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Kinetic Intermediates in 
RNA Folding 

Patrick P. Zarrinkar and James R. Williamson* 

The folding pathways of large, highly structured RNA molecules are largely unexplored. 
Insight into both the kinetics of folding and the presence of intermediates was provided 
in a study of the Mg2+-induced folding of the Tetrahymena ribozyme by hybridization of 
complementary oligodeoxynucleotide probes. This RNA folds via a complex mechanism 
involving both Mg2+-dependent and Mg2+-independent steps. A hierarchical model for 
the folding pathway is proposed in which formation of one helical domain (P4-P6) pre- 
cedes that of a second helical domain (P3-P7). The overall rate-limiting step is formation 
of P3-P7, and takes place with an observed rate constant of 0.72 ? 0.14 minutep'. The 
folding mechanism of large RNAs appears similar to that of many multidomain proteins 
in that formation of independently stable substructures precedes their association into the 
final conformation. 

A complete understanding of R N A  folding 
reauires the determination of both the final 
strictures adopted by functional RNAs and 
the processes of their formation. Given the 
central role of R N A  in cellular functions 
such as splicing and translation ( I ) ,  it is 
important to understand the mechanism by 
which R N A  can form complex three-di- 
mensional structures capable of ligand bind- 
ing and catalysis. Thus it is necessary to 
consider how a linear polyanionic chain of 
nucleotides folds into a compact, stable 
conformation. 

Good models for the secondary and ter- 
tiarv structure of RNAs of interest can be 
constructed from a combination of phylo- 
genetic and biochemical data (2-4). Im- 
provements in both crystallography and nu- 
clear magnetic resonance methods continue 
to  provide more detailed structural informa- 
tion (5, 6). In contrast, little is known 
about either the kinetics of folding or the 
identity of intermediates on  the folding 
pathways of large RNAs. 

We studied the mechanism of R N A  
folding by taking advantage of sequence- 
specific oligodeoxynucleotide hybridization 
to monitor the kinetics of Mg2+-induced 
folding of the Tetrahymena ribozyme. For- 
mation of the active structure of this com- 
plex RNA occurs by way of multiple inter- 
mediates in a process involving both Mg2+- 
dependent and Mg2+-independent steps. 
The rate limiting step, which takes place on  
a time scale of minutes, is formation of the 
P3-P7 domain. The  data support a model 
for the folding pathway in which short- 
range secondary structure formation and 
subsequent stabilization of the P4-P6 heli- 
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cal domain precede P3-P7 formation. The 
hierarchical mechanism ~resented,  where 
folding of domains occurs prior to slow for- 
mation of the final structure, may illustrate 
the general features observed in the folding 
of large RNAs both in vitro and in vivo. 

RNA folding monitored by oligonucle- 
otide hybridization. The stability of the 
native conformation of large, highly struc- 
tured R N A  molecules generally depends on  
divalent metal ions, usually Mg2+ (7, 8). In 
the absence of divalent ions, many RNAs 
exist in a ~art ia l lv  denatured state where 
some local secondary structure elements, 
such as ha i r~ ins .  are stable. but manv ter- 

L ,  

tiary interactions are not. The  additibn of 
Me2+ can thus be used as a means to ini- " 

tiate formation of the native structure. 
When RNA is subjected to Mgz+-induced 

folding, parts of its sequence previously acces- 
sible become inaccessible to binding by com- 
plementary DNA oligonucleotides. The hy- 
bridization of such probes to structured RNAs 
under various eauilibrium conditions has al- 
ready been examined (9-12). In order to 
obtain information about the rates at which 
conformational rearrangements take place, we 
measured the time dependence of changes in 
the accessibility to specific oligonucleotide 
probes. 

Fig. 1. Schematic representation of the kinetic 
oligonucleotide hybridization experiment. Fold~ng 
is induced by addition of Mg2+, and after time t , 
the fraction of RNA still unfolded (I,) is determined 
by rapid binding to an oligonucleotide probe (P, 
shown in bold), followed by RNase H cleavage. S 
and L are the short and long fragments produced 
by RNase H cleavage of the probe.RNA complex 
(I,.P). Folded RNA (I,) is not cleaved. The fraction 
of observed cleavage corresponds to the fraction 
I, left at time t ,  . 

