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ABSTRACT

Within the three-dimensional architectures of RNA molecules, divalent metal ions populate specific locations, shedding their
water molecules to form chelates. These interactions help the RNA adopt and maintain specific conformations and frequently
make essential contributions to function. Defining the locations of these site-bound metal ions remains challenging de-
spite the growing database of RNA structures. Metal-ion rescue experiments have provided a powerful approach to identify
and distinguish catalytic metal ions within RNA active sites, but the ability of such experiments to identify metal ions that
contribute to tertiary structure acquisition and structural stability is less developed and has been challenged. Herein, we
use the well-defined P4-P6 RNA domain of the Tetrahymena group | intron to reevaluate prior evidence against the
discriminatory power of metal-ion rescue experiments and to advance thermodynamic descriptions necessary for interpreting
these experiments. The approach successfully identifies ligands within the RNA that occupy the inner coordination sphere of
divalent metal ions and distinguishes them from ligands that occupy the outer coordination sphere. Our results underscore
the importance of obtaining complete folding isotherms and establishing and evaluating thermodynamic models in order to
draw conclusions from metal-ion rescue experiments. These results establish metal-ion rescue as a rigorous tool for
identifying and dissecting energetically important metal-ion interactions in RNAs that are noncatalytic but critical for RNA
tertiary structure.
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INTRODUCTION tion shells to bind to specific sites via hydrogen bonding
(outer-sphere coordination) or shedding water molecules
to coordinate directly to an RNA heteroatom (inner-sphere
coordination). These site-bound metal ions often appear in
intricate structures within folded RNAs and, in the case of
several ribozymes, participate directly in catalysis (Chen
et al. 1997; Sontheimer et al. 1997; Shan et al. 1999; Gordon
et al. 2007). Accordingly, understanding RNA structure and
function requires knowing the locations of site-bound metal
ions and the thermodynamics of their interactions with
RNA.

Metal-ion rescue experiments, first used to delineate
metal-ion substrate interactions in protein enzyme active
sites (Jaffe and Cohn 1978; Darby and Trayer 1983; Lee and

When RNA molecules adopt compact three-dimensional
architectures, the negative charge of the ribose-phosphate
backbone generates enormous repulsive energy. Counter-
acting this repulsion, cations condense onto all RNA mol-
ecules, forming a counterion atmosphere (Manning 1977a,
1978; Bukhman and Draper 1997; Misra and Draper 1998;
Das et al. 2005b; Draper et al. 2005; Chu et al. 2008; Leipply
et al. 2009). While the vast majority of cations associated
with RNA reside in this diffuse ion atmosphere, some ions
associate more intimately with the RNA, using their hydra-

5 il .
Pres.ent a.ddress: Department .of Pathology and Laboratory Medicine, O’Sullivan 1985; Pecoraro et al. 1985), have been expanded
The University of Rochester Medical Center, Rochester, NY 14642, USA. .. . . . .
*Corresponding authors. in ribozyme studies to provide a powerful strategy to identify
E-mail jpicciri@uchicago.edu. individual metal ions, define their ligands, and assign their
E-mail herschla@stanford.edu. roles in catalysis (Piccirilli et al. 1993; Chen et al. 1997;
E-mail rhiju@stanford.edu. Sonthei 1 . . . 1 . Sh 1
Article published online ahead of print. Article and publication date are ont elmer. et al. 1997; Weinstein et al. 1997; Shan et al.
at http://www.rnajournal.org/cgi/doi/10.1261/rna.028738.111. 1999; Yoshida et al. 1999; Hougland et al. 2005; Gordon

RNA (2012), 18:00-00. Published by Cold Spring Harbor Laboratory Press. Copyright © 2012 RNA Society. 1


mailto:jpicciri@uchicago.edu
mailto:herschla@stanford.edu
mailto:rhiju@stanford.edu
http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on May 6, 2012 - Published by Cold Spring Harbor Laboratory Press

Frederiksen et al.

et al. 2007; Forconi et al. 2008; Forconi and Herschlag 2009).
The rescue approach relies on the differential preferences of
Mg*" and “softer” divalent metal ions like Mn**, Cd*", and
Zn*" to coordinate oxygen vs. sulfur or nitrogen ligands. As
Mg** coordinates these ligands more weakly than it co-
ordinates oxygen, sulfur or nitrogen substitution of an
oxygen ligand can disrupt the Mg*" interaction, leading to
deleterious effects on activity. Inclusion of cations that
interact more strongly than Mg*" with sulfur or nitrogen
often restores the disrupted interaction, resulting in sup-
pression of the deleterious effect, or “rescue.” In practice,
these experiments require quantitative analysis of the ener-
getic effects of the substitution in the presence of Mg>* and
in the presence of the rescuing cation M** to provide the
most reliable and extensive information about the number
of bound metal ions and their interactions (Shan et al. 1999;
Wang et al. 1999; Christian 2005; Forconi and Herschlag
2009).

In principle, this metal-ion rescue approach should also
be a powerful biochemical tool for identifying metal-ion
sites important for folding and conformational transitions in
structured and signaling RNA molecules. However, a pre-
vious study of sulfur interferences in the independently
folding P4-P6 RNA domain did not correspond well with
structural data (Basu and Strobel 1999). Using a nondenatur-
ing gel electrophoresis assay that probes the fraction of folded
RNA by the differential migration of compact and extended
forms, a population of P4-P6 RNAs containing a random
distribution of Rp-phosphorothioates was screened to iden-
tify sites within the domain where Rp-phosphorothioate
substitution interferes with global compaction (Cate et al.
1997; Basu and Strobel 1999). The identified sites included
a subset of the ligands for metal ions observed crystallo-
graphically. Within this subset, Mn** and other soft metal
ions suppressed phosphorothioate interference of global
compaction at some, but not all, inner-sphere ligands (Basu
and Strobel 1999). In addition, Mn*" apparently suppressed
phosphorothioate interference of folding by two outer-sphere
ligands, a result that called into question the usual inference
that metal-ion rescue reveals sites of inner-sphere coordi-
nation (Basu and Strobel 1999).

The apparent outer-sphere rescue could have major impli-
cations for published and future studies applying metal-ion
rescue approaches to both RNA catalysis and RNA confor-
mational transitions. Consequently, we sought to determine
whether these results in the P4-P6 RNA identified a funda-
mental limitation of metal-ion rescue or a limitation of the
study’s methodology and analysis. Addressing these issues
successfully could establish proof-of-concept for adapting the
rescue approach to the investigation of metal ions in non-
enzymatic, noncoding RNAs (ncRNAs), which likely encom-
pass the vast majority of metal-ion binding sites within the
cellular RNAome (Costa 2010).

We have synthesized variants of P4-P6 RNA bearing
phosphorothioate modifications at specific locations and
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used hydroxyl radical footprinting to characterize the Mg**-
and Mn**-induced folding transitions of these variants.
Rescue is observed at positions identified as inner sphere
in the P4-P6 crystal structures, but not at outer-sphere
positions. These results clarify limitations of prior metal-ion
rescue experiments and provide strong support for the
power of the approach for investigating RNA folding and
conformational changes, as well as a rigorous template for
carrying out such studies.

RESULTS AND DISCUSSION

The “standard” thermodynamic framework for RNA
folding and metal-ion rescue

For metal-ion rescue and other experiments that probe in-
teractions, one would ideally make direct comparisons of
free energies via thermodynamic cycles. A thermodynamic
cycle for folding of unmodified and thio-modified P4-P6
(O and S, respectively) in the presence of Mg”* or Mn*" is
shown in Scheme 1A, and the folding free energies are
compared via the AAG values defined in Scheme 1B. Rescue
would correspond to the observation of amelioration of a
folding defect—an increase in AGgyq (less favorable folding)
for folding of the thio-substituted RNA in Mg*" that is
alleviated in the presence of a softer metal ion such as Mn**
(Scheme 1B). In terms of the free energies defined in Scheme
1B, if folding is affected similarly in Mg** and Mn*", no
rescue occurs (AAAG e = 0), whereas a positive value of
AAAG;scue would indicate rescue.

Evaluating metal-ion rescue quantitatively therefore re-
quires estimating free energies of folding. RNA folding is
typically followed as a function of metal-ion concentration,
with different RNAs exhibiting different folding transitions.
For each RNA, the experimentally observed “fraction folded”
is typically fit to the Hill model:

o o]
UP4-P6 > FP4-P6
Mg? Mg?
P4-P6S 5 P4-P6®
UMg2+ FMQE+
v v
P4-P6° 5> FP4-P8°
Mn?2* ~ "Mn?*
v v
P4-PgS s P4-P6S
UMn2 - FMn2+
SCHEME 1A.


http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on May 6, 2012 - Published by Cold Spring Harbor Laboratory Press

Metal-ion rescue revisited

B AAGE
o Mg2* —Mn2* o
P4—P6M92+ > P4_P6Mn2"
OS5 0—8
AAGY ! AAGD S
s S
P4 -P6 Mg?* o P4-P6, ..
Mg2* —Mn?2*
AAAG rescue o MGSQ_;*S o MGh(in_;*S = MGSQZY HMH2+ = AAG ag2+"Mn2+

SCHEME 1B.

(L)
Ty
a ([M“L/z)

Here, [M*'] is the metal-ion concentration, and [M**]),
and n are the transition midpoint and apparent Hill co-
efficient, respectively (Fang et al. 1999; Rook et al. 1999;
Das et al. 2005b). This model corresponds to a free-energy
difference between the unfolded and folded state of

AG = — nRTIn (%) (2)

1/2

Fraction folded =

where R is the gas constant and T is the temperature. Values
for “fraction folded” are readily determined for [M?*] around
the transition midpoints’ [M**],, values, but extrapolation of
inferred folding free energies to higher and lower metal-ion
concentrations is necessary to compare RNA variants with
different stabilities. If the apparent Hill coefficient # remains
constant between unmodified and thio-modified variants,
the free-energy difference is directly related to the ratio of the
folding midpoints [M“]?/2 and [M“]f 12

]
i 3)
12

AAG= —nRTIn

If folding of both the unmodified and thio-modified RNAs
is measured in Mg** and Mn®", and titrations in both metal
ions happen to again yield the same Hill coefficient #, this

framework gives
0
([MZ .t /2)
S
[MZ i ] 1/2 Mg2+

o
[M2+]1/2

2+18
[M 1/2 Mn2+

AAAG= — nRTIn

In this scenario, describing the metal-ion rescue results
in terms of “fold rescue” is equivalent to discussing the free-
energy differences AAAG, with a quantitative translation
provided by Equation 4. Nevertheless, as discussed further
below, two problems frequently complicate this descrip-
tion. First, fitted Hill coefficients often differ for destabi-
lized variants or when different metal ions induce folding.
Equations 3 and 4 are not applicable in these situations,
and Equation 2 leads to free-energy estimates that depend
on the choice of reference metal-ion concentration. Second,
distinct, partially folded states are frequently observed at
intermediate M*" concentrations (see below, “Low salt com-
parisons”), so that a single midpoint and Hill coefficient
are not sufficient to describe a folding titration. Instead,
multiple folding transitions must be interrogated and
characterized.

