CMLS, Cell. Mol. Life Sci. 57 (2000) 796—808
1420-682X/00/050796-13 $ 1.50 + 0.20/0
© Birkhduser Verlag, Basel, 2000

Review

ICMLS Cellular and Molecular Life Sciences

Recent insights on RNA folding mechanisms from catalytic

RNA

S. A. Woodson

T. C. Jenkins Department of Biophysics, Johns Hopkins University, 3400 N. Charles Street, Baltimore
(Maryland 21218-2685, USA), Fax + 1 410 516 4118, e-mail: swoodson@jhu.edu

Received 22 November 1999; accepted 18 January 2000

Abstract. Methods for probing RNA structure in real
time have revealed that initial folding steps are com-
plete in less than a second. Refolding of large cata-
lytic  RNAs in vitro often results in long-lived
intermediates that reach the native structure very
slowly. These kinetically trapped intermediates arise
from alternative secondary structures that form early

in the folding process. In cells, proteins modulate the
outcome of RNA folding reactions by stabilizing spe-
cific conformations or by accelerating refolding of
misfolded intermediates. At the same time, competi-
tion between metastable conformations provides a
means for regulating the biological activity of tran-
scripts.
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The many biological functions of RNA are reflected in
the diversity of three-dimensional structures that RNA
sequences can adopt. For example, stable rRNA and
snRNAs play integral roles in determining the architec-
ture of the ribosome and spliceosome, and their func-
tion in translation and splicing is well established [1, 2].
In addition, secondary and tertiary structure in precur-
sor and mature mRNAs can also determine their post-
transcriptional activity, in part by modulating
interactions with diverse RNA-binding proteins [e.g.,
refs 3-5].

The link between structure and function is most appar-
ent in autocatalytic introns and self-cleaving RNAs.
For this reason, they have been valuable model systems
for understanding how complex RNA structures are
assembled [6—9]. Recent high-resolution structures have
begun to reveal the folded conformations of several
ribozymes [10-12]. Here, I discuss how experiments
designed to probe the folding kinetics of catalytic RNAs
are beginning to unravel the mechanisms by which large

RNA structures are assembled. The conformational dy-
namics of smaller self-cleaving RNAs, such as the ham-
merhead and hairpin ribozymes, have been reviewed
elsewhere [13] and will not be discussed here.

Early studies on tRNA

Experiments carried out on transfer RNAs in the 1960s
and 1970s laid the foundation for more recent work on
the folding mechanisms of catalytic RNAs [14]. The
discovery that the cloverleaf secondary structure was
organized into a compact tertiary fold provided the first
hint that RNA structures were topologically complex
[15, 16], and the three-dimensional structure of yeast
tRNAP" uncovered many of the interactions that stabi-
lize RNA tertiary structures [17, 18]. These include base
stacking across helix junctions and in loops, non-Wat-
son-Crick base pairs, and neutralization of negative
charge on the phosphates by di- and trivalent cations.
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Temperature-jump and nuclear magnetic resonance
(NMR) experiments on tRNAs and small RNA hair-
pins established that local secondary structures form
with time constants of 10—100 us [19, 20]. Although the
rate of helix formation was largely independent of se-
quence and temperature, the rate of helix opening de-
pended on the stability of the base pairs, and varied
strongly with temperature [21, 22]. Refolding of stem-
loops in Escherichia coli initiator tRNA™¢ was also
found to correlate with the length of the loop, with the
acceptor stem forming about 25 times more slowly than
the anticodon helix [23].

Tertiary interactions in tRNA were formed more
slowly, typically in 10-100 ms [23-25]. For some
tRNAs, however, the folding rate was much less (sec-
onds), due to the need to rearrange non-cloverleaf
secondary structures which were particularly likely to
form at low ionic strength [23]. Indeed, it was apparent
very early that RNAs were prone to forming competing
structures of similar stabilities, and that the exchange
between these conformational states was slow at physio-
logical temperatures [26, 27].

