doi:10.1016/j.jmb.2009.08.044

J. Mol. Biol. (2009) 393, 753-764

MB

Available online at www.sciencedirect.com

ScienceDirect

ELSEVIER

Metal lon Dependence of Cooperative Collapse
Transitions in RNA

Sarvin Moghaddam’

, Gokhan Caliskan2?, Seema Chauhan?®,

Changbong Hyeon®, R. M. Briber'*, D. Thirumalai®*
and Sarah A. Woodson?*

'Department of Materials
Science and Engineering,
University of Maryland,
College Park, MD 20472, USA

*T. C. Jenkins Department
of Biophysics, Johns Hopkins
University, 3400 N. Charles
Street, Baltimore,

MD 21218-2685, USA

*Department of Chemistry,
Johns Hopkins University,
3400 N. Charles St., Baltimore,
MD 21218-2685, USA

*Department of Chemistry,
Chung-Ang University, Seoul
156-756, Republic of Korea

>Biophysics Program, Institute
for Physical Sciences and
Technology, University of
Maryland, College Park,

MD 20472, USA

Received 9 July 2009;
received in revised form
18 August 2009;
accepted 18 August 2009
Available online

25 August 2009

Edited by A. Pyle

Positively charged counterions drive RNA molecules into compact
configurations that lead to their biologically active structures. To
understand how the valence and size of the cations influences the collapse
transition in RNA, small-angle X-ray scattering was used to follow the
decrease in the radius of gyration (R;) of the Azoarcus and Tetrahymena
ribozymes in different cations. Small, multivalent cations induced the
collapse of both ribozymes more efficiently than did monovalent ions. Thus,
the cooperativity of the collapse transition depends on the counterion
charge density. Singular value decomposition of the scattering curves
showed that folding of the smaller and more thermostable Azoarcus
ribozyme is well described by two components, whereas collapse of the
larger Tetrahymena ribozyme involves at least one intermediate. The ion-
dependent persistence length, extracted from the distance distribution of the
scattering vectors, shows that the Azoarcus ribozyme is less flexible at the
midpoint of transition in low-charge-density ions than in high-charge-
density ions. We conclude that the formation of sequence-specific tertiary
interactions in the Azoarcus ribozyme overlaps with neutralization of the
phosphate charge, while tertiary folding of the Tetrahymena ribozyme
requires additional counterions. Thus, the stability of the RNA structure
determines its sensitivity to the valence and size of the counterions.
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Like proteins, RNA molecules adopt well-defined
three-dimensional tertiary structures that are essen-
tial for their biological activity. The native tertiary
structure is specified by a large number of favorable
interactions, such as base stacking and hydrogen
bonds, but opposed by the loss of chain entropy and
by electrostatic repulsion of the phosphates.'™
Consequently, the stability of the folded RNA
depends greatly on its preferential interaction with
counterions compared to that of the unfolded state.*

0022-2836/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
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Because RNA is a densely charged polyanion,
cations condense around the RNA, reducing the
electrostatic repulsion between the phosphate
groups and permitting attractive interactions to
drive collapse of the RNA chain. After counterion
condensation, there is a substantial reduction in the
RNA's radius of gyration, R, that coincides with a
shortening of the persistence length® and the initial
formation of tertiary structure.®-10

The folding of RNAs in the presence of different
types of counterions has been studied by both
experiment and simulation.'""* Small and highly
charged cations drive nucleic acid condensation
more effectively than do monovalent ions or ions
with a large excluded volume.'>"" First, multivalent
ions condense more strongly around the RNA and
neutralize a greater fraction of the RNA’s negative
charge.'® Second, small ions pack more efficiently
around the RNA than large ions.'”*' In accord with
these principles, the folding free energy of the
Tetrahymena group 1 ribozyme decreases linearly
with the charge density of the counterions, with the
folded RNA being most stable in small divalent ions
such as Mg**.*

Coarse-grained molecular simulations and experi-
ments in which metal ions are replaced with
polyamines showed that this correlation depends
primarily on the valence and size of the counterions
and not on site-specific interactions between the ions
and the RNA.""22 These nonspecific “polyelectro-
lyte effects” minimally include the electrostatic
attraction of counterions to the RNA, interactions
between condensed counterions, and the displace-
ment of co-ions from the vicinity of the RNA.?* The
irregular structures of certain RNAs also create
opportunities for site-specific metal ion binding and
the chelation of tightly bound ions (e.g., Refs. 24-28),
but the net free energy gained from such interactions
is diminished by the large and unfavorable free
energy of ion dehydration.”