One approach for minimizing these problems and sim-
plifying analyses is to saturate the ion atmosphere with a
high concentration of monovalent cations, such that any
associated divalent cations occupy specific metal-ion bind-
ing sites nearly exclusively, rather than the ion atmosphere
(Bukhman and Draper 1997; Horton et al. 1998). This
approach has been directly tested and validated with P4-P6
RNA, where structure mapping and direct ion counting
assays showed a congruence of simple two-state folding with
a Hill slope of 2 and binding of two Mg”* ions (Scheme 2;
Das et al. 2005b). We therefore first investigated P4-P6
folding and metal-ion rescue in a background of 2 M NaClL
We then turned to more standard conditions of low mono-
valent salt concentration, such as were used in the prior
metal-ion rescue study (Basu and Strobel 1999). We first
present results in terms of “fold rescue,” qualitatively com-
paring effects for substitution of inner- and outer-sphere
ligands. To take into account observations of varying Hill
coefficients (and later, additional intermediates), we de-
veloped general thermodynamic treatments that allow
systematic estimation of free-energy differences for metal-
ion-dependent folding events, and provide quantitative
support for the specific conclusions herein.

Mg**- and Mn**-induced folding of P4-P6
in 2 M NaCl

The P4-P6 domain (Murphy and Cech 1993) consists of
two sets of coaxially stacked helices—P4-P5-P6 and P5a—
P5b—joined by a hinge region (J5/5a) (Fig. 1A,B). Two
interactions connect these helical stacks in the folded state:
a tetraloop-receptor interaction between the loop of P5b
and internal loops in P6 (J6a/b and J6b/a) and an A-minor
interaction between an A-rich bulge within P5a and the P4

[ Y Fe2M2*

SCHEME 2.
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FIGURE 1. Structure of AC209 P4-P6 RNA. (A) Secondary structure of AC209 P4-P6.
Nucleotides protected from hydroxyl radical cleavage in the folded state are shown as black circles
(tertiary protections) or as black squares (subdomain protections). (B) Crystal structure of AC209
P4-P6 (derived from PDB file IHR2). Green spheres represent magnesium ions observed in the
structure. (C) Detail of metal ion binding sites in AC209 P4-P6 relevant to this work. Within the
A-rich bulge (left) and the trihelical junction (right), magnesium ions make several inner-sphere
(yellow dashes) and outer-sphere (blue dashes) contacts to nucleobases and nonbridging phosphate
oxygens. The specific phosphate oxygens modified in this work are labeled in yellow text.

Several Mg”* ions are observed in the
crystal structures of P4-P6 (Cate et al.
1996; Juneau et al. 2001). Within the
A-rich bulge, two Mg*" ions each make
three inner-sphere contacts to non-
bridging phosphate oxygen atoms con-
tributed by A183, A184, A186, and
A187 (Fig. 1C, left). In addition, the
pro-Rp nonbridging oxygen of G188 lies
within outer-sphere coordination dis-
tance of one of these metal ions. A third
metal ion directly coordinates the N7
and O6 atoms of G163 and G164, re-
spectively, and makes an apparent
outer-sphere contact to the pro-Rp non-
bridging oxygen of G163 (Fig. 1C,
right). These metal ions bind within
the P5abc subdomain, which can un-
dergo divalent metal-ion-dependent
folding in isolation (Murphy and Cech
1993; Wu and Tinoco 1998; Silverman
et al. 1999; Zheng et al. 2001). Several
other metal ions are observed in P4-P6
crystal structures, but are not addressed
herein.

In 2 M Na(l, wild type P4-P6 acquires
nearly all native long-range tertiary con-
tacts (Takamoto et al. 2004; Das et al.
2005b). The remaining tertiary interac-
tions—those within P5abc and between
the A-rich bulge (residues 182-188) and
the P4 helix—are in the vicinity of the
inner-sphere metal ions and form only
upon addition of divalent metal ions
(Fig. 2). Initial experiments showed that
AC209 P4-P6 forms the same tertiary
interactions in 2 M NaCl, as reflected
by protection from hydroxyl radical
cleavage of nucleotides 152-153 (P5b
tetraloop), 200-202 (J5/5a hinge), and
222-223 (tetraloop-receptor) (Fig. 1A;
data not shown). This state is termed
It .rr herein. The addition of Mg**
or Mn>* induces protection of P5abc
subdomain nucleotides 164, 176-177,
180182, and 187, as well as nucleotides

helix. We refer to these connections as “tertiary interac- 211-212 (the A-rich bulge/P4 A-minor interaction), a tran-
tions” herein. In our studies we have used AC209 P4-P6 sition we term Ity .rg-to-F (Scheme 2; Fig. 2). In Mg*", these
RNA. The deletion of C209 thermostabilizes the folded  protections appear with a midpoint of 0.24 £ 0.01 mM,
RNA; the normally extruded A210 forms a noncanonical ~ whereas in Mn”" the corresponding protections appear at
base pair with G111 within the P4 helix (Juneau and Cech a fourfold lower concentration (0.06 * 0.01 mM), in-
1999), but the structure is otherwise unchanged from wild-  dicating significant Mn*>"-specific stabilization (Fig. 3A;
type P4-P6 (Juneau et al. 2001). We refer to this construct Table 1). Both in Mngr and Mn?", transitions occur with
as P4-P6 or unmodified P4-P6 throughout for simplicity,  a Hill coefficient of approximately two (e.g., 1.8 * 0.2 for
unless noted otherwise. both Mg*" and Mn** titrations monitored at nucleotide
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FIGURE 2. Model for equilibrium Mg*"- or Mn**-induced folding
of unmodified P4-P6 in a background of 2 M NaCl, which promotes
the formation of a subset of long-range tertiary interactions. Two
Mg** or Mn>* ions bind within the A-rich bulge to form the final
folded structure. (Adapted from Das et al. 2005b with permission
from American Chemical Society © 2005.)

164; Table 1; Supplemental Table S1), consistent with prior
work that demonstrated binding of two metal ions to
induce formation of the fully folded state in 2 M NaCl (Das
et al. 2005b; Travers et al. 2007).

The observation that Mn** aids folding of P4-P6 even in
the absence of phosphorothioate substitutions raised the
possibility that prior findings of “anomalous” rescue of
outer-sphere metal-ion interactions arose from this en-
hanced overall stability and not from a specific ability of
Mn*" to rescue outer sphere interactions. We therefore
revisited these crystallographic outer-sphere ligands with
a thermodynamically rigorous approach, focusing on the
pro-Rp nonbridging oxygen atoms of G188 or G163. Prior
analog-interference analyses have shown that sulfur sub-
stitution at either of these sites disrupts folding in 2 mM
Mngr and low concentrations of monovalent cations, as
measured by native gel electrophoresis (Cate et al. 1997;
Basu and Strobel 1999). Inclusion of 0.3 mM Mn?* with 1.7
mM Mg”* induced an apparent rescue of folding at both of
these sites (Basu and Strobel 1999). This rescue by inclusion
of a small amount of Mn** was taken as evidence for an
ability of Mn>" to rescue outer-sphere metal-ion interac-
tions, a highly unexpected result as noted above. The single
“rescuing” metal-ion mixture was chosen because it did not
suppress folding interference of a nonmetal site phosphor-
othioate (A139 Rp PS) and several 2'-deoxy interference
sites. The mixture therefore was thought to minimize any
nonspecific stabilizing effects of Mn**. However, no attempt
was made to measure nonspecific stabilizing effects of Mn**
on the folding of unmodified P4-P6, the comparison species
for which nonspecific Mn*" effects would have meaning in
the experiment. In effect, the prior study used A139 Rp PS
and the 2'-deoxy interferences as substitutes for unmodified
P4-P6, whose folding behavior in Mn®" was never assessed.

Hydroxyl radical footprinting for G188 Rp PS gave
protections at a sevenfold higher Mg** midpoint (1.66 *+
0.05 mM) relative to unmodified P4-P6 (Fig. 3B; Table 1).
For G163 Rp PS, the protections appeared at a twofold
higher Mg”* midpoint (0.46 * 0.06 mM) relative to
unmodified P4-P6 (Fig. 3C; Table 1). These results indicate
that sulfur substitution of either putative outer-sphere
ligand destabilizes folding, and that increasing the Mg”*
concentration can overcome the effects of the substitu-
tion. Saturating Mg>" induced the same protection pat-
terns in G188 Rp PS and G163 Rp PS as for unmodified
P4-P6, indicating that at the resolution of the assay,
neither substitution changes the folded P4-P6 structure
(data not shown).

The corresponding Mn** midpoints for the protections
for G188 Rp PS and G163 Rp PS P4-P6 in 2 M NaCl were
0.32 £ 0.01 mM and 0.11 £ 0.01 mM, respectively (Fig.
3B,C; Table 1). The two modifications increased the mid-
point for folding in Mn*" by fivefold and twofold, re-
spectively, nearly the same effects as in Mg”* (ratios of
sevenfold and twofold, respectively) (Fig. 3B,C; Table 1).
Thus, there is no specific Mn** rescue of the outer-sphere
phosphorothioates under these conditions. Instead, com-
pared with Mg®*, Mn*" has a nonspecific and similar
stabilizing effect for the unmodified RNA and its variants
with outer-sphere phosphorothioates. This conclusion is
rendered more quantitative and precise by taking into
account lowered apparent Hill coefficients for the mutants
(see Table 1) within the thermodynamic framework described
in the next section. In particular, Model 1 and Scheme 3
below provide a physical explanation for the change in
the apparent Hill coefficient for the variants under these
conditions.

We next investigated whether Mn** could rescue folding
of P4-P6 RNAs bearing phosphorothioate substitutions
of inner-sphere Mg** ligands. We focused on A184, whose
nonbridging oxygens make inner-sphere contacts to each of
the A-rich bulge’s metal ions in crystallographic models
(Fig. 1C, left). Sulfur substitution of the pro-Rp oxygen of
A184 interfered with P4-P6 folding using the aforemen-
tioned native gel assay (Cate et al. 1997; Basu and Strobel
1999). Neither Mn®* nor other soft metal ions suppressed
this folding interference under the single assay condition
used previously (Basu and Strobel 1999). Sulfur substitution
of the pro-Sp oxygen of A184 has not been reported. We
constructed three P4-P6 RNAs with phosphorothioate sub-
stitutions of the pro-Rp, pro-Sp, or both (phosphorodithioate,
PS,) nonbridging oxygens of A184 (Supplemental Fig. S1).

In 2 M NaCl, the Mg**- and Mn**-induced protection
patterns for A184 Rp PS, A184 Sp PS, and A184 PS, RNAs
closely resemble those of unmodified P4-P6 (data not
shown). This similarity suggests that the folded structures
of these inner-sphere mutants closely resemble the struc-
ture of unmodified P4-P6 RNA. However, the phosphor-
othioate substitution of either or both of the nonbridging
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A Unmodified P4-P6 B

values of 4, 9, and 7, respectively, much

Fractional Protection
Fractional Protection

greater than the values of near unity
obtained for the outer-sphere substitu-
tions (Fig. 4A).