Folding of large catalytic RNAs

The discovery that certain RNAs could function as
catalysts stimulated interest in understanding how their
tertiary structures are assembled [28, 29]. Of particular
interest were large ribozymes that contain two or more
domains of tertiary structure. Group I autocatalytic
introns range from about 200 to 1000 nt, group II are
about 600-2000 nt long, and the RNA subunits of
bacterial RNase Ps are typically 300—400 nt [30]. Initial
experiments to determine the folding pathway of the
group I ribozyme from Tetrahymena thermophila rDNA
and the ribozyme from Bacillus subtilis RNase P re-
vealed that the active conformation of the RNA was
formed over a period of minutes or hours, and that
partially folded intermediates persisted for long times
[31-34]. Thus, the assembly of large multi-domain
RNAs is a more demanding process than the folding of
tRNA.

Folding pathway of a group I ribozyme

The active site of the Tetrahymena group I ribozyme is
formed by the close packing of two major helical do-
mains at the center of the structure in the presence of
Mg?*, which is required for catalytic activity [29]. One
of these, containing paired (P) regions P4—-P6, is inde-
pendently stable [35], and forms a compact structure in
which the RNA is bent 180° [36] (fig. 1). A high-resolu-
tion crystallographic structure of the 160 nt P4-P6
RNA [37] revealed a network of interactions that stabi-

Review Article 797

lize close packing between helices P4, PS5, and P6 on the
one side, and a subdomain formed by the junction of
helices P5a, 5b, and 5c (P5abc) on the other. Paired
regions P3, P7, P8, and P9 form a separate helical
domain (P3-P9) that wraps around P4-P6, creating a
cleft that binds a helix containing the 5’ splice site (P1)
[38]. P2.1, P9.1, and P9.2, which are not essential for
catalytic activity, are proposed to wrap around the
exterior of the structure [39], and play an important role
in stabilizing the folded structure of the ribozyme [40—
42].

Knowing how large RNA structures are formed requires
methods capable of rapidly probing the conformation
in a sequence-specific manner. Zarrinkar and
Williamson [32] developed an approach for measuring
RNA folding kinetics based on competitive hybridiza-
tion of complementary deoxyoligonucleotides. Un-
paired regions of the RNA that are available to base
pair with the DNA probe are cleaved by RNase H. The
folding rate can be obtained from the fraction of
cleaved RNA, under conditions in which cleavage is
more rapid than dissociation of the probe. Experiments
with oligonucleotides complementary to different re-
gions of the Tetrahymena ribozyme showed that P4 and
P6 were base paired at the earliest time that could be
assayed by this method (15 s to 1 min), while the P3 and
P7 helices were formed much more slowly (k... =0.7
min ~!). These results, demonstrating that there was at
least one intermediate in which only the P4—P6 domain
of the ribozyme was folded, were consistent with the
ability of the P4-P6 domain to fold at lower Mg>+
concentrations than the P3—P9 domain in equilibrium
titration experiments [31]. Similar intermediate species
were also detected by time-dependent photo-crosslink-
ing and by chemical base modification of the RNA [43,
44).

The P4-P6 and P3-P9 domains are oriented with re-
spect to each other by a triple helix at the center of the
ribozyme [45]. The triple helix is required for reconstitu-
tion of the active ribozyme from the separate P4-P6
and P3-P9 domains [46]. A mutation that disrupts the
triple helix decreased the rate at which P3 and P7
became base paired [47]. These results, plus the observa-
tion that the P3—P9 domain could not fold in the
absence of P4-P6 RNA, initially suggested that the
P4-P6 domain acts as a ‘scaffold’ for folding of P3 and
P7 [47, 48]. Recent experiments suggest that P4-P6
stabilizes the folded conformation of the P3-P9 do-
main, but is not required for its assembly [49, 50].

