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The remarkable ability of RNA molecules to catalyse complex 
chemical transformations has profoundly influenced our 
understanding of the role of RNA in biology, the design of 

new biotechnology and the formulation of theories into the origin 
of life itself1,2. From a chemistry perspective, it is of fundamental 
interest to understand how RNA, with its limited repertoire of fairly 
inert functional groups, can achieve rate enhancements typically up 
to six orders of magnitude or more3, in some cases comparable to 
the intrinsic rates of protein enzymes4. A predictive understand-
ing of catalytic RNA mechanisms may enable general principles to 
emerge that are transferable to the design of synthetic systems, such 
as the recently reported hachimoji DNA/RNA (ref. 5), with great 
promise for new biotechnological applications. In-depth studies of 
self-cleaving ribozymes, of which there are currently nine known 
classes, have contributed substantially to our understanding of 
these mechanisms6,7.

The Varkud satellite (VS) ribozyme is the largest known self-
cleaving ribozyme, and among the largest endonucleolytic ribo-
zymes (only certain RNase P constructs are comparable). It is found 
in the mitochondria of natural isolates of Neurospora and performs 
site-specific scission of multimeric VS RNAs into linear mono-
mers8,9. Since its discovery nearly three decades ago, the VS ribo-
zyme has been the subject of numerous experimental studies that 
have provided tremendous insight into its structural and functional 
properties. The ribozyme cleavage proceeds in a fashion similar to 
that observed in other self-cleaving ribozymes, through nucleophilic 
attack of a 2′-hydroxy on the scissile phosphate to form 2′,3′-cyclic 
phosphate and 5′-hydroxy termini (Fig. 1). Electrophoretic mobility 
and Förster resonance energy transfer (FRET) studies10,11 have led to 
models for the VS tertiary structure, and mutagenesis and chemical 

probing studies, along with pH–rate measurements11–14, have identi-
fied residues critical for activity. A significant body of functional 
data suggests that two critical active-site nucleobases, G638 and 
A756, act as general base and acid, respectively, in the reaction11–18 
(Fig. 1). It has been established that Mg2+ ions stabilize the VS ribo-
zyme structure, but the specific catalytic role of Mg2+ in the active 
site has not previously been determined.

Despite the abundance of functional data available for the VS 
ribozyme, in the absence of an atomic-resolution structure, its 
active-site architecture and key catalytic interactions have remained 
elusive. Recently, we reported the first pre-catalytic high-resolution 
crystal structures of the VS ribozyme, the G638A (PDB ID 4R4V) 
and A756G (PDB ID 4R4P) mutants, by introducing a C634G muta-
tion that facilitated the remodelling and binding of the substrate 
helix (ref. 19). In a follow up study, we crystallized the G638A mutant 
(PDB ID 5V3I) without the C634G mutation and demonstrated that 
the substrate helix can remodel itself naturally during the course 
of binding20. These structures revealed the complex interlacing of 
the different helices that give rise to the dimeric, domain-swapped 
structure of the ribozyme, and were largely consistent with the exist-
ing body of VS ribozyme literature21,22. Although these structures 
provide meaningful insight into the global architecture of the ribo-
zyme, they represent only average structures of artificially deacti-
vated catalysts in a crystal, which may not be representative of the 
dynamic active state in solution. Moreover, these structures were 
obtained in the presence of high ammonium ion concentrations, 
which may preclude divalent metal ion binding. As a consequence, 
major gaps exist in our understanding of the active-site architecture 
and the catalytic mechanism. Here, we take an integrated experi-
mental and computational approach to establish a dynamic model 
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of VS catalysis that extends and unifies the existing body of experi-
mental data, defines the catalytic configuration and reveals the 
modes of transition-state stabilization unambiguously. These find-
ings broaden our mechanistic understanding of the diverse array of 
catalytic strategies available to RNA.

