








Extended Data Fig. 8 | Experimental links between structure and function 
of the precatalytic complex. a) The structural features of the scaffolding 
involve close contacts between the two binding arms, non-base pairing at 
position +1, and metal-ion binding in region I. b) The clear absence of respective 
peaks in the NOE pattern confirming flip out of dG+1. Unlike to all nucleotides 
with expected in-register stacking, no cross correlations of dG+1 to dG+2 is 
detected (which should appear along the dashed blue line). Stacking pattern 
for dA+6 – dT+9 is shown as positive control (green arrows). c) Effects of 
mutations at positions +1 and −1 on Dz5C activity confirming that position +1, 
unlike position −1, does not form an essential Watson-Crick base pair. d) 
Example of NMR data (extracts of NOESY spectra) confirming close spatial 
proximity of dG−5 and dG+2 after Mg2+ binding. e) Atom-specific PRE rates 
obtained from Mn2+ titration for DNAc–RNA (top) compared to respective 
nucleotides in Dz5C–RNA2ʹF (bottom). The data demonstrate that the presence 
of the catalytic loop dramatically changes the M2+-binding behaviour of the 
arms from a rather diffuse pattern (top) to the defined binding region that 
forms the basis of the scaffolding step (bottom). f) Top view on the precatalytic 
structure focusing on the cleavage-site surroundings. g) NOE-buildup rates 
strongly indicate syn-conformation of dA−1. The schematic model shown on top 
visualizes the considered inter-proton interactions with either fixed distances 
(H1ʹ-H2ʹ, purple, and H1ʹ-H2 ″, red) or distances strongly depending on the 
χ-angle (H1ʹ to indicated base proton, blue). h) NOE pattern indicative of the 

Mg2+-induced flip out of T4. Note the same behaviour is observed for all ten 
resolved inter-nucleotide correlations of T4 to its neighbours. i) Changes of 
cleavage activity by mutations in the 5ʹ side of the catalytic loop (metal 
ion-binding site II). Mutations at position 5 serve as a reference; all other 
mutations are variants of Dz5C. Data are presented as mean values +/- SD of 
triplicate experiments. j) Comparison of the cleavage activity of the variants 
Dz5A (black), Dz5C (blue) and Dz5G (red) in the presence of 3 mM Mg2+ (data for 
Dz5A and Dz5C are identical to respective conditions shown in Fig. 1b) 
. k) Simplified schematic model highlighting the central features of the 3D 
structure. l-n) cw EPR characterization of Mn2+ binding. l) Double integrated 
EPR signal of Mn2+ in the absence (blue) and presence of 40 μM Dz5C·RNA2ʹF 
complexes (black). Full range and zoom into lower concentrations are shown. 
m,n) Fit of experimentally determined binding behaviour (black data points) 
for either full Mn2+ concentration range (left panels) or only the higher affinity 
binding sites (right panels). Data were fitted to different binding models (red 
curves, see Methods and Supplementary Discussion for more details on the 
applied data fitting). n) Three cooperative binding sites were assumed, 
resulting in high- and low-affinity binding sites and overall the best fit to the 
obtained data (left). In the right panel, a model with only one cooperative 
binding site was assumed, and only the shown data range was considered.  
The shown fit captures the key features of the binding behaviour with minimal 
number of parameters.
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Extended Data Fig. 9 | See next page for caption.



Extended Data Fig. 9 | Properties of central Dz states in the catalytic cycle. 
a) NMR fingerprint region of indicated states of Dz5C and its substrate in the 
catalytic cycle. Ellipses as shown in Fig. 1d are overlaid as a reference in each 
spectrum. The spectra allow to follow complex formation, effects of Na+ and 
Mg2+, RNA cleavage and RNA dissociation. Schematic models below spectra 
illustrate the respective (simplified) conditions and structural features.  
b) Comparison of the Dz fingerprint region before (red) and after (black) 
addition of RNA2ʹF. c-d) Analysis of sequential contacts occurring in NOESY 
spectra of free (red) and complexed Dz (black). c) Schematic of analyzed 
sequential contacts. d) Extract of spectral region representative of 
(sequential) cross correlations of the nucleotides’ base protons (H6/H8).  
The data indicate that a central region of the catalytic loop already adopts a 
(minimally structured) conformation that resembles features found for the 
same region after complex formation with its substrate (see Supplementary 
Discussion for more details). e-k) Effects of monovalent (Na+) metal ions. In the 
absence of (mono- and divalent) metal ions additional complex conformations 
are found in the NMR fingerprint spectrum (cyan arrows in e, top). These 
conformations disappear after addition of either 100 mM Na+ (e, middle) or  
1 mM Mg2+ (e, bottom) and do not represent a catalytically relevant state (f, as 
visible from extrapolation of data from Extended Data Fig. 7a, grey arrow). It is 
tempting to speculate that this off-pathway state could represent Dz–RNA 
complexes in an inactive conformation characterized by hybridized binding 
arms lacking the additional turn of the loop around the substrate. However, 
other conformations are also possible. In addition to different Dz–RNA 
complex conformations, the spectrum in the absence of metal ions also shows 
the occurrence of free RNA and Dz. g) Analysis of peak volumes representative 
of signal from free RNA (grey), free Dz (purple), and additional complex 
conformation (cyan). Data were acquired in the absence of NaCl and the 
presence of indicated concentrations of MgCl2. A rather strong effect on 
complex formation (population and conformations) is found for the initial 
(low) Mg2+ concentrations. As visible in the spectrum recorded at 100 mM NaCl 
and absence of MgCl2 (e, middle), both features can also be saturated by NaCl. 
In other words, under conditions that are more relevant in respect to 
physiological ionic-strength conditions (e.g. at 100 mM NaCl) complex 
formation appears to not be a limiting step. However, the data strongly suggest 
that at low-ionic-strength conditions, strong effects in respect to complex 
formation and conformation (the latter likely not relevant for catalysis) can be 

