
 S1

Supplementary Information 

Accompanying: 

The square-planar cytotoxic [CuII(pyrimol)Cl] complex acts as an 

efficient DNA cleaver without reductant 

Palanisamy  Uma Maheswari,† Sudeshna Roy,† Hans den Dulk,† Sharief Barends,† 

Gilles van Wezel,† Bojan Kozlevčar,‡ Patrick Gamez,† and Jan Reedijk*,† 

 

† Leiden Institute of Chemistry, Gorlaeus Laboratories, Leiden University, P.O. Box 
9502, 2300 RA Leiden, The Netherlands; 
‡ Faculty of Chemistry and Chemical Technology, University of Ljubljana, Aškerčeva 
5, P.O. Box 537, 1001 Ljubljana, Slovenia. 
 

CONTENTS:  

Single-crystal structure determination of [Cu(pyrimol)Cl](H2O)               3 

 

Fig. S1. Ortep drawing of [Cu(pyrimol)Cl](H2O) with displacement ellipsoids at  

the 30% probability level        4 

 

Fig. S2. Crystal packing of [Cu(pyrimol)Cl](H2O)     4 

 

Table S1. Crystallographic data for [Cu(pyrimol)Cl](H2O)    5 

 

Experimental procedure for the DNA cleavage studies    6 

 

Experimental Procedure for the T4 ligase–religation studies  

 6 

 

Fig. S3. Agarose gel electrophoresis of the oxidative cleavage reaction of 

ΦX174 supercoiled plasmid DNA with copper complex in the absence and 

presence of ascorbic acid.       

 7 

 

Fig. S4. Agarose gel electrophoresis of the oxidative cleavage reaction of  

ΦX174 supercoiled plasmid DNA with different metal salts   7 

 

Fig. S5. Agarose gel electrophoresis after treatment with T4 ligase of the  



 S2

reaction products obtained from the copper-mediated cleavage  

 8 

 

Fig. S6. Agarose gel electrophoresis of the oxidative cleavage reaction of  

the ΦX174 supercoiled plasmid DNA with copper complex in the presence 

of ascorbic acid        

 8 

 

Fig. S7. Agarose gel electrophoresis of the oxidative cleavage reaction of  

ΦX174 supercoiled plasmid DNA with the copper complex without reductant

 9 

         

Fig. S8. Agarose gel electrophoresis for the time course study   9 

 

Fig. S9. Effect of denaturation on integrity of the DNA    10 

 

Fig. S10. Reaction of  40 µM (in base pairs) of ΦX174 supercoiled DNA with 

40 µM of copper complex        10 

 

Fig. S11. Reaction of  60 µM (in base pairs) of supercoiled DNA with 50 nM 

of copper complex without any external reductant     11 

 

Experimental procedure for the high resolution denaturing gel electrophoresis 12 

 

Fig. S12A,B. Analysis of degradation products by high resolution  

polyacrylamide gelelectrophoresis       13 

 

Experimental procedure for the cytotoxicity assays     16 



 S3

Single-crystal structure determination details of [Cu(pyrimol)Cl](H2O) 

 
 The ligand (4-methyl-2-N-(2-pyridylmethyl)aminophenol (Hpyramol) was 

obtained in a single-step reaction as previously reported [Wong et al., Inorg. Chem. 

2002, 41, 5276-5285; Pachón et al., Inorg. Chim. Acta 2004, 357, 3697-3702]. 

Preparation of [Cu(pyrimol)Cl](H2O): 0.060 g (0.35 mmole) of CuCl2·2H20 were 

dissolved in 15 mL of CH3OH/H2O (7/3). The resulting solution was added dropwise 

to a solution of 0.106 g (0.50 mmole) of (4-methyl-2-N-(2-

pyridylmethyl)aminophenol (Hpyramol) in 15 mL of methanol. After 12 hours, brown 

crystals, suitable for X-ray crystallography, were collected by filtration. The yield was 

47 % (m = 0.054 g). Anal. Calcd. (found) for C13H11ClCuN2O•H2O: C, 47.57 (47.58); 

H, 3.99 (4.35); N, 8.53 (8.60). 

Diffraction data for [Cu(pyrimol)Cl](H2O) were collected at room temperature on a 

Nonius Kappa CCD diffractometer with graphite monochromated Mo Kα radiation. 

The data were processed using the DENZO program [Otwinowski et al., Methods 

Enzymol. 1997, 276, 307-326]. The crystal structure was solved by direct methods 

using SHELXS [G. M. Sheldrick, SHELXS-97 and SHELXL-97, Göttingen 

University, 1997]. Full-matrix least-squares refinements on F2 were employed with 

anisotropic displacement factors for all non-hydrogen atoms using SHELXS. The 

water hydrogen atoms located in the final stages of refinement from the difference 

Fourier maps were refined with isotropic displacement parameters. In the final cycle 

of the refinements, 2899 reflections and 184 parameters were used. 