Spectroscopic probes for RNA folding

One drawback to biochemical probes of RNA structure
is that the reactions can only rarely be carried out in
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less than 1 min, and are usually not suitable for detect-
ing rapid conformational changes. Spectroscopic meth-
ods, such as fluorescence emission or circular dichroism,
can be used to track conformational changes in millisec-
onds or even microseconds, as long as one can construct
a robust structural framework for interpreting changes
in signal intensity. Stopped-flow fluorescence was used
to detect base pairing and tertiary interactions involved
in binding of substrates to the Tetrahymena ribozyme
by covalently linking pyrene to the 5" end of the sub-
strate RNA [51]. A similar approach has also been used
to monitor conformational rearrangements associated
with substrate binding to the hairpin ribozyme and a
group II intron [52, 53], and a conformational switch in
a spliced leader RNA [54]. Pyrene has also been used to
follow global tertiary transitions in the P4-P6 domain
of the Tetrahymena ribozyme [55]. If two fluorophores
are linked to the RNA, the distance between them
during the folding reaction may be monitored using
fluorescence resonance energy transfer (FRET) [56, 57].

X-ray footprinting of RNA

More recently, a method for probing RNA tertiary
structure by hydroxyl radical cleavage on the millisec-
ond timescale has been developed [58]. Regions of the
nucleic acid backbone that are solvent inaccessible are
protected from cleavage in the presence of hydroxyl
radical [59, 60]. Thus, the relative extent of hydroxyl
radical cleavage can be used to monitor tertiary struc-
ture in RNA [61]. Irradiation of an aqueous solution
with a synchrotron white light X-ray beam generates
sufficiently high steady-state concentrations of hydroxyl
radical (0.1-1 uM) to carry out the cleavage reaction in
10-50 ms, about three orders of magnitude faster than
can be achieved in Fe(I)-EDTA reactions [58]. This
advance made it possible to collect ‘snapshots’ of the
Tetrahymena ribozyme tertiary structure at 10—20-ms
intervals, after initiating folding by rapid mixing with
MgCl,.

X-ray footprinting of the Tetrahymena ribozyme
showed that the tertiary structure of the P4—P6 domain
was formed in several seconds (k,,s=1 s—!) [62]. In
contrast, nucleotides in the P3—P9 domain became pro-
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tected from solvent much more slowly (k,,, ~ 1 min 1),
consistent with earlier results from oligonucleotide hy-
bridization studies and with the onset of catalytic activ-
ity [32, 50, 63]. Nucleotides at the interface between
P4-P6 and peripheral helices (P2, P2.1, and P9.1a) were
protected at an intermediate rate (k.. ~0.3 s7'). As a
result, the overall folding process is limited by a slow
conformational search in the catalytic core of the
ribozyme.

Kinetic traps and misfolded intermediates

Slow steps in the folding process indicate the presence
of one or more stable intermediates. These intermedi-
ates can be resolved by native polyacrylamide gel elec-
trophoresis at low temperatures [64]. After 15-30 s at
30 °C, only a small amount of pre-RNA containing the
Tetrahymena ribozyme (5-10%) was in the splicing-
competent conformation. Most of the pre-RNA mi-
grated as a broad band in the gel, corresponding to
many partially folded, inactive conformations [65]. Af-
ter long incubations with Mg+ or annealing at high
temperatures, 70-90% of the RNA was converted to
the active form at rates (0.1-0.5 min—!) that were
consistent with activity assays [63]. Chemical modifica-
tion interference and site-directed mutagenesis showed
that the predominant intermediate of the pre-RNA is
stabilized by incorrect secondary structure in the P3—P9
domain [66]. Subsequent experiments found that the
ribozyme also becomes kinetically trapped in stable
intermediates [67, 68], and these intermediates arise
from misfolding of the P3 helix [66].