Folding was initiated by the addition of 
Mg2+ to 32P-labeled RNA equilibrated in tris 
buffer. Samples from the folding reaction were 
added to an excess of oligonucleotide probe 
and ribonuclease (RNase) H, setting up a 
kinetic competition between continued fold- 
ing and probe binding (Fig. 1). Under the 
appropriate conditions, the fraction of the 
RNA that remained unfolded (IU) was rapidly 
bound by the probe (P) and cleaved by RNase 
H at the site of hybridization (resulting in 
fragments L and S). RNA that had already 
folded (I,) was thus inaccessible and would 
remain uncleaved. Electrophoretic separation 
of cleaved and uncleaved RNA allowed quan- 
titation of the fraction cleaved, and thus the 
fraction unfolded as a function of time. Such 
an experiment is described by the kinetic 
mechanism shown in Eqs. 1 and 2 below, 
where each k denotes the first-order rate con- 
stant for an individual step. 

The most revealing application of oligonu- 
cleotide hvbridization and subseauent RNase 
H cleavage was a rapid quench experiment to 
measure the fraction of total RNA that re- 
mains unfolded at any given time after addi- 
tion of Me2+. To  obtain such a sna~shot  of " 
progress toward the folded state, three kinetic 
conditions must be met. First, the rates of 
probe hybridization and RNase H cleavage 
must be rapid compared to the folding rate 
(ko,[P], kH >> kfold). Second, RNase H cleav- 
age must be much faster than dissociation of 
the RNAeDNA hybrid (k, >> ko,). Third, 
unfolding must be slow compared to folding 
(kunfold < kfold). Conditions were adjusted so 
that all three requirements were satisfied for 
each  robe used in kinetic ex~eriments (1 3 ) .  ~, 

In principle, if oligonucleotides complemen- 
tary to different regions are used, folding of 
each part of the RNA can be probed specifi- 
cally and independently. In practice, only cer- 
tain sequences are amenable to this analysis 
(14). 
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The Tetrahymm L-21 Sca I ribozyme 
was chosen as a model system for studying 
RNA folding. This catalytic RNA, a short- 
ened version of a group I intron from Tet- 
r a h m  pn+ribosomal RNA, acts as an 
endoribonuclease on small oligoribonucle- 
otide substrates in tram with multiple tum- 
over (15). It  is one of the most studied 
RNAs, moderately large, and highly struc- 
tured (1 6). Its secondary structure is known, 
and a good model exists for the threedi- 
mensional structure of the conserved core 
region (2). Furthermore, it is an RNA en- 
zyme with a welldetined activity (17, 18) 
and thus allows functional analysis. Both 
the native structure and function of this 
RNA require Mg2+, and it has been ob- 
served that in order to obtain fully active 
ribozyrne, a 10-minute equilibration in 
Mg2+ is required before the reaction is ini- 
tiated (1 7). Previous equilibrium studies of 
Mg2+-induced folding have suggested the 
presence of distinct folding domains (19, 
20). We have extended these findings by 
focusing on the kinetics of specific folding 
events. 

First, the regions of the L-21 Sca I RNA 
suitable for kinetic analysis were deter- 
mined. We screened 21 oligonucleotides 
complementary to different sequences with- 
in the ribozyme to survey most of the con- 
served core (Fig. 2A). Each oligonucleotide 
was tested for its ability to hybridize, in 
competition with structure formation, when 
added at high concentration simultaneously 
with Mg+.  In a second experiment, we 
tested each probe for binding after the 
RNA had been equilibrated in M?+ for 10 
minutes. These two extremes represent the 
initial and final points of a folding time 
course. 

