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Abstract

The stabilization of RNA tertiary structures by ions is well known, but the neutral osmolyte
trimethylamine oxide (TMAO) can also effectively stabilize RNA tertiary structure. To begin to
understand the physical basis for the effects of TMAO on RNA, we have quantitated the TMAO-
induced stabilization of five RNAs with known structures. So-called m-values, the increment in
unfolding free energy per molal of osmolyte at constant KCI activity, are ~0 for a hairpin
secondary structure and between 0.70 and 1.85 kcal/mol/m for four RNA tertiary structures (30 —
86 nts). Further analysis of two RNAs by small angle X-ray scattering and hydroxy! radical
probing shows that TMAO reduces the radius of gyration of the unfolded ensemble to the same
endpoint as seen in titration with Mg?*, and that the structures stabilized by TMAO and Mg?* are
indistinguishable. Remarkably, TMAQ induces the native conformation of a Mg2* ion chelation
site formed in part by a buried phosphate, even though Mg2* is absent. TMAO interacts weakly, if
at all, with KCI, ruling out the possibility that TMAQO stabilizes RNA indirectly by increasing salt
activity. TMAQO is, however, strongly excluded from the vicinity of dimethylphosphate
(unfavorable interaction free energy +211 cal/mol/m for the potassium salt), an ion that mimics the
RNA backbone phosphate. We suggest that formation of RNA tertiary structure is accompanied by
substantial phosphate dehydration (loss of 66 — 173 water molecules in the RNA structures
studied), and that TMAO works principally by reducing the energetic penalty associated with this
dehydration. The strong parallels we find between the effects of TMAO and Mg2* suggest that
RNA sequence is more important than specific ion interactions in specifying the native structure.
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Supplementary Data

Supplementary data can be found online at doi . The file includes plots of the dependences of In(Kgps) on salt or TMAO
concentrations for the hairpin, tar-tar* complex, and TLR RNA (Figure S1), isothermal titrations monitored by CD for the A-
riboswitch (Figure S2), osmolality vs. mam3 plots for uridine, cytidine, and purine with TMAO (Figure S3); and the distance
distribution function of the A-riboswitch at various TMAO concentrations (Figure S4).
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INTRODUCTION

Osmolytes are small organic molecules that, together with ions, are accumulated or
synthesized by cells to maintain an appropriate turgor pressure.1: 2 The propensity of many
osmolytes to affect protein stability has been extensively studied.3' 4+ 5 So-called protecting
or compatible osmolytes tend to be excluded from solvation layers around the protein
backbone, which creates an energetic penalty for exposing peptides to solvent when high
concentrations of osmolyte are present. These osmolytes therefore favor protein folding into
more compact structures with buried (solvent-inaccessible) backbone.6* 7: 8: 9 The
protecting osmolyte trimethylamine oxide (TMAOQ) is particularly effective in forcing
thermodynamically unstable proteins to fold into native, functional structures.10: 11 In a
survey of osmolyte effects on RNA stability, we found that TMAO effectively stabilized all
the RNA tertiary structures examined, but had a small destabilizing effect on secondary
structure.12 We hypothesized that TMAO stabilizes RNA by an analogous mechanism as
deduced for proteins, viz., unfavorable interactions between TMAO and the sugar-phosphate
backbone stabilize more compact conformations of an RNA.

In this work, we quantitate the stabilization of four different RNA tertiary structures by
TMAO in KCI solutions, and in closer examination of two of these RNAs find strong
parallels between the effects of Mg2* and TMAO: both promote more compact
conformations of partially unfolded RNAs, and ultimately stabilize the identical tertiary
structure. While Mg2* favors compact RNA conformations by reducing electrostatic
repulsion between phosphates, we suggest that TMAO reduces the energetic penalty
associated with phosphate dehydration. This suggestion is supported by our measurement of
a strong exclusion of TMAO from the vicinity of an RNA backbone mimic,
dimethylphosphate, and estimates of the number of hydrating water molecules that are
released upon folding of RNA tertiary structures. Our conclusions emphasize the role of
phosphate desolvation in the formation of RNA tertiary structure, and the dominant role of
sequence (rather than specific ion interactions) in specifying the native structure.

