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ABSTRACT

The native structure of the Azoarcus group I ri-
bozyme is stabilized by the cooperative formation
of tertiary interactions between double helical do-
mains. Thus, even single mutations that break this
network of tertiary interactions reduce ribozyme ac-
tivity in physiological Mg2+ concentrations. Here, we
report that molecular crowding comparable to that
in the cell compensates for destabilizing mutations
in the Azoarcus ribozyme. Small angle X-ray scatter-
ing, native polyacrylamide gel electrophoresis and
activity assays were used to compare folding free
energies in dilute and crowded solutions containing
18% PEG1000. Crowder molecules allowed the wild-
type and mutant ribozymes to fold at similarly low
Mg2+ concentrations and stabilized the active struc-
ture of the mutant ribozymes under physiological
conditions. This compensation helps explains why
ribozyme mutations are often less deleterious in the
cell than in the test tube. Nevertheless, crowding did
not rescue the high fraction of folded but less active
structures formed by double and triple mutants. We
conclude that crowding broadens the fitness land-
scape by stabilizing compact RNA structures without
improving the specificity of self-assembly.

INTRODUCTION

Many non-coding RNAs must fold into specific three-
dimensional (3D) shapes to function in the cell (1–3). These
3D structures are defined by tertiary interaction motifs that
hold double helices together and that contribute to the over-
all stability of the folded RNA (4–9). Using the group I ri-

bozyme from the Azoarcus bacterium as a model system,
we previously showed that tertiary interactions in different
regions of the RNA form cooperatively during assembly of
the core helices early in the folding process (10). This coop-
erative interaction network favors native-like intermediates
and suppresses alternative, non-native conformations.

Because single mutations can disrupt this cooperative ter-
tiary interaction network, they can substantially destabilize
the native structure of the RNA and reduce its in vitro activ-
ity, as observed in a number of ribozymes (4,11–14). Conse-
quently, many RNAs appear intolerant to mutation, raising
the question of how non-coding RNAs evolve new func-
tions or adapt to different genetic contexts. Nevertheless,
previous studies on group I ribozymes showed that muta-
tions in tertiary interaction motifs impaired the ribozyme
much less in the cell than in the test tube (12,15–16). These
observations suggested that the intracellular environment
allows less stable sequences to fold, either by stabilizing the
native tertiary structure or by reducing misfolding.

Here, we show that molecular crowding comparable to
that in the cell overcomes the destabilizing effects of single,
double or triple mutations that disrupt specific tertiary in-
teractions in the Azoarcus group I ribozyme. In the crowded
interior of a cell, macromolecules occupy ∼30% of the avail-
able volume and thus restrict the space available to an RNA
molecule (17). Such excluded volume effects lower the trans-
lational and configurational entropy of the unfolded RNA
more than they lower the entropy of the folded RNA, driv-
ing the folding equilibrium toward the native state.

We previously used small angle X-ray scattering (SAXS)
to show that synthetic crowders such as polyethylene gly-
col (PEG) or Ficoll stabilize the folded structure of the
wild-type (WT) ribozyme through excluded volume effects
(18,19). By contrast, small co-solutes such as sucrose and
ethylene glycol do not stabilize this ribozyme’s tertiary
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structure (18,19). Here, we show that these excluded volume
effects are sufficient to offset the loss of specific RNA ter-
tiary interactions, so that mutant and WT ribozymes fold in
similar Mg2+ concentrations in a crowded solution. Molec-
ular crowding also increases the ribozyme activity. Never-
theless, the double and triple mutants turnover more slowly
than the WT RNA, because the mutants form both active
and inactive structures. We conclude that crowding drives
RNAs into compact structures in physiological Mg2+ con-
centrations, but cannot improve the specificity of folding
when tertiary interactions are lost. We discuss how spe-
cific and non-specific stabilization of RNA tertiary struc-
ture is likely to influence the natural selection of non-coding
RNAs.

MATERIALS AND METHODS

RNA preparation

The Azoarcus group I L-9 and L-3 ribozymes (WT and
mutants) were prepared by run-off T7 transcription and
purified by polyacrylamide gel electrophoresis (PAGE) as
previously described (10,20). The 9-nt RNA substrate 5′
rCAUAUCGCC was obtained from Integrated DNA Tech-
nologies. Final samples contained 0.4 mg/ml (6 �M) ri-
bozyme in 20 mM Tris–HCl (pH 7.5), plus the stated con-
centrations of MgCl2 and PEG 1000 at 37◦C.