The probes can be grouped into three 
classes (Fig. 2B). The first class gave no 
observable RNase H cleavage when added 
with, or after, MgZ+. Members of this class 
generally target secondary structures that 
would be expected to form in the absence of 
Mg+,  and the lack of cleavage was there- 
fore not surprising (21). The second class 
competed successfully with structure forma- 
tion when added simultaneously with 
Mg2+, resulting in almost complete cleav- 
age of the RNA, but gave almost no cleav- 
age after equilibration in Mg2+. This sec- 
ond class included probes targeting se- 
quences involved in long-range interac- 
tions, such as the P3 and P7 helices, that 
might be expected to require Mg2+ for their 
stabilization if not their formation. The 
third class of probes gave incomplete cleav- 
age at zero time, and significant remaining 
cleavage at 10 minutes. The observation of 
these three different classes of probe behav- 
ior suggests that there are distinguishable 
folding events that can be addressed by 
oligonucleotide hybridization. 

A 

P5b GA P5c 
A 4  
GG 
GGI 

C G  

U-A 

A " U ~  

A C 
U-A 

G 
G 
G - A - A  

A-U 

C A C G  
G-c A 4  
GC A 4  
A-U A-U 
CG : A  
U-G U-A 
A-U U-A 

A-UUUGGAGU 
A 4  3' 

P8 
A-U a A-U 

GC U-A 
2 1 A G  w.3 

I 1  A U U  

B 
0 10 r n i n u t ~ e  0 10 minutes 

ConmI 1 1 5 1 4 1 9 1 8 1  8 1 7  1 1 151a1q182 8 3 7 4 - PIC& 5 6 9 12 1310111617202t 5 6 9 1213101116172021 - - - - - - - - - 

Fig. 2 Initial screening of oligodeoxynucleotide probes complementary to the Tetfahymena group I 
intron. (A) Secondary structure of the L-21 Sca I ribozyrne. The target sequence for each oligonucleotide 
is outlined in bold. Probes were numbered according to their target sequence, starting from the 5' end of 
the RNA. (B) Autoradiograph showing the results of the screening. In all experiments, RNA was annealed 
by heating to 95°C for 1 minute, and then equilibrated at 37°C for 3 minutes. For the zero time point, 
uniformly 32P-labeled L-21 Sca I RNA (58) in 10 of buffer containing 1 mM tris (pH 8.1) and 0.1 mM 
EDTA (0.1 x tris-EDTA) was annealed and then added directly to an equal volume of 2x folding buffer 
[I x:50 mM tris (pH 8.1), 10 mM MgU,, 10 mM NaCI, 0.1 mM EDTA, 1 mM diiothreitol) containing 
oligonucleotide probe (final concentration -300 pM) and RNase H (United States Biochemical, final 
concentration 0.1 U/pl) that had been equilibrated at 37°C. The final volume was 20 )11, and the final RNA 
concentration was 1 nM. After cleavage for 30 seconds at 37°C the reaction was quenched with 14 pi 
of stop solution containing 90 mM EDTA and gel-running dyes in 82 percent formarnide. For the 
1 O-minute time point, L-21 Sca I in 5 pI of 0.1 x tris-EDTA was annealed, then added to an equal volume 
of 2x folding buffer. After the RNA had been allowed to fold at 37°C for 10 minutes, 10 pI of 37°C 
equilibrated, 1 x folding Mer  containing probe and RNase H were added and RNase H cleavage was 
performed as described. Products were separated on 6 percent denaturing polyaclylamide gels. 
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Kinetic measurements of Tetrahy- 
mena ribozyme folding. A detailed anal- 
ysis was undertaken to explore the kinet- 
ics of formation of the P3 helix. P3 is part 
of a pseudo-knot constituting one domain 
of the core of the intron and is essential 
for ribozyme activity (22). It is a long- 
range base-pairing interaction, with its 
two strands far apart in the linear se- 
quence of the RNA, and we therefore 
anticipated that it might exhibit interest- 
ing folding behavior. In the initial screen- 
ing, oligonucleotides complementary to 
both strands of this helix (probes 1 and 
15) showed the second class of behavior 
(Fig. 2B), with accessibility to probe 
binding being Mg2+-dependent. 