Background

Linkage relations for salt and osmolyte effects on RNA stability

RNA stability is very sensitive to salt concentration. Osmolytes therefore have the potential
to shift RNA folding equilibria in two ways: directly, by favorable or unfavorable
interactions with the RNA itself, and indirectly, via osmolyte — ion interactions that change
the effective concentration of the ions. In this section, we summarize the thermodynamic
framework we use to distinguish the effects of salt and osmolyte on RNA folding. Note that
we use molal concentrations throughout this work, rather than the more familiar molar units.
One reason for doing so is that water concentration is a constant in molal units. Titration of
osmolyte into a salt solution of constant molality therefore does not change the mole ratio of
salt to water.

We define an observed equilibrium constant for RNA unfolding as Kqps= my/mg, where mg
and my are molal concentrations of folded and “unfolded” RNA conformations,
respectively. The equilibrium may be between a duplex and single-stranded RNA or
between the native tertiary structure and a partially unfolded RNA with substantial
secondary structure. (Partially unfolded states of an RNA have sometimes been called
intermediate or | states, to distinguish them from a single stranded, fully unfolded
conformation.13 For convenience, we use U to refer to either partially or fully unfolded
RNAs, depending on the folding reaction under consideration.) The solutes of interest here,
salt and osmolyte, affect Kpg because of their differential interactions with folded and
unfolded states of the RNA. All ions interact with RNA by long-range electrostatic forces,
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attractive for cations and repulsive for anions, although other factors (such as hydration
changes) may also come into play for cations. Osmolytes compete with water for solvation
of the RNA; they may be either accumulated or excluded from the RNA surface depending
on whether the affinity of different RNA groups (bases, sugars, phosphates) is greater for
osmolyte or water, respectively. For either ions or osmolytes, it is convenient to characterize
the RNA - solute interaction in terms of an interaction coefficient,

r 7( omg )
g omy,,, . 1)

where mg is the molality of a solute, mgna is the RNA molality, and pg is the solute
chemical potential. (In eq 1 and all following partial derivatives, temperature and pressure
are also held constant.) The solute s may be the cation, anion, or osmolyte (here abbreviated
+, —, or TMAO). Each I'g corresponds to the change in molal concentration of solute
necessary to maintain its chemical potential (ug) at a constant value when the concentration
of the RNA changes.

Linkage relations 14+ 15 equate changes in the interaction coefficient with the sensitivity of
the folding reaction to solute activity (as). For solutions containing TMAQO and KClI, the
relations are

\ oln K, obs /
(“Tu.\o)( da ) :r'f:mo - I‘:—mo:ArTANU
muo /o (2a)
dln K, - .
( o a_” ) =(TV+TY) — @CF+TF)=2AT,
= anmo (2b)

where a. is the mean ionic activity of KCI and the superscripts F and U signify folded and
unfolded forms of an RNA, as defined above. (K5 for a nucleic acid conformational
change tends to follow a power law with respect to its dependence on salt activity, which is
conveniently expressed as the log-log relation in eq 2b; osmolyte effects on In(Kgps) tend to
be approximately linear in osmolyte activity.) The AI" terms may be thought of as the uptake
or release of TMAO or KCI that accompanies the RNA folding reaction. Note that both
cations and anions participate in the folding reaction; the term 2AT .. is used to emphasize
that there must be identical uptake or release of cations and anions to maintain charge
neutrality.16