induced by the addition of small amounts of metal ions. This observation may 
help to clarify previous findings involving a transition from low-ionic strength 
conditions. h) Results of MgCl2 NMR-titration for fingerprint region of Dz5C–
RNA2ʹF in the absence (top) or presence (bottom) of 100 mM NaCl (the latter is 
identical to data in Extended Data Fig. 7a). i) Magnification of the behaviour of 
two indicated nucleotides. While the endpoints of the titrations are very similar 
in the absence and presence of 100 mM NaCl, the absence of NaCl leads to an 
extended trend with increased maximal CSPs ( j). A roughly 2-fold increased KD 
values for Mg2+ binding is observed in the presence of NaCl. k) Correlation of 
the total CSPs (sum of all resolved CSPs) of the respective titration steps in the 
absence and presence of 100 mM NaCl. For MgCl2 concentration above 1 mM, 
the presence of NaCl does not have a strong effect on the Mg2+-induced CSPs. 
By contrast, below 1 mM MgCl2, the minimum of the correlation plot deviates 
from the diagonal (white arrow). The data indicate that 100 mM NaCl has a 
comparable effect on the Dz5C–RNA2ʹF complex structure as approx. 0.7 mM 
MgCl2. l) Comparison of 2D [1H-1H] TOCSY spectral extracts recorded before 
(black) and after full cleavage (orange). m) The nucleotides with (orange) or 
without (green) detected multiple conformations after cleavage highlighted 
on the structure of the precatalytic complex (dotted representation marks 
nucleotides with residual uncertainties). n) Detected signal intensities and 
resulting relative populations of the different states occurring in the post-
catalytic complex for indicated nucleotides with increasing temperatures.  
o) Ratio of NMR peak intensities of the two states for best-resolved nucleotides. 
The values were calculated after cleavage (orange, data from spectrum in l) as 
well as from the real-time NMR data during the cleavage reaction (blue, data 
from spectrum in Extended Data Fig. 10d). The data reveal that the relative 
population of the respective states is stable over time, including their initial 
appearance during the cleavage reaction. The observed behaviour can be  
best explained by a stable equilibrium of slowly exchanging states (see 
Supplementary Discussion for more details). p) Native PAGE demonstrating 
cleavage of RNA substrate under NMR conditions (here, the sample after the 
real-time NMR experiments is shown). q) Theoretical degree of denaturation  
Θ at 37 °C and denaturation temperatures Tm of Dz complexes with cleaved RNA 
(calculated with program POLAND49 using RNA:DNA hybrid parameters50, loop 
parameters with &#x1D70E; = 1&#x1D452; − 351, dissociation constant 
&#x1D6FD; = 1&#x1D452; − 3, and the given complex concentrations.
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Extended Data Fig. 10 | See next page for caption.