 The X-ray data and details concerning data collection and refinement are 

summarised in Table S1. All atoms parameters and other crystallographic data for 

[Cu(pyrimol)Cl](H2O) have also been deposited with the Cambridge Crystallographic 

Data Center. These data can be obtained, free of charge via 

http://www.ccdc.cam.ac.uk/conts/retrieving.html.
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Figure S1. Crystal structure of [Cu(pyrimol)Cl]·(H2O). Selected bond lengths [Å] and 
angles [°]: Cu–O1 1.938(2), Cu–Cl 2.206(1), Cu–N1 2.028(2), Cu–N2 1.957(2); O1–
Cu–Cl 96.42(4), Cl–Cu–N1 99.92(4), N1–Cu–N2 80.41(6), N2–Cu–O1 83.23(5). 

 

 
 
Figure S2. Crystal Packing of [Cu(pyrimol)Cl](H2O). Hydrogen atoms are omitted 
for clarity. 
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Table S1. Crystallographic data for [Cu(pyrimol)Cl](H2O) 

Empirical formula C13H13ClCuN2O2 
Formula weight 328.24 
Temperature 293(2) K 
Wavelength 0.71073 
Crystal system Triclinic 
Space group P-1 (No 2) 
Unit cell dimensions a = 6.7710(1) Å α = 99.618(1)° 
 b = 8.8023(2) Å β = 101.246(1)° 
 c = 12.3546(2) Å γ = 109.982(1)° 
Volume 656.54(2) Å3 

Z 2 
Density (calculated) 1.660 g cm-3 
Absorption coefficient 1.864  mm-1 

F(000) 334 
Crystal colour, morphology Brown, block 
Crystal size 0.20 × 0.18 × 0.16 mm3 

Theta range for data collection 3.6 to 27.4° 
Index ranges h, k, l -8 8, -11 11, -16 15 
Reflections collected 5453 
Independent reflections 2899 
Observed reflections 2781 
Data / restraints / parameters 2899, 0, 184 
Goodness-of-fit on F2 1.05 
Final R / wR2 [I>2σ(I)] 0.0284, 0.0739 
R (all data) 0.0297 
Largest diff. peak and hole -0.39, 0.29 
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Experimental Procedure for the DNA cleavage studies 

 

ΦX174 supercoiled DNA was purchased from Invitrogen Life Techologies, and was 

stored at -20 °C. The typical reaction mixture, containing supercoiled plasmid DNA 

and the copper complex in a 10 mM phosphate buffer at pH 7.2, was incubated at 37 

°C with or without additives. After the incubation period, the reaction was quenched 

by keeping the samples at -20 °C, followed by the addition of loading buffer 

(bromophenol blue, xylene cyanol, and 25% ficoll). This was then loaded on a 0.8% 

agarose gel containing ethidium bromide (2.54 µM final concentration in the gel as 

well as in the buffer). The gels were run at a constant voltage of 80 V for 60-90 

minutes in TBE buffer containing ethidium bromide. After washing with distilled 

water, the gels were visualized under a UV transilluminator and the bands were 

documented and quantified using a BioRad Gel Doc 1000 apparatus interfaced with a 

computer. 

 
Experimental Procedure for the T4 ligase–religation studies 
 

The supercoiled DNA was treated with the copper complex, in the presence or the 

absence of the reductant, at 37 °C and pH 7.2. Next, the cleavage products were 

bound to a spin column using a capture buffer (GFX Column 27-960201-Amersham), 

and washed using the washing buffer (3 × 200 µL) and then eluted with TE buffer. 

Ligation was performed in 10 µL with 1µL of 10x ligation buffer  and 2 units of T4 

ligase (Fermentas). The ligation reaction was performed for 24 h at 16 °C. Similarly, 

and for comparison, the supercoiled DNA was digested using XhoI restriction enzyme 

and religated using the above procedure, and found 100% religation. 
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Figure S3. Agarose gel electrophoresis of the oxidative cleavage reaction of ΦX174 

supercoiled plasmid DNA mediated by the copper complex, in the absence and 

presence of ascorbic acid, at 37 °C, in a phosphate buffer at pH 7.2. Lane 1, pure 