RNA stability may be measured as a function of TMAO concentration at a constant KCI
concentration, or vice versa, but eqs 2a and 2b are in terms of TMAO and KCI activities. To
use the linkage relations, we have to first relate changes in concentration (e.g., dlnmgcy) to
changes in activity (dlnakcy), and then take into account any mutual interaction between
TMAO and KCI that would cause the activity of KCI to change when its concentration is
held constant and TMAO is titrated (eq 2a; there is a reciprocal problem in maintaining
constant atpmao in eq 2b). There are limiting cases in which we are able to apply the linkage
relations to experimental data. One is the salt dependence in the absence of TMAO:
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SKps is the experimentally determined dependence of In(Kgps) on In(mkcy); it is constant
within experimental error with the RNAs and salt concentration ranges used here (0.025 —
0.8 m). g4 is related to the dependence of the KCI activity coefficient on KCI concentration;
from literature data, a value of —0.106 is appropriate for KCI concentrations up to ~0.5 m,
and —0.107 for concentrations between 0.1 and 0.8 m.16

Two useful quantities are derived from a limiting value of AT'rpmao. We first assume
(following the work of Hong and Record17: 18) that the activity coefficient of TMAO is
constant with respect to TMAO molality in the limit of low TMAO concentration (but still
large excess over RNA). The activity coefficient then factors out of eq 2a when mrpmao —
0,

A0 :( 0ln Kops )

m om
TMAO ™AO oy, (4)

It is still necessary to relate the derivative at constant salt activity to one at constant
concentration. An additive correction factor (derived in 17; 18) accounts for any effect of
TMAO on the KClI activity:

Ao :(aln Kuhx) + (SKH/)S/JK('I——IU\() )
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LUkcl-TMAo is the chemical potential derivative that quantifies interactions between KCI and
TMAO; its measurement by osmometry is described below. (The limit mmpao — 0 applies
to the value used for ukci-Tmao.) Equation 5a was multiplied by —RT (R is the gas constant,
T the temperature) and combined with eq 4 to put the expression in terms of the observed
folding free energy, AG°qps (eq 5b). This form of the equation is the same as the “m-value”
frequently used to report the effects of osmolytes on protein stability, with the exception that
molal concentrations are used here, instead of the more common molarities.5+ 8> 19

Protecting osmolytes such as TMAO tend to be excluded from the surface of a protein or
RNA (T's is negative). If an osmolyte is so strongly excluded that the concentration of
osmolyte within a solvation layer around the macromolecule is negligible compared to
osmolyte concentration in bulk solvent, then it is simple to relate the number of excluded
osmolyte molecules, I'y, to the number of water molecules from which the osmolyte is
excluded, By:

[s = =B1(ms/mwater) (6)

This formula has been derived in several different ways; see 15 for references and
comments. Combining egs 5a and 6, the release or uptake of waters of solvation associated
with a folding reaction is
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AT,
ABy = —(55.5)(ﬂ)

M0

(7)

where 55.5 is the molality of water. As with eq 4, eq 7 applies in the limit mypao — 0. AB;
will be larger than calculated by eq 7 if TMAO is not completely excluded from solvation
layers around the RNA.

Measurement of TMAO-solute interactions by vapor pressure osmometry

Vapor pressure osmometry (VPO) measures the partial pressure of water in equilibrium with
a solution. The result of the measurement is reported as the solution osmolality,

Osm = _n'l.waterlnawuler (8)

where meyaier = 55.5 mol/kg, the molality of water, and aaeer is the thermodynamic activity
of water in the solution being measured, as derived from the ratio of the partial pressure of
the solution to that of pure water. Osmolality is identical to molality if the solute(s) present
in solution behave ideally, i.e. the activity coefficient of each solute y; = 1. According to the
Gibbs-Duhem equation for a two-component solution, any deviation from ideal behavior of
one component is accompanied by a reciprocal deviation by the other component. Thus, the
dependence of the solution osmolality on solute concentration can be used to calculate the
solute activity coefficient.20

In solutions with several solutes, the deviation of the measured osmolality from ideality
contains information about interactions between all the different solutes. In principle, the
strengths of all the interactions can be quantified from water vapor pressure measurements
alone, as long as a large enough matrix of solute concentrations is measured to high enough
accuracy.21 As a practical matter, only pairwise interactions in a three-component system
(water plus two solutes) can reliably be extracted. The data analysis needed to obtain the
relevant parameters has been discussed extensively.22: 23: 24 Briefly, the osmolality (Osm)
of solutions with varying concentrations of two solutes is compared with the osmolalities of
solutions containing only one solute to obtain the difference AOsm,