Small angle X-ray scattering

SAXS measurements were conducted at BioCAT (ID18;
Advanced Photon Source, Argonne National Laboratory,
IL, USA) at wavelength = 1.033 Å (12 keV) over the mo-
mentum transfer range Q = 0.006–0.34 Å−1. The SAXS
data were corrected for background scattering and indi-
rectly transformed to yield the pair distribution function,
P(r), and the radius of gyration, Rg (21). RNA was refolded
as previously described (10,18) except that diluted RNA in
20 mM Tris–HCl was incubated at 50◦C for 5 min before
and after the addition of PEG1000. Each sample (100 �l)
was individually adjusted to the desired MgCl2 concentra-
tion, then incubated 10 min at 50◦C and 30 min at 37◦C.
This method of sample preparation may account for slightly
smaller differences between the WT and particular mutant
ribozymes than previously observed when the RNA was
prefolded at 50◦C and titrated in MgCl2 at 37◦C (10).

Native PAGE

RNA samples were prepared as for SAXS, except sam-
ples were doped with a small amount of 32P-labeled RNA
and contained 7% (v/v) glycerol and <0.1% (w/v) xylene
cyanol. After equilibration at 37◦C, samples were immedi-
ately loaded on a native 6% polyacrylamide gel as previously
described (22).

Ribozyme activity assay

Single-turnover cleavage assays were carried out at 37◦C
as previously described (23). L-3 ribozyme (6 �M) was re-
folded in the desired [MgCl2] as for SAXS, but with 5 mM
GTP. Reactions were started with the addition of ∼10 nM

32P-labeled RNA substrate and quenched after 25 s or 3 min
by an equal volume of 30 mM ethylenediaminetetraacetic
acid, 10 M urea and 0.1X Tris-borate EDTA on ice. Both
the ribozyme and substrate were equilibrated with the same
concentration of PEG1000 at 37◦C before mixing to elimi-
nate any change in viscosity. Quenched reactions were ana-
lyzed by denaturing 20% PAGE and the fraction of product
over time fit to a stretched exponential rate equation (see SI
Methods). The slower rate of cleavage in 18% PEG can be
accounted for by the change in the viscosity of the solution
(19).

Free energy calculations

Previous work showed that Rg behaves as an order param-
eter of the solution and can be used to measure the fraction
of folded and unfolded RNA (24). Footprinting results con-
firmed that the tertiary folding of the Azoarcus ribozyme
is reasonably approximated by a two or three-state equilib-
rium (25,26). The change in Rg as a function of Mg2+ con-
centration C was fit to a three-state model (27):

R2
g(C) = R2

g,U + R2
g,Iu(C/Cm,1)n1 + R2

g,Ic(C/Cm,2)n2

1 + (C/Cm,1)n1 + (C/Cm,2)n2
(1)

in which Rg,U and Rg,Ic are directly determined from the
SAXS data in the lowest and highest Mg2+ concentrations
and the other parameters are obtained from fits to the data.
The fitted parameter values were used to simulate the popu-
lation of IC (see SI Methods). The populations of IC and N
(from activity assays) were fit to two-state transitions, f (C)
= Cn/(Cm

n+Cn), to give the midpoint Cm and slope n of
each folding transition with and without PEG1000. For each
mutant, the free energies of the IU→IC and IC→N folding
transitions, �G(C) = -nRT ln(Cref/Cm), were evaluated at a
reference concentration of Mg2+ Cref, which is equal to half-
saturation of the corresponding WT folding transition in
dilute buffer or 18% PEG1000, respectively. The confidence
intervals of fitted parameters were estimated by a bootstrap-
ping method as previously described (10). The value and re-
ported error of Cm, n and �G were obtained from the mean
and standard deviation of the bootstrapping results. The
free energy perturbations due to the mutations were calcu-
lated from ��G = �Gmut – �GWT in each folding condi-
tion.