The Tetrahymena L-21 ribozyme forms its native
structure through metastable intermediates, in
which one domain of its tertiary structure (P4-P6)
is folded,”° while the other domain (P3-P9) is
partially mispaired.”’ When the ribozyme is
refolded in the presence of Mg?>*, the formation of
these folding intermediates correlates with several
transitions in which the average R, becomes
smaller.'93? By contrast, the smaller thermostable
group I ribozyme from the bacterium Azoarcus sp.
B72 folds via compact intermediates (I¢) that
resemble the native state.”®** The collapse transition
from the unfolded state (U) to Ic, which occurs in
0.3-0.4 mM MgCl,, coincides with sequence-specific
assembly of the core helices.” A second transition at
2-3 mM MgCl, from Ic to the native state (N)
correlates with the onset of ribozyme activity.*

To address the importance of polyelectrolyte
effects versus sequence-specific interactions of metal
ions with the RNA, we compared the equilibrium
collapse transitions of the Azoarcus and Tetrahymena
ribozymes in the presence of various metal cations,
using small-angle X-ray scattering (SAXS). The

effects of counterions on folding of these ribozymes
were previously measured using native gel electro-
phoresis or biochemical assays.!82022.29.35-38 X_ray
scattering at small angles is sensitive to structural
features in the range of 1-100 nm and is particularly
useful for characterizing unfolded and partially
folded states of biomolecules that are not readily
studied by NMR or X-ray crystallography.**** SAXS
has been successfully used to monitor changes in the
overall size and shape of several ribozymes and
tRNA as the RNA folds.”***!42

Using singular value decomposition (SVD) of
SAXS spectra, we report that both ribozymes
undergo cooperative collapse transitions to native-
like conformations in all of the counterions tested,
consistent with the ability of many different cations
to induce folding of the RNA."®* The cooperativity
of this transition depends on the valence and size of
the counterion. For both RNAs, collapse correlates
with the formation of its tertiary structure, and thus
involves specific folding as well as polyelectrolyte
effects. However, in the Azoarcus ribozyme, collapse
overlaps with neutralization of the phosphate
charge by the counterions, while in the larger
Tetrahymena ribozyme, these two steps are distinct,
consistent with the presence of metastable folding
intermediates.”* ! We discuss how the sequence-
encoded folding pathway and the charge density of
the counterions contribute to the cooperativity and
specificity of RNA folding.

Results

Change in ribozyme conformation by SAXS

To determine how cations influence the collapse
transition (as opposed to tertiary folding), we used
SAXS to follow the structure of the Azoarcus and
Tetrahymena ribozymes in cations with different
charge or size. Figure 1a and c shows the scattering
intensity I(Q) for the Azoarcus and Tetrahymena
ribozymes as the concentration of Mg** increases
from 0.0 to 7 or 5 mM, respectively. The systematic
variation in I(Q) in the Q region between 0.008 and
0.11 A" correlates with the expected decrease in the
average size of the RNA and the transition from a
stiff coil with no added Mg** to a globule in >5mM
Mg?*. The transition to a globular form was also
apparent from Kratky plots of the unfolded and
folded RNA, with a pronounced maximum appear-
ing for the folded states of both ribozymes (Fig. S1).

The scattering curves were inverted to obtain the
real space distance distribution functions, P(r), as
described in Materials and Methods (Fig. 1b and d).
As Mgz+ is titrated to >5 mM, the maximum value
of Dpax decreases from 200 to 85 A for the Azoarcus
ribozyme, and from 240 to 110 A for the Tetrahymena
ribozyme. Values of D, were systematically
varied to obtain the best fits to the experimental
scattering curves (see Materials and Methods). In
low concentrations of Mg”* (<0.44 mM), the P(r)
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Fig.1. Small angle X-ray scattermg of r1bozymes (aand c) Scattering intensity I(Q) versus Q at 32 °C. (b and d) Distance
distribution function, P(r), at various Mg concentrations (see Materials and Methods). The symbols are the same as in (a)
and (c). (a and b) Azoarcus ribozyme (Azo; 195 nt) in 20 mM Tris-HCI and 0 (red) to 7 (purple) mM MgCl,. (c and d)
Tetrahymena ribozyme (Tet; 389 nt) in 20 mM Tris—HCl, plus 0 (red) to 5 (purple) mM MgCl,.

function shows two maxima, consistent with the
two lobes of scattering density, which disappear as
the Mg>" concentration is increased and the RNAs
collapse to a smaller set of compact conformations.
The P(r) function was used to calculate R, at each
ion concentration. Similar Ry values were obtained
using the Guinier approximation.

Cooperative counterion-dependent collapse of
the Azoarcus ribozyme

We previously reported a cooperative transition in
the Azoarcus ribozyme from the unfolded form in
20 mM Tris-HCl with R, =65 A to a compact form in
>3 mM Mg>" with R 231 A, as observed by both
small-angle neutron scattermg and SAXS.%34 The
experimentally determined R, of the folded ribo-
zyme is similar to the value of 31.1 A’ calculated
from the crystal structure of the Azoarcus ribozyme.*
The midpoint of the Mg**-induced collapse transi-
tion revealed by SAXS (0.34 mM) superimposes on
biochemical and spectroscopic measures of helix
assembly and can be approximated by a two-state
folding model.”**

Although the two-state approx1mat10n is accu-
rate near the transition midpoint,” it neglects
changes in the unfolded ensemble as the Mg**
concentration changes and the differences between
Ic and N. Differences between Ic and N were
revealed as a small plateau in the Mg?" titration at
Ry=33 A just after the main collapse transition,
followed by a decrease in R, to 30 A between 2
and 7 mM MgCl, (Fig. 2a). This additional

compaction of the ribozyme, which is barely larger
than the uncertainty of the SAXS measurements,
occurred in the same Mg concentration range as
the transition from I- to N defined by the onset of
splicing activity.”>** We have previously ascribed
a gradual change in the scattering function at the
beginning of the Mg** t1trat1on to a contraction of
the unfolded ensemble.’