AOsm = Osm(my, m3) — Osm(my) — Osm(ms3) (9)

where the subscripts 2 and 3 refer to the two solutes (water is component 1). The chemical
potential derivative pp3 is defined and related to AOsm measurements by24: 25

((')/13 ) RTAOsm
s =\ it
M3 ),y myms (10)

o3 can be decomposed into two terms,

H5y=po3 — 155" (11)

y’{{" is derived from the ideal mixing entropy and is independent of the chemical nature of

the solutes; the excess potential 47 originates in the interactions between solutes that cause
the solution to deviate from thermodynamic ideality.23: 25 For the concentration ranges of
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solutes used in the VPO experiments reported here, the contribution of the mixing entropy is

small, y’z”;"/RTz — 0.0174 for neutral solutes and —0.0342 for the salt K-DMP (see eq 5 of
reference 25).

RNAs selected for this study

Five RNAs (Figure 1) were chosen to investigate the effects of TMAOQO on structure stability.
A short hairpin was designed to be a representative secondary structure with both A-U and
G-C base pairs (Figure 1A). The other four RNAs all contain naturally-occurring tertiary
structure elements, and were selected on the basis of two criteria. First, in order to measure
the effect of various concentrations of TMAO and KCI on the RNA stability, the tertiary
folding transition had to be resolvable in the UV melting profile of each RNA. Second, the
RNAs were chosen to demonstrate a range of folding strategies as suggested by differences
in their structural complexity, their ionic requirements for folding, and the degree to which
the phosphate backbone is solvent-inaccessible in the native structure. Three of the RNAs
adopt native structures under moderate monovalent salt conditions in the absence of Mg?*:
the tar-tar* kissing loop is a small complex of two RNA hairpins (Figure 1B);26 a
homodimeric tetraloop-receptor complex (TLR RNA) reproduces a common tertiary
structural motif (Figure 1E)27> 28 and is selectively stabilized by K* binding at a chelation
site;29 and the aptamer domain of the A-riboswitch contains two sets of tertiary interactions
(Figure 1D),30- 31 one of which is formed around a purine ligand. The fourth RNA, a 58
nucleotide fragment of ribosomal RNA (58mer RNA, Figure 1C) is stabilized by chelation
of both K* and Mg2* and strongly dependent on Mg2* for stability.32> 33 This rRNA
fragment is also the most compact RNA in this study, in the sense that it exposes less
surface area to solvent (per nucleotide) than any of the others.12

TMAO and salt dependences of folding four RNAs

We used UV melting profiles to follow the effects of TMAO on RNA stability 12 (see
Materials and Methaods for details). To allow for the possibility of synergistic or antagonistic
effects between salt and TMAO, melting experiments were performed in the presence of
increasing KCI molality at various fixed TMAO concentrations (Figure 2, and see
Supplementary Information). To keep the analysis confined to a two-dimensional matrix of
salt vs. TMAO concentrations, Mg2* has not been included in any of these experiments.
Four of the RNAs in Figure 1 were investigated this way. More extreme TMAO and salt
concentrations are needed to fold the 58mer rRNA in the absence of Mg2™; it is considered
separately below.