Here, we performed a series of computational and experimental 
investigations on the VS ribozyme to characterize its functionally 
active state, identify its key catalytic strategies and unify the exist-
ing body of structural and functional data on this important sys-
tem. We adopted a recently developed ontology for the discussion 
of RNA cleavage reactions23, extended from the original framework 
introduced by Breaker and co-workers24, specifically, α catalysis, 
the acquirement of in-line nucleophilic attack, β catalysis, the sta-
bilization of negative charge on non-bridging phosphoryl oxygens 
(NPOs), γ catalysis, the activation (deprotonation) of the 2′-hydroxy 
group to generate the nucleophile, and δ catalysis, the stabilization 
of the negative charge on the 5′-oxygen of the leaving group (Fig. 1).  
The results are divided into eight sections. In the first section, muta-
tional analysis of the catalytic nucleobases A756 and G638 in the 
background of oxo and phosphorothioate substrates reveals a ste-
reospecific functional linkage between the exocyclic amines of both 
residues and the pro-RP NPO of the scissile phosphate. In section 
two, molecular dynamics (MD) simulations departing indepen-
dently from each of the three existing crystal structures (none of 
which contained a Mg2+ in the active site) collectively converge to an 
ensemble that is reflective of a catalytically inactive state of the ribo-
zyme. In section three, MD simulations and calculations based on 
molecular solvation theory predict a Mg2+ binding pocket at the pro-
SP NPO position of the scissile phosphate (not yet observed crystal-
lographically). In section four, the predicted Mg2+-bound model is 
verified by stereospecific thio/metal-ion rescue effect experiments. 
In section five, MD simulations with a Mg2+ at the pro-SP position 
converge to an ensemble that is reflective of the active state of the 
ribozyme and illustrate that the metal ion organizes the active site 
for catalysis in a way that appears to be unique to VS. In section 
six, chemically precise mutational experiments further validate the 
Mg2+-bound model and probe interactions in the metal ion bind-
ing pocket. In section seven, linear free-energy relationship (LFER) 
analysis provides insight into the nature of the rate-controlling tran-
sition state, and in particular, the degree of proton transfer for the 
general base and acid. In section eight, ab initio quantum mechani-
cal/molecular mechanical (QM/MM) free-energy simulations 
departing from the Mg2+-bound model reveal a concerted mecha-
nism for RNA backbone cleavage with a late transition state for the 
cleavage reaction with extensive/complete proton transfer from the 
2′-hydroxy to G638, but only partial proton transfer from A756 to 
the 5′O leaving group, consistent with the LFER analysis. Taken 
together, the integrated experimental and theoretical data provide 
detailed atomic-level insight into the catalytic mechanism of the 
VS ribozyme. These results establish new functional connections 
between VS and both the hammerhead and hairpin ribozymes, and 
identify a novel role for a divalent metal ion in organizing the active 
site by anchoring the general base guanine and tuning its pKa to 
promote general base catalysis (γ catalysis).

Results
Phosphorothioate substitution and mutational analysis of A756 
and G638 reveal catalytic interactions in the active site. In this 
section, we use stereospecific phosphorothioate substitution and 
chemically precise nucleobase modifications to pinpoint key func-
tional interactions between the pro-RP position of the substrate scis-
sile phosphate and A756 and G638 in the active site. The results 
are summarized in Table 1 (further details are provided in the 
Supplementary Information). Building on earlier work by others25,26, 
our stereospecific phosphorothioate substitution experiments indi-
cated that under standard conditions (10 mM MgCl2, 25 mM KCl, 

2 mM spermidine, pH = 8), the wild-type (WT) ribozyme cleaved 
with kobs = 0.32 min−1, whereas the A621 RP and SP thio substrates 
cleaved with rates below the limit of detection (here, 10−4 min−1), 
corresponding to thio effects of at least 3,000-fold. These data sug-
gest that critical catalytic interactions are present at both NPOs. 
Later, we show that the SP thio substrate exhibits metal-ion rescue 
effects, whereas the RP thio substrate does not.

Inspection of the crystal structures shows that the exocy-
clic amines of G638 and A756 reside spatially close to the scissile 
phosphate NPOs, and mutational studies11,14 of these nucleobases 
have hinted at the importance of their exocyclic amines. To iden-
tify potential interactions of the G638 and A756 exocyclic amines 
with the NPOs, we observed cleavage in ribozymes with the G638 
mutated to inosine (G638I), A756 mutated to 3-deazapurine 
[A756(3cP)] or both (referred to here as ‘double mutant’) in oxo and 
stereospecific phosphorothioate backgrounds. The use of 3-deaza-
purine provides a strategy to test the removal of the exocyclic amine 
of A without major perturbation to its N1 pKa.

Both the G638I and A756(3cP) ribozymes exhibit mutational 
rescues (Table 1) of at least 470 and 390, respectively, suggesting 
that the exocyclic amines of both G638 and A756 form catalytically 
important interactions with the pro-RP NPO of the scissile phos-
phate (Fig. 1). Interestingly, the double mutant cleaves the RP thio 
substrate with a rate constant of 0.014 min−1, corresponding to an 
inverse thio effect of 6 and a mutational rescue of at least 16,000. 
The inverse thio effect is unexpected but not without precedent. A 
similar effect was observed in the glmS aporibozyme where, in the 
absence of cofactor, the 2′-hydroxy at N1 engaged in an unproduc-
tive interaction with pro-RP NPO, which was eliminated in the RP 
thio background27. A similar mechanism could explain the inverse 
thio effect observed here; in the absence of G638:N2 and A756:N6, 
the pro-RP NPO might engage the 2′-hydroxy in an unproductive 
interaction that would prevent the reaction centre from achieving 
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Fig. 1 | Schematic illustration of the VS ribozyme catalytic reaction. 
The ribozyme catalyses site-specific phosphodiester cleavage by using 
a guanine, G638, and an adenine, A756, as a general base and acid, 
respectively. The key catalytic strategies employed by ribozymes23 are 
highlighted: α corresponds to the acquirement of in-line nucleophilic 
attack (blue), β to the neutralization of negative charge on NPOs (green), 
γ to the deprotonation of the 2′-hydroxy group to activate the nucleophile 
(red) and δ to the neutralization of the negative charge on the 5′O leaving 
group (purple).
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an in-line conformation. In the RP thio substrate, the sulfur atom 
would be expected to disrupt this unproductive interaction, result-
ing in a modest (sixfold) rate enhancement.