Assuming that the main collapse transition be-
tween U and I can be approximated by a two-state
model (up to 3 mM MgCl,), the fraction folded RNA
at each ion concentration was calculated from Ré 7
The mldpomt Cm and cooperativity # of the folding
equilibrium** was estimated from the Hill equation
[Eq. (4); Materials and Methods]. We take n to
represent the change in folding free energy with
respect to ion concentration. Using these assump-
tions, we found the cooperat1v1ty of the collapse
transition with respect to Mg concentration was
3.7+0.4 (Table SI).

We next empirically modeled the decrease in R,
(U) by fitting the data at low ion concentrations
(below the start of the collapse transition) to a
logarithmic function (see Materials and Methods
and Fig. S2). When this correct1or1 to Ry(U) was
extrapolated across the Mg?* titration range, the
remaining difference between the unfolded and
folded states fit the two-state model extremely well
over the entire transition window (up to 3 mM) (Fig.
S2). The apparent cooperativity of the collapse
transition in Mg~" increased to 6.5+0.9 (Table 1).
Although the correction to R,y(U) is based on a small
number of data points and should be regarded with
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Fig. 2. Counterion induced collapse by SAXS. The
radius of gyration (Rg) obtained from P(r) (see Materials
and Methods) versus cation concentration at 32 °C. Similar
results are obtained from the Guinier ap]groximation. (a)
Azoarcus ribozyme in spd®* (green), Mg®* (black), Ca**
(blue), Ba®* (red), Na* (orange) and K* (purple). [Co
(NHs)6]** not shown. Lines represent a smooth curve. See
Fig. S2 for fits to oy versus C. (b) Tetrahymena ribozyme in
Mg?* (black), Ca®* (blue), Sr** (green) and Ba®* (red). See
Fig. S4 for fits to a three-state model.

caution, it did not alter the qualitative differences
among the counterions.

Counterion valence and size

To probe the contribution of polyelectrolyte
effects, we compared the cooperativity of the
collapse transition measured by SAXS in monova-
lent, divalent, and trivalent cations. As expected
from previous hydroxyl radical footprinting
experiments,”® the Azoarcus ribozyme was able to
fold in all of the ions tested, which were Na*, K,
Mg**, Ca®*, Ba®*, [Co(NHa3)e]*", and spermidine™
(spd3+) (Fig. 2a). The R, values were similar, and
thus the static volume of the native RNA does not
depend strongly on the valence or ionic radius of the
metal ions compared here. However, a comparison
of the P(r) functions for ribozyme folded in the
different cations revealed small differences in the
average structure of the RNA (Fig. 3a). Mg”* and the

Table 1. Counterion-dependent collapse of the Azoarcus
ribozyme at 32 °C

Cation rd° R;N) A" Cn(mM) nu
Na* 241 32.1 186+15 2.0+0.3
K* 2.70 33.0 356+14 1.3+0.05
Mg?* 2.07 30.0 0.48+0.01 6.5+0.9
Ca>* 233 31.6 0.45+0.01 5.5+0.8
Ba?* 2.99 32.2 0.81+0.02  4.2+0.4
[Co(NH,)e**  2.06 30.5 0.13+0.009  3.5+0.9
spd>* 45 326 0.14+0.004  3.10.2

The midpoints (C,,) and Hill constants (1144) were obtained from
fraction unfolded RNA (by) versus cation concentration fit to Eq.
(4) as described in Materials and Methods. Errors listed in the
table are from the statistics of the fit. Ry at each counterion
concentration (C) was empirically extrapolated from the data at
low C: Mg*, Ry y=52.3-11(log C); Ca®", R’y y=47-13(log C);
Ba**, R'g y=59-6.4(log C). Fits to individual data sets are shown
in Fig. S2; parameters obtained without correcting R, i are given
in Table SI. Errors listed in the table are from the statistics of the
fit.

# Length of the M-O bond for hydrated ions and the Co-N
bond for cobalt hexammine. For spd®*, r is half the approximate
length of the polyamine.

b Average R; in highest cation concentrations tested. The
uncertainty in Rg is approximately 1 A for N and 3-5 A for U.

other divalent ions produced the most compact and
well-folded structure, while K* and spd®* produced
more asymmetrical P(r) distributions with a slightly
larger Dpax (95-100 A). The value of Dy is an
indication of the largest fluctuations in the RNA.
The Ry of the folded ribozyme was slightly larger
(32-33 A) in monovalent ions than in Mg2+ (30 A)
(Table 1), consistent with the inability of monovalent
ions to correctly organize the ribozyme active site.”

spd3*
Co3*
Mg?2*
Ca?*
Ba2*
Na*
K+

4 [ Azo

(b)

P(r) (a.u.)

