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FIGURE S1A: 

  



 (A) Correspondence between solvent accessibilities of the backbone of the Twort ribozyme 

measured by 
●
OH footprinting (upper panel) and calculated from the crystal structure 

(lower panel). Each histogram in the upper panel represents the extent of protection of an 

individual nucleotide in a sample equilibrated at 37
o
C in 10mM Mg

2+
, normalized to the extent 

of protection of the same nucleotide in an unfolded control equilibrated in the absence of Mg
2+

. 

Hence, the positive and negative values at each position indicate whether the corresponding 

nucleotide’s backbone is exposed to or buried from the solvent, upon addition of Mg
2+

, relative 

to the solvent accessibility of the backbone at the same position in the unfolded RNA. The solid 

line in the lower panel depicts the solvent accessibilities of the C4’ atom in the sugar ring of each 

nucleotide of the Twort ribozyme, calculated from its crystal structure (1Y0Q.pdb) (Golden et 

al., 2005), relative to the mean solvent accessibility of the C4’ atoms of all the nucleotides 

(shown as the dotted line). The solvent accessibility calculations are performed by rolling sphere 

of radius 2.8 A
o
 in the software MOLMOL (Koradi et al., 1996). The crests and troughs above 

and below the dotted line represent residues that are respectively more solvent accessible (less 

protected) or less solvent accessible (more protected) than an average C4’ atom. The pink 

vertical lines indicate positions that correspond to the formation of native tertiary contacts and 

were quantitated to yield the time progress curves in the kinetic folding experiments (or folding 

isotherms in equilibrium folding experiments). The positions of these contacts in the structural 

context of the ribozyme are indicated above the pink lines in the standard annotation format used 

to describe the secondary structure of group I intron ribozymes (Michel & Westhof, 1990). 

 

 



 FIGURE S1B:  

 

(B) Mg
2+

 mediated equilibrium folding of the Twort ribozyme in CE buffer (10mM 

Potassium cacodylate, 0.1mM EDTA) containing 100mM KCl. For performing equilibrium 
●
OH 

footprinting, the 
32

P-labeled RNA samples were denatured by heating to 95 C for 2 min in 

‘CEK Buffer’ (10 mM Potassium Cacodylate, 0.1 mM EDTA at pH 7.3, 100 mM KCl) or CE 

buffer (for monovalent ion titration). The RNA was folded by adding suitable concentrations of 

MgCl2 (or KCl) and incubated first at 50
o
C for 30 min followed by 37

o
C for 1 hour. 

●
OH 

cleavage was initiated by addition of a solution containing 0.1 mM Fe (NH4)2(SO4)2, 0.14 mM 

EDTA and 6.6 mM ascorbic acid and allowed to proceed for 30 min. The reaction was quenched 

by adding 100% ethanol, products were precipitated and separated by 8% denaturing PAGE. The 
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dried gels were visualized by Storm™ phosphor imaging (GE) and quantitated by the SAFA 

(Das et al., 2005). Normalized band intensities for the protected residues were plotted as a 

function of [Mg
2+

] to obtain titration curves (folding isotherms) which were scaled to fractional 

saturation by non-linear least squares fitting of the density data against the coupled equations 

 iloweriupperilowerii Ypppp  )( ,,,  eq. 1 

and  

 
HH

i

HH
i

nn
d

nn
d

i

MgK

MgK
Y

][1

][
2

2






  eq. 2 

where i denotes a ∙OH protection, pi is the signal quantitated for an i, pi,lower  and pi,upper  are the 

lower and upper transition endpoints, respectively, Kdi is the equilibrium disassociation constant, 

[Mg
2+

] is the magnesium concentration and nH is the Hill coefficient. The best-fit values and 

65% confidence intervals are reported. Protections from 
●
OH cleavage were identified as 

described above (in S1A), and quantified to generate sets of points depicting the formation of 

tertiary contacts under equilibrium conditions. Each set of points, representing a tertiary contact, 

is shown by a different symbol/color on the right side of the graph. The red dotted line indicates 

that all the tertiary contacts are formed in 10mM Mg
2+

. 