After extracting the melting temperature (Ty,) of the first (tertiary) melting transition from
the melting profiles, data for the A-riboswitch show a typical semi-logarithmic dependence
of (1/Ty,) on the KCI molality (Figure 2A). The dependence of (1/T,) on TMAO molality is
best described by a second order polynomial (Figure 2B), with higher TMAO concentrations
being proportionately less stabilizing, per molal of osmolyte. The entire TMAO-salt data set
was globally fit to one set of six parameters (see Materials and Methods). In the analysis that
follows, (1/T,) was transformed into In(Kgps) using an average AH® of folding obtained by
analysis of the melting curves (Table 1; see Materials and Methods). Kqps is the observed
equilibrium constant for an unfolding transition; therefore In(Kqps) decreases as an RNA
becomes more stable. In the limit of low TMAO concentrations, three empirical quantities
derived from the parameter set are of interest (Table 1): the dependence of In(Kgps) on salt
concentration in the absence of TMAO, called SKqps (eq 3); the dependence of In(Kgps) on
TMAO molality at a fixed 200 mm KCI concentration, [9In(Kgps)/@mTmaolmkcer; and an
interaction term that gives the effect of TMAO (in the limit of low concentrations) on SKgps.

J Mol Biol. Author manuscript; available in PMC 2011 November 19.
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Results for the tar-tar* and TLR RNAS (Supplementary Information Figure S1) were
qualitatively similar to those shown for the A-riboswitch ; all three of these RNAs are
stabilized by TMAO (Table 1). TMAO had only a slight destabilizing effect on the hairpin,
and the salt dependence of the hairpin stability was virtually unaffected by TMAO (Table 1).

Two thermodynamic quantities listed in Table 1 are derived from the empirical parameters
and describe the sensitivity of the RNA folding reaction to either salt or TMAO. One is
2AT 4, the number of ions released upon unfolding (eq 3) in the absence of TMAOQO. The
other quantity, (3AG°ps/@MTMmA0)aKcl, iS Similar to the “m-value” standardly used to
characterize the effects of osmolytes on protein folding (see Background, eq 5b), but differs
in being expressed in molal instead of molar concentration units. In calculating the m-value,
an additive correction term is needed to transform the TMAOQ dependence of the RNA
stability measured at constant KCI concentration to the same dependence taken at constant
KCl activity (eq 5). Measurement of the TMAO — KClI interaction energy necessary to
calculate this correction is considered below; the term makes a negligibly small contribution
to the reported m-values, on the order of 0.001 kcal/mol/m. (About 10% of the reported m-
value errors reported in Table 1 comes from estimated errors in the measurement of the
TMAO - KCl interaction energy.) The m-values we measure are qualitatively different
between the hairpin secondary structure (~ 0 kcal/mol/m) and the RNAs with tertiary
structure (0.70 to 1.85 kcal/mol/m, Table 1). For comparison, some molar m-values for
TMAO stabilization of proteins are 1.64 kcal/mol/m (reduced ribonuclease A, 124 residues)
and 2.37 kcal/mol/m (staphylococcal nuclease, 149 residues).10 On a per residue basis,
TMAO is a more effective stabilizer of RNAs than proteins.

In all three RNAs with tertiary structure, the positive salt — TMAO interaction factor (Table
1) means that TMAO concentration reduces the magnitude of ion release (2AT'y). We
attribute this reduction to an effect of TMAO on the extension of the partially unfolded RNA
in solution, bringing it closer to the native state charge density (see Discussion). Lastly, the
estimated number of solvating water molecules that are taken up when the RNA unfolds is
derived from the limiting value of 3In(Kqps)/@mTmao by eq 7 (Table 1). The calculation
assumes that TMAQ is strongly excluded from these waters, a point which is considered in
the Discussion.