RESULTS

Folding of the Azoarcus ribozyme

For our experiments, we used the group I ribozyme from
the purple bacterium Azoarcus sp. BH72, which has an un-
usually stable secondary and tertiary structure (Figure 1a
and b) (28). The tertiary structure of the ribozyme folds
in three macroscopic phase transitions (Figure 1c). In 0.2
mM MgCl2, the ribozyme forms an extended intermediate
(IU) that is more compact and flexible than the unfolded
RNA in no MgCl2 (27,29). In 1 mM MgCl2, the double he-
lices assemble into a compact, native-like intermediate (IC)
that is readily detected by solution scattering (30) and native
PAGE (22). Further rearrangement of the tertiary interac-
tions in ≥3 mM MgCl2 results in the active, native state (N)
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Figure 1. Molecular crowding stabilizes the folded Azoarcus ribozyme.
(a,b) Tertiary and secondary structure (PDB 1U6B). Red arrows (a) and
circles (b) indicate point mutations that disrupt tertiary interactions: L2
tetraloop, A25U; TH (triple helix), G125A; L9 tetraloop, A190U. (c) As
[Mg2+] rises, the population shifts from an unfolded state (U) with sec-
ondary but no tertiary structure, to the extended intermediate (IU), the
native-like compact intermediate (IC) and finally the native structure (N).
(d) Landscape illustrating the Mg2+-dependence of folding in dilute (blue)
and crowded (red) solutions. Both RNAs fold at lower [Mg2+] in a crowded
solution, but the L9 mutation changes the relative stabilities of IU and
IC. Midpoints of the U→IU and IU→IC transitions were calculated from
three-state fits to SAXS data. Midpoints of the IC→N transition were ob-
tained from the relative ribozyme activity (25 s). The degree of foldedness
represented by the y-axis is arbitrary.

that can be detected in biochemical assays (31,32). We used
SAXS, native PAGE and ribozyme activity to distinguish
the effects of crowding and mutations on each stage of fold-
ing (Figure 1d).

For this study, we measured the destabilization of the
RNA structure owing to single base substitutions that dis-
rupt a conserved triple helix (TH) in the center of the ri-
bozyme core, or that disrupt docking of two peripheral L2
and L9 tetraloops with their respective helical receptor in
P8/P8a and P5/P5a (Figure 1a and b). These comprise
three of the main tertiary interaction motifs that stabilize
the Azoarcus ribozyme. As previously demonstrated (10),
ribozymes carrying single, double or triple combinations of
these mutations were able to fold into a compact tertiary
structure (Supplementary Figure S1) and were catalytically
active in 15 mM MgCl2 (Supplementary Figure S2). Be-
cause these mutations do not prevent the ribozyme from
folding in high Mg2+, we could evaluate how each mutation
perturbed the equilibria between the U, IC and N confor-
mational ensembles.

Crowding compensates for missing RNA tertiary interactions

To test how much molecular crowding similar to that in
the cell’s interior can compensate for the loss of RNA ter-
tiary interactions, we compared the folding of mutant and
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Figure 2. Molecular crowding overcomes destabilizing RNA mutations.
Folding transitions from the unfolded state (U) to the compact native-like
intermediate (IC) were measured by SAXS at different [Mg2+]. Filled sym-
bols indicate experimental data on the WT ribozyme; lines show the best
fit of the data to a 3-state partition function (Equation 1). Light lines indi-
cate fitted transitions for one of the seven possible single, double or triple
L2, TH and L9 mutants; see data in Supplementary Figure S3. No PEG,
blue/light blue; 18% PEG1000, red/pink. All experiments were done with
0.4 mg/ml RNA equilibrated in 20 mM Tris–HCl, pH 7.5 plus the desired
[MgCl2] at 37◦C. (b) Normalized P(r) of the folded RNAs in 2 mM MgCl2
in water or in 18% PEG1000. Colors as in (a).

WT Azoarcus ribozymes in the presence or absence of PEG
with an average 1000 Da molecular weight. PEG stabilizes
the folded ribozyme primarily by excluded volume effects
(1820), and is advantageous for SAXS experiments because
of its low X-ray scattering contrast with water.

We used SAXS to measure the effect of molecular crowd-
ing on the initial stage of folding in which the double helices
assemble into a compact structure. As expected, all of the
RNAs went through a cooperative folding transition from
the unfolded ensemble (U) in no Mg2+ (Rg ∼72 Å) to the
compact IC intermediate in 1 mM Mg2+ (Rg = 32 Å; dark
blue, Figure 2a). We also detected a decrease in Rg at very
low Mg2+ that corresponds to formation of the extended in-
termediate, IU. The change in Rg

2 was fit to a previously val-
idated three-state model for folding (27) to obtain the equi-
librium populations of U, IU and IC at each Mg2+ concen-
tration and the free energy gaps between these states (Sup-
plementary Table S1).