To summarize, the loss of reactivity due to a sulfur substitution 
at the pro-RP NPO position of the WT ribozyme was recovered to 
some extent by removing the exocyclic amines of either or both 
A756 and G638. These observations strongly suggest that the active 
site is organized by interactions between G638:N2, A756:N6 and the 
pro-RP NPO, and the disruption of either or both of these interac-
tions substantially reduces the rate of cleavage.

Independent MD simulations departing from different crystal 
structures converge on a functionally inactive state of the ribo-
zyme in the absence of Mg2+. In an effort to unify the VS ribo-
zyme crystal structures with the existing body of solution data, we 
tested whether molecular motion of the configurations around the 
scissile phosphate observed in the static crystal structures could 
plausibly generate active sites consistent with the consensus pic-
ture of VS catalysis. We define such active sites as those with in-line  

fitness of the nucleophile (τ > 140°) consistent with α catalysis, and 
G638 (deprotonated at N1) and A756 (protonated at N1) positioned 
to act in general base (γ) and acid (δ) catalysis, respectively, while 
their exocyclic amines interact with the pro-RP NPO of the scissile 
phosphate (β catalysis) as established above. To that end, we carried 
out MD simulations of the WT ribozyme using all three available 
crystal structures as departure points so as to ensure that the predic-
tions were independent of the starting state19,20. The results of these 
simulations are summarized in Fig. 2a,b.

Figure 2a depicts the important active-site interactions along the 
various MD trajectories in the form of interaction maps. These maps 
report on the probability of observing specific active-site interac-
tions identified from the functional data that support each of the 
catalytic strategies (α–δ). In the simulations, the putative general 
base G638 and general acid A756 were kept deprotonated and pro-
tonated, respectively, at their N1 positions, assumptions supported 
by the LFERs described below. According to Fig. 2a, the simulations 
based on the different crystal structures paint a consistent dynamic 
picture of the ribozyme active site—one in which each of the key 

Table 1 | kobs for cleavage of VS substrates by ribozyme variants under various ionic conditions

Variant ionic conditions Substrate kobs (min–1) k/k’ ko/ks Metal-ion 
rescue

Mutational rescue

WT 10 mM Mg2+ oxo 0.32 ± 0.01

A621 SP <0.0001 >3.2 × 103

A621 RP <0.0001 >3.2 × 103

A622 SP 0.0294 ± 0.0008 11 ± 0.3

A622 RP <0.0001 >3.2 × 103

10 mM Mg2+ oxo 0.283 ± 0.005

and A621 SP 0.0053 ± 0.0001 53 ± 1.4 >60 ± NA

20 μM Cd2+ A621 RP <0.0001 >2.8 × 103 NA

A622 SP 0.0328 ± 0.003 8.6 ± 0.8 1.3 ± 0.1

A622 RP 0.0190 ± 0.007 15 ± 5.5 >213 ± NA

G638I 10 mM Mg2+ oxo 0.0135 ± 0.0006 24 ± 1.3

A621 SP <0.0001 >130 NA

A621 RP 0.0020 ± 0.0001 6.8 ± 0.5 >470 ± NA

10 mM Mg2+ oxo 0.0141 ± 0.0005 21 ± 0.8

and A621 SP 0.0009 ± 0.0001 16 ± 1.8 >8.1 ± NA 3.3 ± 0.1

20 μM Cd2+ A621 RP 0.0023 ± 0.0001 6.1 ± 0.3 1.1 ± 0.1 >460 ± NA

A756(3cP) 10 mM Mg2+ oxo 0.0336 ± 0.0002 9.5 ± 0.3

A621 SP <0.0001 >330 NA

A621 RP 0.0041 ± 0.0001 8.2 ± 0.2 >390 ± NA

10 mM Mg2+ oxo 0.035 ± 0.002 8.1 ± 0.5

and A621 SP 0.0016 ± 0.0001 22 ± 1.9 >15 ± NA 2.4 ± 0.2

20 μM Cd2+ A621 RP 0.0033 ± 0.0001 11 ± 0.7 0.8 ± 0.1 >250 ± NA

G638I 10 mM Mg2+ oxo 0.0023 ± 0.0004 140 ± 7.4

and A621 SP <0.0001 >23 NA

A756(3cP) A621 RP 0.0140 ± 0.0006 0.2 ± 0.1 >16 × 103 ± NA

10 mM Mg2+ oxo 0.0018 ± 0.0001 160 ± 9.2

and A621 SP 0.0009 ± 0.0005 2 ± 1.1 >12 ± NA 27 ± 15

20 μM Cd2+ A621 RP 0.011 ± 0.003 0.2 ± 0.1 1.0 ± 0.5 >14 × 103 ± NA

k/k′ corresponds to the ratio kMut
o =kWT

o

� �

I
, where the subscript o corresponds to the oxo substrate and the superscripts Mut and WT correspond to a mutant and wild-type ribozyme, respectively. 

