
Formation of tertiary interactions during rRNA GTPase center 
folding

Michael J Rau, Robb Welty, W. Tom Stump, and Kathleen B Hall*

Department of Biochemistry and Molecular Biophysics, Washington University Medical School, St 
Louis, MO 63110

Michael J Rau: mjrau01@gmail.com; Robb Welty: robb@wustl.edu; W. Tom Stump: stump@biochem.wustl.edu

Abstract

The 60 nucleotide GTPase center (GAC) of 23S rRNA has a phylogenetically conserved 

secondary structure with two hairpin loops and a 3-way junction. It folds into an intricate tertiary 

structure upon addition of Mg2+ ions, which is stabilized by the L11 protein in cocrystal 

structures. Here we monitor the kinetics of its tertiary folding and Mg2+-dependent intermediate 

states by observation of selected nucleobases that contribute specific interactions to the GAC 

tertiary structure in the cocrystals. The fluorescent nucleobase 2-aminopurine (2AP) replaced three 

individual adenines, two of which make long-range stacking interactions, and one that also forms 

hydrogen bonds. Each site reveals a unique response to Mg2+ addition and temperature, reflecting 

its environmental change from secondary to tertiary structure. Stopped-flow fluorescence 

experiments revealed that kinetics of tertiary structure formation upon addition of MgCl2 are also 

site-specific, with local conformational changes occurring from 5 ms – 4 s, and with global folding 

from 1- 5 s. Site-specific substitution with 15N-nucleobases allowed observation of stable 

hydrogen bond formation by NMR experiments. Equilibrium titration experiments indicate that a 

stable folding intermediate is present at stoichiometric concentrations of Mg2+, and suggest that 

there are two initial sites of Mg2+ ion association.
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INTRODUCTION

RNA molecules fold into their active tertiary structures, but the rules for folding are 

fuzzy[1,2][3–5]. The interactions among nucleotides that lead to the correct tertiary structure 

typically cannot be predicted by examination of the secondary structure. Unlike proteins, 

RNA can and does fold into alternative inactive tertiary structures[6–8], which sometimes 

can be rescued but sometime lead to degradation of the misfolded molecule. To study RNA 

tertiary structure, model systems are essential, and especially those that utilize a range of 

interactions that can be probed for their energetic and kinetic contributions to tertiary 

structure formation[9,10][11,12] . Here, we introduce a 60 nucleotide fragment from 

prokaryotic 23S rRNA as a new model system for the mechanics of tertiary structure 

formation.

In the large ribosomal subunit, the 60 nucleotide GTPase center (GAC) binds to the L11 

protein[13],[14][15]. L11+GAC is part of a complex that is responsible for recruiting 

cofactors that provide the energy for the ribosome enzyme as it synthesizes protein[16]. The 

structure of the GAC is intricate as shown in cocrystals with L11[17],[18]; there is no 

structure of the GAC alone.

The secondary structure of the GAC is a dumbbell, comprised of two hairpin loops, 

connected to the remainder of 23S rRNA via a 3-way junction (Figure 1). Within the 60 

nucleotides are 18 sites that are phylogenetically invariant, many of which are involved in 

unusual nucleotide interactions in the tertiary structure. The prokaryotic GAC (nt 1050–

1108 using E coli numbering) requires monovalent ions (NH4
+ or K+ are preferred[19],[20]) 

and/or divalent ions (Mg2+)[21] to adopt its tertiary structure. A variant of the E coli GAC 

containing a single nucleobase substitution (U1061A) is not able to adopt its tertiary 

structure without Mg2+ ions [20], and this GAC has been extensively studied for its 

thermodynamics of ion binding and subsequent RNA folding[17,22–24]. In particular, 

studies of Mg2+ ions and their functions in GAC stability and formation of tertiary structure 

led to a thermodynamic description of a unique chelated Mg2+ binding site[24].

Two cocrystals of GAC bound to the C-terminal domain of L11 proteins were solved: E. 

coli U1061A GAC bound to B stearothermophilus L11 (1hc8 [17]) and T. maritima U1061 

GAC and L11 (1mms[18]). The GAC structures in the two cocrystals are nearly identical, 

despite their sequence variations. Each structure was solved with Mg2+ ions; in addition, the 

E coli GAC structure contained K+ and T maritima contained Cd2+. The presence of a 

chelated K+ ion in the E coli GAC structure at the base of the 1065–1073 stemloop 

suggested that this could be the site of the chelated Mg2+ ion[24]. We describe the structure 

of this seven nucleotide loop as a T-loop[25], consisting of a 5′ UNR four nucleotide U-turn 

[26] and a 3′ bulge; the bulged nucleotides A1070, G1071, and C1072, are splayed out and 

G1071 and C1072 make base triples with the stem of the 1092–1098 hairpin. The 3-way 
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junction acts as a hinge and within that junction is a triloop formed by U1082-A1086. Also 

within that junction, at the end of the stem of the 1092–1098 hairpin, is a tight turn made of 

nucleotides 1087–1090 (Figure 1B). The hinge region of the GAC bends to juxtapose the 

two hairpin stems which are then connected via base triples (Figure 1B).

Here, in the context of U1061A GAC, we examine the formation of several tertiary 

interactions that use the nucleobases for stacking or hydrogen bonding. The structure of the 

GAC found in the cocrystals is our model for the final folded form of the RNA. Conn et al., 

[17] and Leipply and Draper [27] compared the structure of this GAC with Mg2+ ions with/

without L11 protein using hydroxyl radical probing, and concluded that L11 did neither 

induce new structure nor alter existing structure, although protein binding did protect sites 

on the backbone. We therefore use GAC U1061A to study the temporal and equilibrium 

formation of 1) the long-range stacking interactions of nucleobase A1061 with nucleobase 

A1070; 2) stacking of nucleobase A1089 with G1071 and A1087; and 3) stacking of A1085 

with its adjacent nucleobases in the triloop (Figure 1B). We substitute A1061, A1085, or 

A1089, with the fluorescent nucleobase 2-aminopurine (2AP) to measure the kinetics of 

Mg2+-dependent tertiary structure formation using stopped-flow fluorescence experiments. 

We observe multiexponential kinetic traces, which we interpret as reporting on local 

conformational changes unique to each probe, often on timescales from 10–90 ms, and 

global folding with time constants of 1–5 seconds. Investigations of the GAC structures at 

equilibrium during Mg2+-titrations used 15N-selectively-labeled RNAs in NMR 

experiments. At equimolar [GAC]/[Mg2+], we observe formation of hydrogen bonding by 

U1082 and U1065, which we posit are reporting on formation of the triloop in the junction 

(U1082:A1087) and the T-loop (U1065:A1073). Subsequently, we see the G1071 imino 

proton, which should reflect formation of base triples, and finally we see the imino proton of 

U1060. Folding pathways at equilibrium could reflect kinetic pathways, but more data are 

needed to compare them.

