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ABSTRACT Folding of the Tetrahymena self-splicing RNA
into its active conformation involves a set of discrete inter-
mediate states. The Mg?*-dependent equilibrium transition
from the intermediates to the native structure is more coop-
erative than the formation of the intermediates from the
unfolded states. We show that the degree of cooperativity is
linked to the free energy of each transition and that the rate
of the slow transition from the intermediates to the native
state decreases exponentially with increasing Mg?* concen-
tration. Monovalent salts, which stabilize the folded RNA
nonspecifically, induce states that fold in less than 30 s after
Mg2* is added to the RNA. A simple model is proposed that
predicts the folding kinetics from the Mg?*-dependent change
in the relative stabilities of the intermediate and native states.

The diverse biological functions performed by RNA molecules
in the cell require that they form complex three-dimensional
structures (1). A well studied example is the self-splicing
intron, or ribozyme, from Tetrahymena thermophila tDNA (2).
Binding of Mg?* is required to stabilize the folded tertiary
structure of the ribozyme and for catalytic activity (3).
Despite recent progress in understanding RNA folding
mechanisms (1, 4), the Mg?*-dependent self-assembly of large
structures remains a challenging problem. The thermodynam-
ics and kinetics of folding transitions that are coupled to ion
binding have been studied in detail for tRNA and other small
RNAs (5-9). These studies showed that condensation of the
RNA chain is stabilized to a large extent by nonspecific
electrostatic screening provided by delocalized, hydrated cat-
ions. However, a small number of ions bound in discrete
high-affinity sites stabilize specific tertiary conformations (5,
7, 10, 11). This stabilization is accomplished by direct inter-
actions with ligands provided by the folded RNA (12, 13). As
a result, binding of Mg?* not only stabilizes the native confor-
mation but also directs the pathway of self-assembly (10, 14).
The complex structure of large RNAs suggests that the
folding process is likely to involve multiple equilibrium states.
Thermal unfolding of the Tetrahymena ribozyme involves at
least two transitions (15), and equilibrium and kinetic folding
experiments in the presence of MgCl, revealed intermediates
in which only the independently stable P4-P6 domain was
folded (16-21). We have shown that urea-induced denatur-
ation of the pre-RNA containing the Tetrahymena ribozyme
involves at least three states (22), as outlined in Scheme I.
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The kinetic partitioning mechanism that we previously
proposed (23) postulates that a fraction of the initially un-
folded population reaches the native state on the time scale of
seconds. This prediction is supported by recent experiments
that probed the structure of the ribozyme on second time
scales (21). However, the majority of the population reaches
the native state N via an intermediate I. Similarly, the equi-
librium folding of RNase P RNA, another large catalytic RNA,
is best described by a three-state transition, as detected by UV
absorbance and CD spectroscopy (24).

Here, we present a simplified framework for considering
cooperative transitions in large RNAs and their effect on the
Mg?*-dependent folding kinetics. By using the Tetrahymena
self-splicing RNA as an example, we show that the cooperat-
ivity of the Mg?"-dependent I & N transition is determined by
the relative stabilities of the I and N states at saturating Mg?*
concentrations. The intermediate contains at least some non-
native interactions that must dissociate during the transition to
the native structure (22, 25). As a result, the increased stability
of I at higher Mg?" concentrations leads to a decrease in the
rate of folding.

MATERIALS AND METHODS

Preparation of RNA and Native Gel Electrophoresis. Uni-
formly 32P-labeled Tetrahymena precursor RNA (657 nt) was
transcribed from plasmid pSWO012 as described (26). Pre-RNA
was annealed by heating at 95°C for 1 min in splicing buffer
without MgCl, (50 mM Na Hepes/100 mM ammonium sulfate/
1 mM EDTA, pH 7.5) followed by rapid cooling (=30 s) (27)
in the presence of 0-10 mM MgCl, (25). The same procedure
was used to anneal samples in the presence of other salts.
Glycerol (10% vol/vol) and xylene cyanol (0.1%) were added
to samples immediately before loading on a native 6% poly-
acrylamide gel in 34 mM Tris/66 mM Hepes/0.1 mM EDTA/10
mM MgClL, (pH 7.5) at 10°C (28). Folding experiments at 30°C
were carried out by incubating pre-RNA samples for 2 hr in
splicing buffer containing 0—-10 mM MgCl, plus 10% glycerol
and xylene cyanol. The fractions of N and I were determined
by quantifying bands 1 and 4 relative to the total pre-RNA in
each lane by using a PhosphorImager. The data were fit to fx
= fa or fI =1- fm with fa = (f - fmin)/(fmax - fmin) =
(C/Cma)™[1 + (C/Cina)"]; where C is Mg?* concentration, Cpq
is the midpoint of the transition, and n is the Hill constant.