Isothermal determination of the A-riboswitch m-value

The derivation of the thermodynamic parameters in Table 1 from T, data assumes the
parameters are temperature independent. The AH® values for RNA unfolding derived from
the melting profiles do not show any trend with T,, or TMAO concentration, within error,
but the possibility remains that TMAO could become a more (or less) effective stabilizer at
higher temperatures. For the A-riboswitch, we found salt (50 mm K*) and ligand (10 pum
adenine) concentrations at which the RNA is predominantly in the unfolded form, but folds
to the native structure upon titration with TMAO at constant temperature (22.5 °C)
(Materials and Methods and Supplementary Figure S2). The m-value (0.69 + 0.04 kcal/mol/
m) at the midpoint of the titration (1.47 + 0.31 m TMAO) was determined by standard
methods.19 (The large error in the midpoint comes from uncertainties in baselines over the
accessible range of TMAO concentrations.) From the global fit analysis of T, data (Figure
2), the m-value at the same salt and TMAO concentrations is 0.92 + 0.36 kcal/mol/m, which
is higher than the isothermally-determined value but within experimental error. The overall
range of Ty, data used in the global fit analysis is 17 — 54 °C, though the interpolated m-
value for 50 mm K* and 1.47 m TMAQO is most strongly affected by T,s near 30 °C. We
conclude that the m-values compiled in Table 1 are not very strongly biased by temperature
effects, though it is still possible that m-values vary significantly over the full temperature
range covered by the data in Figure 2.

J Mol Biol. Author manuscript; available in PMC 2011 November 19.
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TMAO dependence of 58mer RNA stability

Among the RNAs in Figure 1, the 58mer rRNA fragment (Figure 1C) is unique in having a
chelated Mg?* buried within its structure.34 In the absence of Mg2*, the RNA folds only
under extreme conditions, e.g. 1.6 M NH,4CI.35: 36 We find that high concentrations of
TMAO can substitute for Mg2* in promoting the native 58mer RNA structure (Figure 3).
The tertiary unfolding transition in this RNA is characterized by an increase in absorbance at
260 nm, a minimal change at 280 nm, and a decrease at 295 nm.33: 37 In 400 mm K* and 4
m TMAQO, the tertiary structure unfolding is apparent as a resolved transition at ~30 °C
(Figure 3A). Raising the TMAO concentration to 6 m simultaneously raises the Ty, of the
tertiary transition and decreases the stability of the higher temperature secondary structure
transitions. The tertiary structure no longer unfolds as a distinct transition, though the small
displacement of the peaks at 260 and 280 nm indicates that tertiary unfolding precedes
subsequent unfolding steps. At higher concentrations of TMAO, most of the RNA unfolds in
a single transition (Figure 3B); the presence of a hypochromic change at 295 nm confirms
the existence of the tertiary structure under these conditions (7.7 m TMAO, 52.4 mm K*).
As the K* concentration is raised, less TMAO is needed to induce formation of the tertiary
structure; e.g., at 1 m K* only ~3 m TMAO is needed to see the tertiary unfolding transition
(Tm ~35 °C, data not shown).

By assuming that the enthalpies of the unfolding transitions do not change with salt or
osmolyte concentration, we extracted AG® for tertiary structure unfolding from melting data
obtained between 4 and 6 m TMAO (see Materials and Methods). At a constant 400 mm K™,
9AG°/amrmao for RNA unfolding is approximately 1.1 kcal/mol/m; at 600 mm K*, it is 1.4
kcal/mol/m. These “m-values” are not exactly the same as the free energy derivative
reported for the other RNAs in Table 1, as they have not been extrapolated to the limit of
low TMAO concentrations. Because we have seen with other RNAs that higher
concentrations of TMAQO tend to be less effective on a per molal basis, these numbers may
underestimate the magnitude of the osmolyte stabilizing effect with the 58mer RNA.

TMAO-solute interactions

To ask if the observed stabilizing effect of TMAO on RNA tertiary structures can be
interpreted in terms of TMAQO interactions with specific groups, we used VPO to measure
the interactions between TMAO and several small molecules mimicking RNA bases, ribose
sugar, or phosphate backbone. The methodology is described in the Background section and
developed in detail elsewhere (see 24 and references therein). Figure 4A shows typical VPO
data obtained with the potassium salt of dimethylphosphate (K-DMP), which was
synthesized to reproduce an isolated phosphodiester of the RNA backbone (see Materials
and Methods). The VPO instrument reports the osmolality of a solution, which is the
concentration of an ideal solute that would be required to produce the observed water vapor
pressure. For K-DMP, there is a nearly linear dependence of the osmolality on the actual
solution molality (Figure 4A). When TMAO is included the slope of the plot becomes
slightly steeper, which indicates a repulsive (unfavorable) interaction between TMAO and
the K-DMP ions; that is, TMAO and K-DMP interact more strongly with water than with
each other. A convenient way to show these small differences and quantify the strength of
the interaction is the plot in Figure 4B; the slope of the plot is the quantity po3/RT as defined
in eq 10 (Table 2). The interaction free energy between TMAO and K-DMP is given by the