Results

2AP substitutions

In our experiments, we use the U1061A E coli GAC variant in order to unambiguously 

separate secondary and tertiary structure formations. In the U1061A GAC secondary 

structure, A1061 is in a symmetric internal loop where it could form a noncanonical base 

pair with A1077. However, in the tertiary structure seen in the cocrystals, U1061 (1mms) 

and A1061 (1hc8) stack with A1070 in a long range stacking interaction (Figure 2), but 

make no hydrogen bonding interactions. We replaced A1061 with 2AP (A1061AP) in the 

GAC.

A1089 is in the 3-way junction of the GAC secondary structure, but in the U1061A E coli 

GAC cocrystal tertiary structure (1hc8), A1089 is nearly coplanar with A1090, while A1090 

forms a base pair with U1101 (Figure 2). A1089 is sandwiched between nucleobases G1087 

(nonconserved) and G1071 (invariant). We replaced A1089AP, with the potential 

consequence that the planar interaction with A1090 would be distorted by the close 

proximity of the two amino groups, or alternatively, that U1101 could hydrogen bond to the 

2-NH2 group of 2AP as well as the 6-NH2 of A1090 (Figure 2).
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A1085 is invariant, and in the secondary structure is in the 3-way junction. In the cocrystals, 

it forms a minor groove base triple with conserved G1055:C1104 through its N1 position 

(Figure 2). It also makes hydrogen bonding interactions with several proximal riboses. In its 

position within the U1082-A1086 triloop, it stacks with A1084 and A1086. We substituted 

A1085AP.

Thermal denaturation experiments of GAC RNAs measured by UV absorbance were shown 

to differentially report on secondary structure (280 nm) and tertiary structure (260 nm) 

denaturation (melting) [20]. Comparable thermal denaturation experiments with the 2AP 

GAC RNAs are shown in Figure 3 as plots of dAbs/dT, and compared to the unmodified 

GAC RNA. In 100 mM KCl, in the absence of Mg2+, all RNAs have a broad transition at 

260 nm, from ~43° to 60° C, and a weaker transition observed at 280 nm centered near 60° 

C. With addition of 3 mM MgCl2, two transitions are clearly visible at 260 nm, one near 

56°-60° C (tertiary structures) and the other near 75° C (secondary structures)[21]. 

A1061AP and A1085AP RNAs both have a 260 nm shoulder near 45° C, while the 

corresponding A1089AP transition is broad. The tertiary structure transition in the 

unmodified GAC RNA is more intense than in the 2AP-RNAs, and though we conclude that 

all RNAs have adopted the tertiary structure in 3 mM MgCl2, the A1085AP transition has 

lower intensity, suggesting that its tertiary structure has been destabilized.

2AP Steady-state Fluorescence

We compared the fluorescence intensity of the three 2AP-GAC molecules as a function of 

temperature in 100 mM KCl ± 3 mM MgCl2, and found that each site has a unique 

temperature-dependence (Figure 4). Stacking interactions with other nucleobases (on the 3′ 

and/or 5′ side) will result in loss of 2AP fluorescence intensity (quenching)[28] leading to a 

preliminary physical interpretation of intensity changes.

The initial fluorescence intensity of A1085AP is relatively high, indicating that it is not in a 

stable stacking interaction. In the secondary structure, A1085 is in the hinge region, which 

hydroxyl radical probing has shown to be accessible in the absence of Mg2+ [17]. We 

suspect that the hinge is disordered in the secondary structure. The very similar temperature 

dependence of A1085AP fluorescence intensity with and without Mg2+ indicates that its 

environments are similar, although absorbance data show that there is clearly a Mg2+-

dependent conformational change of the RNA.

The initial fluorescence intensity of A1061AP is quite low in the absence of Mg2+, 

consistent with base stacking. Its fluorescence intensity increases slightly upon addition of 

Mg2+, suggesting that its stacking interactions have altered, although overall it remains in a 

stacked environment. Perhaps addition of Mg2+ alters the structure of the internal loop 

around A1061AP, or perhaps it changes its stacking partners, since the cocrystals show it 

stacked with A1070 in the tertiary structure.

A1089AP in KCl maintains a high fluorescence intensity until the GAC starts to melt, then 

its fluorescence is quenched by intramolecular collisions and by solvent. With addition of 3 

mM MgCl2, its fluorescence intensity decreases by half, consistent with moving into a more 

stacked environment. It remains in this environment until the tertiary structure starts to melt. 
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However, its fluorescence intensity is not as low as that of A1061AP, suggesting that its 

stacking geometry or neighboring nucleobases are different.

Time-resolved fluorescence

Time-correlated single photon counting (TCSPC) experiments reveal the environments of 

2AP; for example, does it exist in one geometry (such as a static stacked structure) or does it 

sample conformational space (is it dynamic?). The time-dependence of its fluorescence 

decay is fit to multiexponential lifetimes, where we interpret their amplitudes as fraction of 

time spent in different environments, and their lifetimes as the physical state of the 

nucleobase. 2AP nucleotide in solution has a single fluorescence lifetime τ ~10–11 ns, but in 

an RNA it will typically decay with several lifetimes unique to its physical environments. 

We assign long lifetimes (7–9 ns) to an unstacked state, and short lifetimes (< 0.5 ns) to a 

stacked environment. When 2AP is sampling local conformations or is perhaps in a non-

canonical stacked orientation, its lifetime(s) is between those extremes.

Time-resolved anisotropy or fluorescence depolarization reports on molecular tumbling 

(rotational correlation time) and/or local motions of the fluorophore. In solution, 2AP 

nucleotide tumbles very rapidly, so its fluorescence anisotropy (depolarization) decay φ ~ 9 

ps, but in an RNA, its depolarization will be longer. We typically fit the longest anisotropy 

component to the global rotational time of the molecule and the other to local motions. 

Based on the dimensions of the cocrystal, we estimated the global tumbling time of the 

compact folded GAC as <τR> = 5.6 ns at 30° C, but its secondary structure could tumble 

much slower if the structure is rigid, or alternatively, each arm could have independent 

motion.