These results suggest that Mn** spe-
cifically rescues folding of A184 Rp PS,
A184 Sp PS, and A184 PS, relative to
unmodified P4-P6, a result that is
typically taken as evidence for inner-
sphere coordination between Mn*" and

the phosphorothioate, and is consistent
with the crystal structure of P4-P6 with
Mg*" and unsubstituted phosphates

Fractional Protection
Fractional Protection

(Fig. 1; Cate et al. 1996; Juneau et al.
2001). These results further suggest that
the two divalent metal ions that bind
cooperatively with P4-P6 folding in the
2 M NaCl background are the metal
ions that make inner-sphere interactions
with the phosphoryl oxygen atoms of
residue A184. Nevertheless, the apparent
Hill coefficients are different for differ-

[M2+], mM ent variants (Table 1; Supplemental Fig.
E A184 S S2); thus, as noted aboye, “fold-rescue”
; Rallled values do not report directly on AAAG
5 5 (i.e., Equations 3 and 4 are invalid) and,
5 g at best, give a qualitative summary of
g % the results. To make basic conclusions
a o about the energetic significance of these
[ s effects, a thermodynamic framework for
2 2 computing the free-energy differences
8 s of metal-ion rescue is necessary. Such a

[T w s

framework is discussed next.
001 oa 0 100
[M2], mM

FIGURE 3. Equilibrium Mg**- and Mn*"-induced folding of unmodified P4—P6 (A) and
phosphorothioate-substituted variants (B-F) in a background of 2 M NaCl (with 50 mM Na-
MOPS at pH 7). Mg*" data points are shown as open symbols and Mn>" data points are shown
as closed symbols. Values of the fractional protection from hydroxyl radical cleavage derived
from two to four independent experiments for subdomain nucleotides 164 (triangles), 176-177
(circles), 180-182 (squares), and 187 (diamonds) were averaged according to the procedure
outlined in the Materials and Methods and Supplemental Material. The resulting values were
fit to the Hill equation to yield curves whose midpoints and Hill coefficients reflect the
appearance of protections over all of the protected nucleotides simultaneously. Data for
nucleotide 187 are not included for certain variants due to nonspecific degradation of the
phosphorothioate linkage, which interfered with the protection signal at this site.

oxygens of A184 destabilized Mg**-induced P4-P6 folding
dramatically compared with unmodified P4-P6, with the
Mg*" midpoints associated with the appearance of pro-
tections occurring at 43-, 44-, and 63-fold higher Mg**
concentrations than unmodified P4-P6 (Fig. 3A,D-F; Table
1). In Mn*", the folding midpoints for the three inner-
sphere constructs increase by 10-, five-, and ninefold relative
to the unmodified RNA (Fig. 3A,D-F; Table 1). The ratios of
these Mg®" and Mn** midpoints give apparent fold rescue

6 RNA, Vol. 18, No. 6

Thermodynamic models consistent
with the rescue data

Estimating free-energy differences from
the Mg®* and Mn*" titration data for
the P4-P6 RNA and its variants requires
extending the “standard” thermody-
namic framework in Equations 1-4,
which assumes that Hill coefficients
for different RNAs are constant at
different divalent metal-ion concentra-
tions. In particular, the fitted Hill co-
efficients for the thio-modified variants are systematically
lower than the values of ~2 for the unmodified RNA
(Table 1; Supplemental Table S1; Supplemental Fig. S2)
and, indeed, decrease to values near 1 for the more
destabilized variants (Table 1; Supplemental Table S1). We
therefore sought simple extensions of the thermodynamic
framework (Weiss 1997; Garcia et al. 2011) that model
changing Hill slopes, while still permitting extraction of well-
defined AAG and AAAG values for evaluating metal-ion
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TABLE 1. Mg**- and Mn**-dependent folding of P4-P6 in 2 M NaCl

thio modifications. We also assumed
that the first equilibrium—binding of

Weighted average across residues 164-187

(P5abc subdomain)

an “extra” metal ion to Ipptr with
equilibrium constant K;—was the same

for all mutants, as would be expected if

Construct Ligand type  [Mg**1;,» (mM) Nl [Mn**1;,, (MM) Nyl

Unmodified 024 = 001 17 %01 006=%00] 19«0y s metal ion was diffusely associated
G188 Rp oS 166 = 005 10+ 01 032 + 001 14 =01  Wwith the RNA and if all variants had
G163 Re 05 0.46 = 0.06 1.2 =01 011 =001 1.5 * 0.1  similar structural ensembles in the
A184 Rp IS 10.2 = 0.6 13 0.1 060 * 0.05 1.2 = 0.1 metal core-free Iy g state. Equations
A184 Sp IS 106 £ 03 1.0 =01 031 =004 08=01 for fraction folded, free energies, and
A184 PS, IS 15 + 2 13 01 052 = 002 15 % 0.1

M?**-dependent Hill coefficients are

rescue. We explored two such models and found them to
give numerical free-energy differences for the data herein
that were indistinguishable within experimental error.

Model 1. Two site-bound metal ions derived from solution
or from the atmosphere

The data herein and from previous work are well fit by
a model in which It tr-to-F folding of unmodified P4-P6
is associated with the specific site binding of two divalent
metal ions brought in from solution (Scheme 2). Due to the
large excess of Na* saturating the atmosphere (cf. solution
concentrations of 2 M NaCl with submillimolar MgCl, or
MnCl,), the number of “atmospheric” divalent metal ions is
assumed to be either negligible or similar in the I; g and F
states and, indeed, the number of these background ions was
verified to be one or less by direct ion counting (Das et al.
2005b). Scheme 2 does not show these diffusely bound
divalent metal ions, sodium ions, or chloride ions, as they
are negligible in the thermodynamic formulas describing the
titration (Equations 1 and 2, with n = 2). However, for the
destabilized thio-modified variants herein, higher concen-
trations of divalent ions are required to probe the I _rg-to-F
transition, raising the possibility that some atmospheric
divalent metal ions might be present in Iy tr under these
conditions and that these metal ions might enter the metal-
ion core upon folding to F. Because we assumed that F
contains a maximum of two site-bound ions, we considered
the possibility that Ity g preassociates with a single metal
ion to form ITL,TR-Mer according to a separate equilibrium
constant, K; (Scheme 3). We also considered a model with
two metal ions preassociated with Ity g to form an addi-
tional species (Irprre2M?); a significant fraction of such
a species would lead to an admixture of Ity g and F at high
divalent metal-ion concentrations. As we observe hydroxyl
radical reactivities consistent with complete folding of all the
RNAs herein, we do not include such a species. According to
Scheme 3, folding to Fe2M?** occurs either from the Iy rr
species via Ky, or from Iy pgeM>".

To apply Scheme 3 to the metal-ion rescue experiments,
we assumed that the second equilibrium, which involves
folding from ITL_TRoM2+ to form Fe2M*' via binding of
a second divalent metal ion, was perturbed by the assayed

given in the Supplemental Material.
The model predicts that if a variant

folds with a midpoint [M**],),, its apparent Hill co-
efficient is
[M*]
K
n=2-— [1\3[“] (5)
1+
K

This equation gives a Hill coefficient of 2 for stable variants,
monotonically decreasing to 1 for destabilized variants,
resulting from preassociation of a single metal ion with Iy g
at higher divalent metal-ion concentrations as prescribed by
the model. This model accounts for the entire Mg** and Mn**
data sets of unmodified P4-P6 and the five variants (Fig. 5,
solid lines), with K; values of 0.26 * 0.16 mM (Mg”) and
0.13 *= 0.08 mM (Mn*"). This global fit then permits
quantitative evaluation of the free-energy differences and
metal-ion rescue for each P4-P6 thio substitution (Table 2).

For the putative outer-sphere ligand modifications, the
Mg**-dependent folding transition Ity rg-to-F was destabi-
lized by AAG values of 1.49 = 0.15 kcal/mol and 0.55 = 0.13
kcal/mol for G188 Rp PS and G163 Rp PS, respectively (Table
2). When folded in Mn*", the destabilization AAG values
for these two variants were 1.47 = 0.23 kcal/mol and 0.58 =
0.20 keal/mol, indistinguishable from the Mg*" values, given
experimental error. The metal-ion rescue free-energy values
AAAG were obtained by subtracting the Mg** and Mn*"
AAG values and gave 0.02 = 0.28 kcal/mol and —0.02 * 0.24
kcal/mol for G188 Rp PS and G163 Rp PS, respectively. Both
values were indistinguishable from zero (P = 0.5). This
analysis indicates that substituting phosphorothioates for
these crystallographically observed outer-sphere ligands in
the P4-P6 system results in negligible metal-ion rescue.

For the putative inner-sphere ligand modifications A184
Rp PS, A184 Sp PS, and A184 PS,, this framework gave

K
TR +2M2* L brLTR° M2t + M2+
Feame+
SCHEME 3.
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FIGURE 4. (A) Divalent metal-ion midpoint ratios of P4—P6 variants folded in either Mg*" or
in Mn*" in a background of 2 M NaCl (OS: outer-sphere metal-ion ligand; IS: inner-sphere
metal-ion ligand). (B) Calculated AAG values (relative to unmodified P4-P6) associated with
Mg**-induced (left) and Mn*"-induced (right) folding of P4-P6 phosphorothioate variants
with respect to unmodified P4-P6. The values were calculated according to a thermodynamic
framework in which two site-bound metal ions, derived from solution or from the ion
atmosphere, bind within the metal-ion core (Model 1, Supplemental Material). (C) Calculated
AAAG values associated with Mg?*- vs. Mn**-induced folding of phosphorothioate-subsituted
P4-P6 variants in a background of 2 M NaCl.
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AAG values of 2.64 = 0.19 kcal/mol,
2.66 = 0.19 kcal/mol, and 2.87 * 0.21
kcal/mol for A184 Rp PS, A184 Sp PS,
and A184 PS,, respectively, for the
folding transition It rr-to-F induced
by Mg®" (Table 2). In contrast to the
outer-sphere ligand experiments above,
the AAG values for folding in Mn*"
were lower: 1.93 = 0.27, 1.45 = 0.25,
and 1.83 = 0.26 kcal/mol. Thus, the
results suggest metal-ion rescue, with
rescue free-energy values of AAAG of
0.71 = 0.33 kcal/mol, 1.22 = 0.32 kcal/
mol, and 1.04 = 0.33 kcal/mol for A184
Ry PS, A184 Sp PS, and Al84 PS,,
respectively. The results give strong
evidence for nonzero metal-ion rescue
for both A184 nonbridging oxygens (P
=0.02,P=7X 10>, andP=8 X 10°*
for A184 Rp PS, A184 Sp PS, and A184
PS,, respectively), consistent with their
observation as inner-sphere metal-ion
ligands in the crystallographic analysis
of P4-P6. Figure 4B shows the free
energy differences (AAG) for folding
in both Mg>* and Mn®* in graphic
form, while Figure 4C shows the res-
cue factors (AAAG) associated with
each phosphorothioate construct.