 

 



FIGURE S1C: 

 

 (C) K
+
 mediated folding of the Twort ribozyme under equilibrium conditions in 10mM CE 

buffer. Global compaction (blue filled circles) was measured by analytical ultracentrifugation 

(AUC) while local tertiary contact formation (filled squares and triangles) was measured by 

equilibrium ∙OH footprinting. Each of the blue filled circles represent the scaled standard 

sedimentation coefficient (S20,w: 20
o
C in water) of the ribozyme population at a given [K

+
]. The 

AUC experiments were performed at 25
o
C in CE buffer employing the UV absorption optics (at 

260nm) of the Beckman XL-I analytical ultracentrifuge equipped with a An-60 Ti rotor. The 

absorption scans were analyzed using the software DCDT+ (Philo, 2006) which converts the raw 

concentration profiles into time derivatives ( tc  / ) and fits these values to approximate 

unbounded solutions of the Lamm equation (Stafford, 1994; Philo, 2000). The fitting yields 



values of sedimentation coefficient (S) and diffusion coefficient (D). The sedimentation 

coefficients measured at 25
o
C in CE buffer were converted to their standard values at 20

o
C in 

water (S20,w) using the program SEDNTERP. An increase in sedimentation coefficient with 

increasing [K
+
] indicates that the molecule, starting from an extended structure, progressively 

assumes a more compact form. The S20,w values were scaled between 0 and 1 to overlay the 

compaction curve on to the footprinting isotherms. The solid blue line is a fit of the AUC data to 

two consecutive equilibrium transitions with mid points of 0.017±0.001 M and 0.254±0.009 M, 

respectively. The biphasic monovalent ion mediated equilibrium compaction is reminiscent of a 

similar behavior observed for the Tetrahymena ribozyme(Takamoto et al., 2002). The Twort 

ribozyme achieves full global compaction at lower [K
+
] than that needed for complete formation 

of the tertiary contacts. From analogy with the Tetrahymena ribozyme, the first phase of Twort 

compaction appears to be due to electrostatic relaxation while the second phase most likely 

represents further compaction due to tertiary contact formation. 

Each set of filled squares and triangles represent the scaled changes in solvent accessibility of a 

single or a group of nucleotides pertaining to a tertiary contact, as annotated on the right side of 

the graph. The dotted blue line indicates that the majority of the tertiary contacts are at the most 

partially formed (between 0% and 40% protection) in 100mM KCl when the first phase of 

electrostatic relaxation is complete. Only a few backbone regions (nucleotides 91, 114-116, 121-

122, 194-196) are protected to a greater extent in 100mM KCl (~60 - 70%). All the remaining 

tertiary contacts reach their full extent of protection at ~1.5 M [K
+
]. Therefore the initial state in 

our experiments (100mM KCl, no Mg
2+

) represents a predominantly unstructured or very loosely 

structured, and electrostatically relaxed ensemble of Twort ribozyme molecules. 

  



FIGURE S2A:  

 

 

  



FIGURE S2B: 

  



Correspondence between solvent accessibilities of the backbone of the Azoarcus (A) and the 

Tetrahymena (B) ribozymes, measured by 
●
OH footprinting (upper panels) and calculated 

from the crystal structure (lower panels).The histograms in the upper panels, the solid line in 

the lower panels, the vertical pink lines, the dotted blue line and the annotations above the top 

panel represent the same elements as described in Figure S1A. For the Azoarcus ribozyme the 

coordinates from the crystal structure (1ZZN.pdb) (Adams et al., 2004a; Adams et al., 2004b) 

were used for calculating the C4’ atom solvent accessibilities. In case of the Tetrahymena 

ribozyme, for the sake of clarity and accuracy, the C4’ atoms of only those residues present in 

the crystal structure (1X8W.pdb) (Guo et al., 2004) are compared to the corresponding 

nucleotides’ 
●
OH protection patterns in context of the full length ribozyme. We additionally 

verified that all the protections observed in the full length ribozyme correspond to native tertiary 

contacts as detected in the well validated 3D model of the full length Tetrahymena ribozyme 

(TtLSU.pdb) (Michel & Westhof, 1990) derived from phylogenetic co-variation analysis. 