0:|\|||\|||\|]\|||\||| L
0 20 40 60 80 100 120

r(A)

Fig. 3. Structure of the folded RNA in different cations.
Comparison of P(r) for the folded RNA in various
counterions as indicated in the key. Functions were
normalized to the area under the curve. (a) Azoarcus
ribozyme. (b) Tetrahymena ribozyme.



Ribozyme Folding by SAXS

757

Higher concentrations of Na* and K™ than those of
divalent or trivalent ions were needed to stabilize
the compact form of the Azoarcus ribozyme, consis-
tent with the stronger ability of multivalent cations
to stabilize folded RNA structures.*'®*® The mid-
points for collapse transitions in Mg**, Ca** and
Ba?" were 0.45 to 0.8 mM (Table 1), while trivalent
cations [Co(NHz)e]’* and spd®* were effective at
120-140 pM. The midpoints in Na® and K" were
about 190 and 350 mM, respectively (Table 1). In
contrast with multivalent ions, the collapse transi-
tion in monovalent ions requires more salt than
base-pairing of core helices (50 mM), but instead
overlaps with tertiary folding probed by hydroxyl
radical footprinting (150 mM).*® The transitions
induced by Na* and K" were also significantly less
cooperative (n=1-2) than those in multivalent
ions (n=3-6.5; Table 1). Thus, multivalent cations
stabilize compact forms of the RNA much more
effectively than monovalent cations.

When titrations in counterions with the same
valence were compared, we found that small ions
stabilized the compact state more efficiently than
large ions, as observed in previous folding assays on
the Tetrahymena and RNase P ribozymes and other
RNAs!8262947 and the biochemical footprinting of
the Azoarcus ribozyme in divalent and monovalent
salts.”® Folding in Ba®* was less cooperative and had
a higher midzpoint (0.8 mM) than folding in small ions
such as Mg”" and Ca”* (0.5 mM; Table 1). Similar
differences were observed between Na™ and K*. We
also found that although the transition midpoints in
the polyamine spd®* and the smaller metal complex
[Co(NH3)6]3+ were nearly the same, the P(r) functions
showed that the RNA was much more extended
throughout the collapse transition in spd** (Fig. S3).
In general, the stability of the I¢ state in the Azoarcus
ribozyme deduced from the change in R, was less
sensitive to counterion size than the folded form of
the Tetrahymena ribozyme, as discussed below.

Counterion-dependent collapse of the
Tetrahymena ribozyme

To further address the effect of counterion size on
the collapse transition in RNA, we titrated the
Tetrahymena ribozyme with the alkaline earth metal
ions Mgz*, Ca®*, Sr** and Ba?*. The R, at each ion
concentration was obtained from the P(r) functions
as described above. In all four divalent ions, the
Tetrahymena ribozyme folded in two well-separated
transitions as the cation concentration was raised
(Fig. 2b). The R, of the unfolded ribozyme in 20 mM
Tris—-HCl was 85-90 A. In 0.5 mM MgCl,, the R,
reached an intermediate value of ~64 A. As more
ions were added, Ry dropped sharply, reaching the
minimum value of 38 A above 1 mM MgCl,. The
scattering data of the folded state (N) agreed well
with the P(r) function and R,=37.4 A calculated
from the three-dimensional model of the full-length
ribozyme*® using the program CRYSOL.*’ The other
divalent metal ions produced a similar folded state
with R;=38-40 A (Fig. 3b). The folded Tetrahymena

ribozyme was previously reported to have
Ry=47 A% at 25 °C.

The results on the Tetrahymena ribozyme were fit
to a three-state model (U < I & N), in which the
free energies of the I and N states relative to the U
state are assumed to decrease with ln[Mg2+] [Eq. (6);
Materials and Methods]. The experimental values of
Ré were fit to the three-state model to obtain the
populations of the I and the N states and the average
Ry of the I state (Table SII and Fig. S4). The
midpoints of the U to I and I to N transitions were
then calculated from the populations of U and N,
respectively (Table 2).

Figure 2b shows that the first transition to more
compact structures, which is centered on 0.3 mM, is
very similar in all four divalent ions. By contrast, the
second transition to the native-like folded state (N) is
not only more cooperative, but depends much more
strongly on the size of the counterion. In the smallest
ions (Mg”* and Ca®"), this transition has a midpoint of
0.63 mM ion, while in the largest ions (Sr** and Ba*"),
it occurs at 1.4 and 1.5 mM ion (Table 2). In addition,
the folded state formed less cooperatively with
respect to Sr** and Ba®" concentration than Ca**
and Mg2+ concentration.

SVD of collapse transitions

To estimate the number of intermediates in the
collapse transitions of the Azoarcus and Tetrahymena
ribozymes, we performed SVD on the scattering
intensities at different Mg>* concentration for both
ribozymes (see Materials and Methods). The mini-
mum number of basis functions, L, needed to
describe the scattering data, was determined by
reconstructing the scattering profiles using Eq. (7)
(see Materials and Methods). The first three basis
functions for the Azoarcus and Tetrahymena ribo-
zymes weighted by their corresponding singular
values are shown in Fig. S5.