In dilute buffer, the mutant ribozymes required more
Mg2+ to fold than the WT ribozyme, consistent with a less
stable tertiary structure (compare dark and light blue curves
in Figure 2a; see Supplementary Figure S3 for further data).
The mutants also formed less compact structures than the
WT ribozyme in 2–5 mM MgCl2, as indicated by a greater
Rg and more asymmetric pair-distance distribution func-
tion P(r) (Figure 2b). When 18% PEG1000 was added to
the solution, all of the RNAs were stabilized. They folded at
lower Mg2+ concentrations (red; Figure 2a) and had more
symmetric P(r) functions (Figure 2b) in 2 mM MgCl2, as
previously observed for the WT Azoarcus ribozyme (20).

Importantly, PEG stabilized the mutant ribozymes more
than the WT ribozyme, so that [Mg2+]1/2 for folding the WT
ribozyme was near the average for the group (compare red
and pink lines in Figure 2a). This result showed that the sta-
bilization arising from a crowded environment compensates
the loss of RNA tertiary interactions, equalizing the folding
of the WT and mutant RNAs. This compensation was also



Nucleic Acids Research, 2015, Vol. 43, No. 2 1173

0.1 1.00.01

0.2

0.4

0.6

0.8
U

IU

IC

0.2

0.4

0.6

0.8

0.1 1.00.01

U

IU

IC

P
op

ul
at

io
n 

fr
ac

tio
n

P
op

ul
at

io
n 

fr
ac

tio
n

[MgCl2] mM [MgCl2] mM

PAGE SAXS PAGE SAXS

(a) (b)

0 3mM

IU

U
IC

L9 RNA

[MgCl  ]2 0 3mM

IU

U
IC

L9 RNA + 18% PEG

[MgCl  ]2

Figure 3. Crowding stabilizes native and non-native intermediates. Fold-
ing of the L9 mutant was analyzed by native PAGE in (a) dilute solution
and (b) 18% PEG1000. Top, native PAGE was performed in the same exper-
imental condition as SAXS. Bands were assigned as described in SI Meth-
ods. The two high mobility bands have the same response to [Mg2+] and
were grouped. Bottom, populations of each conformer in solution calcu-
lated from native PAGE (solid lines) and the change in Rg (dashed lines).
Some of the unfolded RNA in solution folds to IU or IC when the sample
contacts the MgCl2 in the gel running buffer. U, unfolded RNA (red); IU,
extended folding intermediates (green); IC, compact intermediates (blue).
Fitted parameters are the standard deviation from 2–3 trials. Data for L9
and other ribozymes are shown in Supplementary Figure S3.

apparent from the similar P(r) functions of the WT and
mutant RNAs folded in 18% PEG (Figure 2b).

Crowding does not change the folding pathway

We next asked whether the Azoarcus ribozyme forms dif-
ferent intermediate structures in the crowded and dilute so-
lutions, and whether this accounts for the stabilization by
PEG. We used native PAGE to separate native-like and non-
native intermediates, which have different electrophoretic
mobility because of their different hydrodynamic shapes
(see SI text). RNAs were folded with or without 18% PEG in
the same conditions used for SAXS experiments (0.4 mg/ml
RNA) and loaded on a native 8% polyacrylamide gel con-
taining 3 mM MgCl2 at 4◦C.

Only the folded (IC + N) and the unfolded (U) confor-
mations were observed for the WT ribozyme (22). We mea-
sured the folded and unfolded populations using a model
that accounts for the fraction of RNA which folds as the
sample is loaded into the gel (Supplementary Figure S1b).
The increase in the folded population with Mg2+ concentra-
tion coincided with the main folding transition measured by
SAXS (Supplementary Figure S3a). This transition shifted
to a lower Mg2+ concentration in 18% PEG, in agreement
with PEG’s stabilization of compact structures.

In contrast to the WT ribozyme, the mutant ribozymes
either migrated more slowly in the gel or formed additional
bands corresponding to the extended IU intermediate and
other non-native structures structures (Figure 3; see Sup-
plementary Figure S1). For each ribozyme sequence, PEG
increased the population of folded RNA but did not change
the types of intermediates formed (Supplementary Figure
S3b–h). We also observed that 18% PEG favored the IU
state over the less compact U state, in low Mg2+ (Figure
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Figure 4. Crowding increases ribozyme activity. Formation of the native
state (N) was measured in single-turnover activity assays (Supplementary
Figure S4). The fraction of substrate cleaved versus [Mg2+] in three or more
trials were fit to a two-state function. See Supplementary Figure S6 for
further data on other mutants. (a) The product formed in 25 s indicates
the fraction of native ribozyme at each [Mg2+]. The mutants and WT fold
similarly in 18% PEG, but the mutants have lower maximum activity. (b)
Product formed in 3 min indicates the total population competent to react.
PEG only partially compensates for destabilizing mutations in this assay,
indicating a greater fraction of misfolded RNAs.