In the Tetrahymena pre-RNA, the equilibrium between
inactive and active conformations also depends on in-
teractions with rRNA exon sequences. Self-splicing is
inhibited by a stem-loop in the 5’ exon that competes
with formation of the P1 splice site helix [69], and
formation of this rRNA stem-loop increases misfolding
of P3 in the intron core [66]. In fact, there are many
examples known in which adjacent sequences alter the
stability and folding kinetics of autocatalytic RNAs.
Splicing of a group I intron from phage T4 is inhibited
by base pairing between the 5" exon and nucleotides in
the intron near the 3’ splice [70]. Similarly, interactions

Figure 1. Parallel folding pathways of the Tetrahymena group I ribozyme. (4) Secondary structure [from refs 39, [155]]. Paired (P)
regions are numbered 5" to 3'. The P4—P6 domain (left) contains helices P4, PS5, and P6; P7—P9 domain (right) consists of P3, P7, P8,
and P9. Dashed lines indicate base pairing between hairpin loops (P13, P14). Colors indicate regions that are protected from hydroxyl
radical cleavage [62]: orange, 2 s~ !; green, 1 s —!; pink, 0.2-0.4 s !; yellow, 0.02-0.09 s —!; gray, rate not determined. (B) A small
fraction of the wild-type ribozyme folds rapidly to the active structure without stable intermediates (top), the remainder of the
population becomes trapped in several metastable intermediates that must partially unfold before forming the native structure (bottom)
[65]. These intermediates are stabilized by mispairing of the P3 helix (yellow cylinder) and tertiary interactions in the P4—P6 domain
(green) [66, 68]. The unfolded state has many conformations; there are at least several populated intermediates. [Model of active

ribozyme based on refs 38, 39.]
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Figure 2. Kinetic partitioning mechanism for folding. Metastable
intermediates correspond to local minima in the conformational
free energy surface and compete with the native structure (global
minimum). The ‘ruggedness’ of the landscape arises from the
tendency of the RNA to form incorrect interactions (e.g., to
misfold) [from ref. 85].

with flanking sequences have been found to inhibit
splicing of a group II intron in yeast mitochondria [71],
splicing of pre-mRNA in yeast [72], and cleavage of the
hepatitis delta ribozyme [73, 74] among others. In a few
cases, flanking sequences enhance ribozyme activity by
stabilizing the active structure [75-78].

Kinetic partitioning mechanism of RNA folding

The results above point to an emerging theme of RNA
folding, which is that structures form rapidly, but the
degeneracy of local interactions leads to alternative
conformations that are resolved slowly at physiological
temperatures. As discussed below, these concepts are
equally illustrated by parallel experiments on folding of
the RNase P ribozyme [79]. This dichotomy between a
rapid collapse of secondary and tertiary interactions
and slow transitions from intermediates to the native
structure late in the folding process can be explained by

RNA folding

‘energy landscape’ models analogous to those that were
initially developed to describe protein folding kinetics
[80—-83]. In these models, the protein or RNA explores
a free energy surface that corresponds to the conforma-
tional space available to the molecule (fig. 2). The
unfolded state is represented by a large number of
conformations of similar free energy, while the native
state most often corresponds to the global minimum in
the free energy surface [83].

Since each amino acid or nucleotide can make many
energetically favorable interactions (besides those that it
makes in the correctly folded structure), there are sev-
eral minima in the free energy surface [84]. The ‘rough’
features of the energy landscape led us to propose a
kinetic partitioning mechanism (KPM) for RNA fold-
ing [85]. In brief, this model states that a fraction of the
population folds directly and rapidly to the native struc-
ture (represented by the global minimum), while the
remainder of the population becomes trapped in mis-
folded intermediates (local minima). Transitions from
the intermediates to the native state are slow, because at
least some interactions must be broken before the cor-
rect structure can be formed (fig. 2).

Since folding is cooperative (that is, each interaction
stabilizes the next), the RNA chain will rapidly become
more and more ordered until a low free energy state has
been reached. If all the contacts are consistent with the
native structure and no incorrect interactions that re-
quire unfolding are introduced, the native RNA forms
rapidly [85]. In this case, folding appears to be a two-
state mechanism, because intermediates (if any) are
transient and difficult to observe. This direct folding
mechanism appears to fit the behavior of some tRNAs,
a domain of RNase P RNA (see below) [86], and
perhaps the P4-P6 domain of the Tetrahymena ri-
bozyme at high ionic strength [S. Silverman, T. R.
Cech, M. Deras and S. Woodson, unpublished datal].
As we have already seen, most RNAs can adopt many
alternative conformations, and the conformational free
energy diagram for RNA folding is in reality many
times more complex than indicated by figure 2. For long
RNA sequences, the number of possible conformations
is large, and the fraction of the RNA population that
folds rapidly becomes small. Only 5-10% of the Te-
trahymena precursor RNA and even less of the ri-
bozyme reaches the active conformation within 30 s at
physiological temperatures [50, 65].