Metal-ion rescue is calculated according to the ratio of the ratios ko=ksð ÞMg2þ= ko=ksð ÞCd
2þ

I
, where the subscript s corresponds to the thio substrate, the superscripts Mg2+ and Cd2+ correspond 

to experiments performed in the presence of Mg2+ alone and experiments performed in the presence of both Mg2+ and Cd2+, respectively. Mutational rescue corresponds to the ratio of the ratios (ko/ks)WT/
(ko/ks)Mut. The error in the kobs measurements is the standard deviation of three or more independent measurements and the errors in the thio effect, metal-ion rescue and mutational rescue are the 
propagated errors of relative errors. Reactions that proceed slower than the limit of detection (<5% cleavage after 24 h) have been assigned a rate of 10–4 min–1 and cannot be assigned an error (‘NA’). 
Propagated errors as well as ratios based on these measurements are also denoted ‘NA’.
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elements of catalysis (α, β, γ, and δ) is either absent or not present in 
full strength to support efficient catalysis and hence does not reflect 
an active state in solution. Most concerning in the simulations was 
the lack of formation of a catalytically active state characterized by 

in-line fitness and positioning of the O2′ nucleophile for activation 
(α and γ catalysis, respectively), which accounted for only a small 
fraction (7%) of all the configurations (Fig. 2b). Taken together, the 
results of these MD simulations suggest that the active-site ensemble 
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Fig. 2 | Computational investigation of catalytic strategies adopted by the VS ribozyme. a,b, Summary of the results of MD simulations based on the 
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with an added Mg2+ bound at the pro-SP NPO of the scissile phosphate. Panels f and g are analogous to panels a and b, respectively.
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emerging from simulations based on the existing ribozyme crystal 
structures, does not reflect the catalytically active state of the ribo-
zyme in solution under standard conditions. A detailed discussion 
of Fig. 2a,b is provided in the Supplementary Information.

MD simulations and molecular solvation theory calculations 
predict a Mg2+ binding site at the active site. No divalent metal 
ions were observed at the active site in the VS ribozyme crystal 
structures, possibly because they were obtained in the presence 
of high ammonium ion concentrations. However, spectroscopic 
data28–32 suggest that VS activity depends on multiple localized 
divalent ions. VS cleavage typically requires Mg2+ ions for activity, 
except in very high concentrations of monovalent ions33. The ribo-
zyme is not active in cobalt hexammine alone, but in the presence of 
small amounts of Mg2+, cobalt hexammine enhances catalysis34. The 
Mg2+ concentration dependence of ribozyme folding, inferred from 
hydroxyl radical footprinting, was estimated to be an order of mag-
nitude lower than that required for catalysis35. Taken together, these 
studies indicate that Mg2+ ions are not only important for global 
folding, but are more directly involved in interactions (either in 
organization or transition-state stabilization) at the active site that 
affect catalysis.

Analysis of the MD trajectories revealed two sites in the active 
site where Na+ ions bind with high occupancy (Fig. 2c). Site A is at 
the pro-SP NPO of the scissile phosphate, and site B is between the 
2′O nucleophile and the pro-RP NPO of the scissile phosphate. To 
identify probable Mg2+ binding sites, we carried out three-dimen-
sional reference interaction site model (3D-RISM) calculations36,37 
on the different crystal structures as well as on the configurations 
obtained from the simulations. The results of the 3D-RISM calcu-
lations predict a high probability of Mg2+ binding at site A in the 
active site (Fig. 2d). A Mg2+ at this position is consistent with the 
previously reported thio effects25 observed for a mixture of diaste-
reoisomers of the scissile phosphate (although this was not rescued 
in the presence of Mn2+) and at the phosphate of the N+1 nucleotide 
(A622) downstream of the scissile phosphate. Thus, the analysis of 
Na+ binding at the active site and the results of 3D-RISM calcula-
tions jointly suggest that site A, the position coordinating the pro-SP 
NPO of A621 (the scissile phosphate) and close to the pro-RP NPO 
of A622 and the N7 of G623, is a plausible Mg2+ binding site.