As illustrated in Fig. 4a and b, just two basis
functions were required to reconstruct the experi-
mental scattering curves for the unfolded and folded
Azoarcus ribozyme. Only a small improvement in
the fit to the unfolded state data was obtained by
including a third component. On the other hand, the
scattering data for the Tetrahymena ribozyme in low
Mg** were only described by three or more basis

Table 2. Counterion-dependent collapse of the
Tetrahymena ribozyme at 32 °C

Cation Rg(N) A Cpy (mM) y Conp (MM) g

Mgf* 385 0.28+0.01 3.4+04 0.63+0.01 132
Ca** 38.0 0.30+£0.01 27403  0.64+0.01 17+4
Sr2t 40.2 0.3040.01 25+02 1.36+0.02  9+1
BaZ* 389 031+0.01 25+02 152+0.04  9+1

Apparent midpoints (Cy,) and Hill coefficients (1) for the U to I
and I to N transitions, respectively, calculated from populations of
U and N predicted by the three-state model [Eq. (6)]. See Table SII
for fit parameters to Eq. (6) used to calculate the populations of U,
Iand N as shown in Fig. S4. Errors given in the table are based on
the three-state fits.

# Average R, of the folded or native ribozyme.
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Fig. 4. SVD analysis reveals minimum components of scattering data. Experimental scattering data [(I(Q) versus Q]
(black) are compared with SVD analysis using one to three basis functions; L=1 (red), L=2 (blue); L=3 (green). (a)
Unfolded Azoarcus ribozyme in 20 mM Tris-HCL. (b) Folded Azoarcus ribozyme in 7 mM MgCl,. (c) Unfolded Tetrahymena
ribozyme in 20 mM Tris-HCL. (d) Folded Tetrahymena ribozyme in 5 mM MgCl,.

functions (L=3) (Fig. 4c and d). The presence of an
additional component is consistent with the pres-
ence of a folding intermediate for the Tetrahymena
ribozyme that is less compact than the folded state.
The minimum number of basis functions required to
describe the scattering data for each ribozyme over
the range of Mg”" concentrations studied was
consistent with the values of x?, which showed a
reasonable quality of fit with the reported number of
basis functions.

The weighting factors of the basis functions for the
Azoarcus and Tetrahymena ribozymes for different
Mg*" concentrations reflect the folding transition
(Fig. 5). The weighting factor for the dominant basis
function U,, which is characteristic of the scattering
from a globular shape (Fig. S5), increases sharply
through the midpoint of the collapse transition. The
weighting factor for the third basis function is close
to zero for the Azoarcus ribozyme, consistent with a
two-state folding transition (continuous green line,
Fig. 5). For the Tetrahymena ribozyme, the weighting
factor of the third component fluctuates around the
midpoint of the collapse transition, consistent with
the presence of an intermediate (dashed green line,
Fig. 5). Therefore, the SVD analysis supports our
conclusion that the collapse transition of the
Azoarcus ribozyme can be approximated by two
states, while that of the Tetrahymena ribozyme
involves at least one equilibrium intermediate, as
expected from previous biochemical and time-
resolved SAXS experiments on the Tetrahymena
ribozyme.* %

Persistence lengths from P(r)

Single-molecule experiments on a number of
RNAs and analyses of many structures from the
Protein Data Bank show that a worm-like chain
(WLC) model describes the global shape of RNA

0.03 e
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: : ]
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Fig. 5. An intermediate in compaction of the Tetrahy-
mena ribozyme. Weighting factors from the SVD analysis
(w;bj) versus Mg>* concentration for the Azoarcus ribozyme
(continuous lines) and Tetrahymena ribozyme (dashed
lines). w1b; (red), wab, (blue), and wsb; (green). The third
component (green) contributes to the scattering data at the
collapse transition of the Tetrahymena ribozyme but not the
Azoarcus ribozyme.
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molecule.”””" We extracted the persistence length,
l,, from the SAXS data by fitting the distance
dlstrlbutlon functlon P(r) for r>Ry to the WLC
model in Eq. (10).” This model fit the data at large r
extremely well, allowing us to obtain I, for all the
counterions.

The persistence lengths of the folded and
unfolded RNA are essentially the same in all
counterions. Regardless of the counterion, the
persistence length decreased from about 20 A at
low counterion concentrations to about 10 A in the
folded state (Fig. 6). The value I, ~10 A in the
folded state was also obtained by fitting the force-
extension curves for RNA molecules to the WLC
model.”

At the midpoints of the transitions (Table 1), [, is
14-17 A. These values are closer to [, of the unfolded
state, showing that even in the transition region, the
RNA chain remains somewhat stiff (larger /), and
hence the probability of forming tertiary interactions
is small. Consequently, the transition to the folded
state likely occurs closer to the unfolded structure,
partlcularly in low-charge- den51ty () ions (spd3+
and Ba”*) in which l, ~17 AatCp,

Discussion

We have used SAXS to compare the collapse
transition of the Azoarcus and Tetrahymena ribozyme
in different cations. Although SAXS cannot reveal
structural details, such as the conformation of an
active site, it provides a physical measurement of the
average chain conformation in solution. The equilib-
rium folding pathways of the Azoarcus and Tetrahy-
mena ribozymes monitored by SAXS are consistent
with previous biochemical and spectroscopic studies
of these RNAs.”>* By comparing the compaction of
these RN As in different ions, we obtain further insight
into the roles of RNA sequence and counterion size
and valence in the folding process.