We measured time-resolved fluorescence parameters for A1061AP, A1085AP and 

A1089AP RNAs at 30° C. Recall that steady-state fluorescence intensity of A1061AP and 

A1089 is constant from 10° to ~40° C, while that of A1085AP is decreasing. UV absorption 

of all GAC RNAs increases in 100 mM KCl at 30° C, indicating that some part of the GAC 

is beginning to melt, but with addition of 3 mM MgCl2, absorbance is near baseline. TCSPC 

and anisotropy data are given in Table 1.

The internal symmetric loop

A1061AP is located in an internal loop in the stem of the 1065–1073 hairpin. Steady-state 

fluorescence intensity of A1061AP is quite low, ± Mg2+, suggesting that it spends most of 

its time stacked. Time-resolved fluorescence parameters support this interpretation (Table 

1), since the dominant fluorescence decay has a lifetime τ3 = 190 ps (no Mg2+) or 340 ps (+ 

Mg2+). The anisotropy data provide a more nuanced picture: without Mg2+, there are equal 

contributions from global (φ1 = 4.6 ns) and local (φ2 = 0.42 ns) motions, while with Mg2+, 

~80% of the depolarization occurs during global tumbling of the RNA (φ1 = 5.8 ns). 

Curiously, 20% of the depolarization decay is due to a local rotational correlation time of 

A1061AP φ2 = 1.6 ns, which is quite long. Considering steady-state fluorescence intensity 

and time-resolved fluorescence decay, we speculate that this nucleobase is jumping between 

alternative environments in the tertiary structure.
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The Hinge Region

In the secondary structure, A1089 might be stacked with its neighbors, but this region of the 

GAC acts as a hinge, so it could be flexible. In the GAC tertiary structure, A1089 is stacked 

on both sides with other nucleobases, so we anticipated that its conformational mobility 

would be restricted. The surprise is that there are three virtually identical fluorescence 

lifetimes with and without Mg2+ (Table 1). We do observe a change in the proportion of 

each component: in Mg2+, the fraction of time spent in the unstacked environment is 

reduced. When GAC has adopted its tertiary fold in 8 mM Mg2+, we interpret the longest 

depolarization decay (φ1 = 5.6 ns) as global tumbling of the RNA, in agreement with the 

theoretical calculations. Global tumbling contributes the dominant component to the 

anisotropy, suggesting that A1089 is predominantly fixed in position (76%) in the folded 

GAC. The longest depolarization time of A1089AP in GAC without Mg2+ should also 

report on global tumbling. As with A1061AP, this decay time is significantly shorter (φ1 = 

4.3 ns) than in the tertiary folded GAC; these data are consistent with a GAC with floppy 

arms that move independently of each other.

A1085 is part of a triloop in the tertiary structure, where it forms a minor groove base triple 

with G1055 and C1104. That hydrogen bonding pattern would be disrupted by substitution 

with 2AP. Its fluorescence lifetimes ± 8 mM Mg2+ are very similar in their relative 

amplitudes and decay times (Table 1). Only the anisotropy data suggest that the environment 

of the nucleobase changes with added Mg2+, since the fraction of depolarization due to 

global tumbling becomes the dominant mechanism. The depolarization decay with/without 

Mg2+ is longer than observed at other sites, perhaps due to its central position in the 

dumbbell that reports on anisotropic motion of the structure.

To summarize the steady-state and time-resolved fluorescence data, we find that A1061AP 

is stacked in the secondary structure without Mg2+, although it does have independent 

motion. If A1061AP can form a noncanonical pair with the opposite A1077 in the secondary 

structure, then it could be held in the internal loop. When Mg2+ is present, its stacked 

environment is dominant. A1089AP stacking is dependent on Mg2+, which we attribute to a 

conformational change in the larger hinge region. A1089AP nucleobase is not locked into 

one position, but retains local motion. A1085AP fluorescence properties indicate that the 

junction is disordered without Mg2+, but it appears to have destabilized the tertiary structure 

of this region of the GAC.

Hydrogen bond formation in the tertiary structure

The GAC tertiary structure in cocrystals is stabilized by nucleobase stacking and hydrogen 

bonds, many of the latter coming from noncanonical interactions between nucleobases. We 

have selected four interactions at different positions in the GAC where imino proton 

hydrogen bonds make critical contributions to the tertiary structure. 1) G1071 in the 1065–

1073 loop uses its N1H imino proton to make a major groove base triple with G1091:C1100 

in the stem of the 1092–1096 hairpin. This base triple is one of two that anchor the stem to 

the loop (Figure 5; 1mms, 1hc8). 2) U1060 in the symmetric internal bulge can form a 

U1060:U1078 pair in the structure of the hairpin alone (data not shown), and presumably 

can do the same in the GAC secondary structure. In the tertiary structure, U1060 forms a 
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long-range U1060:A1088 Hoogsteen base pair, through its imino proton to AN7 (Figure 5). 

3) U1065 appears to form an unstable Watson-Crick base pair with A1073 in the isolated 

1065–1073 hairpin loop without Mg2+ [29], since in NMR experiments, its probable imino 

proton resonance was observed only at 10° C. In the cocrystals, U1065 could make a single 

hydrogen bond to A1073, but its imino proton is juxtaposed to A1069 C2′-OH (Figure 5). 4) 

U1082 in the GAC secondary structure should have no interactions with other bases if the 

hinge is disordered. In the tertiary structure, it forms a reverse WC base pair with A1086 N7 

through its imino proton (Figure 5). In the absence of stable hydrogen bonds, all these imino 

protons will be in exchange with 1H2O in NMR experiments, and therefore not observable. 

When they form their hydrogen bonds in the tertiary structure, they should become 

observable in NMR experiments in 90% H2O, and thus report on Mg2+ dependent structure 

formation.

For NMR Mg2+-titration experiments, (15N-G1071, 15N-U1065, 15N-U1060, 15N-U1082)-

GAC with a folded secondary structure was prepared in 100 mM KCl, 10 mM sodium 

cacodylate, pH 6.5. At 10° and 20° C, we observed two imino proton resonances, one from a 

U at 11.2 ppm 1H, and the other from the G1071 at 13.2 ppm 1H (Figure 6A). These 

resonances were temperature sensitive, and not visible over 20° C; the U resonance was 

especially weak, and only observable after many scans. We assign this imino resonance to 

that from U1060:U1078, based on our NMR data for the isolated hairpin (data not shown). 

Our observation of the G1071 imino proton resonance was unexpected, and we hypothesize 

that it arises from an alternative structure of this hairpin.

