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Table S1: Concentrations of Mg2+, Mn2+, K+, and Na+ in mammalian cells (Pechlaner and Sigel 

2011). 

Mn+ Mammalian cell [mM] 

Mg2+ 30a 

Mn2+ - 

K+ 140 

Na+ 10 
aThe free concentration of Mg2+ is about 1 mM. 

 

Table S2: Optimal parameter values. Binding constants (KM2+ = k+2 |+5/k-2|-5 , KNa+ = k+1|+4/k-1|-4) 

were fixed to the given values; for rates 1 – 3 and 4 – 6 see (1a), (1b) and (2a), (2b), respectively. 

Pearson correlation coefficient r of the experimental and fitted data was determined using numpy’s 

(“NumPy”) corrcoef. 

Parameter Unit Optimal values 

  Mg2+ Mn2+ 

KM
2+ 1/mM 4.0 4.0 

KD,M
2+ mM 0.25 0.25 

KNa
+ 1/mM 0.01 0.0001 

KD,Na
+ mM 100 1ꞏ104 

k1|4 1/(mMꞏs) 4.7ꞏ10-3 7.0ꞏ104 

k2|5 1/(mMꞏs) 0.0195 10.3 

k3|6 1/s 0.0272 101.0 

fcoeff  9922.2 9987.0 

r2  0.910 0.927 

 



 

Table S3: Physical and chemical properties of Mg2+, Mn2+, K+, and Na+: ionic radius, preferred 

coordination numbers and ligands, pKa values of the coordinated water molecules, hardness on the 

Pearson scale, water exchange rate from the first hydration shell at 298 K (kex) and the free enthalpy 

for hydration (∆Ghyd) as reviewed by Pechlaner and Sigel, 2011(Pechlaner and Sigel, 2011). 

Values in parentheses belong to the coordination number also given in parentheses.  

Mn+ Ionic 
radius [Å] 

Coordination 
numbers 

Preferred 
ligands 

pKa Pearson 
hardness 

kex 

[s-1] 
∆Ghyd 

[kJ/mol] 

Mg2+ 0.72 6 O 11.44 32.6 5.3-
6.6•105 

-1858 

Mn2+ 0.83 6 O/N 10.59 9.0 2.1•107 -1821 

K+ 1.38 (1.51) 6 (8) - 14.46 13.6 ~109 -322 

(-308) 

Na+ 1.02 (1.18) 6 (8) - 14.18 21.1 ~109 -412 

(-383) 
 

 

Table S4: Oligonucleotides used in this work. 

Name Sequence 5’ – 3’ 

T839-FRET 6-FAM-ACAUGCACCGUUACCCCAA-BHQ1 

T839-FAM 6-FAM-AAA ACAUGCACCGUUACCCCAA 

T839-2’F ACAUGCACCG2‘FUUACCCCAA 

DNA839 TTGGGGTAACGGTGCATGT 

DNAzyme839 TTGGGGTAAGGCTAGCTACAACGAGGTGCATGT 

 

 



 

 

Figure S1: Experimental design. (A) Reaction scheme of the 10-23 DNAzyme. The RNA 

substrate (grey) hybridizes with the DNAzyme (purple) via Watson-Crick base pairing. Cleavage 

of the RNA is induced by Mg2+ or Mn2+. The ternary complex dissociates and the DNAzyme is 

released to bind another target molecule. (B) Schematic overview of the experimental setup for 

metal ion binding experiments using a stabilized RNA substrate. To prevent the RNA substrate 

from DNAzyme-mediated cleavage, the 2’-OH group at the nucleotide at the cleavage site is 

substituted by a fluorine atom. (C) Schematic overview of the experimental setup to study metal 

ion induced RNA cleavage using FRET-labeled RNA substrates. When the RNA substrate is 

intact, excitation of the 6-FAM fluorophore D leads to a (partial) transfer of energy to the BHQ-1 

Q moiety based on the principle of Förster resonance energy transfer where the energy dissipates 

as heat. DNAzyme-mediated cleavage of the RNA substrate separates fluorophore from quencher 

and leads to increased fluorescence after excitation of the 6-FAM molecule. 

 



 

 

Figure S2: Isothermal titration calorimetry experiments performed in the presence of Mn2+. 

Titration of Mn2+ into pre-formed DNAzyme:RNA complex in the absence (A, C) or presence (B, 

D) of 100 mM Na+, monitored at 30°C. The upper panels show the baseline-corrected instrumental 

response. The lower panels show the integrated data (filled squares).  

 

 

 

 

 

 



 

 

Figure S3: Assignment of catalytic loop and binding arms. (A) Overlayed [1H, 1H ]-TOCSY 

spectra of DNAzyme:RNA complex (black) and complementary RNA:DNA helix without 

catalytic loop (red). Signals correspond to the pyrimidines U and C. Signals with low chemical 

shift difference were assigned to the binding arms (*), while newly appearing signals were 

assigned to the catalytic loop (#). (B) Sequences of DNAzyme:RNA and DNA:RNA complexes. 

Pyrimidines, which appear in the spectral region of (A), are written in bold, binding arms and 

catalytic loop are highlighted.  

 

 

Figure S4: Hill plots based on the EPR spectroscopic measurements. 



 

 

Figure S5: Influence of K+ levels on DNAzyme catalysis. Normalized fluorescence intensities 

resulting from the FRET-based activity assays at (A) 1 mM Mg2+, (B) 5 mM Mg2+, and (C) 

0.5 mM Mn2+ and different K+ concentrations (top) or a mixture of K+ and Na+ (125 mM each) 

and 250 mM K+ (bottom). (D) Observed rate constants (kobs) for the DNAzyme catalyzed RNA 

cleavage in the presence of different concentrations of Mg2+. (E) Observed rate constants (kobs) for 

the DNAzyme catalyzed RNA hydrolysis in the presence of different concentrations of Mn2+. 