Model 2. Linear expansion of the apparent
Hill coefficient

Model 1 posits a functional form for
how the free-energy difference AG for
an RNA conformational transition varies
with background divalent metal-ion con-
centration and assumes that each RNA
modification perturbs this relationship
by some constant AAG. However, the
model makes use of the special condi-
tions of the experiment (high background
sodium ion concentration) and assump-
tions specific to the P4-P6 metal core
transition (Ir;.tr-to-F) to derive the
relevant thermodynamic relations. To
support the above analysis and to enable
analysis under different monovalent ion
background conditions (see below), we
also explored a framework in which the
expression for the free energy was as-
sumed to take a more general form, and
in which the data on the unmodified and
thio-modified RNA were used to carry
out a local mathematical expansion of
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FIGURE 5. Curves describing the variation of the Hill coefficient (1)
with the divalent metal-ion folding midpoint according to models 1
(solid lines; see equation 5) and 2 (dashed lines; see equation 6) for
folding of P4-P6 variants in Mg2+ (A) and in Mn** (B) ina background
of 2 M NaCl. The data points are the experimentally estimated values of
g and [M?*],), for each individual RNA construct (Table 1).

the free energy as a function of metal-ion concentration.
This framework has been applied previously to analyze the
thermostabilization of a signal recognition particle RNA
motif by substitutions predicted by the Rosetta design
algorithm (Das et al. 2010).

Explicitly, we carried out the mathematical expansion on
the apparent Hill coefficient function n([M?*]), which
is proportional to the derivative of
AG([M?**]) with respect to In[M**] (see
Supplemental Material). This expansion

does not require assumptions of high i

that a simple linear expansion fits the observed apparent Hill
coefficients herein (Fig. 5, dashed lines):

[M?7]

(I, 2)

n([M“D =ny+a,ln

(6)

Here, 1y, the apparent Hill coefficient of the unmodified
RNA near its folding midpoint, and the coefficient o, are
fitted parameters, and ( [M**], /2 ) is the folding midpoint
of the unmodified construct. Note that the values of the
fitted parameters depend on the different folding mid-
points and Hill coefficients of each individual RNA variant
(the data points in Fig. 5). The model therefore makes no
assumptions about the values of the Hill coefficients, which
retain their experimentally determined values.

The corresponding equations for free-energy differences
(derived in the Supplemental Material) gave AAG values
for all phosphorothioate modifications in both Mg®* and
Mn*" that were within error of the values computed using
Model 1 above (Table 2). In particular, the final metal-ion
rescue values AAAG were calculated to be 0.37 = 0.35 kcal/
mol (P =0.1), 0.06 = 0.29 kcal/mol (P = 0.4), 1.34 * 0.61
kcal/mol (P = 0.01), 1.72 = 0.58 kcal/mol (P = 0.002), and
1.68 = 0.66 kcal/mol (P = 0.005) for the modifications
G188 Rp PS, G163 Rp PS, A184 Rp PS, A184 Sp PS, and
A184 PS,, respectively. These values are indistinguishable
within experimental error from those obtained using Model
1 above, and further support the conclusion that metal-ion
rescue is negligible for outer-sphere sites, but significant for
inner-sphere ligands.

Testing rescue of P4-P6 folding in low background
Na* concentration

The above experiments carried out in 2 M NaCl support
the conceptual underpinnings of metal-ion rescue experi-

TABLE 2. Folding free energy differences of unmodified vs. phosphorothioate-substituted

background monovalent ion concentra- AAG (kcal mol™")
tl.ons. or .dlscreteness Of, the n.letal—lon Construct  Ligand type ~ Model Mg Mn?* AAAG (kcal mol™")
binding sites, and thus is applicable as
described below to conformational tran- G188 Rp oS 1 1.49 = 015 1.47 = 0.23 0.02 = 0.28
sitions that occur under low monovalent 2 Uoday 2 €28 1,17 = 027 27 = 022
It concentrations, which are more com- G163 Re 05 ! 0.55 = 0.13 0.58 = 0.20 —0.02 = 0.24
sa > 2 0.53 £ 0.13 047 £ 0.26 0.06 = 0.29
monly encountered. We assumed that n A184 R, IS 1 264 =019 193 = 0.27 071 + 0.33
varies smoothly with [M?*], as it does 2 2.85 = 0.50 1.50 = 0.35 1.34 + 0.61
for computational models or direct mea- ~ A184 Sp IS 1 2.66 = 0.19  1.45 = 0.25 1.22 % 0.32
surements of ion atmospheres around - /e (G = (02 72 St
fixed or changing RNA conformational A184 PS, IS 1 2.87 = 0.21 1.83 = 0.26 1.04 = 0.33
1xe g 2 311 + 057 143 = 0.32 1.68 * 0.66

ensembles (Manning 1977a,b; Anderson

and Record 1990; Bai et al. 2007; Leipply
and Draper 2010). We then confirmed

Model 1: Two site-bound metal ions derived from solution or from the atmosphere.
Model 2: Linear expansion of the apparent Hill coefficient.
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ments and indicate that, with proper thermodynamic com-
parisons, the approach can specifically identify site-bound
metal ions within folded RNAs. To more directly compare
these results with those obtained by Basu and Strobel (1999),
to reveal another complexity in thermodynamic analyses,
and to demonstrate how this complexity can be identified
and addressed, we have carried out hydroxyl radical foot-
printing of the constructs described above in low background
Na" concentration. We first describe the results in the ab-
sence of phosphorothioate substitutions, as these results re-
veal a critical new feature in the P4-P6 folding pathway.

Mg”*- and Mn”*-induced folding of unmodified P4-P6 in low
background Na* concentration

For P4-P6 folding in low-background monovalent cation
concentration, in contrast to the behavior in 2 M NaCl, the
RNA initially lacks all of the tertiary interactions, so that
extensive three-dimensional structure forms as Mg** or
Mn** is added. Under these conditions, P4-P6 folds in Mg**
via an apparent single cooperative transition (U-to-F) (Fig.
6A, left). All of the hydroxyl radical protections arise over
a narrow Mg”" concentration range, with an average mid-
point and apparent Hill coefficient of 0.42 £ 0.01 mM and
42 * 0.1, respectively (Fig. 6B, left; Table 3A). These
values agree with those obtained for P4-P6 folding in low
background monovalent cation concentration monitored by
native gel electrophoresis ([Mg**],/, = 0.46 mM, nyy ~ 4)
(Juneau et al. 2001; Schwans et al. 2003), which monitors
global molecular compaction.

In contrast, P4—P6 folds via two transitions when Mn**
is used as the divalent metal ion. A subset of the protections
(152-153 and 200-202) appears at a slightly lower mid-
point than in Mg”*, but protections of other residues (176—
177 and 180-182) occur at a 10-fold lower Mn** concen-
tration (Fig. 6B, right; Table 3B). The residues that are
protected at the lower Mn** concentration (closed squares)
correspond to a previously identified folding subdomain,
P5abc, which can adopt structure independent of the overall
P4-P6 structure (Murphy and Cech 1993; Wu and Tinoco
1998; Silverman et al. 1999; Zheng et al. 2001). Thus, the first
protections that appear with increasing Mn** concentration
correspond to a previously unseen U-to-Ips,,. transition.
The protections that arise at higher Mn>" concentrations
correspond to formation of the tertiary interactions between
the two sets of coaxially stacked helices in the folded P4-P6
structure (Ips,pc-to-F) (Fig. 6B, closed circles; Fig. 1A,B).
This three-state, two-transition folding model shown in the
right panel of Figure 6A is supported by results with a P4-P6
mutant in which J5/5a is base paired to prevent formation
of the overall tertiary structure. This mutant gives P5abc
folding at low Mn** concentration as observed within the
context of unmodified P4-P6, but requires considerably
higher Mg** concentrations than unmodified P4-P6 to
support acquisition of the final tertiary structure (Murphy
and Cech 1994; Wu and Tinoco 1998; data not shown). The

10 RNA, Vol. 18, No. 6

prior work using gel electrophoretic measurements (Basu
and Strobel 1999; Silverman and Cech 1999; JK Frederiksen
and JH Piccirilli, unpubl.) did not detect the U-to-Ips,,.
transition, possibly because the structural change is too subtle
to be detected at the resolution of a gel mobility assay.

Thus, in 20 mM Na”, acquisition of the final tertiary
structure requires similar concentrations of Mngr and Mn?*,
but the underlying process or folding mechanism is distinct,
with Mn** promoting formation of a predominant folding
intermediate that contains the two identified metal-ion bind-
ing sites (Fig. 6A, right). This difference has profound con-
sequences. Whereas modifications that significantly weaken
Mg** affinity for these binding sites would result in an in-
creased [Mg2+]1/2 for overall tertiary folding, the same
modification in Mn*" might have no influence on the
[Mn>*],,, for overall tertiary folding. In other words, a
modification that increases the [Mn®*],,, for formation of
the subdomain (which contains the metal-ion binding
sites) by ~10-fold would still allow metal-ion binding
and subdomain formation at a Mn** concentration below
that required for formation of the overall tertiary structure
(Fig. 6B, open vs. closed symbols) so that no shift in
[Mn**],,, for the overall tertiary structure formation would
be observed.

Because of the different folding pathways, any mutation
or modification that uniformly perturbed the [M**],,, for
the single folding transition in Mg>" and for subdomain
formation in Mn2", such as modification of an outer-sphere
ligand, would give apparent rescue in gel mobility measure-
ments, which monitor only overall tertiary structure forma-
tion (i.e., the ratio [Mn**],,,/[Mg**],/, would decrease for
thio-substituted P4-P6 relative to wild-type P4-P6). Further,
rescue of inner-sphere metal-ion ligand perturbations would
not be apparent at only a single rescuing Mn** concentra-
tion, as was used in the prior study (Basu and Strobel 1999),
if the added Mn*" were insufficient to overcome a strong
destabilizing effect from disruption of these metal-ion
interactions.