Metal-ion rescue experiments confirm Mg2+ is bound stereospe-
cifically at the pro-SP non-bridging position. Given the large thio 
effects observed and the computational prediction that a divalent 
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for double ionization with the exception of the G638P* substrate, which was fit to a model for single ionization. For all the G analogues, the higher pKa 
was assumed to correspond to the general base (G638 in WT ribozyme). The pKa of P* (3.3) was inferred from titration of the nucleoside in solution. The 
linear fitting of the resulting plot revealed a slope of 0.79 ± 0.03. The inset expands the data points that fall in the pKa range 8–9. The linear fitting of only 
these data points and excluding the data point corresponding to P* (pKa = 3.3) results in a slope of 0.67 ± 0.04. c, The 3D structure of a representative 
transition-state geometry along the reaction pathway obtained in the presence of active-site Mg2+. d, The 2D free-energy surface underlying the catalytic 
reaction obtained using ab initio QM/MM US simulations. The solid black line corresponds to the converged pathway obtained using FTS simulations. 
e, Converged pathway obtained from the FTS simulations in the presence of active-site Mg2+. The inset shows the 1D free-energy profile of the pathway 
obtained in the presence of the active-site Mg2+. In d and e, the reaction coordinate r1 corresponds to the phosphorus bond breaking/forming coordinate 
represented by the difference between the A621:P–G620:O2′ and A621:P–A621:O5′ distances, and r2 corresponds to the general acid proton transfer 
coordinate represented by the difference between the A756:N1–A756:H1 and A621:O5′–A756:H1 distances. The colour scale denotes relative free-energy 
values in units of kcal mol–1. R, reactant; TS, transitions state; P, product; ξ, reduced length of the curve (unitless).

NATuRe CHeMiSTRY | www.nature.com/naturechemistry

http://www.nature.com/naturechemistry


Articles NATuRe CHeMisTRy

metal ion likely occupies a position near the active site, we tested 
the rate of cleavage of the A621 RP and SP thio substrates in the pres-
ence of a thiophilic metal ion. Metal-ion rescue for the scissile phos-
phate has been investigated in two previous studies and no rescue 
was observed. However, as mentioned previously, those studies were 
complicated by the use of a mixture of diastereomeric substrates25 
or the observation of the reverse reaction rather than cleavage26. 
Furthermore, both studies tested for rescue in the presence of Mn2+ 
rather than the more thiophilic Cd2+. We investigated metal-ion res-
cue with Cd2+ in a background of 10 mM Mg2+ in an effort to iden-
tify the putative metal ion binding site. The results are summarized 
in Table 1. In the oxo background, Cd2+ has a minimal impact on 
the rate of cleavage at low concentration, but inhibits cleavage when 
the concentration of Cd2+ approaches the concentration of Mg2+. 
The presence of 20 μM Cd2+ increased the rate constant of cleavage 
for the SP thio substrate to 0.0053 min−1, corresponding to at least 
a 53-fold enhancement over the rate of cleavage in the absence of 
Cd2+ and a metal-ion rescue of at least 60. Note, the actual metal-
ion rescue is somewhat higher, but because the actual rate in the 
absence of Cd2+ is less than the limit of detection, we assume a rate of 
10−4 min−1. In contrast to the SP thio substrate, the RP thio substrate 
exhibits no enhanced cleavage in the presence of Cd2+, correspond-
ing to no metal-ion rescue, indicating that the stimulatory effect of 
the thiophilic metal is site specific. Additionally, we tested the effect 
of metal-ion rescue in the G638I, A756(3cP) and double-mutant 
ribozyme backgrounds and observed metal-ion rescues of at least 
8, 15 and 12, respectively, for the SP thio substrate and no metal-ion 
rescue for the RP thio substrate for each variant. These data provide 
support for a mechanism in which a divalent metal ion specifically 
coordinates to the pro-SP NPO in the ribozyme active site.

Simulations with an active-site Mg2+ converge on a functionally 
active state of the ribozyme. Motivated by the results from the 
metal-ion rescue experiments, we sought to investigate the ramifi-
cations of a Mg2+ ion for the ribozyme active site dynamics. We re-
propagated the MD trajectories, departing from each of the different 
crystal structures and having G638 and A756 in their active proton-
ation states as previously, but with a Mg2+ bound at the A621 pro-SP 
NPO as well as close to the pro-RP NPO of A622 and the N7 of G623 
as predicted above (site A in the active site, Fig. 2c–e). The results 
of these simulations are summarized in Fig. 2f,g. Interestingly, as 
illustrated by the interaction maps (Fig. 2f), these independent tra-
jectories converge to an active-site ensemble that agrees with the 
experimental data and exhibits all the key catalytic strategies.

For the simulations in the presence of a Mg2+ bound at site A 
in the active site, the majority of the configurations (77%) sampled 
showed a catalytically active state (exhibiting both α and γ cataly-
sis), compared with only 7% of the configurations in the simula-
tions without Mg2+. This 11-fold increase in active configurations 
observed in the MD simulations in the presence of Mg2+ at site A 
suggests that the metal ion enhances catalysis, at least in part, by 
organizing the active site.

The Mg2+-bound model of the active site emerging from these 
MD simulations is shown in Fig. 2e and Supplementary Fig. 3. The 
Mg2+ remains mostly localized in the simulations, and apart from the 
scissile phosphate A621 pro-SP NPO, maintains an inner-sphere con-
tact with the N7 of G623. In two of the three simulations, the metal 
ion also maintains an inner-sphere contact with the A622 pro-RP 
NPO and interacts with G638:O6 through a water molecule, whereas 
in the third simulation, the metal ion moves in the active site to form 
an inner-sphere contact with G638:O6 and interacts with the A622 
pro-RP NPO through a water molecule. In each of the simulations, 
two other water molecules complete the hexacoordination of the ion.