After M$+ was added to RNA equili- 
brated in tris buffer, the accessibility of P3 
to probe 15 decreased with time (Fig. 3A). 
The observed decay is apparently first order 
(Fig. 3B), is dependent on the presence of 
M$+ (23). and is independent of the con- 
centrations of RNA, oligonucleotide probe, 

A Time (minutes) 
Cofltml 0 0 5  1 2 3 4 6 8 10 .--- - - - -- - 

RNase H (13), Na+ (24), and the time 
allowed for RNase H cleavage. The rate of 
decay therefore appears to reflect the rate 
limiting step for P3 folding and becoming 
inaccessible to probe binding or RNase H 
cleavage (25). Therefore, there is at least 
one slow step on the folding pathway of the 
Tetrahpma ribozyme which occurs on the 
minute time scale (kobs = 0.72 +- 0.14 
min-') (26). 

The simplest mechanism that could ac- 
count for the Mg2+ requirement is a two- 
state transition involving the binding of 
Mg2+ upon folding as shown in Eq. 1. If 
such a one-step mechanism is correct, then 
the observed rate of folding should be de- 
pendent on Mg2+ concentration. To test 
this possibility, we measured the rate at 
which P3 becomes inaccessible at different 
Mg2+ concentrations (Fig. 3B) (27). We 
observed that at lower concentrations of 
Mg2+ the extent of cleavage once equilib- 
rium had been reached increased, consis- 
tent with a shift in the equilibrium from the 

0.04- 
0  2 4 6 8 10 
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Fig. 3. Folding of P3. (A) Kinetics of P3 formation. 
The zero time point was measured as in Fig. 26. 
except that the oligonucleotide concentration was 
20 FM. For all other time points. 32P-labeled L-21 
Sca I RNA (final concentration 1 nM) was annealed 
as described in 60 ~1 of 0.1 x tris-EDTA. Folding was 
initiated by the addition of an equal volume 2 x  fold- 
ing buffer (Fig. 2, legend). Samples (10 pl) were re- 
moved and, at the indicated times after folding initi- 
ation, added to 10 111 of 1 x folding bufer containing 
probe 15 (20 FM final concentration) and RNase H 
(0.1 U/kl, final concentration). After cleavage for 30 
seconds at 37"C, the reaction was quenched as 
described above. Cleaved fragments (L, S,. S2) 
were seoarated from full-lenath L-21 Sca I (R on a 6 . . 

0 4 b i d ~ '  P 3 i b h f b b '  P 3 i b b f b  percent'denaturing polyacr$iamide gel. Products L 
0.1 1 :O and S, were of the length expected for cleavage in 

M92' (W P3. S2 corresponds to secondary cleavage of S, 
(59). (B) P3 formation at different Mg7' concen- 

trations ([Mg2+]). Experiments were performed as described in (A), except that [Mg2'] in 1 x folding bufferwas 
varied: 10 mM, [A) 1.5 mM, (0) 1.0 mM, (4) 0.8 mM, (0) 0.05 mM. The final [Mg2+] during RNase H 
cleavage was always adjusted to 10 mM. Results were quantitated with a Molecular Dynamics Phosphorlm- 
ager. (C) Thermodynamic dependence of P3 formation on Mg2 ' concentration. Kinetic experiments as in (5) 
were performed for each [Mg2+] shown. The fraction cleaved at equilibrium for each concentration was 
determined by am of the kinetic data to afirst order exponential. The midpoint of the transition ([Mg2+]l,2) was 
obtained by a fit of these equilibrium values to an expression of simple two state binding of x Mg2 ' ions [f = 

1/{([Mg2+]/[Mg2+],,P + 111, where f is the fraction cleaved at equilibrium, and x the number of Mg2+ bound 
per RNA molecule). The fit gave values of [Mg7 'I,, = 0.97 mM and x = 3.97, suggesting that approximately 
four magnesium ions are involved in the transition. 

folded to the unfolded conformation. The 
midpoint of this transition ([Mg2+Ill2) oc- 
curred when the Mg2+ concentration was 
0.97 mM (Fig. 3C). A similar transition was 
seen when the Mg2+ dependence of ri- 
bozyme activity, global structure formation, 
or active site formation was examined (1 9, 
28), an indication that our observations 
correlate closely with results obtained by 
independent methods. The rate of approach 
to equilibrium, however, was found to be 
independent of Mg2+ concentration. Ap- 
parently, the formation of P3 occurs by way 
of a more complex mechanism where rapid 
Mg2+ binding follows a slow, M$+-inde- 
pendent step. Thus, there is a transient 
intermediate on the folding pathway, and 
the rate limiting step is Mg2+-independent. 