3b). This is consistent with the idea that crowding stabilizes
the folded RNA by restricting the volume (and conforma-
tional space) available to the unfolded chains (18). These
results also agreed with the suggestion that ions, crowders
and other co-solutes change the relative stabilities of differ-
ent conformations but not the folding pathways encoded by
the RNA sequence (33–35).

Molecular crowding stabilizes the native state

The results above showed that crowder molecules such as
PEG offset the destabilizing effects of our ribozyme mu-
tations, so that the mutant and WT RNAs form compact
structures in comparable Mg2+ concentrations. To deter-
mine whether the folded RNAs are active, we measured the
amount of native ribozyme at different Mg2+ concentra-
tions using single-turnover RNA cleavage assays (36,37). In
15 mM MgCl2, almost half the substrate was cleaved within
13–25 s at 37◦C (Supplementary Figures S4 and S5). This
is close to the maximal activity of the Azoarcus ribozyme
(Supplementary Figure S2) and reflects the internal equi-
librium between substrate cleavage and ligation (38). The
amount of product formed in 25 s increased sharply be-
tween 1 and 3 mM Mg2+ as the native ribozyme became
more populated (Figure 4a).

The native states of the mutant ribozymes were less sta-
ble than the native WT ribozyme and required higher Mg2+

concentration to form, as expected (Figure 4a and Supple-
mentary Figure S6). The addition of 18% PEG shifted the
titration curves for the mutants to lower Mg2+, however, so
that even the least active mutants (TH/L9 and L2/TH/L9)
had the same [Mg2+]1/2 for forming the catalytically active
native state as the WT ribozyme (Figure 4a and Supplemen-
tary Figure S6a). Therefore, a crowded environment not
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only stabilizes the native ribozyme (19,39–40) but the WT
and mutant ribozymes experience a similar free energy dif-
ference between the IC and N states.

Crowding does not rescue misfolded ribozymes

Although PEG stabilized the compact (IC) and native (N)
states, certain ribozymes such as those containing the L9
mutation had a lower maximum activity than the WT ri-
bozyme (Supplementary Figure S2). This reduced catalytic
activity was consistent with the presence of an additional
non-native conformer (Figure 3b) and some aggregation
of the L9 mutant above 3 mM Mg2+. PEG did not im-
prove the maximum activity of such mutants, suggesting
that molecular crowding cannot fully compensate for the
loss of sequence-specific RNA interactions.

At low Mg2+ concentrations, the initial phase of the sub-
strate cleavage reaction requires up to 3 min (Supplemen-
tary Figure S7) (19). This slow cleavage rate is presumably
because near-native ribozyme–substrate complexes only oc-
casionally fluctuate into the reactive structure when the
Mg2+ concentration is too low to fully stabilize the ri-
bozyme active site. The possibility of sampling suboptimal
structures is supported by the observation that individual
Tetrahymena group I ribozymes can react at different rates
(41).

In the conditions tested here, the total fraction of
ribozyme–substrate complexes capable of reaching the na-
tive state formed product within 3 min (Supplementary Fig-
ure S7). When this fraction of ‘refoldable’ RNA was com-
pared at different [MgCl2], the mutant ribozymes appeared
less stable than the WT ribozyme in either dilute or crowded
solutions (Figure 4b and Supplementary Figure S6b). In
other words, PEG was less able to improve the activity of
incorrectly folded RNA molecules that required more time
to react. This result agreed with the inability of PEG to raise
the maximum activity of mutants that readily form alter-
native structures, such as L9 or the least stable L2/TH/L9
triple mutant (Supplementary Figure S2 and S3). From
these results, we concluded that a crowded environment sta-
bilizes the native ribozyme structure in low Mg2+, but can-
not overcome the loss of folding specificity that arises when
tertiary interaction motifs are mutated.