 

 

Figure S6: RNA cleavage performed by Dz839 under multiple turnover conditions.  

Ratio  
.  µ  

.  µ
; concentration of Mg2+: 5 mM; temperature: 37 °C. (A): Raw FRET curves. 

(B) FRET curves after substraction of only-RNA data and a linear fit of data in the range of 

7500 ≤ t ≤ 19950 s. The linear fit is thought to compensate for a fluorescence decrease with 

increasing time of light exposure. Note that catalytic turnover reaches a similar fluorescence 

extend at all three NaCl concentrations. 

 



 

 

Figure S7: Reproducibility of FRET-based activity assays. Concentration of Mg2+: 2 mM; 

temperature: 37 °C. (A) Raw FRET curves. The gray data shows RNA fluorescence in the absence 

of DNAzyme. (B) FRET curves after subtraction of only-RNA data and a linear fit of data in the 

range 1500 ≤ t ≤ 2954 s. The linear fit is thought to compensate for a fluorescence decrease with 

increasing time of light exposure. (C) Data as shown in (B) were fitted to 𝐹 𝑡 𝐹 1



 

exp 𝑘 ∙ 𝑡 𝐹  ; 𝐹  and 𝐹 𝐹  values are marked by horizontal lines.  Resulting 

kobs values, which are very close to each other for the triple determinations, are given in the 

legend.The total fluorescence changes are 8953, 8667, 9231, 5390, 5634, and 4696 for the triple 

measurements in 0 and 100 mM NaCl, respectively. The lower total fluorescence changes of assays 

in 100 mM NaCl in comparison to those in 0 mM NaCl are due to increased Fmin values but not to 

decreased Fmax values. (D) Enlargement of graph C. (E) Data after normalization of the respective 

Fmin and Fmax values. 

 

 

 

 

 

 

 

 

 



 

 

Figure S8: Influence of Na+ on DNAzyme catalysis in the presence of Mn2+ determined by FRET-

based activity assays. Concentration of Mn2+: 0.8 mM; temperature: 28 °C. (A) Raw FRET curves. 

The gray data shows RNA fluorescence in the absence of DNAzyme. The black vertical line marks 

time of Mn2+ injection (t0=28 s). (B) FRET curves after subtraction of only-RNA data and a linear 

fit of data in the range 1000 ≤ t ≤ 1998 s. The linear fit is thought to compensate for a fluorescence 

decrease with increasing time of light exposure. Data were fitted to  𝐹 𝑡 𝐹 1 exp 𝑘 ∙

𝑡 𝐹  with t0 ≤ t ≤ 1998 s; 𝐹  and 𝐹 𝐹  values are marked by horizontal lines; kobs 

values are given in the legend. The total fluorescence changes are 5657, 5784, 6248, 6114, 6331, 

and 6046 for measurements in 0, 20, 40, 60, 80, and 100 mM NaCl, respectively; that is, the total 

fluorescence change does not depend on NaCl concentration, but is most probably dependent on 

position of the respective well in the 384-well plate resulting in different light paths. (C) Data after 

normalization to the respective Fmin and Fmax values. (D) Enlargement of graph C. 



 

 

Figure S9: Yield of cleavage as determined by FRET and gel electrophoretic analysis. Samples 

from cleavage assays were taken at the given time points when the FRET signal for samples 2-5 

approached 100 %. For a comparison of sample 4 to the corresponding FRET analysis see Figure 

S7. For a detailed description of the gel-based assay see Materials and methods, section Activity 

assay with Fluorescein-labeled RNA substrates. 

  



 

 

Figure S10: Gel-based activity assay. (A) Concentration of Mg2+: 2 mM; temperature; 37 °C; 0 

mM NaCl. (B) Concentration of Mg2+: 2 mM; temperature; 37 °C; 1000 mM NaCl. The rate 

constant determined by fitting of data with fraction of cleaved RNA  1 exp 𝑘 ∙ 𝑡  (red 

curve) is kobs = 0.025 s-1 and kobs=0.0028 s-1, respectively, which is very close to the rate constant 

determined in a FRET assay, kobs = 0.015 s-1 and kobs=0.0038 s-1, respectively, with otherwise 

identical experimental conditions. For a detailed description of the gel-based assay see materials 

and methods, section Activity assay with Fluorescein-labeled RNA substrates. 

 



 

 

Figure S11: Rate constants of the 10-23 DNAzyme-mediated RNA cleavage at different 

temperatures. The reactions were performed at 37 °C and 28 °C for each Mn2+ and Na+ 

concentration. 

 

 

Figure S12: Gel-based cleavage assay of the 10-23 DNAzyme at high ionic strength. The reaction 

was performed using a fluorescein-labeled RNA substrate (T839-FAM) in the presence and 

absence of 2 mM Mg2+ and 2 M KCl or 3 M NaCl. PAGE analysis of the reaction mixtures shows 

that the DNAzyme is not capable of cleaving its RNA substrate in the sole presence of Na+ or K+.   

 



 

 

Figure S13: Example output of scan for parameter solutions with “brute" force grid-search 

method. The graphs display the chi-square [χ2] value per parameter and contour plots for all 

combinations of two parameters with colors from blue to yellow for χ2 values normalized from 0 

to 1. The dotted red lines depict the optimal parameter value. 
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