To comDare the rate of formation of P3 
with the A e  at which the active structure 
is formed, we used the well-characterized 
endonuclease activity of this RNA (17). 
The amount of active ribozyme can be de- 
termined from the magnitude of the kinetic 
burst corresponding to the first tumover in 
a multiple tumover reaction (17). The rel- 
ative amount of active ribozyme present was 
measured as a function of increasing folding 
times after the addition of Mg2+ (Fig. 4). 
Full activity was obtained at a rate (k& = 
0.61 min-') comparable to that of P3 be- 
coming inaccessible to probe binding as 
determined by oligonucleotide hybridiza- 
tion (29). We therefore conclude that P3 
formation is the rate-limiting step in forma- 
tion of the active structure. 

To obtain information about the folding 
kinetics of various regions of the RNA, we 
examined probes targeting other sequences. 
P7 is the second stem of the central pseudo- 
knot in the conserved core of group I in- 
trons. Together with P3, P7 forms part of 
one of several stacked helical domains in 
the three-dimensional structure of the Tet- 
rahymena ribozyme (2). In the initial screen, 
probes complementary to both strands of P7 
(probes 14 and 19) fell into the second 
class (Fig. 2B). In all experiments defining 
the kinetic mechanism of P3 formation, the 
probes for P7 gave identical results. P3 and 
P7 are thus kinetically indistinguishable. 
Although our experiments cannot yet de- 
termine whether they form cooperatively, 
sequentially, or independently, the P3 and 
P7 helices clearly become inaccessible to 
probe binding and RNase H cleavage on 
the same time scale. 

Two further tests of the kinetic mecha- 
nism of rapid M$+ binding after the rate 
limiting, Mg2+-independent step were per- 
formed with probes targeting P3 and P7. 
First, unfolding was monitored after dilu- 
tion of the Mg2+-equilibrated sample, and 
both reverse steps were fast. Second, refold- 
ing was initiated after unfolding by addition 
of Mg+,  and the refolding occurred at the 

920 SCIENCE VOL. 265 12 AUGUST 1994 



same rate as Mg2+-initiated folding. These 
two observations further support the pro- 
posed mechanism of P3-P7 formation. 

A second helical domain in the model of 
the three-dimensional structure of the in- 
tron is formed by the P4, P5, and P6 stems 
(2). This domain is independently stable 
(30, 31). When oligonucleotides comple- 
mentary to sequences in P4 (probe 8 )  and 
P6a (probe 12)  were added to the RNA 
simultaneously with Mg2+, no  more than 
40 to 50 percent cleavage was observed. 
These probes therefore are members of 
the third class (Fig. 2B). If the limited 
cleavage were due to similar rates for 
folding and probe binding, it should have 
been ~oss ib le  to  increase the extent of 
cleavage by increasing the probe concen- 
tration. A t  hieher concentrations of ei- " 

ther probe, however, the extent of cleav- 
age remained unchanged. Alternatively, 
the population of unfolded molecules may 
be heterogeneous, with only a subpopula- 
tion able to bind oligonucleotides. 

When either of the probes for P4 or P6a 
was added to the RNA before Mg2+, cleav- 
age increased to almost 80 percent. In a 
kinetic experiment a slow folding phase 
appeared to be preceded by a rapid burst 
(Fig. 5), thus providing evidence that an 
equilibrium between at least two conforma- 
tions exists in the absence of Mg2+. One of 
these is inaccessible to binding by 8 and 12  
or RNase H cleavage and can fold rapidly 

once Mg2+ is added, while the second con- 
formation is accessible to the probes and 
must go through a slow step in order to fold. 
In the absence of bound Mg2+, hybridiza- 
tion of oligonucleotide can drive the equi- 
librium toward the accessible conformation 
to give increased cleavage. When we at- 
tempted to improve the resolution of the 
kinetic phases by folding the RNA at a 
lower temperature, we found that the kinet- 
ic behavior of P4 and P6a at 37" and 27°C 
was indistinguishable by kinetic oligonucle- 
otide hybridization. The apparent tempera- 
ture independence of P4 and P6a formation 
contrasts with P3 and P7, whose rates of 
formation were very sensitive to tempera- 
ture [activation energy -20 kcal/mol (32)] 
(Fig. 5). Thus, these two helical domains of 
the Tetrahymena intron clearly show differ- 
ent kinetic behavior during Mg2+-induced 
folding, with the P4-P6 domain apparently 
forming faster than P3-P7. 