 

 

 

 

 

 

 

 

 

 



 FIGURE S3:  

 

Temporal cluster affiliations of the nucleotides participating in tertiary contacts are mapped on 

the secondary structures of the (A) Twort, (B) Azoarcus and (C) Tetrahymena ribozymes. Green, 

red and blue represent the fastest, medium and slowest forming contacts respectively. 

A. Twort B. Azoarcus

C. Tetrahymena

A. Twort B. Azoarcus

C. Tetrahymena

 



FIGURE S4: 
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Folded structures (F) derived from Kinfold analysis are represented by mapping all the 

temporal clusters of tertiary interactions (including the slowest blue clusters not shown in 

Figure 3 in the main text) on to the crystal structures of the Twort (A) and Azoarcus (B) 

ribozymes and the experimentally validated phylogenetic model of the Tetrahymena (C) 

ribozyme. The structures were generated in PYMOL (DeLano, 2009) using co-ordinates 

obtained from the following PDB entries- (A) 1Y0Q (Twort) (Golden et al., 2005); (B) 1ZZN 

and 1U6B (Azoarcus) (Adams et al., 2004b; Stahley et al., 2007); (C) 1X8W (Guo et al., 2004), 

1GID (Cate et al., 1996) and TtLSU (Michel & Westhof, 1990) (Tetrahymena). The positions of 

divalent and monovalent ions (when known in the crystal structures) are indicated by cyan and 

purple spheres respectively. The groups of dark blue spheres in the Tetrahymena ribozyme 

represent cobalt hexammine molecules observed in the crystal structure of its P4-P6 domain 

(1GID.pdb) (Cate et al., 1997) and denote sites that bind hydrated magnesium ions. To represent 

the folded state of the full length Tetrahymena ribozyme with bound ions, as accurately as 

possible, the three structures 1X8W (partial structure of the Tetrahymena ribozyme), 1GID (P4-

P6 domain of the Tetrahymena ribozyme) and TtLSU (phylogenetically derived full length 3D 

model of the Tetrahymena ribozyme) were aligned using conserved residues that are common to 

all the three structures. 

 

 

 

 

 



FIGURE S5: 
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(A) General scheme of the catalytic activity assays. (B-D) Summary of the Azoarcus 

ribozyme activity assays. (A) The general reaction scheme for determining the time dependent 

evolution of the catalytically active native state of a ribozyme is depicted. We essentially 

perform these experiments as designed by Yuan and Russell (personal communication) for the 

Azoarcus ribozyme and as described by (Zarrinkar & Williamson, 1994a) for the Tetrahymena 

and the Twort ribozymes. The unfolded RNA (in CE buffer + 100mM KCl) is heat denatured at 

95
o
C for 3 minutes and cooled to 37

 o
C. The RNA sample is mixed with 10mM MgCl2 solution 

(hand mixing for slower time points and quench flow mixing for faster time points) and allowed 

to age for a given time period (folding time of ‘n’ seconds). At the end of each folding time 

period a certain fraction of molecules reaches the catalytically active native state which is 

monitored by adding an oligo-nucleotide substrate (containing mostly unlabeled substrate with a 

trace amount of substrate radioactively labeled at the 5’ end) along with an exogenous 

nucleophile (guanosine). The population of ribozyme molecules that correctly fold to the native 