The smaller and more thermostable Azoarcus
ribozyme goes through a cooperative collapse
transition from an expanded state U to a compact
intermediate I whose dimensions are barely dis-
tinguishable from those of the native (N) ribozyme

ions are shown in the key.

(Fig. 7).>** Mutational studies showed that the
collapse transition of this ribozyme c01nc1des with
the establishment of tertiary interactions,” helping to
explain why I is nearly as compact as N. Since the
SVD analysis demonstrates that only two compo-
nents are needed to reconstruct the scattering data
across the Mg?" titration, other conformational
states must be either unpopulated or have scattering
functions similar to those of U and N (or U and I¢).
Although the Azoarcus ribozyme is only biologically
active in Mg?*, previous footprinting data showed
that other metal cations stabilize a folded confor-
mation (Ip) that contams most of the expected
tertiary interactions.*® This explains why the aver-
age structure of the folded ribozyme measured by
SAXS is so similar in different ions.

Although the collapse transition for the Azoarcus
ribozyme can be treated as a two-state folding
reaction, this approximation is imperfect over the
lowest range of ion concentrations tested (Fig. 7).
The extent to which the two state approximation
breaks down can be assessed using AP(r|C)= I[P
(1) = (duPu(r) + (1= $u)P(r))]1 where Py(r) and Pr
(r) are the distance distribution functions at low
and high counterion concentrations, respectively.
As an illustration, we calculated AP(r|C) for Mg?*
and found that AP(r|C) is not negligible, especial-
ly around the transition midpoint (Fig. S6). This
suggests that structures other than those in the U
or I¢ states also determine the cooperativity of the
collapse transition. Alternatively, it is likely that
there are changes in the unfolded state as the
counterion concentration changes, so that the
assumption that Py(r) does not depend on
counterion concentration is not strictly valid.

In contrast to the Azoarcus ribozyme, the ion
titrations and SVD analysis revealed at least two
well-separated equilibrium folding transitions for
the Tetrahymena ribozyme in divalent metal ions,
consistent with many experiments showing that
this RNA folds through metastable, non-native
intermediates.’*”* The initial transition produces
intermediates (I) that are much less compact than
the native RNA (R; ~64 A), while the second and
more cooperative fransition leads to a folded state
(N) that has the R, expected for the native RNA
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Tet ribozyme

Azo ribozyme

100
{U}
90 | non-
80 specific

Fig.7. Mechanism of counterion
collapse at equilibrium. For the
Azoarcus ribozyme (blue), neutrali-
zation of the phosphate charge
results in cooperative collapse of
the unfolded ensemble (U; Ry=60-
70 A) to native-like mtermedlates
(Ic; Rg=32-33 A). This is followed
by shghtly tighter packmg in the
native state (N in Mg or Ig in other
ions; R;=30 A). The unfolded state,
which contams some secondary
structure likely Changes as the
Mg** concentration is raised. For
the less stable Tetrahymena ribo-
zyme (red), neutralization of the
phosphate charge in the unfolded
state (Rg=80-90 A) produces inter-
medlates (; Rg ~64 A) that are less
structured than the native state

70 {|} non-native
= 60
o
X s <— ion size
40 F specific
30 |
20 11l
0.1
[Mg?*] (mM)
native-like

(38 A) (Fig. 7). In the SVD analysis, the third
component contributes to the scattering intensity
near the transition midpoint, as expected for an
intermediate (Fig. 5).

It has been proposed that the first transition of
the Tetrahymena ribozyme corresponds to increased
flexibility (and thus contraction) of the unfolded
RNA after neutralization of the phosphate charge,
while the second transition corresponds to the
formation of tertiary structure. 810 In previous
SAXS studies, a transition to Ry ~ 45 A correlated
with the formation of stable tertlary interactions in
the independently folding P4-P6 domain, and to a
lesser extent in other peripheral domains of the
ribozyme.” Time-resolved SAXS experiments at
25 °C uncovered kinetic intermediates with values
of R, between 60 and 45 A®'%* that correlate
with folding intermediates detected bgl footprint-
ing and other biochemical probes.’ In our
titrations, the folded state has R;=38 A, which we
infer requires proper folding of the ribozyme core.
The lower R, obtained here under equilibrium
conditions, compared with earlier SAXS studies,
may be due to frequent mispairing of the core and
the very long times required to refold the
Tetrahymena ribozyme at low temperatures.’'”’

We propose that to a large extent, polyelectrolyte
effects drive both RNAs toward more compact
structures as the counterions neutralize the negative
charge on the phosphates. However, the different
stabilities of the intrachain interactions in the two
RNAs produce different outcomes (Fig. 7). For the
more stable Azoarcus ribozyme, the dominant
collapse transition occurs with the assembly of core
helices and initial tertiary interactions between
domains,” thus ensuring the formation of native-
like intermediates. Hence, specific collapse to Ic
occurs in the same window of counterion concen-

(N; Rg=38 A). For both RNAs, the
transition to N becomes more coop-
erative when counterion charge
density is high.

tration as the initial charge neutralization of the
unfolded ensemble.