Determination of Folding Rates. Pre-RNA was incubated in
splicing buffer containing 0-10 mM MgCl, at 30°C plus 10%
(vol/vol) glycerol, as above. Aliquots were removed at specified
times up to 120 min and loaded directly into the well of a native
6% polyacrylamide gel as described (22). Unfolding rates were
measured by annealing the pre-RNA at 95°C in 6 mM MgCl,
and then diluting into splicing buffer at 30°C so that the final
MgCl, concentration was 2—4.25 mM. The results described
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here and elsewhere (29) suggest that folding is arrested when
the RNA enters the gel matrix. Folding during the time
required for the RNA to enter the gel (15-30 s) was minimized
by the low temperatures of the tank buffer (4°C) and gel
(<10°C).

The rate equations for the mechanism in Scheme I have
been described, and result in two kinetic phases (30). In the
limit in which the two phases are well separated, the observed
time constants approximate those of the individual pathways.
The U-to-N pathway is faster than the smallest accessible times
in our experiments, and is ignored in our analysis. The fraction
of native or intermediate RNA (fx or fi) was quantified as
above. The fraction of N (fn) was fit to fn(t) = An (1 — exp
(—knt)), where Ay is the amplitude of the folding transition.
Below 4.5 mM MgCl,, the fraction of I was fit to fi(t) = f1(0)
+ Aj (1 — exp(—Kkit)), where A; is the amplitude of the slow
transition and f1(0) is the fraction of I at time zero. The upper
sign holds below C,,, and the lower above Cy,. Above 4.5 mM
MgCly, fiwas fit to fi(t) = f1(0) + Agast (1 — exp(—Kgasit)) +
Ap (1 — exp(—kit)), where At is the residual amplitude of the
fast transition and Kgg =~ 2-10 min~!. Unfolding reactions
were fit to a first-order rate equation.

RESULTS

Magnesium-Dependent Equilibrium Transitions of the Pre-
RNA. To describe the role of cations in inducing conforma-
tional transitions in RNA, it is necessary to measure the degree
of cooperativity in the two equilibrium transitions, namely, U
& Tand I & N. We monitored the fraction of fully folded and
partially folded pre-RNA as a function of Mg?* concentration
by using nondenaturing PAGE (29). Unrenatured or dena-
tured RNA migrated as a broad smear, suggesting that the
initial population is conformationally heterogeneous (24).
Much of the RNA secondary structure is expected to be stable
under these conditions (15). On incubation in Mg?>*-
containing buffer or renaturation by heating to 95°C for 1 min
and cooling in the presence of MgCl, (27), the pre-RNA was
converted to a mixture of an inactive intermediate (Fig. 14,
band 1) and the active or native form (Fig. 14, band 4).

Our earlier work suggested that band 1 of the native gel
should be viewed as a collection of conformationally related
intermediates (25). Because the number of intermediate states
is hard to estimate, we will treat the collection of species in
band 1 as a class of nearly equivalent states and denote them
as equilibrium intermediate I. Similarly, the ensemble of
denatured structures will be considered to be the unfolded
state. With these simplifications, the Mg?*-dependent equi-
librium folding of the Tetrahymena pre-RNA can be described
by a three-state model (Scheme I), consistent with previous
work (17, 18, 22).