Mutation experiments further validate the Mg2+-bound model. 
We sought to validate the Mg-bound model (Fig. 2e), first, by 

testing for metal-ion rescue at the downstream phosphate, A622. 
Previous studies showed a substantial thio effect at the phospho-
rothioate downstream of the scissile phosphate rescuable with 
Mn2+ (refs. 25,38), but there was a lack clarity in the stereochemis-
try of the putative metal–phosphate interaction. In the presence of 
10 mM Mg2+, the A622:SP thio substrate cleaves with a rate constant 
of 0.029 min−1, corresponding to a modest thio effect of about 11. 
The A622:RP thio substrate, on the other hand, cleaves with a rate 
below the limit of detection, corresponding to a thio effect of at 
least 3,000. In the presence of 20 μM Cd2+, cleavage of the A622:SP 
thio substrate is virtually unaffected, but cleavage of the A622:RP 
thio substrate is accelerated at least 190-fold, having a rate con-
stant of 0.019 min−1, corresponding to a metal rescue of at least 213. 
These data strongly suggest that the pro-RP NPO of the phosphate 
downstream of the cleavage centre coordinates a divalent metal 
ion, consistent with the computational prediction. We also tested 
cleavage with a G623(7cG) ribozyme variant, which eliminates the 
putative G623:N7–Mg2+ interaction. This ribozyme failed to cleave 
the phosphate substrate at a detectable rate, implying that G623:N7 
plays an important role in catalysis. Regarding the predicted outer-
sphere Mg2+ interaction with G638:O6, the unique configuration of 
7-deaza-5-azaguanosine (a member of the hachimoji alphabet5,39–41 
and referred to herein as P*) enables a strategy to test for a possible 
role of the O6 keto group. P* deprotonates with the same pKa as 
2-aminopurine riboside (2-amP) and differs from 2-aminopurine 
on the Watson–Crick face only by the presence of the keto group 
(Supplementary Fig. 5). In contexts where N7 makes no interactions 
(as in G638 of the VS ribozyme), comparisons of RNAs bearing P* 
versus 2-amP can reveal the functional significance of the O6 keto 
group of a G residue. At all pH values tested, a substrate contain-
ing the G638P* mutation reacts significantly faster than a substrate 
containing G638(2amP), consistent with an interaction involving 
the O6 keto group.

In summary, the phosphorothioate and subsequent metal-ion 
rescue effect observed at the A622 pro-RP NPO, the inactivity of the 
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G623(7cG) ribozyme variant and greater reactivity of the G638P* 
variant compared with G638(2amP) (the latter does not have the 
O6 keto group) suggest that Mg2+ interacts with the A622 pro-RP 
NPO, G623:N7 and G638:O6 (through a coordinated water mol-
ecule), respectively, and provide crucial evidence in support of our 
proposed metal binding site.

LFERs suggest proton transfer is nearly complete for the general 
base and partial for the general acid in the transition state. The 
consensus view of VS catalysis holds that G638 and A756 function 
as general base and general acid, respectively22,42. Although evi-
dence exists to support these hypotheses11,14–18, significant gaps in 
our understanding remain. For instance, phosphorothiolate rescue 
experiments17 demonstrated a functional linkage between A756 and 
the 5ʹO leaving group, but those data leave open the possibility of 
catalysis through some mechanism other than proton transfer to the 
leaving group. Also, although pH–rate profiles implicate the titra-
tion of G638, no data to-date establish a functional linkage between 
G638 and the 2ʹO nucleophile. Moreover, nothing is known about 
the nature of the transition state in terms of the extent of proton 
transfer from the general acid and to the general base. To shed light 
on these aspects of VS ribozyme catalysis, we measured Brønsted 
coefficients for a series of ribozymes with A and G analogues (see 
Supplementary Information for details).

To test the extent of proton transfer between the general 
acid, A756, and the 5ʹO leaving group, we measured the rate of  

cleavage over a range of pH values for ribozymes with adenos-
ine (WT), 3-deazaadenosine (3cA), 7-deazaadenosine (7cA), 
8-azaadenosine (8nA), 8-aza-7-deazaadenosine (8n7cA) or 3-deaza-
purine (3cP) at the 756 position. The observed linear relationship 
observed in the Brønsted plot for these A analogues, excluding 
3cP (Fig. 3a), strongly suggests that A756 is involved in proton 
transfer and the expected deviation from linearity observed for 
the A756(3cP) ribozyme results from the elimination of A756:N6, 
which coordinates the pro-RP NPO of the scissile phosphate. The 
small Brønsted coefficient observed (α = 0.23 ± 0.04) indicates that 
(1) proton transfer from A756 occurs in the rate-controlling step 
and not in a pre-equilibrium step and (2) the extent of proton trans-
fer is only partial in the transition state. In contrast, proton transfer 
to the leaving group in the hepatitis delta virus ribozyme appears to 
be significantly more advanced43.