Mg”*- and Mn”*-induced folding of phosphorothioate-
substituted P4-P6 in 20 mM Na*

We first investigated folding of the two outer-sphere
phosphorothioate-substituted P4-P6 RNAs, G188 Rp PS
and G163 Rp PS, in the 20 mM Na* background (Fig.
6C,D). With sufficient Mg**, both constructs yield the
same protection patterns as unmodified P4-P6 (left). Sub-
domain and tertiary protections for the phosphorothioates
(open squares and open circles, respectively) appear over a
narrow Mngr concentration range, analogous to the appar-
ent single cooperative folding transition observed for un-
modified P4-P6 in Mg>', but at approximately twofold
higher Mg** midpoints and with lower apparent Hill co-
efficients compared with unmodified P4-P6, reflecting de-
creased folding stability (Table 3A).
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In Mn?", these modified P4—P6 RNAs exhibit separate
folding transitions for subdomain formation and overall
tertiary structure formation, as is observed for the un-
modified RNA (Fig. 6C,D, right). The [Mn2+]1,2 value for
formation of the subdomain is increased relative to un-
modified P4-P6, but formation of the final tertiary struc-
ture is not significantly affected (Fig. 6C,D, right; Tables
3A, 3B). Even though the subdomain is destabilized, it still

folds at concentrations lower than those required for
overall tertiary folding, so the overall tertiary folding of
these variants is unaffected (Table 3B) ([Mn**];,, = 0.3-0.4
mM). Thus, a destabilizing effect on formation of the
subdomain manifests as an effect on acquisition of overall
tertiary structure in Mg>*, as folding of the subdomain is
coupled to overall folding in Mg”*, but has no effect on overall
folding in Mn** because subdomain folding is complete at
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FIGURE 6. Mg*"- or Mn**-induced folding of P4—P6 variants in a background of 20 mM Na®. Folding of unmodified P4-P6 in Mg** follows an
apparent two-state transition modeled as U-to-F (A, left), in which both subdomain protections (B-G, left, open squares and dashed curves) and
tertiary protections (B—G, left, open circles and solid curves) appear over approximately the same Mg?* concentration range. In contrast, folding
in Mn** follows the three-state transition U-to-Ipsapc-to-F (A, right), in which the subdomain protections (B=G, right, closed squares and dashed
curves) appear at lower concentrations than the protections associated with formation of tertiary structure (B-G, right, closed circles and solid
curves). Data points and curve fits were obtained for the subdomain and tertiary protections analogously to the procedure described for Figure 3.

lower Mn®* concentrations than overall tertiary structure
formation (Fig. 6A). The destabilizing effect in Mg** and
the absence of such an effect in Mn*" corresponds to an
apparent rescue of tertiary folding (Fig. 7A), but a rigorous
appraisal requires accurately taking into account the ad-
ditional intermediate observed in Mn*". Complexities from
this previously unknown intermediate account for the
small, but significant apparent rescue of these outer-sphere
constructs observed previously by native gel mobility assays
that monitor primarily the global compaction associated
with tertiary folding (Basu and Strobel 1999). Analogously,
metal-ion rescue of catalysis can be misleading if the same
reaction steps are not monitored throughout the compar-
isons (Shan and Herschlag 2000; Hougland et al. 2005).
The three inner-sphere constructs (A184 Rp PS, A184 Sp
PS, A184 PS;) also exhibit the same regions of protection as
unmodified P4-P6 when folded in a background of 20 mM
Na™ with sufficient divalent metal ion
(data not shown). Like unmodified P4—
P6, these constructs appear to fold in
Mg** via a single transition, with sub-

effects are greater than the effects from the outer-sphere
thio substitutions (Fig. 7A).

Also as for the outer-sphere metal ions, the folding
pathway in Mn*" is different from that in Mg>", and this
difference leads to apparent rescue. Figure 6E-G (right)
shows the two transitions for folding in Mn*". As with the
outer-sphere substitutions, the inner-sphere thio substitu-
tions have a destabilizing effect on subdomain formation
(closed squares) (cf. Fig. 6, C and D), but this transition
still occurs at lower Mn”' concentrations than tertiary
folding (Fig. 6E-G, right, closed squares vs. closed circles),
resulting in the observed subdomain folding intermediate.
As described above for the outer-sphere thio substitutions,
the higher [Mg*"],/, coupled with the absence of an effect
on [Mn>*],,, for overall tertiary folding leads to apparent
rescue (Fig. 7A). This apparent rescue is larger than that
observed for the outer-sphere residues, but only because

TABLE 3A. Mg**-induced folding in 20 mM Na*

domain and tertiary protections ap- Subdomain Tertiary

pe.aring over narrow concentration ranges Construct e R - YRy -
(Fig. 6E~G, left; Table 3A). However, the gand yp & il § Hil
associated midpoints occur at a six- to 10- Unmodified 0.40 = 0.01 3.6 = 0.2 044 = 0.01 43 = 0.1
fold higher Mg®* concentration compared 8122 EP 82 8?2 f 883 ;? i 82 8'3 f 8; 32 f 8;
with unmodified P4-P6. As with the [N Is 238 £ 005 25+ 01 27 +06 22+ 04
outer-sphere phosphorothioates, the in-  xj54 g, IS 4.1 * 0.1 1703 39=*02 20=*01
creased folding midpoints reflect a de-  A184 PS, IS 32+05 15*05 34*05 1.6=*03

stabilization of folding in Mg**, and the
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TABLE 3B. Mn?*-induced folding in 20 mM Na*

2 M NaCl data above, similar values of
AAG in Mn** vs. Mg*" were observed

Subdomain Tertiary for the outer-sphere substitutions G188
Construct Ligand type  [Mn**]5 (mM) Nyl IMn**15 (mM) Dyl Rp PS and G163 Rp PS, giving no ev-
fed idence of metal-ion rescue. Further,
Unmodifie 0.03 = 0.01 1.4 = 0.2 0.30 = 0.03 3.9 £ 0.2 . 2+ 2+
smaller AAG values in Mn s. M
G188 Rp oS 0.09 £ 0.02 2.2 £ 03 0.29 = 0.04 2.4 + 0.8 . v . . v &
G163 Rp 0s 014 + 001 17 + 02 039 = 002 24 + 0 torinner-sphere thio substitutions (A1_84
A184 Rp IS 0.13 = 001 1.9 * 07 050 =002 19 =01 Rp PS, Al84 Sp PS, A184 PS;) provide
A184 Sp IS 0.09 £ 0.01 1.5 * 0.1 057 =002 1.9 = 0.1 thermodynamic evidence for rescue of
A184 PS, IS 006 + 0.01 15 %02 078%009 19=02 jnper-sphere metal-ion interactions in

the inner-sphere substitutions have a larger destabilizing
effect than do the outer-sphere substitutions. Any substi-
tution or mutation that has a larger effect on subdomain
formation without an additional destabilizing effect on the
overall tertiary structure formation (i.e., affecting U-to-
Ipsape without affecting the Ips,,.-to-F transition) would
give a still larger apparent rescue. The apparent rescue
arises from the inappropriate thermodynamic comparison
of folding that occurs via two different pathways—in Mg*",
from U to F, and in Mn**, from Ips,p. to F—and, therefore,
need not have any relationship to rescue via stronger
Mn**—sulfur interactions.

As with the simpler 2 M NaCl data, quantitative
evaluation of metal-ion rescue in lower monovalent salt
concentration requires calculating and comparing free-
energy differences induced by thio modification for iden-
tical states in both Mg>* and Mn** (Scheme 1). To resolve
the complexity associated with different transition path-
ways in Mg®* and Mn**, we calculated free-energy differ-
ences for the same overall process U-to-F. To resolve
complexities associated with changing apparent Hill co-
efficients in modified RNAs, we analyzed the data in the
general thermodynamic framework derived above based on
global fits of the Hill coefficient across all variants (model
2; see Fig. 8 for the corresponding g vs. [M**],/, plots).
The results of these analyses are summarized in Figure 7, B
and C and Table 4, and demonstrate Mn** rescue of the
inner- but not outer-sphere ligands.

Figure 7B shows the overall folding free energies (be-
tween states U-to-F) for each construct in Mg”* and Mn*",
taking into account the single-transition vs. two-transition
thermodynamics in the two conditions, respectively. The
values in Mg*" (Fig. 7B, left; Table 4, Mg*", U-to-F) are
obtained from the single folding isotherms shown in Figure
6, B-G (left). The values in Mn** (Fig. 7B, right; Table 4,
Mn*") require summing the free energies from the two sets
of folding isotherms (Fig. 6B—G, right), representing the
U-to-Ipsapc step (closed squares and dashed lines) and
the Ipsap-to-F step (closed circles and solid lines) to yield the
total free-energy difference for U-to-F. Figure 7C plots these
differences in the folding free energies in Mg”* vs. Mn** to
allow rescue to be evaluated. As in the analysis of the simpler

these experiments. The quantitative values

for the metal rescue free-energy differ-

ences AAAG are 0.45 * 0.58 (P = 0.2),
—0.66 £ 0.63 (P=10.9), 0.71 £ 0.67 (P=0.1), 1.48 = 0.65
(P =0.01), and 1.34 * 0.64 (P = 0.02) kcal mol™" for the
modifications G188 Rp PS, G163 Rp PS, A184 Sp PS, A184
Rp PS, and A184 PS,, respectively (Table 4). These values
have larger errors than the results obtained in the simpli-
fying 2 M NaCl conditions (Table 2), due to the summa-
tion of free energies over an additional transition in the
Mn?*" titrations. For one of the constructs (A184 Rp PS), we
cannot yet ascertain whether the measured rescue effect is
greater than its associated error. Nevertheless, given these
errors, the values in low monovalent salt and high mono-
valent salt background are in agreement, providing evi-
dence for congruence between these biochemical metal-ion
dissection experiments and the inner-sphere/outer-sphere
nature of the RNA ligands from crystallography.

SUMMARY AND IMPLICATIONS

Metal-ion rescue: Successes and lingering concerns

Metal-ion rescue experiments have provided a powerful
experimental approach for developing models of catalysis
by ribozymes and for evaluating the functional relevance of
structural models (Wang et al. 1999; Hougland et al. 2006;
Nelson and Uhlenbeck 2006). Elucidation of the network
of interactions mediated by metal ions and their ligands
within ribozyme active sites has relied on the assumption
that sites of rescue reveal ligands that occupy the inner
coordination sphere of the metal ion. This interpretation
follows logically from the known stronger coordination of
rescuing metal ions to sulfur than oxygen. While the ab-
sence of rescue, a negative result, cannot be used to provide
evidence against a direct metal-ion interaction, and while
rescue can occur from recruitment of a new interaction not
present in the wild-type/cognate pair, metal-ion rescue
experiments have been used extensively with functional
RNAs, and the results have been predictive of further
functional and structural results (Wang et al. 1999; Adams
et al. 2004; Guo et al. 2004; Golden et al. 2005; Hougland
et al. 2006; Nelson and Uhlenbeck 2006). For example,
quantitative metal-ion rescue studies provided evidence
for a single catalytic metal ion that bridged positions 20 A
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AAG (kcal mol')

FIGURE 7. (A) Divalent metal-ion midpoint ratios of P4-P6 variants folded in either Mg*" or
Mn?* in a background of 20 mM Na*, separated into subdomain and tertiary folding midpoints
(OS: outer-sphere metal-ion ligand; IS: inner-sphere metal-ion ligand). (B) Calculated AAG
values (relative to unmodified P4-P6) associated with Mg“—induced (left) and Mn?**-induced
(right) folding of P4-P6 phosphorothioate variants with respect to unmodified P4-P6. The
values were calculated according to a thermodynamic framework in which the Hill coefficient is
assumed to vary linearly with the divalent metal-ion concentration (model 2, Supplemental
Material). The values for Mn** are arranged in a stacked plot that reflects the sum of the
contributions from the separate U-to-Ips,,c (subdomain) and Ips,,-to-F (tertiary) folding
transitions. (C) Calculated AAAG values associated with Mg®"- vs. Mn*"-induced folding of
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apart in hammerhead ribozyme X-ray
structures (Wang et al. 1999), and sub-
sequent X-ray structures of more active
forms of the hammerhead provided
strong support for this proposed con-
formational transition and metal-ion
binding site (Martick and Scott 2006;
Nelson and Uhlenbeck 2006). Extensive
studies of group I ribozyme catalysis
provided evidence for three active site
metal ions and multiple ligand interac-
tions, with all but one of these interac-
tions supported by X-ray structural
studies (Shan et al. 1999; Guo et al.
2004; Golden et al. 2005; Stahley and
Strobel 2005; Hougland et al. 2006). In
this case the structural evidence for two
metal ions remains to be resolved with
the functional evidence for three metal
ions; it is possible that this case presents
a rare example of metal-ion recruitment
upon thio substitution (Hougland et al.
2006).