To determine the Mg?>*™ dependence of folding, the pre-
RNA was renatured at 95°C in various concentrations of
MgCl, (Fig. 1B). At MgCl, concentrations <2.5 mM, the RNA
was distributed between the U and I states. The fraction of I
increased only slightly over this range, and a significant amount
was formed even when no MgCl, was added to the sample. As
the concentration of MgCl, was increased to 6 mM, the
pre-RNA exhibited a cooperative transition to the native form,
with a midpoint (Cy,) of 4.1 mM MgCl,. In other experiments,
pre-RNA was incubated in buffer containing MgCl, for 2 hr at
30°C (Fig. 1C). The results were qualitatively similar as when
the RNA was annealed at high temperatures, although the
cooperativity was increased and the midpoint was lower (Cy,, =
3.4 mM) because of the presence of 10% glycerol in the
samples during the incubation period (J.P., unpublished data).
In all cases, very similar parameters were obtained from fits to
f~or frvs. Mg+ concentration. The maximum extent of folding
was ~80%, presumably because of residual misfolded states.
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Cooperativity and Stability Are Linked. The Mg?>* depen-
dence of the folding equilibrium (Fig. 1) was used to estimate
the stabilities of I and N. The calculation of the free energies
of formation of I and N is facilitated by introducing a quan-
titative measure that describes the extent to which the two
equilibrium transitions (U < I and I < N) are cooperative.
Consider the dimensionless quantity

df
2 Ja
Cmax< dC) max

Q=" (1]
where f, is the population of either I or N, Cpay is the
concentration of Mg?* at which the derivative of f, with

. d .
respect to C reaches a maximum, <i> is the value of the

dc
derivative at C = Cpay, and AC is the width of the curve at 1/2
(%) The value of Cpax almost always coincides with the
midpoint of the transition under consideration. For an infi-
nitely sharp transition, (). tends to infinity, whereas for a
noncooperative transition, (). approaches zero.

Because the pre-RNA undergoes a three-state transition,
Eq. 1 should be evaluated for the formation of both I and N.
If the midpoints for forming I and N are well separated, then
the values of ()¢ and Q. for the transitions U & 1 and I &
N may be calculated independently. The measure of cooper-
ativity in Eq. 1 is dimensionless, and hence one can compare
the differences in the cooperativity of formation of I and N on
an equal basis. As can be seen in Fig. 1, I & N is cooperative
with respect to Mg?*, and we obtained a value of Q. = 4.5 if
the pre-RNA was annealed at 95°C or Q. = 7.6 when
incubated at 30°C.

By contrast, U < I appeared insensitive to changes in Mg?*
concentration. In part, this is because of the fact that some of
the RNA reaches the intermediate state during the 15-30 s
required for the samples to enter the gel matrix (see below).
Because the electrophoresis buffer contained 10 mM MgCl,,
this prevented us from accurately determining the amount of
I formed as a result of MgCl, added to the sample. The results
of similar experiments with native gels containing 3 mM MgCl,
and the mildly cooperative thermal unfolding of the pre-RNA
in 2 mM MgCl, (J.P., unpublished data) suggest that U < 1 is
somewhat dependent on Mg?* concentration, but much less
cooperative than I & N.

An estimate of the maximum value of the free energy of
forming I and N can be obtained from the values of (¢ and
Qcn, as follows. By treating the folding process of the pre-RNA
as two separate two-state transitions, one can express the
fraction of RNA in the I or N states as

1
AGﬁa - mMg2+C [2]
1+ exp — T

where C is the Mg?* concentration, AGpg, is the free energy
associated with the transition B & «, and myg+ gives a
measure of the binding of the divalent cation. The linear
variation of free energy with C is expected to hold around C,,,
the midpoint of the transition. It is clear from Eq. 2 that the
transition B & a occurs over a broad range of Mg?* concen-
tration if myg+ is large. Thus, for a highly cooperative tran-
sition, we expect myg2+ to be relatively small. For two-state
transitions one can show by substituting Eq. 2 into Eq. 1 that

) (AGB,I)Z 1
Q. =1
“ 8\ RT ) In(3+22)

with « = I or N.

