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Supporting text 

Estimation of rate constant for TL/TLR formation. The value of 5 × 105 M–1 

min–1 for this association was estimated from measurements of the equilibrium 

constant for binding in a bi-molecular system (0.40 mM) and the dissociation 

(undocking) rate of the same contact in a model, unimolecular system (3.3 s–1). 

The two measurements were performed under somewhat different conditions 

from each other and from the current work so the value obtained is an estimate. 

The equilibrium measurement was performed at ambient temperature, 50 mM 

Na-phosphate, pH 6.0, 125 mM MgCl2, 500 mM NaCl, 500 mM KCl [1]. The 

kinetics measurement was performed at 21 °C, 50 mM Na-HEPES, pH 7.5, 100 

µM EDTA, 10 mM Mg2+, 100 mM NaCl [2]. The important differences are likely to 

be the Mg2+ concentration, which was much higher for the equilibrium 

measurement, and the monovalent ion concentration, which is also much higher 

for the equilibrium measurement. The kinetics measurements were performed 

under conditions quite similar to ours, whereas the equilibrium experiments were 

under conditions much more different from our conditions. Additional equilibrium 

binding experiments in Qin et al. suggested that omitting the added monovalent 

ions did not have a large effect on the affinity in the presence of 125 mM Mg2+, 

but decreasing the Mg2+ concentration to 10 mM in the background of 100 mM 

NaCl gave weakened binding, which was not quantitated but appeared to an 

effect of 5-10-fold. If the binding is indeed weaker at lower Mg2+ concentrations, 

which more closely approximate our experimental conditions, the rate constant 

for binding would be somewhat less than 5  105 M–1 min–1. A 5-10-fold decrease 
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would result in a rate constant of 0.5-1  105 M–1 min–1, the same as our 

observed rate constant for the alternative structure-stabilizing mutants of P5abc. 

 

Evidence for two pathways. We considered whether the change in behavior for 

the mutants that stabilize the alternative P5c structure (U167C, G174A, U177C, 

and combinations of these mutations) might represent a change in rate-limiting 

step along a single assembly pathway rather than a change to an alternative 

pathway. We rejected this model because of the following evidence: 1) A 

pathway in which P5abc rearranges to the native state prior to assembly is 

viable, as the wild-type P5abc associates rapidly and the G176A mutation, which 

further stabilizes the native structure, does not inhibit assembly; 2) For the 

mutants that strongly stabilize the alternative conformation, the lack of a further 

effect of changes to the equilibrium on the assembly rate indicates that they 

encounter a rate-limiting transition state in which P5abc remains in the alternative 

conformation. Assembly occurs with a linear concentration dependence of the 

observed rate constant on the concentration of ribozyme core, indicating that the 

transition state is reached in a second-order process. The second-order 

dependence combined with P5abc remaining in the alternative conformation 

indicates that these alternative-stabilizing mutants populate an intermediate that 

has formed a complex but has not yet rearranged to the native state of P5c. 

Thus, we conclude that for the WT, G176A, and other mutants containing 

G176A, P5abc rearranges to the native state prior to assembly, whereas for the 

alternative structure-stabilizing mutants P5abc assembles with the core first and 
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then rearranges to the native state. The change in the order of these two events 

–assembly and the P5abc rearrangement– cannot be accommodated in a single 

pathway and establishes the existence of two pathways, conformational selection 

and induced fit. 

 

Ribozyme catalytic activity measurements. To probe whether mutant versions 

of P5abc rearrange to the native state when they are in complex with the E∆P5abc 

ribozyme core, catalytic activity was measured for the complexes using the 

standard, all-ribose substrate (rSA5) and a substrate with an atomic-level 

substitution (–3m,rSA5, CCCmUCUA5) (Table S3). This latter substrate contains 

a 2´-methoxy substitution of the uridine at the –3 position, which destabilizes 

docking of the substrate-containing helix into tertiary contacts with the core [3]. 