In the Tetrahymena ribozyme, the catalytic core is
less stable and requires more counterions to fold
correctly. Thus, charge neutralization initially pro-
duces an intermediate ensemble that is less compact
(Rg ~64 A) than the native state (Rg=38 A). In
keepmg with this idea, the first transition leading to I
reaches its midpoint (0.3 mM) when the number of
positive charges from the counterions (0.6 mM) is
half the number of phosphodiesters in the sample
(1.2 mM). The transition to I appears less specific
than the transition leading to N in that it is weakly
cooperative with respect to ion concentration and
insensitive to the size of the counterion. This lack of
specificity is consistent with the fact that early
folding transitions of the Tetrahymena ribozyme are
not affected by mutatlons that destroy key tertiary
interactions in the RNA.%%®

The second transition to the native state of the
Tetrahymena ribozyme is not only more cooperative
than the first transition, but very sensitive to the size
and valence of the counterion. This result agrees
with previous studies on the Tetrahymena ribozyme
using native gel electrophoresis, in which the
stability of the folded RNA increased with the
counterion charge density.'®?° Although the folding
equilibria measured by SAXS change less steeply
with ion concentration (smaller 1) because of the
higher RNA concentration used for SAXS studies,
the trends among the ions are the same in both types
of experiments. The sensitivity of the Tetrahymena
ribozyme to counterion size may be augmented by
structural motifs, such as P5abc, that are specifically
stabilized by Mg2+ 24,9859

Since specific collapse transitions produce com-
pact, well-folded structures, they are expected to
depend more strongly on the excluded volume of
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the counterions and the strength of their interaction
with the electrostatic field of the RNA.?? By contrast,
nonspecific collapse depends on the valence of the
counterions, as expected from polyelectrolyte
effects, but is insensitive to their size. The impor-
tance of counterion charge density in RNA folding
transitions can be observed in other RNAs. For
example, the catalytic domain of the Bacillus subtilis
RNase P ribozyme, which also folds through I's that
are nearly as compact as N, is more stable in Mg**
and Ca** than in Sr** and Ba**.*”

The collapse transition in the Azoarcus ribozyme
also depends on counterion size and valence,
consistent with a native-like I-. However, it is less
sensitive to differences among multivalent ions than
the Tetrahymena ribozyme. This difference in the two
RNAs may be due to the greater stability of the
Azoarcus folding intermediates, which allow the core
helices to assemble correctly before tertiary folding
is complete. Consequently, the Azoarcus ribozyme
achieves its native topology earlier in the folding
process than the Tetrahymena ribozyme.

While the SAXS data reported here agree well with
biochemical and spectroscopic studies of the folding
transitions, two interesting discrepancies in the results
obtained by these methods raise questions for future
studies. First, we find that R and P(r) for the folded
state are similar in all of the counterions tested, yet the
electrophoretic mobility of the folded RNA is much
greater in Mg?" than in Sr**.* The folded RNA may
be more flexible in counterions with low charge
density.®® Tt will be interesting to know how counter-
ions influence the RNA dynamics. Both the Tetrahy-
mena and RNase P ribozymes refold more rapidly in
Ba** thanin Mg**.*”*! Second, Ca* drives collapse of
both ribozymes as effectively as Mg®* in the SAXS
experiments. However, Mg”" is more effective than
Ca** when folding is probed biochemically.”** A
similar difference is observed for Sr** and Ba®'.
Counterion hydration may influence the compactness
of the polynucleotide chain in solution.

In conclusion, these and other studies show that
polyelectrolyte effects provide a strong driving force
for RNA compaction, but sequence-specific interac-
tions within the RNA determine whether it forms a
specific, compact structure. For group I ribozymes
(and likely many other RNAs), the native fold is
more compact than nonnative folds. Because struc-
tures that are more compact are more sensitive to the
counterion valence and size, the counterion effects
are amplified when the RNA can fold specifically.
This suggests how ion mixtures and even neutral
osmolytes may fine-tune the balance between
competing structures in RNA.

Materials and Methods

Sample preparation and SAXS experiments

The Azoarcus ribozyme (195 nt) and Tetrahymena L-21
Sca ribozyme (389 nt) were prepared by T7 transcription
as previously described.?+%? After gel purification, the

RNA was concentrated and exchanged multiple times
with 20 mM Tris-HCI (pH 7.5). SAXS measurements
[0.4 mg/ml RNA in 20 mM Tris-HCl (pH 7.5)] were
carried out at the Advanced Photon Source at ID18
(BioCAT) as previously described.” The Azoarcus ribo-
zyme was equilibrated for 5 min at 32 °C with each
addition of titrant before acquisition of data. The
Tetrahymena ribozyme was equilibrated for 15 min at
50 °C, then cooled to room temperature (>5 min) before
the acquisition of data at 32 °C.