MgCl2 was titrated into 500 μM GAC to final concentrations of 200 μM, 500 μM, 1 mM, 3 

mM, and 8 mM, over the course of a week (15N-SO-FAST HMQC spectra were acquired 

after each addition, and since peak intensity was very low, the data were signal-averaged 

using 3840 scans.) Spectra were acquired at 10° C, 20° C, and 30° C. The spectrum at 20° C 

with 200 μM MgCl2 was nearly identical to that of the starting state, but in 500 μM MgCl2, 

two new U imino proton peaks appeared, one at 14.5 ppm and another more intense peak at 

9.5 ppm (Figure 6B).

Addition of 1 mM MgCl2 resulted in the appearance of several new imino proton resonances 

at 20° C. First, the G1071 imino proton appeared in a second position, the original near 13.3 

ppm (which became resolved as two peaks) and a second peak near 11.2 ppm; the peak 

intensities were nearly equal. A more intense U imino proton resonance appeared at 13.8 

ppm, and several weak peaks were observed (at 14.1, 12.2, and a barely detectable one at 

11.2 that is more intense at 10° C). At 30° C, only five peaks are visible: the two G1071 

imino proton resonances, and U imino protons at 9.5, 14.5, and 13.8 ppm (Figure 6C).

GAC 15N/1H HMQC spectra in the presence of 3 mM and 8 mM MgCl2 at 30° C show that 

the G1071 imino proton resonance at 13.2–13.4 ppm is very weak, while the one at 11.2 is 

intense but is a doublet, indicating a heterogeneous environment. U imino protons at 9.5, 

14.0, and 14.7 are intense (Figure 6D). We assign the four intense resonances (G1071, and 

three U imino protons) to the correctly folded tertiary structure. Also in these spectra, we see 

two U imino proton resonances at 13.6 and 12.2 ppm, and together with the weak G1071 

resonances, we assign them to an alternative structure of the GAC hairpin.
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We identify the three intense U imino proton resonances based on their chemical shifts and 

their pattern of appearance. The resonances at 14.5 and 9.5 ppm appear together at a 

stoichiometric concentration of Mg2+, suggesting that they represent structures that 

preferentially bind Mg2+ ions. We assign the peak at 14.5 ppm to U1082 which forms a 

reverse WC pair when the triloop forms in the junction, and the peak at 9.5 ppm to U1065 

when the T-loop forms (in the cocrystals, U1065 imino proton is proximal to a ribose 

hydroxyl oxygen when it forms the noncanonical loop-closing base pair).

We assign the U imino proton resonance at 14.0–14.1 ppm (1–8 mM MgCl2) to U1060 in its 

position in a long-range Hoogsteen base pair. This is the last resonance to appear in the 

spectrum, and while it is very weak (near baseline) in 1 mM MgCl2 at 20° C and missing at 

30° C, it is an intense resonance in 3 and 8 mM MgCl2 at 30° C. This interaction depends on 

excess Mg2+ ions (2- to 6-fold), but whether the conformational change required to bring 

U1060 and A1088 into proximity requires one weakly bound Mg2+ ion or more distributed 

ions cannot be determined from this experiment.

At the end of the titration, the RNA was removed and run on a denaturing gel to assess the 

extent of degradation that had occurred due to inevitable Mg2+-cleavage. There were several 

smaller bands, consistent with backbone scission, but their relative intensity was low 

compared to the main band of the GAC. The RNA was recovered from the gel, repurified, 

and NMR data acquired, which showed the same pattern of peak resonances. Therefore, we 

are confident that the NMR data report conformational changes of the intact GAC.

To summarize the NMR data, we have assigned the U imino protons inferentially, based on 

their chemical shifts and our knowledge of the tertiary structure. We see that there is a 

hierarchy of GAC folding in these equilibrium experiments. It begins with a conformational 

change of the 1065–1073 loop and independent folding of the U1082–1086 triloop at sub-

stoichiometric concentrations of Mg2+. In stoichiometric concentrations of Mg2+, the two 

hairpin arms are juxtaposed and held together by the G1071/C1072 base triples, which we 

infer by the presence of the G1071 imino proton, but only when an excess of Mg2+ is 

present does U1060 find A1088 to anchor the hinge structure.

Kinetics of GAC Folding

We used stopped-flow experiments to observe the kinetics of Mg2+-dependent global 

folding (absorbance) or local/global folding (fluorescence). To monitor global folding, we 

took advantage of the Mg2+-dependent UV absorbance decrease at 260 nm. The UV kinetic 

traces of unmodified GAC RNA are shown in Figure 7 as a function of temperature, with 

fits given in Table 2. (Quantities of 2AP RNAs were too limited to use in the absorption 

stopped-flow mode). The time-resolution (dead time) of these experiments is ~50 ms, due to 

instrument parameters. There are consistent trends in the data: folding is more rapid upon 

addition of more MgCl2, and folding is more rapid at higher temperature. The one caveat 

here is that in the absence of Mg2+ at 40° C, the GAC structure is beginning to melt, so it 

would be folding from a more disordered state. We assign the dominant transition (2–3 sec 

at 10° C and 200–400 ms at 40° C) to GAC global folding.
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In all stopped-flow fluorescence experiments, there is a Mg2+-dependent event that occurs in 

the instrument dead time (~1 ms) that is manifested as a percentage change in the 

fluorescence from its initial intensity (Figure 8). Mock addition experiments with 100 mM 

KCl, 10 mM sodium cacodylate show no change of fluorescence intensity from the initial 

value: the traces are flat. (The dead time for fluorescence detection is shorter than the dead 

time for absorbance detection). Each site has a unique rapid (< 1 ms) response: A1061AP 

GAC consistently shows a fluorescence increase, while A1089AP and A1085AP intensity 

change is temperature-dependent. We assign this very rapid event to a ‘global relaxation’ of 

the RNA as it becomes electrostatically shielded by the Mg2+ ions.

Subsequent fluorescence changes are site-specific, and one of the most dramatic occurs at 

A1061AP (Figure 8). Recall that steady-state fluorescence intensity of A1061AP is low ± 

Mg2+, consistent with quenching by stacking. Observation of the time-course of its 

fluorescence changes as the GAC adopts its tertiary structure reveals a complex pathway of 

conformational/environmental changes. At all temperatures, there is an almost immediate 

transient increase in A1061AP fluorescence intensity that is most pronounced with addition 

of 20 mM MgCl2: at 10° C, the time constant T1 = 90 ms (exchange rate R1 = 11 s−1); at 

20° C, T1 = 27 ms; at 30° C, T1 = 11 ms; at 40° C, T1 = 7 ms. We interpret this transient 

fluorescence increase as a conformational transition of A1061AP that results in a loss of 

base stacking. However, subsequently, A1061AP fluorescence intensity decreases, with a 

final value that is temperature-dependent, indicating that it has been stacked again. The time 

constant of this second component is similar to that of the absorbance trace that we assign to 

global folding, but not identical, indicating that there are local contributions from A1061AP 

to this transition. The end state of the transition, reported by the final value of A1061AP 

fluorescence, is both Mg2+ and temperature dependent and in some traces, there is a third 

time constant.