fa=1-

[3]
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FiG. 1. Magnesium-dependent folding of the Tetrahymena pre-
RNA. (A4) 32P-labeled pre-RNA was annealed at 95°C or incubated at
30°C in buffer containing the concentration of MgCl, indicated above
each lane, before loading on a native 6% polyacrylamide gel at 10°C
(see Materials and Methods). Band 1, folding intermediate (I); band 4,
RNA that is competent to self-splice (N) (29). Diffuse radioactivity
above and below band 1 is defined as unfolded RNA (U). (B) Mg?*+
dependence of I and N after annealing at 95°C. @, fraction of native
pre-RNA (fn); O, fraction of intermediate (f1). The fraction of
unfolded RNA (fu) is obtained from fu + f1 + fx = 1. For clarity,
fuis not plotted. fx and fi were fit to the Hill equation independently
as described in Materials and Methods. Values were Cno = 4.1 £ 0.03
and 4.2 = 0.05 mM, for N and I respectively, and n = 9.0 = 0.8. C,
Fraction of I and N after 2 hr at 30°C in splicing buffer plus MgCl, and
10% glycerol. Symbols and curves are as in B. Cyn = 3.4 * 0.01; Ciyp
=35%0.02mM; ny = 15 = 0.7 and ny = 17 £ 1. (D) Derivative of
f~ with respect to Mg?™ concentration. Values of Cmax and (dfx/
dC)max Were obtained analytically from the curve in B. AC is the width
of the curve at 5 (dfo/dC)max.
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Our measure of cooperativity is qualitatively related to the
Hill model. If the Hill constant n is large, then the transition
is cooperative, leading to a large value of (. This implies that
the /" Mg?* ion binds more readily than the (i — 1)' ion. This
feature is captured in Eq. 3 by the linkage between the degree
of cooperativity and the free energy gap between the « and 8
states. The advantage of by using Eqgs. 1 and 3 is that we only
need to know the properties of the equilibrium curve around
the midpoint of the transition, which can be obtained fairly
accurately for I & N. More importantly, a direct estimate of
AGg, is obtained without making the assumption that the
binding constants of all of the Mg?* ions are identical, which
is only valid for an infinitely cooperative transition.

From the values of Q. above, we find that AGyy is —4.8
(95°C annealing) or —6.2 kcal/mol (1 kcal = 4.18 J) (30°C).
This establishes that the extent of cooperativity is determined
by the relative stability of the initial and final states. The
apparently weak dependence of U < I on Mg?* suggests that
AGyy is small.

Specificity of Cation Interactions. The decreased cooper-
ativity of U & I with respect to Mg?* suggested that formation
of the intermediate is less dependent on coordination of Mg?*
at discrete sites than the native state. If this hypothesis is true,
structures resembling I should also result when folding is
initiated by monovalent ions. Nonspecific association of mono-
valent and other divalent ions with the RNA is expected to
promote condensation of the RNA, although much greater
concentrations of monovalent ions are required to achieve a
similar degree of charge stabilization in aqueous solution (31).
For example, ~1 M NaCl is required to stabilize the secondary
structure of the Tefrahymena ribozyme to the same extent as
5 mM MgCl, (32).

Folding of the pre-RNA in the presence of Na* or NH,* was
monitored by gel electrophoresis as before (Fig. 24). When no

2 Na+ NH4* Mg2+
el [ R oy
o LTI T T —
- - — 4
B

- Na+ Caz+ Mg2+
+ + = + + - +
Mg2+ = = 4 =2 = o = = - =

— - —1

F1G6.2. Monovalent ions induce rapid folding of the pre-RNA. (A4)
RNA was annealed at 95°C in 50 mM Na-Hepes, pH 7.5/1 mM EDTA
plus one of the following: no addition (—); 0.1, 0.25, 0.5, or 1 M NaCl;
0.1-1 M (NH4)2SO4; or 6 mM MgCl,, before electrophoresis on a
native 6% polyacrylamide gel. The gel and running buffer contained
10 mM MgCl,. (B) Pre-RNA was annealed as above with no salt (—),
1 M NaCl, 6 mM CaCl,, or 6 mM MgCl,. Samples were incubated for
30 s at 30°C with (+) or without (=) 0.1 mM GTP and 6 mM MgCl,
immediately before loading. The MgCl; in the gel and running buffer
was replaced by 10 mM CaCl,.
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MgCl, was added to the sample, 100-250 mM NaCl was
sufficient to induce a band corresponding to the intermediate
seen in Fig. 1.4. Similar results were obtained with (NH4)>SOs,
indicating that this effect is due primarily to increased ionic
strength rather than to specific interactions with Na* ions (Fig.
2A). Most of the pre-RNA migrated as the fully folded form
(band 4) when annealed in 1 M NaCl and no Mg?*. The folded
pre-RNA was active, because it was shifted to a band with a
slightly lower mobility when incubated with GTP (data not
shown). This GTP-dependent electrophoretic species contains
a complex of spliced products and is indicative of self-splicing
activity (29). We confirmed that self-splicing requires Mg?* or
Mn?" under the conditions of these experiments (data not
shown). Therefore, the formation of active pre-RNA in these
experiments must be because of the presence of Mg?* ions in
the electrophoresis buffer.