Data analysis

Raw data were corrected for detector sensitivity and
geometrical factors and circularly averaged. Following
the subtraction of background scattering from the
buffer, scattering curves were inverted using
GNOM®t to obtain the normalized distance distribu-
tion function P(r):

Qnmax
P0)= 0 | HQQRRQIGQ ()

in which the scattering vector is Q=(4w/\)sin(6), \ is
the wavelength and 26 is the scattering angle. P(r) is
assumed to differ from zero only in the interval
Din<t<Dpax- For a given Dy, and Dpx the calculat-

ed I(Q) is:

Dinax )
Teale(Q) = / lP(r)e”Q’dr (2)

2
Duin T

We determined Dy, by iteratively optimizing the
goodness of the fit between the experimental scattering
data and the calculated scattering values, I The
optimum value for Dp,, is sensitive to the Q range,
which in this study was 0.008-0.11 A™'. Over this range
the data are smooth.

The square of the radius of gyration, Ry, was calculated
from the second moment of P(r) using:

R fg::‘ P(r)r*dr
& 2]5'““ P(r)dr

‘min

®)

The R, values from Eq. (3) agreed well with those
calculated by the Guinier approximation, validating the
choice of Day.

Folding equilibria

For the Azoarcus ribozyme, the fractions unfolded (dy)
and folded (¢n) RNA at each ion concentration were
calculated from R§=¢UR§,U+¢FR§,N, in which R,y and
Rgn are the radii of gyration for the unfolded and
folded RNA.” Ry(U) was assumed to vary with ion
concentration, Rg(U)=a—p log C, in which « and p are
constants obtained from the data at low C (see Fig. S2).
The midpoints and cooperativity of the folding equilibria

thttp:/ /www.embl-hamburg.de/Externallnfo/
Research/Sax/
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with respect to ion concentration*’
fitting ¢ to the Hill equation:

were obtained by

b= 9 (0)+ [ max) = (0] T | )

in which C,, is the midpoint, # is the Hill constant, and
én(0) and dn(max) are the minimum and maximum
values of the function, respectively.

For the Tetrahymena ribozyme, the data were ﬁt toa three
state model (Uc)I:)N)mwhlchR ¢URgU+ ¢1Rg1+¢FRg N,
and ¢y, ¢, and ¢n are the fractions of unfolded,
intermediate, and folded Tetrahymena ribozyme at each
ion concentration. The ion-dependence of folding is
described by the partition function

(C/C)" ()

in which C is the counterion concentration, C; are reference
concentrations and n; are cooperativity parameters that
define the stahstlcal welghts of theIand N species relative to
the U state.** These parameters and Rg; were evaluated by
fitting the experimental R versus counterlon concentration
to:

Z=1+(C/C))" +

, Ry +RE(C/Ch)" +RE(C/Cy)"™
8 1+(C/C)"+(C/C)"
(see Table SII). The midpoints of the U to I and I to N
transitions (Table 2) were obtained by calculating by, ¢y,

and ¢y from the parameters of the three-state model and
fitting &y versus C and &y versus C to Eq. (4).

(6)

Singular value decomposition

We used SVD to assess the minimum number of
components needed to describe the scattering data as
previously described for SAXS data on proteins.”* Each
column of matrix A(Q,k) represents the scattering intensity,
I(Q), measured as a function of Q at counterion concentra-
tion k. We verified that the order of scattering intensities in
the matrix A(Q,k) was irrelevant for the final results. The
data were represented as A =US VT in which Sisa diagonal
matrix of singular values. U(Q,k) forms a complete set of
basis functions in which the scattering spectra can be
constructed as a linear superposition of the basis functions
at each k. Each column of the product of SV' determines the
Mg>* concentration-dependent coefficients corresponding
to each basis function. The scattering profile at each
counterion concentration, k, can be approximated as:

Lae(Q, k) = Z Ujsj Vg (7)

where L is the minimum number of components needed to
represent the scattering spectra, U is the jth basis function,
and the dependence of U; on concentration k is depicted by
sjVij. The minimum number of basis functions that
effectively represent the data was determined based on
the shape of the basis functions, the number of significant
singular values, the autocorrelations of U, and the value of
chi-squared, x?, which is the deviation between the
experimental and SVD constructed scattering data. Chi-
squared was computed from:

1 1 m

x| (Ql) —a cn(Ql)
2 =) 2 Z( : azal ) ®)

k=1 i=1

in which o; is the error associated with the scattering
intensity at each momentum transfer, Q. The autocorrela-
tion of U was calculated as:

-1
Z ]+11 (9)

In assessing the goodness of the fits, both the autocorrela-
tion of U and % values should be close to unity, although
the exact value is not critical.**

Persistence length

The persistence lengths [, were extracted from the
distance distribution functions P(r) obtained from the
SAXS data, as previously described.® The P(r) curves at
each ion concentration were fit to the theoretical expres-
sion for the end-to-end distance distribution of a worm-
like chain (WLC), for large x=1I,r/ Ri,, in which:

P(x)~exp(—1/(1 —x%)) (10)
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