DNA (80 µM in base pairs); Lane 2, 80 µM DNA + 50 nM copper complex + 5 µM 

ascorbic acid (after a reaction time of 20 minutes); Lane 3, 60 µM DNA + 20 µM 

copper complex (after a reaction time of 20 minutes). 
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Figure S4. Agarose gel electrophoresis of the oxidative cleavage reaction of the 

plasmid DNA with different metal salts without reductant, for 20 minutes at 37 °C in 

a phosphate buffer at pH 7.2. Lane 1, pure DNA (60 µM in base pairs); Lane 2, 60 

µM DNA + 20 µM of Hpyramol + 20 µM of CuCl2·2H2O; Lane 3, 60 µM DNA + 50 

µM of Hpyramol + 50 µM of MnCl2; Lane 4, 60 µM DNA + 50 µM of Hpyramol + 

50 µM of FeCl2; Lane 5, 60 µM DNA + 50 µM of Hpyramol + 50 µM of CoCl2; 

Lane 6, 60 µM DNA + 50 µM of Hpyramol + 50 µM of NiCl2 
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Figure S5. Agarose gel electrophoresis after treatment with T4 ligase of the products 

(nicked or linearized plasmid ΦX174) obtained from the reaction with the copper 

complex in the absence and presence of ascorbic acid after an incubation period of 20 

minutes. Lane 1, Ladder DNA; Lane 2, 60 µM DNA (in base pairs) + 20 µM copper 

complex; Lane 3, 60 µM DNA + 50 nM copper complex + 20 µM ascorbic acid; 

Lane 4, DNA cleavage products treated with T4 ligase, obtained after reaction with 

20 µM copper complex; Lane 5, DNA cleavage products treated with T4 ligase, 

obtained after reaction with 50 nM complex + 5 µM ascorbic acid.  
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Figure S6. Agarose gel electrophoresis of the oxidative cleavage reaction of the 

ΦX174 supercoiled plasmid DNA with copper complex (50 nM) in the presence of 

ascorbic acid (5 µM), for 20 minutes at 37 °C in a phosphate buffer at pH 7.2. Lane 1, 

pure DNA (60 µM in base pairs); Lane 2, 60 µM DNA + 50 nM complex + 100 µM 

NaN3; Lane 3, 60 µM DNA + 50 nM complex + superoxide dismutase, 0.5 unit; 

Lane 4, 60 µM DNA + 50 nM complex + DMSO;  Lane 5, 60 µM DNA + 50 nM 

complex + ethanol; Lane 6, 60 µM DNA + 50 nM complex + distamycin 100 µM; 

Lane 7, 60 µM DNA + 50 nM complex + D2O; Lane 8, 60 µM DNA + 50 nM 

complex reaction under argon; Lane 9, 60 µM DNA + 50 nM complex, reaction in 

dark; Lane 10, 60 µM DNA + 50 nM complex + 350 µM NaCl; Lane 11, 60 µM 

DNA + 20 µM ascorbic acid; Lane 12, 60 µM DNA + 50 nM complex (blank). 
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Figure S7. Agarose gel electrophoresis of the oxidative cleavage reaction of ΦX174 

supercoiled plasmid DNA with the copper complex (20 µM) without reductant, for 20 

min. at 37 °C in a phosphate buffer at pH 7.2. Lane 1, pure DNA (60 µM in base 

pairs); Lane 2, 60 µM DNA + 20 µM complex + 100 µM NaN3; Lane 3, 60 µM 

DNA + 20 µM complex + superoxide dismutase, 0.5 unit; Lane 4, 60 µM DNA + 20 

µM complex + DMSO;  Lane 5, 60 µM DNA + 20 µM complex + ethanol; Lane 6, 

60 µM DNA + 20 µM complex + distamycin 100 µM; Lane 7, 60 µM DNA + 20 µM 

complex + D2O; Lane 8, 60 µM DNA + 20 µM complex + 350 µM NaCl;  Lane 9, 

60 µM DNA + 20 µM complex reaction under argon; Lane 10, 60 µM DNA + 20 µM 

complex, reaction in the dark; Lane 11, 60 µM DNA + 20 µM complex (blank). 

 

 

 

 

 

Figure S8. Agarose gel electrophoresis for the time course study (0 to 60 minutes, 5 

minute intervals, Lanes 1 to 14) of the oxidative cleavage of supercoiled DNA (80 

µM in base pairs) in the presence of copper complex (20 µM). No evidence observed 

for a direct double-strand cleavage; step-wise cleavage of the supercoiled DNA to 

form II and then to form III. 
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Figure S9. Effect of denaturation on integrity of the DNA: ΦX174 supercoiled 

plasmid DNA was incubated with the copper complex (20 µM) for 0, 15, 30 or 60 

minutes, and subjected to agarose gel electrophoresis (see above for details). 