We repeated the same procedure to investigate proton transfer 
to the putative general base, G638, with a series of substrates con-
taining guanosine (WT), 7-deazaguanosine (7cG), 8-azaguanosine 
(8nG), 6-thioguanosine (6sG) or 7-deaza-5-azaguanosine (P*) at 
the 638 position. The Brønsted plot constructed for the G analogues 
reveal a linear dependence on pKa of the G analogues with a slope 
close to 1 (β = 0.79 ± 0.03; Fig. 3b). Considering the uncertainty of 
the data point at pKa = 3.3, due to the need to estimate the reaction 
pKa from the nucleobase solution pKa, the derived β slope of 0.79 
should be viewed with caution and considered a rough estimate for 
the degree of proton transfer to the nucleobase. Omission of the 
data point at pKa = 3.3, which limits the data set to a relatively nar-
row pKa range (8–9), yields a modestly attenuated slope (β value) 
of 0.67 ± 0.04. Despite these limits to their quantitative interpreta-
tion, the data qualitatively support a mechanism involving substan-
tial proton transfer from the nucleophile to the general base in the 
transition state.

Taken together, the LFER data strongly support the roles of the 
catalytic nucleobases A756 and G638 in general acid–base catalysis 
established previously by Lilley and co-workers11,12,14,15,17,22 and pro-
vide additional information about the nature of the transition state 
involving each of the proton transfer steps. Proton transfer between 
A756 and the 5ʹO leaving group occurs in the rate-controlling step 
and the extent of transfer is partial in the transition state. Brønsted 
analysis also implicates G638 in proton transfer. The data suggest 
that proton transfer from the nucleophile has advanced significantly 
in the transition state but lack the resolution to distinguish between 
pre-equilibrium or concerted proton transfer for the catalytic gua-
nine. The computational results presented below provide predictive 
insight to resolve this ambiguity.

QM/MM free-energy simulations departing from the Mg2+-
bound model predict a catalytic mechanism that is consistent 
with the LFER data. We calculated the free-energy surface and the 
minimum free-energy pathway associated with the catalytic reac-
tion by combining semi-empirical finite temperature string (FTS) 
simulations44,45 and ab initio 1D and 2D QM/MM umbrella sam-
pling (US) simulations (details are provided in the Supplementary 
Information). The FTS simulations suggested a sequential catalytic 
pathway in which the 2′O nucleophile deprotonation by G638 
occurs initially, as a separate step, followed by concerted nucleo-
philic attack and departure of the leaving group; the associated 
free-energy profile along the pathway suggested the latter to be rate-
limiting (Supplementary Fig. 9). This result is consistent with the 
Brønsted analysis of the G638 analogues, and together they support 
a mechanism in which the proton transfer from the 2′O hydroxy 
nucleophile occurs in a pre-equilibrium step.

The chemical step of the reaction was studied in more detail 
using ab initio 2D QM/MM US simulations. The 2D free-energy 
surface calculated from these ab initio simulations (Fig. 3d) is in 
excellent agreement with the converged pathway obtained from 
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the semi-empirical FTS simulations (see Supplementary Fig. 10 
for direct comparison) and suggests that the P–O2′/P–O5′ bond 
formation/cleavage and general acid proton transfer to the leaving 
group occur in a concerted fashion. To obtain a better resolution 
of the free energy along the reaction pathway, we performed addi-
tional ab initio 1D US along the converged pathway obtained from 
the FTS simulations, the results of which are shown in Fig. 3d,e. 
The free-energy barrier of the reaction obtained from these simu-
lations is ~10 kcal mol−1, which, using the Arrhenius rate model, 
corresponds to an intrinsic rate constant of ~104 s−1 (assuming a 
pre-factor of 1 ps−1). This calculated rate constant is consistent 
with the intrinsic rates obtained for certain fast-cleaving VS con-
structs (1.4 × 103 s−1)18,46, but is somewhat higher than the rates 
observed in this work. Presumably, fast dynamic equilibria reduce 
the observed rate of cleavage, especially in the trans constructs 
employed in this study that require substrate docking; these pro-
cesses are not accounted for in the QM/MM calculations. Thus, the 
estimated rate constant obtained from the simulations represents 
an upper limit of plausible intrinsic rate constants. The transition 
state obtained from these simulations (Fig. 3c) is a ‘late’ transition 
state, in which the P–O2′ bond is almost fully formed, the P–O5′ 
bond is mostly broken and the proton from A756 is partly trans-
ferred to the 5′O leaving group, consistent with the LFER data and 
further suggesting that the proton transfer from G638 likely occurs 
in a pre-equilibrium step prior to arriving at the rate-controlling 
transition state.

To summarize, the QM/MM simulations departing from the 
Mg2+-bound model suggest a mechanism in which the 2′O nucleo-
phile activation by the general base occurs in a pre-equilibrium 
proton transfer step; the rate-controlling step consists of the P–
O2′/P–O5′ bond formation/cleavage and general acid proton trans-
fer to the 5′O leaving group. The free-energy barrier for this step 
is consistent with the ribozyme intrinsic reaction rates and passes 
through a ‘late’ transition state in which the P–O2′ bond is mostly 
formed, the P–O5′ bond is mostly broken and the proton from the 
general acid has partially transferred to the 5′O leaving group, in 
agreement with the LFER data.