A prediction of the KPM is that the rates of slow
folding processes are determined by the relative stabili-
ties of the trapped intermediates and the native confor-
mation. Consistent with this idea, denaturants such as
urea that destabilize metastable intermediates were
found to increase folding rates [65, 67, 79]. Conversely,
conditions that stabilize RNA structures, such as higher
concentrations of Mg?*, resulted in slow folding rates
[87, 88].
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Optimizing RNA sequences for folding

If RNAs misfold so readily, how can the folding process
be improved? Treiber et al. [68] carried out in vitro
selection for mutations in the Tetrahymena ribozyme
that increase the rate at which P3 is base paired, and
found that they mapped to P5abc, a particularly stable
region of tertiary structure in the P4—-P6 domain [68].
The most straightforward interpretation was that native
interactions in the P4—P6 domain stabilize one or more
folding intermediates, thereby decreasing the overall
folding rate [67, 68]. Similarly, long-range base pairing
between the terminal loops of P5c and P2 (P14; fig. 1)
was found to decrease the rate of folding by stabilizing
misfolded intermediates [89]. Tertiary interactions in
P5abc and loop-loop interactions such as P14 are re-
quired to stabilize the active conformation of the ri-
bozyme under physiological conditions. The fact that
they also slow down the folding process suggests that
there is a trade-off between the stability of the final
structure and the efficiency of assembly.

In contrast, a point mutation that stabilizes the P3 helix
enables as much as 80% of the ribozyme to fold within
15 s at 22 °C [89a]. Thus, stabilization of core interac-
tions enables most of the RNA population to avoid
becoming trapped in Kkinetically stable intermediates,
resulting in rapid and cooperative formation of active
ribozyme. X-ray footprinting of the mutant ribozyme
shows that nucleotides in P3 and in the P4-P6 domain
are protected from hydroxyl radical cleavage at roughly
the same rate, indicating that folding of the mutant is
much more cooperative than that of the wild-type RNA
[89a].

Folding of a ribozyme from RNase P

The RNA subunit from RNase P is another example of
a large catalytic RNA whose folding mechanism has
been extensively investigated. Three-dimensional mod-
els for the structure of P RNA, which cleaves pre-tRNA
substrates to form the 5 end of the mature tRNA, have
been developed from extensive biochemical data and
comparative sequence analysis [90, 91]. P RNA from B.
subtilis can be divided into two domains of tertiary
structure that are independently stable and have distinct
functions [33, 92]. The larger ‘catalytic’ domain ( ~ 250
nt) contains the active site for cleavage [93], while the
smaller ‘specificity’ domain (~ 150 nt) contributes to
the specific binding of pre-tRNA substrates [92].

Like the Tetrahymena ribozyme, the B. subtilis P RNA
is susceptible to becoming trapped in misfolded inter-
mediates when refolded in vitro [86]. The overall rates
of folding (about 0.1-1 min —') are limited by the slow
transition from the intermediate(s) to the active struc-
ture (fig. 3) [34], but can be increased by denaturants
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such as urea and are highly dependent on temperature
and Mg?* concentration [79]. Slow folding is in part
due to non-native interactions at the junction of the
catalytic and specificity domains.

In the wild-type ribozyme, the catalytic domain is
formed from nucleotides at both the 5 and 3’ ends of
the RNA. Permutation of the sequence so that the
catalytic domain is placed entirely at the 5’ end of the
RNA enabled the catalytic domain to fold rapidly
(<10 s), although the specificity domain still folded
slowly under most conditions [86]. These results again
demonstrated that single domains of tertiary structure
can fold on the 100-ms timescale, if stable misfolded
intermediates can be avoided. As the folding kinetics of
P RNA were sensitive to the relative order of the
catalytic and specificity domains, it also seemed possible
that the order in which RNA interactions are formed
could determine the folding pathway.

