϲͬϮ͕͛Ϯ͟ ;green) and H6/TMe (purple) and the 

intramolecular NOE correlations d-ȿ,ȿ-1B/TMe (blue) and d-ȿ,ȿ-1B/H2͛,2͟ (yellow) are located in both grooves 

of the DNA. A schematic of the (T4,A13)|(T12,A5) binding site is given for reference. 

 

Figure S10. Intermolecular NOEs involving d-ȿ,ȴ-1A. Expansion ŽĨ ƚŚĞ Ϯ͕͛Ϯ͟ and TMe-aromatic region of the 

NOESY spectrum of a 2 mM D2O solution containing d(GCATATCG).d(CGTAGTAGC) (red), overlayed onto a 

spectrum containing half an equivalent of d-ȿ,ȴ-1
 
(black), indicating the intermolecular NOE correlations 

HϲͬϮ͕͛Ϯ͟ ;green) and H6/TMe (purple) and the intramolecular NOE correlations d-ȿ,ȴ-1A/TMe (blue) and d-

ȿ,ȴ-1AͬHϮ͕͛Ϯ͟ ;orange) located in both grooves of the DNA. A schematic of the (T4,A13)|(T12,A5) binding site is 

given for reference. 
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Figure S11. Expansion of the H6-TMe region of the TOCSY spectrum of a 2 mM D2O solution containing duplex 

sequence d(GCATATCG).d(CGTAGTAGC) (red), overlayed onto a spectrum containing half an equivalent of ȿ,ȴ-

1
 
(black). The H6-TMe cross peaks for the d-ȿ,ȴ-1A are indicated, and the blue circles indicate the d-ȿ,ȴ-1B H6-

TMe cross peaks. 
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Figure S12. EXSY NMR experiment from the thymidine methyl region of the NOESY spectrum of the d-ȴ͕ȴ-

1/DNA complex at 298 K showing cross peak and diagonal peak intensities of the two exchanging 

conformations of d-ȴ͕ȴ-1 using mixing times of a) 1 s b) 500 ms c) 200 ms d) 100 ms and e) 50 ms. 
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The ratio of cross peak intensity Ix to diagonal peak intensity Id (Ix/Id) at several mixing times (tm) can be used to 

derive an equilibrium rate constant kr. The kr  
 
can be derived by fitting to the equation 

௫ܫ ௗൗܫ ൌ  ቂଵିሺషೖೝሻଵାሺషೖೝሻቃ .
6
 

EXSY experiments were carried out with mixing times of 50, 100, 200, 500 and 1000 ms (and 2 s at 293 and 303 

K), at temperatures of 288, 293, 298, 303 and 308 K, and the data were fitted using Sigmaplot®. 

 

Figure S13. d-ȴ,ȴ-1/DNA EXSY build up data giving (Ix/Id) at different mixing times (tm) (50, 100,  200, 500, 1000, 

2000 ms) and temperatures a) 288 K, b) 293 K, c) 298 K, d) 303 K and e) 308 K fitted to equation above. 95% 

confidence bands are shown in blue and 95% prediction bands are shown in red. 

The Arrhenius equation is ݇ ൌ Ǥܣ ݁ିಶೌೃ where Ea is the activation energy,  R is the gas constant, T is 

temperature and A is the Arrhenius frequency factor. Ea can be derived by fitting the temperature dependency 

of the rate constants using the equation lnሺ݇ሻ ൌ lnሺܣሻ െ ாೌோ் 

  The Eyring equation is ݇ ൌ ܭ ್் ݁ିοಸșೃ  . Assuming a transmission coefficient (K) of 1, an Eyring plot can give 

enthalpy and entropy terms by fitting to the equation  ln ቀೝ்ቁ ൌ lnሺ್ ሻ െ οுșோ்  οௌșோ   
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Figure S14. Linear Arrhenius plot and Eyring plots produced ĨƌŽŵ ĞǆĐŚĂŶŐĞ ƌĂƚĞ ĐŽŶƐƚĂŶƚƐ ĨŽƌ ƚŚĞ ȴ͕ȴ DNA 
complex at varied temperatures, giving Ea = 116.7 kJmol

-1
, ȴHΐ

 = 114.1 kJmol
-1

 and ȴS
ΐ 

= 140.3
 
Jmol

-1
K

-1
. 
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Figure S15.  
1
H-

31
P COSY of 2 mM DNA oligo containing 1 mM d-ȿ͕ȴ-1 (left) and 1 mM d-ȿ͕ȿ-1 (right). The 

highly ƐŚŝĨƚĞĚ ϯH͛-31
P peaks are labelled,  where F1 is 

1
H and F2 is 

31
P. All 

31
P and 

31
P-

1
H COSY experiments were 

carried out on a Bruker Avance 500 MHz spectrometer. 
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Figure S16. VŝĞǁƐ ĨƌŽŵ ƚŚĞ ŵŝŶŽƌ ŐƌŽŽǀĞ ŽĨ ƚŚĞ ƚǁŽ ĐŽŶĨŽƌŵĂƚŝŽŶƐ ŽĨ ƚŚĞ ȿ͕ȴ-1: d(GCATATCG).d(CGATATGC) 

ĐŽŵƉůĞǆ ǁŝƚŚ ĂͿ ȿ ŝŶ ƚŚĞ ŵŝŶŽƌ ŐƌŽŽǀĞ ĂŶĚ ďͿ ȴ ŝŶ ƚŚĞ ŵŝŶŽƌ ŐƌŽŽǀĞ͘ 
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