The Hinge

A1089AP reports on conformational changes involving the hinge, recalling that its steady-

state fluorescence intensity is reduced by 50% in 3 mM MgCl2, indicative of a more stacked 

environment. In the ~ 1 ms deadtime of the instrument, A1089AP fluorescence changes 

from its starting value, most significantly at 30° C. The major component of the traces is a 

fluorescence decrease, with time constants from 15 s at 10° C with addition of 3 mM MgCl2 

to 470 ms at 40° C with addition of 20 mM MgCl2 (Figure 8 and Table 3). At all 

temperatures and Mg2+ additions, this component is significantly longer than the global 

folding reported by absorption kinetics and longer than the major component of A1061AP 

folding kinetics. A1089 is stacked with A1071 and G1087 in the cocrystal structures, which 

will occur only when the 1065–1073 loop has adopted its T-loop structure, and when the 

hinge has collapsed to allow the two hairpins to become juxtaposed. We conclude that 

A1089AP folding kinetics include a large-scale conformational change as well as local 

rearrangements.

Although ideally A1085AP could also report on hinge structure formation, this substitution 

appears to destabilize the tertiary structure of the hinge. Its fluorescence intensity also 

changes within the < 1 ms instrument dead time upon addition of MgCl2, decreasing from 
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10–20% at 10° and 20° C (Figure 8 and Table 3) but then its traces at 10°, 20°, and 30° C 

show a long lag time before another transition occurs. At 10° C, there is a ~1 s lag time, 

followed by a fluorescence increase with T3 = 12 s with 20 mM MgCl2 addition, while at 

20° C, the traces are almost flat following the very rapid (< 1 ms) loss. At 30°, there is a 1 s 

lag, followed by fluorescence decrease (T2 = 13–15 s) while at 40° C, there is a progressive 

loss of fluorescence with time constants T1 = 140 ms and T2 = 4 s after 8 mM MgCl2 

addition.

To summarize the stopped-flow fluorescence data, we assign the major A1061AP transition 

to the global fold of the GAC, while the major transition of A1089AP occurs after global 

folding. A1085AP predominantly reports on slower processes that could reflect a 

destabilized hinge. These data clearly show that there is a hierarchy of folding events that 

includes local conformational rearrangements before and after the global fold has occurred.

Discussion

We have investigated Mg2+-dependent U1061A GAC tertiary folding in both equilibrium 

titrations and by stopped-flow kinetics. We find that formation of stable tertiary hydrogen 

bonding interactions occurs in an ordered process, starting with formation of the 1065–1073 

T-loop and the 1082–1086 triloop, then base triples from the T-loop, and finally the long-

range U1060-A1088 hydrogen bond. These interactions can be differentially stabilized in a 

Mg2+ equilibrium titration, which suggests that there are several specific sites of Mg2+ ion 

association with different affinities, or perhaps secondary sites that need to be created by a 

conformational change. Whatever the mechanism of Mg2+ association, there are stable 

intermediates in the folding pathway. Kinetics of GAC folding also suggests a hierarchy of 

assembly steps, since there is a significant difference in the rates of fluorescence change at 

positions A1061AP and A1089AP. We cannot know if the pathway for tertiary folding is 

identical in equilibrium titrations and kinetic traces.

The first conformational transition

Stopped-flow fluorescence experiments revealed very rapid (< 1 ms) fluorescence intensity 

changes in all three 2AP-GACs. We assign this event to global electrostatic relaxation by 

nonspecific association of Mg2+ ions. The phenomenon of rapid Mg2+-dependent 

(electrostatic) global collapse of large RNAs has been reported for several systems[30]

[31,32][33,34], even for RNAs that cannot form tertiary structure (e.g., the 303 nucleotide 

bI5core RNA [35]). For now, we will continue to refer to the very rapid fluorescence 

changes of GAC as electrostatic relaxation, where addition of Mg2+ ions reduces the local 

charge density of the RNA and facilitates its exploration of local and global structures.

The interplay between phosphate charge neutralization by multivalent ions (typically Mg2+) 

of an unfolded RNA and subsequent (or consequent) tertiary folding has been examined in 

several large RNAs. The Tetrahymena Group I intron has been extensively investigated, and 

described as undergoing a first electrostatic relaxation followed by electrostatic compaction 

to intermediate (mis)folded states, to finally find its correct structure [31][33]. Other large 

RNAs, such as RNase P RNA[36,37], are reported to also undergo a first electrostatic 

relaxation followed by electrostatic compaction. The smaller Azoarcus Group I intron (195 
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nt) [38][39] has been shown to fold into an intermediate in < 10 ms then into its tertiary 

structure in < 30 ms[40]. Experiments with a 2AP-Azoarcus RNA revealed several 

additional transitions, however[40]. Many of these studies used SAXS, which gives a 

scattering envelope of the global structure; it can distinguish collapsed, intermediate, and 

native structures in time-resolved experiments[41].

Certainly the addition of Mg2+ does lead to a compaction of the GAC, as shown by 

calculation of GAC U1061A scattering envelopes in SAXS experiments ± Mg2+ [22]. In 40 

mM K+, addition of 0.1 mM Mg2+ caused a compaction of the GAC: at 15° C, the radius of 

gyration (Rg) for GAC in its secondary structure in K+ alone was ~25 Å, while in Mg2+, Rg 

of the tertiary structure was 15 Å. These data led to the interpretation of first formation of an 

Intermediate structure, characterized by a decrease in Rg upon addition of low 

concentrations of Mg2+, but then proceeding to a Native tertiary structure with an additional 

decrease in Rg[22]. A time-resolved SAXS experiment might be able to determine if global 

compaction corresponds to the rapid (< 1 ms) fluorescence change that we observe.

Local folding

Internal Loop—Nucleotides in the 1060/1061 internal loop contribute several critical 

interactions to the tertiary structure, but in the GAC secondary structure, they are likely to 

participate in two noncanonical base pairs formed by U1060:U1078 and A1061:A1077, 

based on NMR data of isolated hairpin loops[29]. This existing structure must be disrupted 

to allow A1061 and U1060 nucleobases to make tertiary contacts.