Role of transcription

Various methods used to probe RNA structure during
transcription have found that local secondary and ter-
tiary interactions begin to form as soon as the RNA is
extruded from the elongation complex, which for E. coli
RNA polymerase requires about 14-16 nt [94-96].
Since 5’ sequences have an opportunity to interact be-
fore the 3’ end is synthesized, the intermediates that are
populated during transcription may not be the same as
those that prevail during refolding of full-length RNA.
Since folding intermediates can be quite stable, they can
persist even after transcription is complete.

When Pan and co-workers [97] examined the folding
kinetics of RNase P RNA during transcription by either
phage T7 or E. coli RNA polymerases in vitro, they
observed a greater number of metastable intermediates
with different stabilities, compared to refolding after
transcription (fig. 3). Addition of Nus A elongation
factor to reactions of E. coli RNA polymerase, how-
ever, accelerated folding of the specificity domain at
least 10-fold, and increased the overall rate of folding of
the permuted RNA about four times. This was most
likely due to increased pausing at a specific site, since
Nus A had no effect on folding when the RNA was
transcribed by a mutant polymerase that displays re-
duced pausing and is insensitive to Nus A [97].

The distribution of folding intermediates is also ex-
pected to depend on the rate of transcription elonga-
tion. The elongation rates of phage polymerases are
much higher than those of bacterial and eukaryotic
polymerases ( ~ 250 nt s~! vs 5-50 nt s~ ') [98, 99], and
there have been reports that RNAs expressed from
phage T7 promoters are biologically inactive [100, 101].
After slowing down the rate of T7 transcription in vitro,



802 S. A. Woodson

thermal gradient gel electrophoresis was used to sepa-
rate metastable structures that appeared during synthe-
sis of potato spindle tuber viroid RNA [102]. Over time,
these conformers were observed to refold into thermo-
dynamically more stable structures. As we shall see
below, sequential folding of RNA during transcription
can also serve as a normal mechanism for regulating
gene activity.

Folding of catalytic RNA in vivo

If large ribozymes are susceptible to becoming trapped
in long-lived folding intermediates in vitro, how are
active RNA structures formed rapidly in the cell? First,
binding of specific proteins (or even other RNAs) could
promote assembly by selectively stabilizing the native
structure [8]. A number of group I and group II introns
in fungal mitochondria require specific splicing factors
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for processing in vivo [103]. Biochemical experiments on
the CYT 18 mitochondrial tyrosyl synthetase from Neu-
rospora, the CBP2 protein from yeast, and the intron-
encoded COB maturase from Aspergillus nidulans have
shown that these proteins facilitate splicing by binding
to the intron RNA and stabilizing its active conforma-
tion [104-106]. There is evidence that interactions with
the protein also assist folding of the intron RNA [107—
109].

Tetrahymena pre-rRNA has a half-life of about 2 s in
Tetrahymena cells, which is about 20—50 times shorter
than that of self-splicing in vitro [110, 111]. The dis-
crepancy between the intracellular activity of the RNA
and the very long times required for folding in vitro
implies that there are mechanisms for avoiding or over-
coming misfolding in vivo. When the intron was in-
serted into the homologous position of the E. coli
rRNA, splicing was as rapid in bacteria as it is in
Tetrahymena cells [112]. Thus, a species-specific splicing

Refolding
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Figure 3. Cotranscriptional folding of Bacillus subtilis RNase P ribozyme. The folded specificity (S) and catalytic (C) domains are
indicated schematically by gray boxes. The 5" and 3’ ends of the wild-type ribozyme occur in the middle of the C domain. In the
circularly permuted (CP) RNA, the 5’ end begins the C domain and the S domain is at the 3’ end of the transcript. Refolding in vitro
(top) involves several metastable intermediates (indicated by open shapes) [86], which are different to those observed during
transcription (middle) and in the presence of Nus A (bottom) [from ref. 97].