To further assess the specific requirements for Mg?* during
folding, similar experiments were carried out on native gels
equilibrated in 10 mM CaCl,. Ca?* stabilizes the tertiary
structure of the ribozyme but is not sufficient for catalysis (18,
33). As illustrated in Fig. 2B, pre-RNA that was annealed in
either 1 M NaCl or 6 mM CaCl, attained an electrophoretic
mobility similar to that of the native state, although band 4 was
slightly broadened. In gels containing CaCl,, however, active
pre-RNA was only formed if the samples were incubated with
6 mM MgCl, for 30 s at 30°C before loading. Thus, a fraction
of the ion-binding sites must be specifically occupied by Mg?*
in the active state, consistent with previous work (33). The
minimum number of Mg?* ions bound in the I & N transition
in 100 mM (NH4),SO4 was estimated to be nine, from an
analysis of the fraction of native pre-RNA using the Hill
equation (Fig. 1B). This value is nearly the same as that
obtained when the formation of active ribozyme was moni-
tored by photocrosslinking (17, 34).

The results above show that nonspecific cation interactions
stabilize the I and N states. Annealing in high concentrations
of Na* or NH4* or low concentrations of Ca2?* induce
conformational states that are able to rapidly reach the active
state, either during the time required for the RNA to enter the
gel matrix (15-30 s) (Fig. 24) or after a 30-s incubation in 6
mM MgCl, at 30°C (Fig. 2B). In early experiments, slower
folding of tRNA at low ionic strength was attributed to the
prevalence of extended, noncloverleaf secondary structures
(6). By analogy, nonspecific ionic interactions may alter the
average structure of the unfolded pre-RNA population. The
lower gel mobility of I suggests that it is less compact than N,
and this is consistent with the fact that greater concentrations
of monovalent salts are required to induce formation of N than
are required for the formation of I.

Mg+ Dependence of the Folding Kinetics. As the relative
stabilities of T and N depend on Mg?*, the folding kinetics of
the pre-RNA are also expected to vary with Mg?* concentra-
tion. Because the time scale of the direct conversion of U to
N is shorter than the time required for samples to enter the
native gel (15-30 s), the present experiments only reveal the I
& N transitions, which occur on the minute time scale.
Nonetheless, because ~90% of the RNA population folds via
pathways that involve I, many aspects of the folding kinetics
can be deduced from the experiments described here. In partic-
ular, the rugged energy landscapes arising from topological
frustration are manifested in the complex slow kinetics (23).

The populations of I and N were monitored as a function of
time (Fig. 34) as described (22) and in Materials and Methods.
Folding reactions were initiated by adding MgCl, to unrena-
tured pre-RNA in 0.1 M (NHy4),SOj4 at 30°C. Nearly identical
results were obtained with pre-RNA that was denatured at
95°Cin 7.5 M urea before the start of the folding reaction (data
not shown). A significant fraction of I was formed within the
initial time of the experiment [f; (30 s) =~ 0.2], suggesting that
U & 1 is rapid for some of the population. This result is
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F1G. 3. Folding kinetics of the pre-RNA. (4) Folding reactions at
30°C were analyzed after 0—20 min in 3.25 or 6.0 mM MgCl, by native
gel electrophoresis as described (22). The gel was run continuously
during the experiment, so that samples loaded at 20 min have migrated
a shorter distance. (B) Formation of native pre-RNA at 30°C. m, 3.25
mM; A, 4.0 mM; @, 6.0 mM MgCl,. The data were fit to a first-order
rate equation as described in Materials and Methods. For clarity, only
the first 20 min of the reaction are shown. An additional slow kinetic
phase can be resolved when fn(t) is monitored over 120 min (22). (C)
Formation of intermediates (I). Symbols are as in B. The data were fit
to equations with one or two exponential terms (see Materials and
Methods).

consistent with the apparent lack of dependence of f; on Mg?*
concentration in the equilibrium titrations in Fig. 1B.