The observation from a previous nu-
cleotide analog interference mapping
(NAIM) analysis that Mn*" appeared to
suppress P4-P6 folding defects caused
by sulfur substitution at outer-sphere
ligands challenged the “standard” inter-
pretation of metal-ion rescue experi-
ments (Basu and Strobel 1999). It was
possible that the combination of sulfur
substitution with Mn>" supplanted outer-
sphere interactions between Mg®" and
the phosphate oxygen with inner-sphere
interactions between Mn>' and sulfur,
engendered by the longer sulfur—phos-
phorus bond coupled with the longer
sulfur-Mn*" coordination distance. Al-
ternatively, the apparent rescue might
have reflected limitations associated with
the native gel assay of folding, the single
rescuing conditions used, or the thermo-
dynamic assumptions underlying the
analysis of the results.

We first used simplifying conditions,
investigating P4-P6 folding and rescue
in a high background concentration of
monovalent cation. We previously showed
that these conditions essentially saturate
the ion atmosphere with monovalent
cations, thereby simplifying divalent
metal-ion-dependent folding such that the
observed Hill slope of two corresponds
precisely to the uptake of two metal ions
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interactions with proteins and other bind-
ing partners. We also wished to investi-

gate rescue under low-salt conditions to
provide a more direct comparison to and
test of the prior study that had called into
question the ability of rescue experiments
to discriminate between inner- and outer-
sphere structural metal ions.

We found that the thermodynamic
folding pathway differed in Mg”* vs.

Tertiary -

1

Mg*] _ (mM)

Mn*" in this low monovalent salt con-
centration background. In Mn?*, we
observed stabilization and accumula-
tion of a folding intermediate corre-

Ll

sponding to the P5abc subdomain of
P4-P6 (Ipsype), a structure that contains
the two metal-ion binding sites identi-
fied above and has previously been
shown to fold independently (Murphy
and Cech 1993; Wu and Tinoco 1998;
Silverman et al. 1999; Zheng et al. 2001).
The presence of two different folding
pathways subverts simple thermody-
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FIGURE 8. Linear fits to midpoint and Hill coefficient data according to model 2 (Equation
6) for folding of P4-P6 variants in Mg2+ (A,B) and in Mn** (C,D) in a background of 20 mM

Na*. (Data from Table 3.)

upon folding (Das et al. 2005b). At the time, we presumed that
these two metal ions corresponded to site-bound metal ions in
the P4-P6 crystallographic model, likely the most highly
coordinated metal ions within the core of the P5abc domain
(Fig. 1C, left). The rescue results here provide strong and direct
support for this hypothesis and further reveal the identity of
these metal ions.

While the simplifying high monovalent concentration
conditions have been powerful for P4-P6 and for some
other systems, not all RNAs will be as well behaved under
these conditions, and it is desirable to also investigate RNAs
under more physiologic conditions that allow more normal

1

[Mn™],  (mM)

namic analysis of the rescue experiments
and was a key element limiting the prior
data interpretation. This limitation is
akin to the potential to be misled in
rescue experiments that probe catalysis
when different reaction steps are followed
or different rate-limiting steps occur for
the constructs being compared (Shan and Herschlag 2000;
Hougland et al. 2005). By obtaining residue-by-residue
folding isotherms via hydroxyl radical footprinting (Fig. 6)
and by developing an approach to compare folding free
energies under common conditions, we were able to deter-
mine the thermodynamics for the overall folding process
and to demonstrate rescue of inner-sphere, but not outer-
sphere ligands. Our findings underscore the importance of
developing explicit thermodynamic models and carrying
out complete thermodynamic characterizations.

Our results show that metal-ion rescue experiments can
be successfully applied to identify ligands of structural

TABLE 4. Folding free energy differences of unmodified vs. phosphorothioate-substituted P4-P6 in 20 mM Na*

AAG (kcal mol™")
Mg>* Mn2+

AAAG (U—F)
Construct Ligand type U—F U= lpsapc lpsabc—F U—F (kcal mol™")
G188 Rp oS 1.41 = 0.17 1.02 = 0.47 —0.06 £ 0.30 0.96 = 0.56 0.45 = 0.58
G163 Rp oS 1.27 = 0.18 1.50 = 0.57 0.43 = 0.18 1.93 = 0.60 —0.66 £ 0.63
A184 Rp IS 2.91 = 0.33 1.42 = 0.55 0.78 = 0.19 2.20 = 0.58 0.71 £ 0.67
A184 Sp IS 3.45 £ 0.41 1.02 = 0.47 0.95 £ 0.21 1.97 = 0.51 1.48 = 0.65
A184 PS, IS 3.25 = 0.38 0.62 = 0.40 1.29 = 0.32 1.91 = 0.52 1.34 = 0.64
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metal ions, analogous to the use of rescue experiments to
identify catalytic interactions of metal ions. As an increasing
number of RNAs with biological roles other than catalysis
are being identified, tools to dissect folding and metal ion
and other interactions within folded structures will be in-
creasingly important. Recent advances that increase the
throughput and precision in analysis of nucleic acid foot-
printing data (Das et al. 2005a, 2010; Merino et al. 2005;
Yoon et al. 2011), as well as the conceptual approaches in-
troduced herein, should greatly facilitate analysis of these
RNAs.

MATERIALS AND METHODS

Cloning

The plasmid pUC19 AC209 P4-P6 was a gift from Kara Juneau
and Tom Cech and encodes full-length AC209 P4-P6 with a 5’ T7
promoter sequence, cloned between the EcoRI and Xbal re-
striction sites of the pUCI9 vector. The plasmid pUC19 102-178
HH was a gift of Scott K. Silverman and encodes nucleotides 102—
178 of P4-P6, followed by a hammerhead ribozyme cleavage
sequence, cloned between the EcoRI and HindIII restriction sites
of pUCI19 (Silverman and Cech 1999). Two additional plasmids,
pUCI19 175-261 AC209 and pUCI9 200-261 AC209, encoding T7
transcripts 175-261 and 200-261, respectively, of AC209 P4-P6
were constructed via PCR from pUC19 AC209 P4-P6. The PCR
products for these constructs were cloned into pUCI19 between the
EcoRI and Xbal restriction sites. The sequences of all constructs
were verified by forward and reverse automated sequencing.

RNA preparation

Linearization of all plasmids was accomplished by overnight
digestion with Earl, except for pUC19 102-178 HH, which was
linearized by overnight digestion with HindIII. Typical transcrip-
tion reactions contained 40 mM Tris-HCI (pH 8), 25 mM MgCl,,
2 mM spermidine, 0.01% Triton X-100, 4 mM NTPs, 10 mM
DTT, 50 pg/mL linearized plasmid, 2 units/mL inorganic pyro-
phosphatase, and 84.6 wg/mL T7 RNA polymerase (prepared in
the Piccirilli lab by Joseph Olvera). Transcription reactions of
pUC19 102-178 HH included 30 mM MgCl, to ensure sufficient
hammerhead ribozyme cleavage (Silverman and Cech 1999). Tran-
scription reactions that used pUC19 175-261 AC209 or pUCI9
200-261 AC209 included 10 mM GMP to ensure the presence of
a 5" monophosphate. All transcriptions were carried out at 37°C
for 2 h. Transcripts were purified via 8% denaturing PAGE and
electroeluted into TE pH 7.5, extracted with 25:25:1 (v/v/v) phenol/
chloroform/isoamyl alcohol, precipitated with ethanol, and stored
at —20°C.

RNA nucleotides 102-153 of AC209 P4-P6 were obtained by
digestion of full-length AC209 P4-P6 RNA with the 10-23 DNAzyme
5'-AAGGCCATCTCAAAGGGCTAGCTACAACGATTCCCCTGAG
ACTTG-3', purchased from Integrated DNA Technologies (Santoro
and Joyce 1997). About 16 nmol of AC209 P4-P6 RNA were com-
bined with 25 nmol of DNAzyme, heated at 95°C for 3 min, and
placed on ice for 1 min. Following the addition of 5x DNAzyme
buffer (750 mM NaCl, 200 mM tris-HCI at pH 8), the mixture was
incubated at 37°C for 30 min to allow hybridization. To initiate
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cleavage, MgCl, was added to a final concentration of 60 mM, and
the reaction was allowed to proceed at 37°C for 5 h. The reaction
was then treated with 25 units of RNase-free DNase (Promega) for
1 h at 37°C to remove the DNAzyme. Following phenol/chloroform/
isoamyl alcohol extraction and ethanol precipitation, the desired
52-nt product was purified via 6% dPAGE.

As a result of 3’-end processing, the RNA molecules 102-178
and 102-153 contained 3’-terminal 2',3’-cyclic phosphate groups.
To remove these groups, the RNAs were treated with T4 poly-
nucleotide kinase (T4 PNK; New England Biolabs) based on a
protocol described previously (Silverman and Cech 1999). Briefly,
~5-10 nmol of RNA were incubated with 50-100 units of T4 PNK
in 1x kinase buffer (50 mM tris-HCI at pH 7.5, 10 mM MgCl,, 5
mM DTT) at 37°C for 5 h. The RNAs were then extracted with
phenol/chloroform/isoamyl alcohol and precipitated with ethanol.

Synthetic monophosphorothioate RNA oligonucleotides 179—
199 A184 PS and 154-174 G163 PS of AC209 P4-P6 were purchased
from Dharmacon, Inc. Phosphorothioate diastereomers were sepa-
rated via anion exchange HPLC (Frederiksen and Piccirilli 2009).
The RNA oligonucleotide 179-199 containing a phosphorodi-
thioate linkage 5" of nucleotide A184 was synthesized on a 1-pmol
scale on an Expedite 8909 nucleic acid synthesizer. Except at
position 183, this oligo was synthesized with standard RNA
phosphoramidites. At position 183, an adenosine phosphoro-
thioamidite was coupled that had been synthesized based on
methods described previously (Petersen and Nielsen 1990).
Following a 30-min coupling or double coupling step, the initial
dichlorobenzyl phosphorothioate linkage was converted to a phos-
phorodithioate linkage by a 400-sec oxidation with 5% sulfur
in 1:1 (v/v) pyridine/carbon disulfide or with 0.05 M solution of
sulfurizing reagent II in 2:3 (v/v) pyridine/acetonitrile. After syn-
thesis of the full-length oligo had been completed, the dichlor-
obenzyl protecting group was removed by treatment with 1:1:2
(v/vlv) thiophenol/triethylamine/dioxane at room temperature
for 2 h. The solid support was then washed three times each with
methanol and diethyl ether and allowed to dry. Base deprotection
and cleavage from the solid support was achieved by treatment
with 3:1 (v/v) ammonium hydroxide/ethanol for 2 h at 55°C.
Following evaporation of the ethanolic ammonia solution, the
2'-silyl protecting groups were removed by treatment with a 6:3:4
(v/vlv) solution of N-methyl pyrrolidinone/triethylamine/triethyl-
amine trihydrofluoride at 65°C for 1.5 h (Wincott et al. 1995).
The deprotected phosphorodithioate oligonucleotide was then
purified by anion-exchange HPLC and could be clearly distin-
guished from the Rp and Sp monothioate species, which elute
earlier from the column than the dithioate. The mass of the
phosphorodithioate oligo was confirmed by MALDI mass spec-
trometry (calculated for M-H: 6787.9, measured 6787.1).