CMLS, Cell. Mol. Life Sci. Vol. 57, 2000

factor is not required to achieve high intracellular splic-
ing rates of this group I intron. Instead, a more general
mechanism must promote folding of the intron in bacte-
ria. Interestingly, mutations in the intron that cause
misfolding in vitro also resulted in decreased splicing
activity at low temperatures in E. coli [113]. These
results suggested that the structures of the folding inter-
mediates in bacteria are similar to those identified in
VItro.

RNA chaperones

Second, RNA-binding proteins can help unfold non-na-
tive intermediates and accelerate their conversion to the
active structure [114] in a manner that resembles the
action of protein chaperones [I115]. A number of
proteins that bind preferentially to single-stranded
RNA with low sequence specificity have been shown to
have RNA chaperone activity in vitro, including the
HIV nucleocapsid protein, hnRNP A1 [116], ribosomal
protein S12, and a novel protein Stp A from E. coli
[117, 118]. The E. coli cold shock protein Csp A acceler-
ates RNA strand exchange in vitro, suggesting that one
of its functions is to help dissociate misfolded RNAs at
low temperatures [119]. The yeast La protein, which
binds to the oligo-U sequence at the 3’ end of pol III
transcripts, is proposed to function as a chaperone for
the assembly of newly transcribed pol III RNAs into
functional RNPs [120]. A hallmark of these proteins is
that they are not required for activity once the RNA is
properly folded [117]. Indeed, La is not essential for
survival of wild-type yeast, but is required in cells
containing mutations that compromise pre-tRNA pro-
cessing or the assembly of U6 snRNAs [120].

The observation that ribozymes fold slowly in vitro
because they form incorrect structures provides a basis
for expecting that proteins will be generally required to
accelerate conformational changes in RNA. A good
illustration of this is the assembly of spliceosomes,
which requires auxilliary factors that destabilize RNA
helices [121]. These include members of the DEAD/
DEAH-box family of RNA-dependent ATPases, many
of which have been directly linked to RNA secondary
structure rearrangements in the spliceosome [121-123].
Mutations in these proteins often result in cold-sensitive
phenotypes, consistent with their role in unwinding
RNA duplexes. Similarly, in vitro reconstitution of ri-
bosomal subunits is slow and requires incubation peri-
ods above 37 °C [124]. In addition to DEAD box
ATPases, ribosome biogenesis depends on transient
base pairing interactions between the pre-rRNA and
small nucleolar RNAs, raising the interesting possibility
that the snoRNPs function as ‘chaperones’ for ribo-
some assembly [125, 126].
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Refolding of mRNAs during translation: ribosomes as
RNA chaperones?

Recent work in bacteria has revealed a role for ribo-
somes in stimulating the unfolding and refolding of
mRNAs. In some examples, refolding of the mRNA is
coupled to translational control of downstream genes
by disrupting RNA structures that inhibit translational
initiation [127, 128]. A particularly clear example of this
idea comes from work on the group I intron from the
thymidylate synthase (zd) gene of bacteriophage T4.
Analysis of a large number of mutations in the #d intron
showed that splicing activity in E. coli correlates closely
with the stability of the intron tertiary structure in vitro
[129]. Less expected, however, was the observation that
splicing activity was almost undetectable when stop
codons were introduced upstream of the 7d intron, just
before a region of the 5" exon that is complementary to
a sequence at the 3’ end of the intron (fig. 4) [70]. Base
pairing between the 5 exon and the #d intron blocks
self-splicing, because the nucleotides in the intron nor-
mally form interactions that stabilize the catalytic cen-
ter and enable 3’ splice site recognition [40]. Schroeder
and co-workers have established that the correlation
between translation and splicing activity was due to
dissociation of the inhibitory base pairing by ribosomes
moving through the upstream portion of the td mRNA
[70, 130].