A1061AP has a complicated kinetics trace. It first undergoes a large amplitude fluorescence 

increase with a time constant of T1 = 18 – 27 ms at 20° C with addition of 3 – 20 mM 

MgCl2. The fluorescence increase indicates a loss of stacking, but this phase is transient, 

since it is always followed by a large amplitude fluorescence decrease with a time constant 

T2 at least 10-fold longer (at 20° C, T2 = 1.2 – 0.9 s with addition of 3 – 20 mM MgCl2). 

Addition of 20 mM MgCl2 elicits the most dramatic response, suggesting that the 

conformational change reported by this transition uses weakly associated Mg2+ ions or that 

it requires multiple associated ions. The initial increase in fluorescence could correspond to 

a disruption of an A1061AP:A1077 base pair that allows A1061AP to move out of the 

internal loop, and then finds a new position in the GAC structure. We note that the final 

fluorescence of A1061AP is temperature-dependent as well as Mg2+ dependent, suggesting 

that it may occupy different sites within the GAC structure.

In NMR experiments, the U1060 imino proton is the last to appear in the titration 

experiments, and becomes stable at [Mg2+]/[RNA] = 6. U1060 forms an unstable U:U pair 

that could stack with the adjacent A1061, as suggested by NMR experiments with the 

isolated hairpin (data not shown). This U:U pair must be disrupted and as U1060 forms a 

long-range hydrogen bond to A1088 as seen in the cocrystals. A1061 must undergo an 

exchange of position in the GAC to stack with A1070, but it seems that A1061 and U1060 

interactions with their partners occur independently of each other.

The 1065–1073 hairpin loop—The secondary structure of this isolated hairpin loop was 

probed by NMR experiments in KCl without Mg2+ ions. Wang et al.[29] observed a weak 
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imino proton resonance that could correspond to a WC base pair from U1065:A1073, but 

also noted unusual ribose puckers of several of the seven loop nucleotides. No internal 

structure of the loop was reported. Our data suggest that in the GAC secondary structure, 

this loop is also unstructured, although our NMR data indicate that it could adopt an 

alternative structure. When Mg2+ is added, NMR spectra are consistent with a 

conformational change of the loop, and we assign the U1065 imino proton to the resonance 

at 9.5 ppm, consistent with a hydrogen bond to a ribose 2′ hydroxyl oxygen. The now classic 

example of an unusual imino proton chemical shift is that of G in the UU2CG4 tetraloop. 

The G4 imino proton makes a hydrogen bond with the U2 C2O carbonyl oxygen, and has a 

chemical shift of 9.9 ppm[42], analogous to our assignment of U1065. The early appearance 

of this proton in the Mg2+ NMR titration experiments supports the suggestion of Leipply & 

Draper[24] that there is a chelated Mg2+ near A1073.

When the GAC has only its secondary structure in 100 mM KCl, we observe an imino 

proton resonance from G1071 at 13.6 ppm which is unexpected, since fluorescence data 

show that the loop is disordered. We assign this resonance, and two other weak peaks that 

appear, to an alternative structure of the hairpin. [Curiously, these peaks disappear when 

L11 protein is added, and only the four strong peaks remain, a result that we are 

investigating.]

G1071 in the hairpin loop makes one of the two base triples with the opposite hairpin stem, 

but the 1065–1073 loop structure has to change from its unstructured state to a structured 

conformation to display the base. In the cocrystals, this loop is a T-loop [25], where the 5’ 

UNR sequences form a U-turn and the 3′ A1070, G1071, C1072 nucleotides are extruded. In 

other experiments, we find that formation of this loop structure requires Mg2+ (data not 

shown), and the NMR data presented here show that formation of the 1065–1073 loop-

closing base pair is an early event in the folding pathway.

The hinge structures—The 3-way junction becomes the hinge that juxtaposes the two 

hairpins, but in the secondary structure, we describe it as unstructured. The triloop made 

from nucleotides U1082 to A1086 within the junction is apparently formed early in the 

folding path. In equilibrium NMR experiments, appearance of the U1082:A1086 imino 

proton hydrogen bond is co-incident with appearance of the U1065:A1073 hydrogen bond, 

while kinetic traces show a conformational transition of A1089AP at 30–50 ms. We suggest 

that both conformational changes occur within the same time window, but that they are not 

correlated. Rather, we suspect that there are two Mg2+ binding sites nearby to each element 

that allow formation of the unusual 1065–1073 hydrogen bond and the U1082-A1086 

triloop.

Long-range interactions

We have monitored two nucleotides that participate in long-range hydrogen bonding 

interactions: G1071 and U1060. Our NMR data show that the G1071 imino proton hydrogen 

bond is observed only after the 1065–1073 loop structure has been altered by Mg2+ (as 

shown by the U1065 imino proton resonance). Also in the NMR experiments, the final 

resonance to be observed from U1060 appears at [Mg2+]/[GAC] = 6. This long-range 
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hydrogen bond will anchor U1060 to A1088, and likely restrict the relative movements of 

the two hairpin stems.

A1089 occupies a complicated position in the tertiary structure (Figure 2), as it is stacked 

between nucleobases G1087 and G1071. We have seen that G1071 makes a stable base 

triple hydrogen bond only after its stemloop structure has been formed, so it will be 

positioned to make a stacking interaction at a later step in the folding pathway. Formation of 

the triloop that is adjacent to A1089 occurs early, which could constrain A1089 to stack with 

G1087. However, the major kinetic transition of A1089AP is slower than the global folding 

transition reported by absorbance, consistent with late formation of the structure around this 

region.

When enough Mg2+ is available, the GAC proceeds to fold into its final tertiary structure. In 

kinetics experiments, the need for more Mg2+ ions is apparent from the decrease in the time 

constants when 20 mM MgCl2 is added. This concentration is in 105-fold excess of the GAC 

in stopped-flow experiments, so the effect of the addition is to rapidly populate all sites 

within the GAC. While this is a saturating concentration of Mg2+, the GAC still shows some 

slower transitions, particularly as noted in the continued fluorescence intensity changes 

beyond 100 s for the A1089AP GAC. Whether this trace is due to a misfolded form or a 

slow transition to the correct structure will require additional probing.