Thus, if the wild-type and mutant P5abc both rearrange to the native state in the 

complex, the decrease in activity from the –3m substitution is expected to be the 

same for both wild-type and mutant complexes. Additionally, the absence of 

stable docking eliminates the possibility that cooperative tertiary structure 

stabilization from substrate docking induces native state formation of P5abc and 

thereby produces a result not reflective of the conditions under which P5abc 

binding experiments were performed. A subsaturating guanosine concentration 

(55 µM) was used in the catalytic activity measurements for the same reason. 

Wild-type or mutant P5abc was 10 µM, sufficient to saturate binding of E∆P5abc 

(200 nM) based on equilibrium values calculated from rate constants for binding 

and dissociation (Table 1 and B.G. and R.R., unpublished). Reactions were 
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performed as described previously with trace 5´-32P-labeled substrate [4, 5]. 

Solution conditions were 50 mM Na-MOPS, pH 7.0, 10 mM Mg2+ at 25 °C. 
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Fig. S1. The secondary structure rearrangement of P5abc and predicted 

rearrangements of P5abc point mutants used herein. The point mutant that 

stabilizes the native secondary structure is shown in purple (G176A), and those 

that stabilize the alternative structure are red. For simplicity, only P5c and 

surrounding nucleotides are shown. Nucleotides that undergo a change in base 

pairing between the alternative and native structures are blue. Predicted effects 

on free energy (ΔΔGcalc) were determined from nearest neighbor rules and are 

expressed relative to the wild-type P5abc. 
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Fig. S2. Time courses of P5abc assembly with the EΔP5abc core. The first row of 

plots shows data from the wild-type P5abc and G176A, which stabilizes the 

native state of P5abc. The second row shows mutants that include one or more 

deleterious mutations. The third row shows primarily the same mutations in the 

background of G176A. EΔP5abc concentrations are 10 nM (), 25 nM (☐), 50 nM 

(), 100 nM (Δ), 250 nM (〇), 500 nM ( ), 1 μM (⊿), and 5 μM ( ). 
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Fig. S3. P5abc assembly rate constants at various temperatures and Mg2+ 

concentrations. Rate constants are shown relative to the corresponding rate 

constant for the wild-type P5abc under the same conditions (krel*). Assembly rate 

constants for the wild-type P5abc were: 4.7 (±0.9)  106 M–1 min–1 at 4 °C, 10 

mM Mg2+; 1.1 (±0.1)  107 M–1 min–1 at 25 °C, 10 mM Mg2+; 1.5 (±0.1)  107 M–1 

min–1 at 37 °C, 10 mM Mg2+; and 5.3 (±0.3)  107 M–1 min–1 at 25 °C, 50 mM 

Mg2+. 
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Fig. S4. 1D imino SOFAST-HMQC spectra of U167C and wild-type tP5abc in the 

presence of 50 mM Mg2+. The samples were measured at 4 °C, a temperature at 

which the intensity of U142 is enhanced, and at 25 °C, a temperature at which 

the intensity of U142* is enhanced. 
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Fig. S5. (a) Assembly rate constant of U167C/G176A (green) and predicted rate 

constant from NMR (black) and DMS footprinting (red) measurements of the 

P5abc equilibrium (10 °C). krel* is the assembly rate constant of U167C/G176A 

normalized by that for G176A at the same concentration of Mg2+. G176A was 

used for normalization instead of the wild-type P5abc because G176A adopts 

predominantly the native conformation at low and high concentrations of Mg2+, as 

measured by NMR, and thus provides a measure of the rate constant for 

assembly of the native P5abc. Rate constants were predicted from NMR and 

DMS footprinting determinations of the native folding equilibrium values (Keq = 

[native P5abc]/[alt P5abc]) using krel* = Keq /(1+ Keq). (b) Assembly rate 

constants and equilibrium values for wild-type P5abc () and mutants G176A 

(), U167C/G176A (), U177C/G176A (), and U167C () (10 mM Mg2+, 10 

°C). Equilibrium values are from DMS footprinting (Fig. S5(a), Table S2 and data 

not shown). Dashed lines are as described in Fig. 5. The plateau and downward 

portion of the black curve were calculated from the measured rate and 

equilibrium constants for the wild-type P5abc and the relationship kobs = kon (Keq / 