The  folding pathway of the Tetrahy- 
mena ribozyme. A model for the folding 
pathway of this RNA includes several in- 
termediates and involves the sequential for- 
mation and stabilization of helical domains 
(Fig. 6). The first intermediate, I", consists 
of short-range secondary structures, such as 
hairpins, that form in the absence of Mg2+. 
Experiments with probes targeting P4 and 
P6a show that I, is in a slow equilibrium 
with another conformation (I1). A t  present, 
it is not possible to distinguish whether I1 is 

0- 0.04 
0 2 4 6 8 10 0 2 4 6 8 10 
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Fig. 4. Ribozyme endonuclease assay for folding. Reaction conditions were kept as close as possible to 
those used for probe hybridization experiments. L-21 Sca I (final concentration 7 nM) (60) was annealed 
in 30 pI of 0.1 x iris-EDTA, as described, and an equal volume of 2x folding buffer was added. The RNA 
was allowed to fold at 37°C for the specified amount of time before the reaction was initiated by addition 
of 5'-3T-labeled C C C U C U W  substrate (final concentration 16 nM) (61 ) in 60 p1 of 1 X folding buffer 
containing GTP (final concentration 0.5 mM). Samples (1 0 ~ 1 )  were taken and added to 8 ~1 stop solution. 
For the zero time point, substrate and GTP were added together with folding buffer immediately after 
annealing. Products were separated on 20 percent denaturing polyacrylamide gels, and the results were 
quantitated as above. (A) The time course of substrate cleavage for folding times of 0 minutes and 10 
minutes (@) before the addition of substrate addition. When the RNA was first incubated for 10 minutes 
in Mg2+, a rapid kinetic burst was followed by aslower multiple turnover rate. Without prior incubation, the 
size of the burst was significantly reduced, indicating that initially little active ribozyme was present. The 
largest difference in the amount of product formed with and without prior incubation of the RNA in Mg2+ 
before initiation of the reaction was found after 30 seconds of substrate cleavage (indicated by the 
dashed line). (B) Extent of substrate cleavage after 30 seconds as a function of the time allowed for the 
ribozyme to fold before initiation of the reaction. The rate of formation of the active structure was 
determined by a fit of the 30-second time points to a single exponential (k,,, = 0.61 min-'1. The same 
result was obtained when the folding time course was measured with the 1 minute reaction time points. 

a productive intermediate, or is on a non- 
productive branch of the folding pathway. 
Rapid Mg2+ binding by either I, or I1 leads 
to formation of I, and is reflected by the 
rapid burst observed in the kinetic experi- 
ments probing P4 and P6a. I, corresponds 
to an intermediate in which P4 and P6 are 
inaccessible to the probes, while P3 and P7 
are still accessible. 

I, is the transient intermediate inferred 
from the Mg2+ concentration indepen- 
dence of the rate of P3 and P7 formation. 
Only the presence of such an intermediate 
in the mechanism of P3-P7 formation can 
explain the requirement for Mg2+, since the 
rate limiting step itself does not involve 
metal binding. The species I, may be one in 
which P3 and P7 are formed, but are not yet 
stable or in the correct orientation relative 
to P4-P6. Further binding of Mg2+ may 
allow the two helical stacks to come togeth- 
er in a conformation in which P3 and P7, as 
well as P4 and P6, are protected (IF). Ad- 
ditional fast'rearrangements may lead to the 
final structure (N),  but since the rate at 
which full activity is gained is the same as 
the rate at which P3 and P7 become inac- 
cessible, formation of the P3-P7 domain 
appears to be the overall rate limiting step 
on the folding pathway. 