Reactions were terminated by the addition of an excess of EDTA, and samples were 

either re-suspended in non-denaturing loading mix (-) or heated for 5 minutes at 70 °C 

in denaturing loading mix (+), to enforce strand separation. The complete degradation 

of forms II and III under denaturing conditions (see 60 minutes samples) shows that 

while ΦX174 DNA appears intact, it has already been nicked in numerous positions, 

resulting in a smear. This again proves the catalytic cleavage conditions. 

 

 
 
 
 
 
 

Figure S10. Reaction of  40 µM of ΦX174 supercoiled DNA with 40 µM of copper 

complex. Agarose gel showing the cleavage products after a reaction time of  5 

minutes, Lane 1; 10 minutes, Lane 2; 15 minutes, Lane 3; 20 minutes, Lane 4; 25 

minutes, Lane 5. 

 
 
 
 
 
 
 
 
 
 
 
 
 1       2      3      4      5

Form I

Form II
Form III



 S11

Figure S11. Reaction of  60 µM (in base pairs) of supercoiled DNA with 50 nM of 

copper complex without any external reductant. Agarose gel showing the cleavage 

products after a reaction time of Lane 1, 30 minutes; Lane 2, 60 minutes; Lane 3, 

120 minutes; Lane 4, 180 minutes; Lane 5, 240 minutes; Lane 6, 300 minutes,  
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High resolution denaturing gel electrophoresis 

Probe preparation (Experiment 1, Figure S12A) 

To assess the potential strand specificity of the cleavage, a 392 bp DNA fragment 

uniquely labelled at one 5' end was used. The DNA fragment was amplified from a 

template containing the tmRNA gene (ssrA, Genbank Accession X16382), using non-

phosphorylated oligonucleotides wt5' and wt3' [Barends et al., FEBS Lett. 2002, 514, 

78-83]. This product was then cleaved with MvaI, resulting in a 392 bp fragment with 

a single non-phosphorylated 5' end. This fragment was 32P-end-labelled using T4 

polynucleotide kinase (Roche) and [γ-32P]ATP under supplier's standard conditions. 

The radiolabelled fragment was separated from unincorporated radionucleotides using 

a Qiaquick PCR purification column (Qiagen) according to the supplier's instructions. 

 

Cleavage and electrophoresis 

Cleavage of the fragment was done under the same reaction conditions as described 

above, with 5, 10, or 20 µM of the copper complex and with 40 µM of DNA (in base 

pairs). Incubation times were 0, 15, 30 and 60 minutes. Samples were heated for 5 

minutes in denaturing sample buffer and run on a 10% and a 15% denaturing 

polyacrylamide gel in 1x TBE buffer, essentially as describe previously [Traag et al., 

Mol. Microbiol. 2004, 53, 985-1000]. 32P-end-labelled 1 kb DNA ladder (Invitrogen) 

was used as DNA size marker. Experiments were repeated and analysed on two 

different gel systems, to ensure reproducibility. 
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Figure S12A. Analysis of degradation products by high resolution polyacrylamide 

gelelectrophoresis. Probe: 32P-end-labelled PCR product of the ssrA gene (392 bp). 

Lanes: M, DNA size marker (32P-end-labelled 1 kb DNA ladder) in nucleotides; 0, 15, 

30 and 60 refer to incubation times with the copper complex (in minutes). Final 

concentration of copper complex (5 or 20 µM) is presented above the image. The full-

length fragment (F) was efficiently degraded by the copper complex, with almost 

complete degradation of the fragment after 60 minutes, even at a 8:1 molar excess of 

DNA over the complex concentration (5 µM copper complex). The lack of any 

individual small degradation oligonucleotide products strongly suggests that there is 

no site specificity for the cleavage reaction.  
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Preparation of oligonucleotides and high resolution PAGE (Experiment 2, 

Figure S12B) 

For the ultra-high resolution analysis of the cleavage process, a double stranded 

oligonucleotide has been used. The synthetic procedure to prepare this type of 

oligonucleotides has a coupling efficiency of 97-99%. Therefore, in each step, a short 

side product is produced, whose intensity on the electrophoresis gel is associated with 

the coupling efficiency (a 99% efficiency implies that 1% side product is present, 

97% gives 3% side product and so on). Consequently, the electrophoresis reveals a 

ladder-like pattern, with a weak band at each nt position. This is ideally suited for the 

detailed analysis of the cleavage mechanism. A 54 nt oligonucleotide FNA1 (DNA 

sequence 5’-

GATCCTGGTGGAGCTAAGCGGGATCGAACCGCTGACCTCTTGCTTGCATA

GCAA-3’) was radiolabelled with [γ-32P]ATP (MP Biomedicals) using T4 

polynucleotide kinase (Fermentas) as indicated by the supplier, and purified over 

S200 spin columns (GE healthcare), effectively removing all products up to 15 nt. 