Unknowns

We have no probes in the G1093-A1098 hairpin loop which forms a canonical four 

nucleotide 5′-UNR U-turn, with a sheared G:A loop closing base pair in the folded RNA. In 

the secondary structure, it could potentially also adopt this structure, since its nucleotides 

make no tertiary contacts. However, in two solution NMR studies of this isolated hairpin 

loop (both in the absence of Mg2+) the reported structures were not identical [43],[44] and 

only one was consistent with a U-turn. These data suggest that Mg2+ might be required to 

stabilize the U-turn seen in the cocrystal structure, although other RNA 5′UNR U-turns are 

not Mg2+-dependent[45].

We are missing unambiguous probes within the triloop. A1085AP would have been an 

excellent reporter on the kinetics of loop formation and then on base stacking, but we find 

that it induces instability into this loop which we attribute to loss of specific hydrogen 

bonds. This triloop sequence comprises 5% of triloops found in rRNAs [46], but its 

thermodynamics of formation are not known.

GAC Folding

This essential RNA element is replete with intricate and noncanonical interactions. Its strict 

Mg2+-dependence of folding, previous biochemical experiments that alter its sequence and 

measure thermodynamics of ion binding, and its known crystal structures make the GAC a 

perfect subject for study of its folding pathway. We have already discovered that its kinetics 

of folding are complex and multistate, and have captured at least one folding intermediate in 

Mg2+ titrations at equilibrium. By using selective labeling, we can use complementary 

techniques to observe formation of nucleobase-specific interactions both temporally and at 

equilibrium. With further study of the GAC RNA, new insights into the interplay of local 
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and global folding will be found, and the contribution of its L11 protein to its folding and 

stability can be explored in detail.

Materials and Methods

RNA samples

RNAs were either transcribed using T7 RNA polymerase via run-off transcription from a 

plasmid[47] or chemically synthesized by Agilent labs [48] to insert 2-aminopurine (2AP) 

or 15N-nucleotides. All RNAs in solution were dialyzed against 0.5 M EDTA, then two or 

three times against MilliQ water with the final exchange overnight. Samples were 

lyophilized and rehydrated as needed in buffer. We use the Draper lab folding protocol for 

the GAC[24]: heat at 65°C for 30 minutes in 10 mM sodium cacodylate pH 6.5 and 100 mM 

KCl its buffer (without Mg2+), then sit at room temperature for about 15 minutes.

UV thermal denaturation

UV melting was performed on a Gilford 260 fitted with a Gilford thermoprogrammer 2527. 

RNA concentrations were 2 μM. Sample temperature was ramped at 0.5°C/min from 6–

90°C while absorbance was recorded at 260 nm or 280 nm.

Steady-state fluorescence

experiments were performed on a PTI (Photon Technology international) fitted with a 

Peltier controlled 4-cuvette turret. RNA concentration for these experiments was 2 μM. 

Emission and excitation scans were measured using λem = 368 nm and λex = 308 nm. Lamp 

power and PMT voltage were kept constant at 70 Watts and 1000 Volts, respectively. Slit 

widths were constant. Temperature was increased with a ramp of 1°C/min; points were 

averaged for 5 seconds with an integration time of 1 second.

Free 2-aminopurine-triphosphate fluorescence was monitored versus temperature as a 

standard for comparison with 2AP-GAC. 2APTP (2 μM) fluorescence intensity represents 

the maximum fluorescence emission for the solution conditions and fluorometer 

configuration. At high temperatures collisional quenching with solvent will decrease the 

fluorescence[49].

TCSPC and TRA

Time-correlated single photon counting (TCSPC) and time-resolved anisotropy (TRA) 

measurements were performed with our custom instrument[50]. A Ti:Sapphire laser was 

pulse-picked and tripled to excite the 2AP at 300 nm. Samples were heated in a water-

jacketed cuvette holder; temperature was monitored using a thermistor. Lifetime and IRF 

decay curves were collected until overflow (65536 counts) with the polarizer at 55°. IRF 

was collected with a 1/100 dilution of LUDOX (Aldrich) solution; its FWHM was measured 

every day and varied from 215–222 ps. Anisotropy decays were collected in separate runs 

where vertical polarization was collected first to overflow then horizontal polarization was 

collected with the same acquisition time. Fluofit Pro 4.4 (Picoquant) was used to fit both 

lifetime and anisotropy curves. Fluorescence lifetime decays were typically best fit with a 

three component (i) exponential model with reconvolution.
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Where It is the intensity at time t, a is the pre-exponential factor, and τi is the lifetime of the 

ith component. The initial steady-state value of the anisotropy (Ro) is without any motion of 

the fluorophore. Time-resolved anisotropy decays from Ro were fit using only a two 

component exponential model to give depolarization decay times φ1,2 and their amplitudes 

β1,2. The G-factor was calculated using tail matching.

Buffer scattering was insignificant. Goodness of fit was assessed by support plane analysis.

The theoretical rotational correlation time[49] of GAC was calculated for interpretation of 

2AP anisotropy components. GAC RNA can be classified as a prolate ellipsoid with an axial 

ratio of 1.8 when it adopts its tertiary fold, based on dimensions of the cocrystal structures. 

For this shape, three different rotational correlation times are needed: ϴ1=5.7, ϴ2=5.2, 

ϴ3=5.9 ns at 30°C. These predicted values assume a viscosity of 0.797 cP, molecular weight 

of 21 kDa, specific volume of 0.6 ml/g, and a hydration of 0.2 ml/g. We calculated a simple 

average value <τR> = 5.6 ns for experimental evaluations.

Stopped-flow fluorescence

An Applied Photophysics SX-20 Stopped-Flow spectrometer was used for all stopped-flow 

measurements. This instrument has two syringes for mixing; one holds the RNA in buffer 

and KCl, the other contains MgCl2 in buffer and KCl. For absorbance, λex = 260 nm; for 

fluorescence, λex = 305 nm, with excitation slit widths of 2 mm resulting in a bandwidth of 

9.3 nm. Temperature was regulated with a water bath and sample temperature was 

monitored through Applied Photophysics software. The number of points collected per time 

interval was adjusted to achieve the best resolution; from t=0 to t= 1 second, we sampled 

5000 points, while from 1 to 100 seconds, we collected 10000 points. The dead time of the 

instrument in fluorescence mode is ~ 1 msec, but in absorbance mode, is ~ 50 ms.

GAC was 100 nM final concentration, while MgCl2 addition was in increments of 3, 8, and 

20 mM final concentration. Buffer was 10 mM sodium cacodylate pH 6.5, 100 mM KCl. 

The RNA secondary structure was formed as described before it was loaded into the syringe. 