Assuming that rapid formation of I results from nonspecific
ion binding, a theoretical estimate of the time scale for U &
I can be made. The nonspecific compaction of chains is
predicted to occur on the time scale Tne ~ 7N%2, where N is
the number of nucleotides (35). The prefactor, 7, which is a
function of the viscosity and the persistence length of RNA, is
on the order of 1 ns. For the pre-RNA, N = 657, and this yields
7~c ~ 2 ms, which is considerably smaller than the deadtime
of our assay. Pan and Sosnick have argued, by using spectro-
scopic probes, that the equilibrium intermediate in P RNA
forms in less than ~1 ms (24).

A complete analysis of the folding kinetics according to
triangle mechanism in Scheme I should include both the fast
pathway that is associated with the direct U < N transition and
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the slow pathway involving I. Because the majority of mole-
cules fold via intermediate states, and because I is initially
formed rapidly compared with the time required to convert I
to N, the appearance of N can be treated as arising from a
two-state unimolecular process. With these assumptions, the
time dependence of fn(t) and fi(t) were fit to single exponen-
tial equations (Fig. 3 B and C). As shown in Fig. 44, the yield
of native pre-RNA (Ay) increased cooperatively with Mg?*
concentration with a midpoint of 3.7 mM, in agreement with
the equilibrium titration experiments (Fig. 1C). The yield of
the intermediate, however, decreased with increasing Mg?*
(Fig. 44). At concentrations of Mg?* below the midpoint of T
< N, the amount of I continued to increase with time after the
first 30 s. Above the midpoint, the fraction of I decreased with
time. This change in the direction of the folding process
reflects the change in the relative stabilities of I and N.

Rates of unfolding were also measured as a function of Mg?*
concentration by diluting renatured pre-RNA into buffer at
30°C containing 2-4.5 mM MgCl,. Little unfolding was ob-
served at Mg?>* concentrations above 3.5 mM (data not
shown). Below 3.5 mM, however, the rate and extent of
unfolding increased rapidly with decreasing Mg?* (k, = 0.45
min~! at 3.25 mM MgCl,; 0.7 min~! in 3.5 mM MgCl,; =6
min~! in 2.0 mM MgCL).

Mg?*-Dependent Stabilities of I and N Determine the
Folding Kinetics. An analysis of the rate constant for the
folding reaction, kn, with respect to Mg?* concentration
showed that the rate of folding decreased monotonically with
increasing Mg?* and became nearly constant when the con-
centration of the cation was increased beyond 8 mM (Fig. 4B).
This unexpected result can be rationalized by relating the

A 0.8

0.6

0.2

Mg2+ (mM)

Mg®* (mM)

FiG. 4. Mg2* dependence of the folding kinetics. Reactions were
carried out in 0 to 10 mM MgCl, at 30°C as in Fig. 3. (4) Amplitude
of the folding transitions with increasing MgCl, concentration. @,
native RNA (An); O, intermediate (Ay). Curves represent the fit to a
cooperative binding equation as in Fig. 1B, where fn, max = 0.60; fxo
= 0.03; Kn = 3.7; nn = 22; and f1, max = 0.52; f10 = 0.04; K1 = 3.8;
nr = 16. (B) Mg2?* dependence of observed rate constants (kn) for I
< N. The curve represents the best linear fit to In(kn) vs. Mg?*
concentration, where the slope = —0.83 = —mpmg+/RT.
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barrier between I and the most probable transition state with
the difference in the free energies of I and N. The simplest
model for the variation in AGyy is

AGn = AGpax + mye2+(Coye — C) [4]

where C is the concentration of Mg?*, Cg, is the saturation
value, and AGyy.y is the value of AGyy at saturating Mg?*. For
the pre-RNA considered here, AGnyax =~ —4.8 kcal/mol. The
value of the coefficient my+ = dAGyn/dC gives an indication
of the number of uncoordinated Mg?* sites and is easily
computed from the condition AG = 0 at C,. For the
pre-RNA, C, = 4.1 mM, so that myg+ =~ 1 kcal'mol ™ *mM 1.