Modified P4-P6 RNAs prepared by splint ligation

Schemes describing construction of phosphorothioate-modified
RNAs are shown in Supplemental Figure S1. When possible, syn-
thetic phosphorothioate oligonucleotides were ordered with
5'-phosphate groups (Dharmacon). The phosphorodithioate oligo
was phosphorylated on its 5 end by using T4 PNK and ATP.
RNAs were joined by using standard DNA splint ligation methods
(Moore and Sharp 1992). In a typical reaction, 5 nmol of each
component (splint, 5 RNA and 3’ RNA) were combined in TE
pH 7.5 (10 mM tris-HCl at pH 7.5, 1 mM Na,EDTA pH 8),
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heated to 90°C for 4 min, placed on ice for 1 min, and incubated
at 37°C for 30 min. To this mixture were added 10x ligation
buffer, 500 pmol T4 DNA ligase (prepared in the Piccirilli lab by
Joseph Olvera) and water so that the final volume was as small as
possible while still keeping the final concentration of glycerol
below 5%. Beside RNA, splint, and T4 DNA ligase, the final
ligation reaction contained 40 mM tris-HCI (pH 7.5), 10 mM
MgCl,, 10 mM DTT, 1 mM ATP, and 0.05 mg/mL bovine serum
albumin. Ligation reactions were allowed to proceed for 4-5 h at
37°C, after which time the DNA splint was removed by treatment
with RQ1 RNase-free DNase (Promega, Inc.). Following phenol/
chloroform/isoamyl alcohol extraction and ethanol precipitation,
the ligation products were purified via 6% dPAGE and subsequent
electroelution into TE pH 7.5. Ligation junctions were confirmed
by alkaline hydrolysis and T1 ladders, while iodine cleavage was
used to confirm the positions of the phosphorothioate linkages.

Fe-EDTA footprinting

Full-length AC209 P4-P6 molecules were 5'-end labeled by
treatment with [y->PJATP and T4 PNK, gel purified by 6%
dPAGE, eluted passively overnight into TE pH 7.5 at 4°C,
extracted with phenol/chloroform/isoamyl alcohol, and precip-
itated with ethanol. Prior to storage at —20°C, labeled RNAs were
resuspended in water to an activity of ~100,000 cpm/pL to minimize
autoradiolysis.

A mix was prepared and distributed in 8-pL aliquots so that
each footprinting reaction initially contained 1 pL of 5'-end
labeled RNA, 1 pL of 500 mM Na-MOPS (pH 7), and 6 pL of
water. Reactions carried out in the presence of 2 M NaCl contained
4 L of 5 M NaCl and 2 pL of water. Following the addition of 1
pL of a 10x solution of MgCl, or MnCl,, the RNA was allowed to
fold for ~15 min at room temperature.

A 10x footprinting reagent was prepared separately that con-
tained 1 mM Fe(NH,),(SO,),, 1.25 mM EDTA (pH 8), and 60 mM
sodium ascorbate. To initiate the footprinting reaction, 1 pL of this
reagent was added to each aliquot to a final volume of 10 p.L so that
each reaction contained labeled RNA, 50 mM Na-MOPS (pH 7),
2 M NaCl where appropriate, varying concentrations of MgCl, or
MnCl,, 0.1 mM Fe(NH,),(SO,),, 0.125 mM EDTA (pH 8), and
6 mM sodium ascorbate. The reaction was allowed to proceed for
30 min at room temperature, and was quenched by the addition of
5 pL of a thiourea stop solution (9 M urea, 300 mM thiourea, 0.1%
each xylene cyanol and bromophenol blue).

The footprinting reactions (7 L of each) were fractionated on
8%-8.5% denaturing gels. The gels were dried, exposed to storage
phosphor screens, and scanned on a Typhoon Trio imager (GE
Healthcare). Gels were quantified using the SAFA program (Das
et al. 2005a). Importantly, for residues that become protected only
upon addition of divalent metal ions, no significant difference in
cleavage intensity was found between samples folded in 2 M NaCl
alone and samples folded in 20 mM Na* alone. This result argues
against a significant effect of contaminating divalent metal ions in
the 2 M NaCl samples.

Initial data analysis and curve fitting

Regions of protection from hydroxyl radical cleavage were iden-
tified as follows. Footprinting in 2 M NacCl yielded clear divalent
metal-ion-dependent protections at nucleotides 164, 176-177,
180-182, and 187, corresponding to folding of the P5abc subdo-

main. In 20 mM Na™, protections at nucleotides 152—153 and 200
202, and at 176-177 and 180-182, were chosen to reflect tertiary
and subdomain folding, respectively. At each nucleotide position,
each individual footprinting experiment generated a set of inten-
sities whose values decreased in proportion to the extent of pro-
tection. The intensity data were fit initially to a four-parameter
Hill equation as described in the Supplemental Material (Equation
S1) and were subsequently normalized based on these fits. Data
for protected regions spanning multiple nucleotides (e.g., 152—-153
or 180-182) were averaged for each experiment. All of the data
corresponding to a given folding transition derived from two to four
independent experiments per RNA construct were then plotted on
the same graph. For example, each plot in Figure 3 contains all data
associated with nucleotides 164, 176-177, 180-182, and 187 (when
available) obtained from each footprinting experiment conducted in
2 M NaCl. We then took the average of all of the protection data at
each divalent metal-ion concentration and fit the resulting points to
the Hill equation to produce the final curves shown in Figures 3 and
6. The midpoints and Hill coefficients derived from these curves
were then used to determine AAG and AAAG values for the
constructs according to procedures outlined in the Supplemental
Material. Finally, an independent analysis based on a rigorous
likelihood formalism was carried out and gave indistinguishable
results for the thermodynamic parameters and their errors (see
Supplemental Material, Supplemental Figs. S3-S5, and Supple-
mental Tables S3, S4).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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SUPPLEMENTAL MATERIAL
Evaluation of folding midpoints and Hill coefficients for divalent ion titrations
Hydroxyl radical footprinting data d summed over a subset of nucleotides (e.g., 180, 181,

& 182) were fit to Hill isotherms by least-squares optimization in KaleidaGraph:

5]
SO Vi 1
M2 )

+
M%),

Each fit returned four parameters — the “unfolded” reactivity A, the maximal change in reactivity
B, the midpoint [M**];2, and the apparent Hill coefficient n — along with their associated errors
8A, 6B, {M**]12, and dn. Independently fitted values for multiple subsets of residues (e.g., 176-
177 and 180-182) were averaged, with appropriate weighting and assuming normally distributed
errors, to yield the final values of [M*'];» and n for each individual folding transition. Explicitly,

given midpoints ([M2+]1,2) + 6([M2+]1,2) obtained for data over different residue subsets i, the

i i
averaged midpoints and associated errors were calculated as:

(M2*1y2)

26({M2+11,2),2
1

= 5(M?*]y) °

(S2)

[M2+]1/2 =

-1/2

SM?* 1,5 = (S3)

1
2 3(M*1y2) °

An analogous relation was used to average the apparent Hill coefficients and obtain their
associated errors.
Derivation of thermodynamic relations for models with non-constant Hill coefficients

Model 1. Two site-bound metal ions, derived from solution or from the atmosphere.
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We derive the free energy relations and apparent Hill coefficients (Weiss 1997; Garcia et
al. 2011) for the following model of the P4-P6 folding transition in a background of 2 M NaCl:

K

lrLTR + 2M2* < = IrtR°M2* + M2+

~N

F-2M2+

For simplicity, this scheme does not show additional diffusely associated ‘background’ divalent
metal ions, which are assumed to be equal in number for each species. The scheme also does
not show monovalent ions (Na* herein), since we are considering the dependence of folding on
the divalent metal ion concentration only. Finally, the scheme neglects anions, since the
divalent ion titrations minimally perturb the solution concentration of anions in the presence of 2

M NaCl. The Boltzmann weights for each state sum to the partition function for the system:

2+ 2+ 2
Z=p1+p2+p3=1m+(m) (54
K, K,

Here, Ky parameterizes the equilibrium between the first and second states (for associating a
single divalent metal ion with the It 1 state), and K, parameterizes the equilibrium for folding
between the first state and the third state. The free energy difference between the two Il 1r

states and F is then:

M)
P K

AG=-RTIn 8 TIn (S5)

P +P; 1 [M*]

K1
The apparent Hill coefficient is defined by the thermodynamic relation:
1 9AG

" RT 4In[M>*] (S6)
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Using equation S5 gives:

[M?*]
Ky
N

K1

n=2-

The fraction folded is given by:

P " i (s8)
2+ 2+
K, K,

At the folding midpoint [M**],,, where by definition Ps =1, the following relation holds (setting
1+

f=

equation S8 equal to 0.5):

oL -1/2
Ky = [M2*11/2(1+[MK¢] (S9)
1

Equation S10 below can be derived by taking a Taylor expansion of In[f/(1-f)] in equation S8

with respect to In[M?*] around the midpoint [M**];», and is a good approximation near the folding

midpoint up to corrections logarithmic in [M?*].

M** 1,2

- + ”([M2+]1/2)
o[

M1y

( M 2+] )"([M2+ ]1/2)
f (S10)

Using n([M 2+]1,2) given by equation S7, we can evaluate equation S10 at the midpoint to give:

M2*1y/

2+ _o__ WU 2
(M b2 et

(S11)

Indeed, equation S10 is the standard Hill form used for least-squares fits (see equation S1) to

estimate n; and ([M2+]1/2)j, and associated errors 6n; and 6([M2+]1,2)j, for each RNA variant j.

These values were then fit to equation S11 by x* minimization (KaleidaGraph) to give the
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parameter K, with standard errors 6Ky, as shown in main text Figure 5. Finally, for comparing
each modified variant to the wild type RNA, the midpoints were substituted into equation S5;

applying equation S9 gives

M 12),
[M2+]1/2). 1+K7
AAG; =2RTlIn Tj -RTIn 2+1 (S12a)
(M2 ), 1+([M Tuz),
K
K
- 2RTIn ( 2)/' (S12b)
(Kz),

where ([MZ*]VQ)O denotes the folding midpoint of the unmodified RNA, and (K)o and (Ky); are

the K, parameters fitted for the unmodified and variant RNAs, respectively. Note that, as

desired, this expression is independent of the divalent ion concentration at which the free

energy difference between the unmodified and modified RNAs is evaluated. The error on AAG,

was dominated by uncertainty in Ky; it was evaluated by recalculating AAG; with Ky + 6Kj.