Duplex DNA was obtained by annealing the 10 µM [32P]-labelled FNA1 with an 

equimolar amount of oligonucleotide FNA2 (5’-

AGCGCTTGCTATGCAAGCAAGAGGTCAGCGGTTCGATCCCGCTTAGCTCC

ACCA-3’) in 250 mM NaCl at 80 ºC for 2 minutes, followed by slow cooling to 

ambient temperature. On either side, the probe has 5 nt of single-stranded region at 

the 5' end (underlined in the oligonucleotides). For copper-induced cleavage 

experiments, the FNA1/2 duplex DNA was incubated at a concentration of 100 µM bp 

with 20 µM of copper complex at 37 ºC. At indicated time intervals (0-60 min), 

samples were taken and quenched with an equal volume of stop solution (90% 

[vol./vol.] formamide and 50 mM EDTA) at -20 ºC. Samples were separated by high 

resolution denaturing PAGE (15%) and visualized by phosphor imaging (Bio-Rad). 

 

Analysis of the degradation patterns on high resolution denaturing gels repeatedly 

failed to identify discrete bands, but rather resulted in a continuous 'smear'. This 

suggested that degradation occurred in a less specific manner than expected on the 

basis of a single cleavage event. To analyse this in more detail we performed the same 

experiment on a 5' radiolabelled double stranded oligonucleotide, which was known 

to produce a ladder of bands inherent to the fact that each coupling step occurs with a 
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98-99% efficiency (see supplementary methods). The samples were then run on a 

15% denaturing gel, to allow identification of DNA fragments at single nucleotide 

resolution. Excitingly, while the control lane clearly showed individual bands, on 

progressive degradation these simply became fainter, eventually producing a 

continuous 'smear' (Fig. S12B). This smearing is most likely the result of the cleavage 

process and is not due to excessive background, as highlighted by the intensity of the 

smear below the lowest nucleotide band (15 nucleotide (nt), see bottom part of Fig. 

S12B). Since DNA bands could be separated at single nucleotide resolution, this 

clearly demonstrates that unlike chemical cleavage reactions such as those described 

by Maxam and Gilbert (J. Am. Chem. Soc. 2000, 122, 8814-8824) the copper complex 

in fact degrades the DNA in a very non-specific manner, perhaps attacking the base 

and/or the sugar in multiple positions. The exact cleavage mechanism is currently 

being investigated at molecular detail. 

 

Figure S12B.  High resolution analysis 

of the cleavage process. A 54 bp DNA 

fragment was incubated with the copper 

complex for 0-60 minutes. DNA size 

marker in nucleotides (nt) is shown on 

the left. Time (min) is indicated above 

the lanes. The probe was uniquely 

radiolabelled at the 5' end of the top 

strand. The strong increase of 

radioactivity below the 15 nt marker, 

strongly suggest that the smearing is 

solely the result of the cleavage process. 
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Cytotoxicity Assays 
 

The cell lines A2780 and A2780R, i.e. ovarian cancer cell lines derived from 

untreated patient cells [Eva et al., Nature, 1982, 295, 116-119], which survive in 

cultures treated with the compounds, were evaluated using the so-called MTT method. 

This method is based on the mitochondrial reduction of the tetrazolium salt MTT (2-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) by actively growing 

cells to produce blue insoluble purple formazan crystals [Alley et al.,Cancer Res., 

1988, 48, 589-601]. Both cell lines were cultured in McCoy’s 5a medium, 

supplemented with 10 % fetal Calf serum (Hyclone, Utah, USA); penicillin (100 

units/ml) and streptomycin (100 µg/ml): Duchefa, Netherlands. For the cell-growth 

assay, cells (5.104/mL) were precultured in 96 multi-well plates for 24 hours at 37 °C, 

5 % CO2. Compounds were added in microwells containing the cell culture at final 

concentrations of 0-200 µM; 48 hour later, cell survival was evaluated by measuring 

the absorbance at 590 nm, using a BIO-RAD microplate model 550. The IC50 values 

(i.e the concentration of the complex that restricts cell growth to 50% of that 

compared with the control were calculated from curves constructed by plotting cell 

survival (%) versus compound concentration (µM). All experiments were performed 

in triplicate. Data were used for construction of response curves and determination of 

the IC50 values by use of GraphPad Prism Software, version 3.0, 2000.  

 