state (during the n
th

 folding period) binds and rapidly cleaves a fraction of the supplied oligo-

nucleotide substrate (Herschlag & Cech, 1990; Russell & Herschlag, 1999b). This substrate 

cleavage reaction (for each of the folding time periods) is usually allowed to proceed for 2 

minutes during which aliquots are removed at intervals of 10-15 seconds, quenched with twice 

the volume of a solution containing EDTA, formamide loading buffer and gel loading dyes. The 

quenched reaction time points are run through a denaturing polyacrylamide gel to separate the 

cleaved product from the intact substrate and thereby quantitate the fraction of substrate cleaved 

at a given reaction time point. The fraction of native ribozyme present at the end of a folding 

time point ‘n’ is estimated from the amplitude of the product burst from the substrate cleavage 

reaction for the n
th

 folding time point. For estimating the product burst, we usually consider the 



30 second cleavage reaction time point, following (Zarrinkar & Williamson, 1994a; Treiber et 

al., 1998b). In order to balance signal strength and speed of the cleavage reaction, the reactions 

are performed not under strictly multiple turn-over conditions but with a 2 to 5 fold 

stoichiometric excess of the substrate over the ribozyme. The ‘0’ second time point, representing 

the initial state of the folding reaction, is obtained by initiating the cleavage reaction 

simultaneously with the initiation of the folding reaction by addition of Mg
2+

. The end point of 

the folding reaction is obtained by pre-equilibrating a  ribozyme sample for 30 minutes 50
o
C and 

2 hours at 37
o
C in 10mM MgCl2. (B) Sample gels from the activity assays of the Azoarcus 

ribozyme are shown. In each lane, the upper bands (larger oligo) represent the uncut labeled 

substrate while the lower bands (smaller oligo) represent the cleaved product. Each set of 8 lanes 

represent the cleavage reactions for a given folding time point ‘n’, indicated by the numbers 

above the arrows (the arrows indicate progress of the cleavage reaction from left to right). (C) 

The fraction of substrate cleaved as a function of cleavage time points, for each folding reaction, 

is plotted. Each folding reaction is represented by a symbol of a different shape/color, as shown 

on the right side of the graph. (D) Time dependent evolution of the native Azoarcus ribozyme is 

obtained by plotting the fraction of substrate cleaved at the same cleavage time point (30 seconds 

in this case) for all the folding time points. The error bars are derived from three independent 

measurements. The data are fit to a single exponential to obtain the first order rate constant, k= 

0.012 s
-1

, of overall folding of the Azoarcus ribozyme to the native state. 

 

 

 



FIGURE S6: 
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Catalytic activity assays for the Twort ribozyme.   (A) To monitor the time dependent 

evolution of the native state in the millisecond time regime, we resorted to rapid quench flow 

mixing of the ribozyme and the folding buffer (containing MgCl2) prior to initiation of the 

cleavage reaction reagents; as described in (Shcherbakova et al., 2004). Briefly, the ribozyme 

(dissolved in CE buffer with 100mM KCl) and the folding buffer (containing MgCl2) are driven 

from the two sample syringes in to the mixing chamber of the Kintek
® 

quench flow apparatus 

and allowed to age for a defined time interval (folding time ‘n’). At the end of the folding time 

period the entire reaction is mix is rapidly ejected in to a tube containing the oligo substrate and 

the guanosine nucleophile, to initiate the cleavage reaction. Reaction aliquots are removed at 

regular intervals, quenched and analysis of the cleavage products is performed as described 

above. The results of three independent measurements are shown in the plot. (B) To determine 

the slower steps of appearance of the native ribozyme we used the previously described standard 

hand-mixing assay. Results of two independent measurements are shown. (C) The data from the 

two experiments were combined by averaging the overlapping time points from the two assays. 

The data were fit to a single exponential to obtain the first order rate constant, k= 2.34 s
-1

, of 

overall folding of the Twort ribozyme to the native state. 