Free energy landscape for folding in crowded solutions

To quantify the thermodynamic compensation for destabi-
lizing RNA mutations, we compared the free energy change
for forming the compact IC intermediate or the native (ac-
tive) state in dilute solution and in 18% PEG. Individual
Mg2+ titrations were fit to two or three-state folding mod-
els to obtain the populations of U, IU and IC (SAXS) and
N (activity). These populations were used to calculate the
standard free energy change (�G) associated with the U
to IC and IC to N folding transitions (SI Methods) (10).
The energy perturbations caused by the mutations, ��G
= �Gmut – �GWT, were evaluated at the MgCl2 concentra-
tion corresponding to 50% saturation of the WT folding
transition in each solution condition. This choice of ref-
erence condition avoids extrapolation to Mg2+ concentra-
tions where the assumptions underlying the thermodynamic
model are less valid (42).
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of fit residuals. The free energy obtained from activity assay is normal-
ized to maximum activity of each RNA (Supplementary Figure S2). The
[Mg2+]1/2 values of the WT and single mutant ribozymes reported here are
lower than previously reported (10), owing to the 25 s quench used here,
versus <20 s quench used previously. The longer reaction interval allows a
portion of semi-native intermediates to refold, boosting the relative activity
of the WT ribozyme and making the relative effects of multiple mutations
more apparent (Supplementary Figure S7).

All of the mutations destabilized the compact IC inter-
mediate in dilute buffer, resulting in positive values for
��GU→IC (blue bars, Figure 5a; Supplementary Table S1).
These energy perturbations followed the same order as re-
ported previously (10), but with a smaller magnitude. In
18% PEG, however, several mutants had a similar folding
free energy as the WT ribozyme, and L2 and L2/TH even
appeared more stable than the WT RNA (red bars; Figure
5a).

PEG also lowered the standard free energy change of
the Ic→N transition calculated from the amount of prod-
uct formed after 25 s. In dilute solution, the native state
became progressively less stable (��GIC→N > 0) as more
tertiary interaction motifs were mutated. By contrast, the
folding free energies of all ribozymes were very similar in
18% PEG (Figure 5b), again demonstrating that crowded
environments can compensate for the loss of tertiary inter-
actions outside the active site. As discussed above, crowding
does not rescue near-native or non-native structures that re-
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quire more time to fluctuate into the active state and react
(Supplementary Figure S8).

DISCUSSION

Molecular crowding favors the compact conformation of
the Azoarcus ribozyme, allowing WT and mutant RNAs to
fold into native-like structures in low physiological Mg2+

concentrations. The similar folding free energies of the mu-
tants tested here suggests that non-coding RNA structures
can tolerate sequence changes during evolution better than
predicted by in vitro folding assays. For example, some
destabilizing mutations in the td group I ribozyme harmed
intracellular self-splicing much less than expected (12). Re-
cent work on the CPEB3 ribozyme suggests that stabiliza-
tion from molecular crowding is particularly important for
marginally stable RNA structures (40), but is observed for
a variety of RNA structures (39,43–44).

We previously found that the cooperative formation of
tertiary interactions during helix assembly makes folding
more accurate because only native-like structures enjoy the
additional drop in free energy that arises when multiple ter-
tiary interactions form simultaneously (10). This coopera-
tivity is most important when solvent conditions (such as
low [Mg2+]) barely stabilize the native state (45,46). By con-
trast, strongly stabilizing conditions diminish the selectivity
of folding.

By non-selectively tilting the free energy landscape to-
ward compact structures, molecular crowding allows the
WT and mutant ribozymes an equal chance of accessing
the native state without improving the precision of self-
assembly. Instead, a crowded environment produces a broad
basin of attraction that favors a variety of compact struc-
tures. Our SAXS, native PAGE and activity measurements
all indicate that the mutated ribozymes sample folded con-
formations that are inactive in substrate cleavage assays,
and this less-active fraction increases with the number of
mutations with or without PEG (Supplementary Figure
S6). Thus, our results show that molecular crowding does
not overcome the loss of folding specificity that arises when
one or more tertiary interaction motifs are lost.

One prediction of these results is that non-coding RNAs
that act catalytically in the cell will be more sensitive
to destabilizing mutations than non-coding RNAs that
turnover only once, such as the Azoarcus group I ribozyme.
Estimates of intracellular splicing rates suggest that a pre-
cursor RNA has 1–2 min to fold and react before it is de-
graded (47–50), so that even suboptimal sequences may suc-
ceed by this measure. By contrast, sequence changes that
destabilize multiple turnover ribozymes such as RNase P
(51) must presumably be accompanied by the evolution of
other RNA or RNA–protein interactions that specifically
reinforce the optimal RNA structure. Since other polymers
stabilize the folded RNA as well as PEG does, generic ex-
cluded volume effects might have even boosted the func-
tions of RNA catalysts in a pre-biotic world.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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