Extended Data Fig. 10 | Time-resolved atomic-level insights into the 
catalysis reaction. a) Series of 1D 1H spectra recorded after addition of Mg2+ to 
pre-formed non-stabilized Dz5C–RNA complexes revealing clear time-
dependent changes of the peak intensities. b) Extract of 1D spectra recorded  
on Dz5C–RNA before (black), directly after (blue), and at indicated time points 
(up to about 2 h) after Mg2+ addition. A spectrum recorded on stabilized Dz5C–
RNA2ʹF, preincubated with Mg2+ for three days, serves as a reference for the 
Mg2+-equilibrated precatalytic complex (red). c) Contour plot of time-resolved 
1D NMR data following the cleavage reaction. A magnification of data shown in 
(a) highlighting two peaks representing the educt (right) and product (left) 
state is displayed. A clear shift of the peak maximum during the initial stage of 
the reaction is apparent for the educt state, which is not present for the product 
state (dashed lines are given as guides). The direction of the observed 
frequency change follows the CSP induced by Mg2+ binding (visible in (b)) and 
therefore is in line with an increasing effective Mg2+:Dz ratio. The data strongly 
suggest that the post-catalytic complex has a lower affinity for Mg2+ ions than 
the precatalytic complex leading to an effective Mg2+ release before product 
release. d,e) Series of 2D [1H-1H] TOCSY spectra recorded before (black) and 
successively after adding 1 mM MgCl2. The acquisition time of each spectrum 
was 3 h. Clear peak position, peak shape, and/or intensity changes are present 
between the first (d, cyan) and second spectrum (e, brown). Only very weak 
intensity changes are present between second and third spectrum (e, orange). 
Indicated magnifications compare peak positions before (black) and during 
Mg2+-induced transition (d, cyan/blue denote positive/negative contour levels) 
and after full cleavage (e, orange). f) Magnification of signal for rU+6 shown in 
(d). The peak positions from the Mg2+ titration obtained on Dz5C–RNA2ʹF at 
indicated Mg2+ concentrations are shown as purple dashed lines. The regions 
representing the educt and product peaks in the real-time spectrum are 
highlighted in brown and orange. The region of the Mg2+-free state is 
highlighted in grey. The data reveal that the observed transition does not start 
from the Mg2+-free state but instead from a state that matches the frequencies 
of the Mg2+-equilibrated state at Mg2+ levels between 0.5 and 1 mM. g) Overlay 
of time-resolved experimental data for one cross peak (T8-H6/H7; positive/
negative contours are denoted in blue/cyan, respectively) with best-fit 
simulated spectrum (red/yellow denote positive/negative contours). 
Characteristic features of the initial and final states are indicated. The 
simulations can reproduce the experimental data well. Note that data shown in 

panels a, b, d and g show enlarged versions of the respective data shown in  
Fig. 3. h) Difference between experimental and simulated real-time NMR data 
as a function of different rate constants applied in the simulations. Results are 
shown individually for each resolved atom. The minimum represents the best 
fit condition. The nuclei can be divided into two groups, which either show 
rates that are slower than the FRET rate determined under matching conditions 
(brown dashed line) and are plotted in blue, or faster rates (plotted in red). 
Respective nucleotides are mapped on the structure in Fig. 3d) 1D slice of 
T8(H6-H7) obtained from the indirect dimension of the 2D spectrum recorded 
during the cleavage reaction (d, cyan). Experimental data (black, representing 
state C1) is compared to peak shapes simulated using either a 2-state transition 
model (blue) or a 3-state transition model (red). Both simulated spectra 
represent the best fit for the respective model. Note that negative shoulders 
are better represented by the 3-state model (dotted arrows). j) Difference 
between the experimentally obtained data for indicated nucleotides and the 
simulated data as a function of the rate constant used in the simulation. While 
for dC+5 (grey) the overall fit is close to the experimental data (as visible by the 
rather low overall values of the difference), the peak is insensitive to changes in 
the rate constants (as visible by the low variations over the range of applied rate 
constants). The respective peak, therefore, is not a good sensor of the 
transition kinetics and was excluded from data interpretation. On the contrary, 
the data for C3 show a clear minimum and display good sensitivity in respect to 
changes in rate constants. The respective peak was therefore included in 
further data analysis. k) Likelihood of interactions of G14 or hexa-hydrated 
Mg2+ with the O2ʹ atom of rG0 or the O5ʹ atom of rU-1 at the RNA cleavage site, 
when in any conformation of the cleavage site (left) and when the cleavage site 
is in the in-line attack conformation (angle O2ʹ-P-O5ʹ: 130–180°, right). An 
interaction is considered present if a hetero-atom of G14 or Mg2+ is within 5 Å of 
the target atom. l) Effect of Mg2+ binding to the metal ion-binding site II on the 
frequency of structural features of the RNA cleavage reaction during MD 
simulations at 20 mM Mg2+. m) FRET-based activity assay in the presence of 
Mg2+ (red data points, 1 mM) or Mn2+ (blue data points, 0.5 mM) of Dz5C with a 
6-thio-modification at either G14 (left) or at G6 (right). While the measured 
behaviour of 6-thio-G6 is well in line with previous reports23, the unusual 
behaviour of 6-thio-G14 would be in line with the acid-base mechanism shown 
in panel k (right, X1 = G14).