Buffer with no RNA or MgCl2 was also prepared for control.

In each Mg2+ condition, raw data from 8 to 12 measurements were first averaged. The 

buffer/buffer background control trace was subtracted from the [RNA without Mg2+] control 

and each of the [RNA + Mg2+] experiments. The corrected [RNA without Mg2+] trace was 

then smoothed using a 20-point running average. This trace was essentially flat and is a 

measure of 100% fluorescence. To compare the fluorescence change to the steady-state 

fluorescence, the lower ‘baseline’ is adjusted to the final fluorescence value after addition of 

Mg2+ (this is the Y offset or Y0 in the fitting equation). Fitting the decay curves to the 

exponential model in Origin (Equation 1) is expressed as fluorescence changes with 
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corresponding fraction of the total fluorescence signal (βn): Y% of the signal is constant, a 

varying fraction is lost in < 1 ms, and the remainder is lost during the folding events.

(1)

NMR experiments
15N-1H SO-FAST HMQC spectra[51,52] , were recorded at 500 and 600 MHz (1H) on 

Varian Inova and Bruker Avance III spectrometers, respectively. Spectral widths: 12000 Hz 

(1H), 1600 Hz (15N). GAC RNA ([GAC] = 500 μM) was folded as described, then its 

spectra recorded in 100 mM KCl, 10 mM sodium cacodylate pH 6.5, from 10° to 30° C. The 

RNA was added into lyophilized aliquots of MgCl2 (Aldrich 99.995%) to give final 

concentrations of 200 μM, 500 μM, 1 mM, 3 mM, and 8 mM in a 3 mm tube. After each 

addition, the sample was allowed to equilibrate for an hour at 20° C, then spectra were 

collected at 10°, 20° and 30° C for 12 hours. 90% H2O, 10% D2O.
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Highlights

• The rugged landscape of RNA folding is explored here for a conserved 60 

nucleotide rRNA fragment from the perspective of individual nucleobases.

• Global folding of the GTPase center RNA is Mg2+-dependent, but observing 

individual structural elements (hairpin, internal bulge, hinge) shows a hierarchy 

of Mg2+-dependent structural changes.

• Kinetics of tertiary structure formation is not two-state, but rather a culmination 

of multiple conformational changes within the RNA on timescales ranging from 

< 1 ms to 4 s.

• The investigation of this RNA structural transition by monitoring individual 

nucleobases reveals their dynamic conformational changes before, during, and 

after the final tertiary structure has formed.
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Figure 1. 
E coli U1061A GAC. A: secondary structure model. B: tertiary structure model. Nucleotides 

U1065-A1073 form a T-loop; nucleotides U1082-A1086 form a triloop within the junction 

region; nucleotides G1093-A1098 form a U-turn. Green connecting lines indicate long-range 

hydrogen bonds. Blue: 2AP-substituted 1061, 1085, 1089. Red: 15N-nucleotides U1060, 

U1065, G1071, U1082. Tic marks every 10 nucleotides.
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Figure 2. 
Adenine sites replaced with 2AP. Structures taken from 1hc8 cocrystal [17]. Structural 

representation by VMD[53].
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Figure 3. 
Temperature-dependence of absorbance and fluorescence. UV thermal denaturation plotted 

dAbs/dT, at 260 nm (black) and 280 nm (red) in 100 mM KCl, 10 mM sodium cacodylate, 

pH 6.5, ±3 mM MgCl2, 2 μM RNA. A/E: unmodified E coli U1061A without/with 3 mM 

MgCl2. B/F: A1061AP without/with 3 mM MgCl2. C/G: A1085AP without/with 3 mM 

MgCl2. D/H: A1089AP without/with 3 mM MgCl2.
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Figure 4. 
Temperature-dependence of GAC steady state 2AP fluorescence intensity. A1061AP (left), 

A1085AP (mid), A1089AP (right). Blue: no Mg2+. Red: 3 mM Mg2+. 2 μM RNA, 100 mM 

KCl, 10 mM sodium cacodylate pH 6.5.
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Figure 5. 
Structural environments of U1060, U1065, G1071, and U1082 showing the hydrogen 

bonding orientations of the nucleobase imino protons from the cocrystal 1hc8[17]. Structural 

representation by VMD[53].
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Figure 6. 
1H/15N-SOFAST 1–1 HMQC spectra of (15N-G1071, 15N-U1065, 15N-U1060, 15N-U1082)-

GAC as a function of added MgCl2. A. 500 μM GAC in 100 mM KCl, 10 mM sodium 

cacodylate, pH 6.5, 20° C. B. 500 μM GAC with 500 μM MgCl2, 20° C. C. 500 μM GAC 

with 1 mM MgCl2, 30° C. D. 500 μM GAC with 8 mM MgCl2 at 30° C. See text for 

assignment rationale.
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Figure 7. 
Stopped-flow absorbance (260 nm) traces of unmodified U1061A GAC. From top: 10°, 20°, 

30°, 40° C. Black is addition of 3 mM MgCl2, purple + 8 mM MgCl2, green + 20 mM 

MgCl2. [GAC]= 100 nM. 100 mM KCl, 10 mM sodium cacodylate, pH 6.5. Gray lines 

within the data points are the calculated fits (Origin). The dead time of the instrument in this 

mode is ~ 50 ms.
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Figure 8. 
Stopped flow fluorescence traces of A1061AP, A1085AP, and A1089AP (left to right). 

From top: 10°, 20°, 30°, 40° C. Black is addition of 3 mM MgCl2, purple + 8 mM MgCl2, 

green + 20 mM MgCl2. Gray lines are calculated fits to the data (Origin). There is ~1 ms 

deadtime of the instrument, during which all RNAs show a change in their fluorescence 

intensity. Fluorescence intensity is reported as percentage of starting intensity (without 

Mg2+). [GAC]= 100 nM. 100 mM KCl, 10 mM sodium cacodylate, pH 6.5. λex = 305 nm.
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Table 2

Stopped-flow absorbance data for unlabeled GAC RNA

[Mg2+]
mM

Temp
(C)

T1
(s)

β1
(fraction)

3 10 3.01 0.93

8 10 2.13 0.92

20 10 1.87 0.89

3 20 1.12 0.86

8 20 0.73 0.88

20 20 0.66 0.85

3 30 0.5 0.69

8 30 0.31 0.73

20 30 0.26 0.74

3 40 0.38 0.98

8 40 0.21 0.92

20 40 0.19 0.86

Calculated time constants (T) and amplitude (β). Amplitude is normalized to 1.0.
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