Discussion
Ribozymes use two main chemical moieties for catalysis: metal ions 
and nucleobases. From biophysical studies spanning nearly three 
decades, the consensus view held that the VS catalytic mechanism 
depended entirely on nucleobase catalysis and the contributions of 
metal ions were restricted to structural organization12,22. Herein, we 
have presented a combination of computational and experimental 
data that converge on a configuration of interactions within the 
active site that imparts catalysis (Fig. 4), including a newly identi-
fied divalent metal ion that interacts with the pro-SP oxygen of the 
scissile phosphate and helps to organize the active site through addi-
tional inner-sphere coordination to the pro-RP oxygen of the down-
stream phosphate (A622) and G623:N7 as well as an outer-sphere 
coordination to G638:O6.

Before this work, it was speculated that the VS and hairpin ribo-
zymes were mechanistically nearly identical, having topologically 
similar active sites and employing exclusively nucleobase catalysis 
in their cleavage mechanisms12. In our previous study19, based on 
the then-recent VS structural data, we took the parallels in these 
ribozymes a step further by illustrating that both VS and hairpin 
ribozymes, along with the hammerhead ribozyme, share a common 
active-site scaffold, referred to as the L-platform, an L-shaped motif 
in which the N-1 nucleotide, the residue immediately preceeding 
the scissile phosphate, makes the corner of the L, the nucleotide 3' 
to the general base forms the short arm of the L and the nucleo-
tide 5′ to the general base forms the long arm of the L along with 
the general base (Fig. 5). The presence of this L-shaped motif in 
three distinct ribozyme classes implicates the L-platform motif as a  

functional strategy to position the N-1 nucleotide and direct the 
general base towards the 2′-hydroxy group.

Our joint experimental and computational efforts illustrate that 
despite having the L-platform, the VS ribozyme fails to exhibit the 
key catalytic interactions in the absence of the active-site Mg2+, 
implying that the presence of the L-platform alone may not be suf-
ficient to position the general base. Considering this new data, we 
went back to the hairpin and hammerhead crystal structures, as well 
as the subsequently determined twister ribozyme structure, and 
found that these ribozymes have an active-site nucleotide, referred 
to here as the L-anchor, that interacts with the general base and 
presumably contributes to its positioning for nucleophile activa-
tion. In hammerhead ribozymes, a conserved adenine (A21) serves 
as the L-anchor, whereas in hairpin ribozymes an invariant uracil 
(U+2) serves this role. In the currently available structural data, the 
VS ribozyme lacks a nucleobase that could plausibly serve the role 
of the L-anchor. However, inspection of the model of the VS ribo-
zyme defined in this work suggests that the newly identified Mg2+ 
may serve as the L-anchor, fulfilling the role served by a nucleobase 
in the hairpin and hammerhead ribozymes. The metal ion assists 
in organizing the active site through direct stereospecific interac-
tions with the A621 and A622 phosphates and G623:N7 as well 
as a water-mediated interaction with G638:O6. The outer-sphere 
interaction between the Mg2+ and G638:O6, supported function-
ally by the higher reaction rates of the G638P mutant as compared 
with the G638(2amP) mutant, may also assist in shifting the G638 
pKa to its apparent value of 8.4. Similar pKa tuning of the general 
base caused by divalent metal ion binding has been observed in 
X-ray structures47,48 of the hammerhead ribozyme at elevated pH 
and have been subsequently interpreted mechanistically in recent 
computational work49.

Thus, although our studies corroborate the existing notion that 
the VS ribozyme bears mechanistic similarity to the hairpin ribo-
zyme12, they reveal previously unknown facets of the VS ribozyme 
active-site architecture and elicit mechanistic similarities to the 
hammerhead ribozyme. In one view, VS is hairpin-like in that it uti-
lizes the same nucleobase residues to carry out general acid–base 
catalysis. However, the two ribozymes differ in terms of how the cat-
alytic nucleobases utilize their exocyclic amines and by the presence 
of an active-site Mg2+ that the VS requires for catalysis. The role of 
Mg2+ in VS is both organizational, as an anchoring construct, and 
electrostatic, in tuning the pKa of the general base and presumably 
in stabilizing the transition state through interaction with the scis-
sile phosphate. Like the VS ribozyme, the hammerhead ribozyme 
uses a guanine as general base and requires a conserved adenine 
and Mg2+ for catalysis. However, the roles of the adenine and Mg2+ 
are reversed in the two ribozymes: in VS A756 provides general acid 
catalysis and Mg2+ serves as the L-anchor50, whereas in hammerhead 
the Mg2+ assists in acid catalysis51 and A9 serves as the L-anchor50. 
Taken together, these observations reveal new functional features 
shared by the hammerhead, hairpin and VS ribozymes.
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