The above folding mechanism (Fig. 6 )  
has three implications. First, Mg2+ binding 
to I, must in fact be significantly stronger 
than suggested by the transition midpoint 
([Mg2+], ,) observed in the experiments 
with probes targeting ~3 and ~ 7 ,  as well as 
in previous studies of the activity and struc- 
ture of the Tetrahymena ribozyme (19, 28). 
In order to overcome the unfavorable equi- 
librium between I2 and I,, high concentra- 
tions of Mg2+ are required, even though I, 
binds Mg2+ tightly. From our experimental 
data, we can estimate an approximate upper 

Time (minutes) 

Fig. 5. Folding kinetics of P3, P7, P4, and P6a at 
27°C. Reactions were performed as described for 
Fig. 3A, except that folding was done at 27"C, 
followed by probe binding and RNase H cleavage 
at 37°C. The data for each probe was normalized 
to allow a direct comparison, and fit to a single 
exponential (62). Probes and concentrations 
used: (@) 12 (60 pM), (+) 8 (60. pM), (A) 19 (60 
FM), (4 15 (20 FM). 
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limit of 100 p,M for the midpoint of the 
transition of Mg2+ binding to I j  (33). This 
value is consistent with the magnitude of 
dissociation constants measured for high af- 
finity Mg2+ binding sites in transfer RNA 
(tRNA) (7, 34). Second, the folding of this 
RNA involves several discrete steps, reflect- 
ed in the inferred kinetic intermediates. 
Third, and most fundamental, the folding 
~athwav includes a slow steD, and this rate i ,  . . & .  

lmltlng step itself does not involve binding 
of Me2+. " 

These results support and expand upon 
previous investigations of RNA folding. 
Studies on tRNA by Crothers and others 
have demonstrated the existence of folding 
intermediates (35-37). Lynch and Schim- 
mel, in a fluorescence study (38), have 
shown that the rate limiting step for Mg2+ - 
induced folding of tRNA, as with the Tet- 
rahymena intron, does not involve Mg2+ 
binding. In contrast to our findings for the 
ribozyme, however, in tRNA Mg2+ binding 
precedes the slow, Mg2+-independent, 
steps. For both group I introns and tRNA, 
secondary structure generally precedes for- 
mation of tertiary interactions, which can 
be quite slow (36, 39,40). The rate of helix 
formation in nucleic acids is known to be 
extremely rapid (k = lo7 to IOY Mp' 
min-') (41, 42). Short-range helices, and 
thus the formation of IU from the denatured 
RNA, are expected to form at such fast 
rates. 

The presence of a slow step on the fold- 
ing pathway of the Tetrahymena ribozyme is 
consistent with the reported observation 
that prior incubation in Mg2+ is necessary 
in order to obtain fully active ribozyme 
(17). Studies on the thermodynamics of 
Mg2+ -induced folding of this RNA (1 9, 20) 
have provided evidence for two equilibrium 
folding intermediates; one in which a sub- 
domain involving P5abc is formed, and one 
in which only the P4-P6 domain, but not 
P3-P7, is formed. These observations, to- 
gether with the demonstration that the P4- 
P6 domain is stable independently, but only 

Fig. 6. Model for the folding 
20 Stnrcture pathway of the Tetrahymena fornation 

group l intron. 

in the presence of Mg2+ (30, 31), support 
the plausibility of the proposed kinetic in- 
termediate 12. In these studies it was shown 
that the P5abc subdomain facilitates the 
formation of the P4-P6 domain, and that 
the P4-P6 domain stabilizes the catalytic 
core, including P3-P7. From this we can 
infer that the P5abc intermediate should 
precede l2 in our mechanism (43). The 
localization of Me2+ interactions to sites - 
between the two helical stacks formed by 
P4-P6 and P3-P7 (44) may explain the 
Mg2+ requirement for association of these 
domains. The general mechanism of helix - 
formation followed by docking into the cor- 
rect orientation follows a ~recedent set bv 
kinetic and thermodynamic studies of an 
oligonucleotide substrate binding to the in- 
tron, where hybridization to the internal 
guide sequence precedes movement of the 
resulting PI helix into the active site (45- 
47). 