Refolding of metastable structures as a mechanism of
gene regulation

The idea that ribosomes can alter the equilibrium be-
tween alternative mRNA structures dates back to the
discovery of anti-termination and translation attenua-
tion of the #rp operon in E. coli [131]. When levels of
tryptophan are low, ribosomes stall on adjacent trp
codons in the leader sequence of the trp operon, permit-
ting formation of an anti-terminator stem-loop and
transcription of tryptophan biosynthetic genes. When
tryptophan is abundant, ribosomes read through the
anti-terminator stem-loop, resulting in formation of the
terminator stem-loop instead. In B. subtilis, the anti-ter-
minator stem-loop is unfolded by a protein called
TRAP that binds the trp leader in the presence of
tryptophan [132]. More recently, TRAP has also been
shown to effect translational control by triggering re-
folding of the mRNA, such that the ribosome-binding
site of trp E, which is 100 nt downstream of the anti-ter-
minator, becomes sequestered in a stable hairpin [133].
The pyrimidine (pur) biosynthetic operon in B. subtilis
is another well-studied example in which a regulator,
Pyr R, effects translational attenuation by modulating
the secondary structure of the mRNA [134].
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There are now many examples in bacteria in which the
kinetics of RNA folding can be effectively exploited to
regulate the timing of translational control [135-137].
Translation of the A protein of phage MS2 is repressed
by a cloverleaf structure in the 5" leader of the mRNA
that sequesters the ribosome-binding site in mature mR-
NAs [138], and only nascent transcripts can be trans-
lated. Slow formation of the cloverleaf structure creates
a time window in which the ribosome-binding site re-
mains accessible [139]. Slow equilibration of metastable
structures has also been proposed to provide a timing
mechanism for regulating the expression of plasmid-en-
coded toxins by anti-sense RNAs [140, 141].

Post-transcriptional control in eukaryotes

Can metastable RNA conformations influence the pro-
cessing of messages in eukaryotic cells? In eukaryotes,

every stage of an mRNA life cycle is orchestrated by an
array of RNA-binding proteins, and it is not known to
what extent these proteins reorganize or suppress se-
quence-specific structures in the transcript. All the
same, there are hints that RNA structure is important
for gene activity. Stable secondary structures involving
splice site sequences have been shown to inhibit splice
site recognition in yeast and mammals [72, 142-144].
Yeast ribosomal protein L30 and hnRNP Al down-reg-
ulate splicing of their own pre-mRNA by binding and
stabilizing secondary structures that sequester the 5’
splice site from components of the spliccosome [145—
147]. At the same time, base-pairing interactions that
bring together the 5" and 3’ ends of an intron appear to
improve intron/exon recognition [148]. A more subtle
effect of pre-mRNA structure could be to promote the
synergistic action of splicing enhancer proteins [149]. As
the association of splicing factors with pre-mRNA is
coupled to transcription by RNA pol II [150], it seems
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reasonable to expect that short-term fluctuations in the
conformation of the nascent RNA may influence the
recognition of RNA sequences by specific proteins
[151]. In the cytoplasm, many types of translational
control depend on interactions between regulatory
proteins and specifically folded structures in the 5" or 3’
untranslated regions of the mRNA [5]. Developmental
timing in Caenorhabditis elegans is regulated by lin-4
RNA via an anti-sense mechanism that is not well
understood [152]. Masking of maternal Xenopus
mRNAs depends on binding of members of the Y-box
protein family, whose members have many functions in
controlling gene expression [153]. The Y-box proteins
share structural homology with bacterial cold shock
proteins [154], which have also been proposed to mod-
ify the stability of RNA duplexes.

Future prospects

New techniques for probing the structures of catalytic
RNAs have begun to reveal the mechanisms by which
they fold into unique tertiary structures. A more de-
tailed picture of the folding process will continue to
emerge as more physical methods are applied to the
study of RNA conformation. Perhaps more impor-
tantly, RNA folding mechanisms provide a basis for
understanding the assembly of RNA-protein complexes
and the conformational changes that regulate their
function. Genetic and biochemical experiments are still
needed to understand the intracellular folding of RNA.
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