(Keq + 1)). 
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Fig. S6. DMS footprinting of P5abc variants at nucleotide A173. Data are shown 

for wild-type P5abc (blue inverted triangles) and the mutants U177C (green 

triangles), U167C (orange circles), and U167C/U177C (red squares) collected 

side by side. The lack of an increase in reactivity for U167C/U177C, in contrast to 

the individual mutants U167C and U177C, indicates that the second mutation 

shifts the equilibrium further toward the alternative P5abc structure. Error bars 

reflect the propagated uncertainty from peak fitting the corresponding A173 

fragment in the electrophoretic trace [6]. 

  



 13 

 

Fig. S7. DMS footprinting of 50 nM wild-type P5abc and U167C P5abc in 

complex with 1 µM EΔP5abc core. The data are shown as a pseudo-gel image in 

which intensities from a capillary electrophoresis trace are converted to 

grayscale, with the highest intensity values in black. Intensities from the largest 

products of reverse transcription are at the bottom of the image (corresponding to 

the 5´ end of the RNA). Residue A173, which gives enhanced reactivity in the 

native state, is marked by an asterisk. The cartoon at the right depicts the 

regions of the P5abc construct probed, with reference hairpins in red, single 

stranded linker (ss) in thin orange, and P5abc in blue. Saturation by EΔP5abc was 

demonstrated by varying the EΔP5abc concentration (not shown). A quantitative 

representation of the data is shown in Fig. S8. 
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Fig. S8. DMS footprinting of P5abc within the assembled ribozyme complex. 

Measurements were performed at 25 °C (a) or 10 °C (b) for wild-type P5abc 

(blue), U167C (cyan), G174A (red), and U177C (yellow).  Solid bars show data in 

the absence of EΔP5abc and striped bars show data for the complex with EΔP5abc 

(see Methods). A173 (enhanced in native) is boxed. 5´ HP (Hairpin) represents 

the average reactivity of the adenines in the loop of this reference hairpin (loop 

sequence GAGUA). For 25 °C, error bars represent the standard error from two 

measurements, and for 10 °C error bars represent the standard error from three 

measurements. 
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Table S1. P5abc folding equilibrium measured by NMR. 

 Keq 

P5abc variant 2 mM Mg2+ 5 mM Mg2+ 10 mM Mg2+ 

wild-type N.Q. 1.0 N.Q. 

G176A 2.2 N.Q. N.Q. 

U167C/G176A 0.31 0.71 0.79 

U167C <0.032† <0.032† <0.032† 

Equilibrium values were calculated as the ratio of the peak volumes observed at 
U142 and U142*. †An upper limit on Keq was established from the absence of a 
detectable U142* peak. N.Q., not quantified. 

 
 
 
Table S2. Secondary structure rearrangement in P5c measured by quantitative 
DMS footprinting. 

P5abc Fraction Native P5abc* 

wild-type 0.60 
G176A 0.81 

U167C/G176A 0.35 
U167C 0.02 

 
Data were collected at 5 mM MgCl2, 50 mM Na-MOPS, pH 7.0, 10 °C.  
*The fraction of native P5abc was determined by normalizing the reactivity of 
A173 by the maximal reactivity of the G176A variant determined by Mg2+ titration. 
 
 
 
Table S3. P5abc folding in the ribozyme complex measured by catalytic activity. 

P5abc k, rSA5 (min-1) k, –3m,rSA5 (min-1) 

wild-type 2.6 0.012 
U177C 4.1 0.0062 

G174A/U177C 3.9 0.017 

 
Data were collected at 200 nM EΔP5abc, 10 μM P5abc, 10 mM MgCl2, 55 μM 
guanosine, 50 mM Na-MOPS, pH 7.0, 25 °C using trace 32P-labeled substrate. 