FIGURE S7: 

 

Catalytic activity assays for the Tetrahymena ribozyme were performed as described in 

(Zarrinkar & Williamson, 1994a; Treiber et al., 1998a). The presence of a highly paradoxical 

long lived misfolded intermediate ‘M’ has been well documented for the Tetrahymena ribozyme 

(Russell et al., 2006) and it has been independently verified by several groups that under 

standard folding conditions (37
o
C or 42

o
C, 10 mM Mg

2+
, pH 7.3 and 50 to 100mM monovalent 

ions), the ribozyme acquires between 25 to 50% of its full activity (Russell & Herschlag, 1999a; 
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Russell & Herschlag, 2001; Treiber & Williamson, 2001; Russell et al., 2002; Uchida et al., 

2003). The ‘M’ state is virtually indistinguishable from the native ribozyme by chemical 

structure probing methods like 
●
OH footprinting (Russell et al., 2006). (A) Our activity assay 

over an extended time period shows that fully active native state appears in two phases, a fast 

initial phase during which about 30% of the ribozyme reaches the catalytically active native state 

and a second slow phase during which the remaining 70% of the ribozyme reaches the 

catalytically active native state. The second phase presumably involves conversion of the ‘M’ 

state to the native state. The data has been scaled with respect to the fully folded control at 50
o
C 

(last point indicated by the purple dotted line). The error bars are calculated from three 

independent measurements. The area shaded in purple corresponds to the time regime during 

which approximately 70% of the ribozyme slowly reaches full catalytic activity. (B) Time 

dependent evolution of the fully folded species ‘F’, as calculated from the structural-kinetic 

models of the Tetrahymena ribozyme. The brown dotted lines indicate that formation of native 

tertiary structure is complete within ~3.3 min. The area shaded in purple corresponds to the 

second slow phase observed in activity assays during which no changes are detectable in back-

bone solvent accessibilities (as measured by 
●
OH footprinting). (C) The initial phase of time 

dependent evolution of approximately 30% of the active ribozyme, scaled with respect to the end 

point of this phase (15 min). This phase when fit as a single exponential, yields a rate constant k= 

0.025 s
-1

 which is very similar to the values obtained in previous studies(Zarrinkar & 

Williamson, 1994a; Zarrinkar & Williamson, 1994b; Rook et al., 1999; Treiber & Williamson, 

2001; Laederach et al., 2006; Russell et al., 2006). This first phase shows a good agreement with 

the rate of native tertiary structure formation derived from Kinfold analysis, as shown in Figure 

4C of the main text.  
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We report here the rates for the three kinetic models for Twort, Azoarcus, and Tetrahymena 

without applying bounds to the reverse rates. In all cases the reverse rates are close to zero and 

poorly determined. These rates are difficult to determine due to the progression of all our 

reactions to full completion (saturation of protection), which results in small values for the 

reverse rates. We choose to bind these values to zero in the models we report, as this reduces the 

dimensionality of the optimization problem resulting in overall lower error on the forward rates. 

  

 U I1 I2 F 

U  100±5 59±4 18±2 

I1 0.01±0.01  0.0±0.2 1.5±0.5 

I2 0.01±0.01 0.0±0.2  2.5±0.5 

F 0.01±0.01 0.05±0.05 0.01±0.01  

 U I1 I2 F 

U  43±6 39±1 3.2±0.01 

I1 0.01±0.01  0.002±0.001 0.03±0.003 

I2 0.01±0.01 0.001±0.001  0.003±0.0003 

F 0.001±0.001 0.01±0.01 0.01±0.01  

 U I1 I2 F 

U  12±1 15±1.5 4±0.3 

I1 0.001±0.001  0.1±0.02 0.02±0.01 

I2 0.0001±0.0001 0.06±0.02  0.07±0.02 

F 0.001±0.001 0.001±0.001 0.001±0.001  
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