Alternatively, an estimate of myg+ can be made from the
dependence of the rate constant k; on Mg?* concentration. It
follows from the free energy profile describing the unfolding
of N to I that the minimum barrier between I and N is AG¥ =
|[AGmax| + mmg+ C, so that

—-AG —Mpg2+C
k| =exp < RTIN> =~ kg exp (%) [5]

As a result, ki should decrease exponentially with increasing
concentration of the divalent cation. A semilogarithmic fit to
the experimentally determined values of k; from 3 to 4.5 mM
MgCl, yielded mpq2- =~ 0.5 keal'mol~»mM ! at 30°C (Fig. 4B),
which is consistent (within a factor of 2) with the estimate from
the thermodynamic measurements. Thus, the general outlines
of the Mg?"-dependent folding kinetics follow from the ther-
modynamics of this three-state model.

It is interesting to compare the distinct roles played by Mg?*
in the conversion of I to N. We and others have demonstrated
that urea accelerates the folding rates of large RNA (22, 24,
36). This result may be understood by supposing that the
denaturant does not interact significantly with N but destabi-
lizes the I states (22, 37), leading to the observed increase in
rate. In contrast, Mg>* affects both the I and the N states, and
the decrease in the folding rate is caused by the effects of the
divalent cation on the relative stabilities of N and I. Thus, urea
and Mg?* interact very differently with the I states and the
native state. These arguments suggest that urea should be most
effective under conditions when the concentration of Mg?* is
chosen so that N state is more stable than I. In other words, the
rate enhancement by urea is greater when [Mg?*] > C,, than
when [Mg?*] < Cp. This prediction is consistent with the
experiments on the Tetrahymena ribozyme (38) and RNase P
RNA (24), which showed that at a fixed concentration of Mg?*
(>Cu), the maximum rate of folding was found at the highest
urea concentration.

CONCLUSION

The Mg?*-induced equilibrium transitions to the functional
state of the Tetrahymena pre-RNA reveal the presence of a
stable set of discrete intermediates. We have shown that the
transition from I to N is considerably more cooperative than
the formation of I from unfolded states, and the degree of
cooperativity is found to directly depend on the free energy of
the transition. Similar results were obtained by analyzing the
data on folding of apomyoglobin after dilution of urea (39), in
which it was found that I < N was considerably more coop-
erative than U & I (40).

We find that the rate of conversion from I to N decreases
monotonically with increasing Mg?* concentration. By con-
trast, nonspecific ion interactions appear to increase the
folding rate of the RNA, presumably by altering the average
conformation of the U states. The first result is explained by
a model that describes the changes in the underlying energy
landscape in terms of the dependence of the relative stabilities
of I and N on the concentration of the divalent cation (Fig. 5).
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FiG. 5. Three-state model for folding of the Tetrahymena pre-
RNA. An ensemble of unfolded structures (U) undergo a weakly
cooperative and presumably rapid transition to a collection of inter-
mediate states (I) that contain native and nonnative secondary struc-
tures (hatched cylinders) (25). I may also be stabilized by tertiary
interactions in the P4-P6 domain (dark grey) (36). The transition from
I to the native structure (N) is highly cooperative with respect to Mg?™.
At Mg?* concentrations above the midpoint (C > Cp), N is more
stable than I (solid line). When C < Cp, N is less stable than I (dashed
line). As I is also stabilized somewhat by interactions with Mg?*, the
folding rate decreases monotonically with increasing Mg?*. Because
this thermodynamic model describes the folding kinetics semi-
quantitatively, we expect that the position of the most probable
transition state (%) will vary little with Mg?* concentration.

The dependence of the folding rate on Mg?™ can be semi-
quantitatively predicted from the parameter mpg:, which
describes the response of I and N to Mg?* concentration.
Consistent with this model, we find that the unfolding rate,
which corresponds directly to the stability of N, varies slightly
more strongly with Mg?* concentration than the rate of folding
(mpge+ ~ 1.2). Thus, the relative stabilities of each conforma-
tional state not only determine the degree of cooperativity of
folding, but also dictate the complex kinetics of the assembly
of the native RNA structure.
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