This model provides a conceptual frame- 
work for studying kinetic RNA folding in- 
termediates. The active structures of large " 
RNA molecules appear to consist of stacks 
of helices forming domains and to be stabi- - 
lized by interdomain tertiary contacts. It has 
been suggested that these structures are -- 
formed in a hierarchical process, with indi- 
vidual helices forming first and providing 
nucleation sites for formation of the stacked 
domains, which then come together in the 
final structure (16, 30, 48). We have pro- 
vided direct kinetic evidence for such a 
hierarchical folding pathway in the Tetra- 
hymena ribozyme. Furthermore, the kinetic 
intermediates we observe directlv ~arallel , . 
previously identified equilibrium folding in- 
termediates. The intermediates we observe 
suggest that the folding domains generally 
form in two steps. Base-pairing interactions 
form first, with subsequent formation of ter- 
tiary contacts and stabilization through spe- 
cific binding of Mg2+. 

In the presence of denaturants such as 
urea, proteins are in an unfolded state. For- 
mation of the folded structure is induced by 

slow 
IW - 12 - 13 7 IF -- N 

fast rapid equ. l Y  - 

12 13 IF 
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reducing the denaturant concentration and 
can be followed either thermodynamically 
at different levels of denaturation, or kinet- 
ically by a "concentration jump" experi- 
ment. Analogously, many RNAs are in a 
denatured state in the absence of Mg2+, and 
the addition of a divalent metal is therefore 
equivalent to dilution of a denaturant, al- 
lowing application of the same experimen- 
tal approaches used to study protein folding. 
Conceptually, the correlation of kinetic in- 
formation with sequence by targeted hy- 
bridization most resembles amide 'H-lH 
exchange experiments (49). For both, a 
snapshot of the folding reaction is obtained 
by a rapid quench experiment. The state of 
accessibility to external probes is deter- 
mined in a sequence-specific way, yielding 
information not only on the rates of folding 
events, but also on which regions of the 
molecule are involved in a particular step. 

The presence of independently folding 
domains in RNA has clear parallels in the 
folding of multidomain proteins, where for- 
mation of the individual domains in general 
precedes their association into the final 
structure (50). In proteins, most of the 
structural stability is derived from tertiary 
interactions and the formation of a hvdro- 
phobic core (51). Secondary structures are 
weak, and are usually only stable in the 
context of the whole protein. In contrast, 
RNA is mostly stabilized by helical second- 
ary structures, while tertiary interactions are 
weak and often require Mg2+ for stabiliza- 
tion (16, 52). For proteins the smallest 
independently folding unit generally corre- 
sponds to small globular domains stabilized 
by tertiary interactions. For RNA, the 
smallest folding units are groups of helical 
stems stabilized by base-pairing and stack- 
ing. Thus, for both proteins and RNA the 
smallest thermodynamically stable struc- 
tures also appear to be kinetically indepen- 
dent folding units. 

We have presented a model for the fold- 
ing pathway of the Tetrahymena ribozyme. 
Folding proceeds by way of several interme- 
diates. with the P4-P6 domain being formed - 
before, and potentially required for, forma- 
tion of the P3-P7 domain. The rate limiting 
step is formation of P3-P7, and in itself does 
not involve binding of Mg2+. Although 
only a part of the overall folding process 
could be examined, it is clear that folding is - 
not a simple two-state transition, but takes 
place by a complicated mechanism that in- 
cludes both Mg2+-dependent and Mg2+- 
independent steps. Since the ability of pro- 
teins to affect the stability of RNA struc- 
tures is well documented (53-55), it may be 
that RNA folding in vivo, like that of pro- 
teins, is assisted by additional factors. The 
rapid transcription rates of RNA poly- 
merases (56) would result in the synthesis of 
an RNA the size of a group I intron in a 



matter of seconds. This may affect the for
mation of higher order structure (57), 
which can be much slower, and probably 
takes place post-transcriptionally rather 
than during transcription. Therefore, the 
intermediates, rates and pathways presented 
above may be generally relevant to the 
folding of large RNAs in vivo. 
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