Model 2. Linear expansion of the apparent Hill coefficient.

This model makes no assumptions about the structural ensembles or their associated
ion atmospheres and site-bound ions, although we continue to assume that the apparent Hill
coefficient for all variants is the same at a given metal ion concentration [M?*] (but varies across
metal ion concentrations). This model assumes that the apparent Hill coefficient can be
expanded as a linear function of the logarithm of the divalent ion concentration, as is commonly

seen in calculations as well as empirical fits to RNA folding isotherms. Explicitly, we write the

expansion near the folding midpoint ([M2+]1/2) of the unmodified RNA:
0

nH”|([M2+])=nO +a,In ([ﬂ (S13)

[M*],.),
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Here, n, is the apparent Hill coefficient of the unmodified RNA near its midpoint. For

=]

simplification, we let y=————=-—, the ratio of the metal ion concentration to the folding

(],.),

midpoint of the unmodified RNA. Then equation S13 becomes:
nHiII([M2+]) =Ny +a,Iny (S14)
Integrating equation S6 gives the free energy for any variant j as:

AG;(y) = —nORTIny—%anRT(Iny)z +const (S19)

The constant of integration (const) is readily determined by evaluating equation S15 at the
folding midpoint of the unmodified RNA (y = 1), where the free energy of a mutant is equal to

AAG/':

;
AG/(y)=—nORTIny—§anRT(Iny)2+AAG, (S16)

Finally, setting this expression equal to zero corresponds to evaluating AG(y) at the folding

midpoint ([M2+]1/2)j of the modified variant j:

M%) [ [(M]e)

— Jlny+—In|— L (S17)
(VSN

AAG; = n,RTIn
J 0 +
271 (M2,

0
M3z,

Noting that the apparent Hill coefficient for the mutant at its midpoint is n; =ng +In W
1/2
0

gives a compact expression for the free energy difference AAG; associated with the modification:

(M 1y2),
(M2*1;.2),

(S18)

In practice, we carried out independent least-squares Hill fits (see equation S1) to titrations for

the unmodified and modified variants to yield n; and ([M2+]1/2)j. Using equation S13, we then
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carried out a least-squared fit to obtain ny and a,, and their associated errors 6ny and da,. The

midpoint values ([M2+]1/2)j and the best-fit parameters for n; (equation S13) were then

substituted into equation S18 to give AAG; values. The error on AAG; was dominated by
uncertainties in ny and o, and was estimated by recalculating AAG; with ny = 6ng and a,, + da,,
and summing the observed deviations in quadrature.
Calculation of P values

Values for AAAG were calculated by subtracting the AAG obtained for Mn®*-induced
folding from that obtained for Mg®*-induced folding. The associated P values were calculated
using the Gauss error function (erf) in Microsoft Excel, according to

1- erf(AAAGI )
P- E’AZAAG‘/E (S19)

where SAAAG is the standard error of AAAG.
Complete likelihood-based inference of metal ion rescue from footprinting gels

The analysis given above permits the inference of AAG and AAAG values, as well as
their errors, for metal ion rescue experiments using common tools (Excel & KaleidaGraph), but
makes assumptions about the Gaussianity of the errors to propagate the errors. Consequently,
we have also carried out a complete likelihood-based analysis of the data without invoking such
assumptions, using MATLAB scripts. This analysis gives consistent results. For completeness,
we describe this analysis herein, presenting detailed equations for the high salt (2 M NaCl
background) conditions.
Likelihood form

We make the following assumptions for computing the likelihood that the cleavage

intensities read from a footprinting gel are consistent with a thermodynamic model:
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1. The folding is a two-state process, as described, for example, in equation S8. The
cleavage patterns of the unfolded and folded states are not known a priori but are to be
estimated through the likelihood analysis.

2. The amount of sample loaded in each lane varies due to pipetting errors. The exact
amount of this lane loading variation is a number to be estimated on a gel-by-gel basis.

3. Further deviations of peak intensities from the prediction are due to statistical errors
(shot noise), random errors in the SAFA analysis procedure, nuclease contaminants,
and variations in background cleavage. The latter issues in particular can affect
residues in somewhat unpredictable ways. We assume that the range of deviations
differs for each residue and needs to be estimated through the likelihood analysis. (For
residues with large nuclease contaminants or background cleavage, we would hope that
the analysis recognizes the large deviations from the model favored by the majority of
residues and effectively downweights the contributions of anomalous residues.)

4. We assume that the error at each residue is at least 10% of the mean cleavage intensity.
Allowing the likelihood fits to assume smaller errors appears to lead to overfitting, in
which some residues are assigned too much confidence.

Mathematically, the likelihood model is given by

2
_(oc,-(C]L-meld +AC 1) - DATA,-j)

- I EPECEUR s W
L = _ Bl B __2i
] [--exp 27 - exp[ 202 } /- exp[ 207 (S20)

ij i ¢

Here, iis an index over lanes, and jis an index over residues. The parameters are as follows: o;
are the lane normalization parameters; o, is the lane loading error; C/™ is the cleavage
intensity of the unfolded state; AC;is the change in cleavage intensity between the unfolded and
folded states; o; are the errors associated with each residue; and s; are the minimum errors

assigned to each residue (set equal to 0.1 times the mean of DATA; across all lanes).
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This model has been implemented in MATLAB. Given a prediction for the folding
isotherm fiq, maximum likelihood estimates for C""™"°, AC, aj, o;, and s, are determined by
iteration. It is first assumed that a; = 0, s; = constant, and the maximum likelihood cleavage
patterns of the unfolded and folded states are estimated. With these initial estimates, the s; are
updated, then the a; then the s,; and the procedure is iterated five times (empirically, after three
iterations, the procedure appears to converge within 0.1 log likelihood units).

For the full likelihood analysis, a range of Ky and K, were explored, varying both
parameters from 1072 mM to 10> mM and computing the likelihood in equation S20. Contours of
these likelihood fits are given in Figure S3; it is apparent that for each construct, a wide range of
Ky and K, are consistent with the data, though the two parameters are strongly correlated. In

particular, for low Ky, a range of models with (K2)2/K1 = constant gives similar predictions for the

fraction folded (equation S8) with similar likelihoods.
Comparing likelihoods of thermodynamic models across different gels

One of the advantages of likelihood analysis is that replicates are not formally necessary
to estimate errors like the o; of equation S20; these errors, and the corresponding likelihoods,
are effectively read out for each gel from the intrinsic scatter of the data. Nevertheless, it is still
important to compare the likelihood analyses made with independent gels for consistency.
Figure S3 shows likelihood contours (with log-likelihood within 2 of the maximum likelihood,
corresponding to approximately ~95% confidence) for the experiments presented in the main
text, with replicates shown as differently colored contours. Replicates for each construct with
each metal ion are in excellent agreement; their data can be combined (by multiplying
likelihoods from replicates) with confidence and lead to tighter likelihood contours (black
contours in Figure S3).

Estimating rescue factors
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For the AG to be well-defined in Model 1 with respect to [M?*], the variation in free
energy of the unfolded state needs to be the same across different constructs (but can be
different for Mn®* versus Mg®"), and thus K; is a constant across constructs. The posterior
distributions for the relevant Ky parameter for the different constructs are given in Figure S7.
These posterior distributions are obtained by integrating the likelihood estimates over In(Ky).
The distributions do not strongly constrain K; and are consistent with each other. Our best
estimate for K, is given by the product of the posterior probabilities for the different constructs
(black curve in Figure S4).

The posterior distributions of K, are similarly broad. However, to estimate AAG, we are
interested in the ratios of K, (equation S12b) between the unmodified constructs and each
phosphorothioate construct, which are better defined. Carrying out the integrations over
K:(Mn®*) and over K;(Mg®*), and convolving the posterior probability distributions for AAG, gives
the final distributions shown on the right hand side of Figure S5. We note that the final
distributions are symmetric and indistinguishable from Gaussian curves, although this was not
assumed in the analysis. Indeed, the underlying likelihood contours [Figures S3 and S5 (left)]
are strikingly non-Gaussian.

Tables of the 95% confidence intervals for free energy values in equation S22 are given
in Table S3. It is apparent that only the A184 Rp, A184 Sp, and A184 PS; constructs are
consistent with metal ion rescue effects. The experiments for G188 Rr and G163 R do not give
evidence for significant rescue. The data and their errors are in excellent agreement with Table
1 in the main text, which used simpler fits.

A fully analogous likelihood-based analysis was carried out to implement fits to Model 2

(linear expansion of the apparent Hill coefficient). Again, the resulting values and confidence
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intervals (Table S4) are indistinguishable within error from the simpler fits in Table 4 in the main

text.
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SUPPLEMENTAL MATERIAL FIGURE LEGENDS

Figure S1: Strategies for constructing AC209 P4-P6 RNAs with site-specific phosphorothioate
substitutions.  We used HPLC to separate synthetic phosphorothioate oligonucleotide
diastereomers (Hougland et al. 2005; Frederiksen and Piccirilli 2009) and incorporated them into
full-length AC209 P4-P6 RNAs via successive splinted enzymatic ligations (Moore and Sharp
1992; Silverman and Cech 1999). (A) Splint ligation schemes for RNA construction. (B)
Schematic of phosphorothioate linkages used in this work. (C) Typical anion exchange HPLC

trace showing the separation between Rr and Sp single-phosphorothioate diastereomers.

Figure S2: A model using a constant Hill coefficient does not adequately fit the footprinting
data. The plots show Mg®- and Mn®*-dependent (open versus closed symbols) folding of
unmodified AC209 P4-P6 (top) and the A184 Sy phosphorothioate variant in a background of 2
M NaCl. The data are fit to a Hill equation in which ny;, either varies (solid lines) or is set equal

to 2 (dashed lines).

Figure S3: Likelihood analyses from independent gels give consistent results. For each
construct and metal ion, contours are shown marking values of K; and K, that have log-
likelihood within 2 of the maximum likelihood point for different experiments. The black curve
gives the analogous contour for the combined data, i.e., summing the likelihoods over the

different experiments.

Figure S4: Posterior distributions over In Ky (the equilibrium constant for binding the “hidden”

metal ion) do not exhibit a strong preference for particular values, and are consistent among

different constructs. Black curves give final posterior distributions for K;(Mg®) and K;(Mn?*)
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assuming that these values are the same across all constructs (obtained by multiplying posterior

distributions for all constructs).

Figure S5: Estimating rescue factors for the different constructs. Left panels show log-likelihood
contours (within 10 of maximum likelihood point) for the construct in Mn?* (blue) and Mg®* (red);
and for unmodified AC209 in Mn® (light blue) and in Mg** (light red). Right panel shows
posterior probability for rescue factor for K, (monitoring equilibrium constant between no metal
ion and two metal ion state), after integration of the likelihood over In K;, and making the
assumption that K;(Mg®*) and K;(Mn®*) are the same for all constructs, with distribution shown in
Figure S4. Note that the rescue factor, when defined here in terms of ratios of Ky, is related to

AAAG by eq. S12b.
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Supplemental Figure S1
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Supplemental Figure S5
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