related quantity 453, the excess chemical potential derivative (eq 11). TMAO is found to
have a strongly unfavorable interaction with K-DMP, 211 cal/mol/m (Table 2). This positive
free energy is especially notable in comparison to the weak overall interactions of TMAQ
with KCI (Table 2 and see below). TMAO must have a much more unfavorable interaction
with the DMP™ anion than with CI™.

J Mol Biol. Author manuscript; available in PMC 2011 November 19.
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Additional VPO measurements were made with compounds representative of the base and
sugar components of an RNA (Table 2). A base soluble enough for VPO measurements is
purine, 38 which has a significant unfavorable interaction with TMAO. The nucleosides
cytidine and uridine also show positive interaction free energies (Supplementary Data Figure
S3). Lastly, glycerol was examined as a model for TMAOQ interactions with the ribose sugar;
it has small but favorable interactions with TMAO (Table 2 and Figure 4B).

For comparison, free energies for the transfer of amino acid side chains from water to 1 m
TMAO, based on solubility measurements reported by Auton & Bolen,8 are included in
Table 2. These free energies are similar to the chemical potential derivatives obtained from
VPO experiments. Interactions with aliphatic and aromatic carbons are weak, but there are
strongly favorable interactions with tryptophan and tyrosine side chains. All the data in
Table 2 can be qualitatively rationalized by the assumptions that net favorable interactions
take place between TMAO and hydrogen bond donors, while TMAQO is strongly excluded
(unfavorable, positive free energies) from the vicinity of hydrogen bond acceptors. For
instance, tryptophan and tyrosine side chains and purine all have one hydrogen bond donor,
but purine also has three hydrogen bond acceptors and thus a net unfavorable interaction
with TMAO. The relation between this pattern of TMAO interactions and RNA helix
stability is elaborated in the Discussion.

TMAO-KCI interactions are weak

RNA stability is strongly dependent upon the thermodynamic activity of salt present in
solution; therefore, any interaction of TMAO with salt will shift the RNA folding
equilibrium simply because of the change in salt activity. Based on VPO measurements
(Figure 4A), po3 for TMAO - KCl interactions is not significantly different from zero (Table
2) and no correction need be made to (3AGgps/d9MTMma0) Mk to obtain the m-value (eq 5b).
This result is consistent with the weak interactions measured between glycine betaine, an
osmolyte that is chemically similar to TMAO, and KCI (28.4 cal/mol/m) or NaCl (—43.8 cal/
mol/m).24 We conclude that essentially all the effects of TMAO on RNA stability that we
measure (Table 1) originate from favorable and unfavorable interactions of the osmolyte
with the RNA.

TMAO reduces the overall dimensions of partially unfolded RNAs

Protecting osmolytes such as TMAO reduce the radius of gyration (Rq) of denatured
proteins.39 The Ry of the ensemble of RNA structures from which folding takes place is
also sensitive to solvent conditions, notably to the concentration of Mg2* but also to
monovalent ions.40: 41; 42: 43 44 To determine whether TMAO also affects the overall
dimensions of partially folded RNAs, small angle X-ray scattering (SAXS) measurements
were made on two of the RNAs in Figure 1, the A-riboswitch and the 58mer rRNA
fragment. In the absence of TMAO, the R, of the A-riboswitch is nearly 25 A. Increases in
TMAO concentrations reduce Ry to 20.6 A, nearly the same radius as observed when 1 mM
MgCl; is added under the same buffer conditions (50 mM K*: Figure 5A) and close to the
Rq calculated from the A-riboswitch crystal structure (20.3 A). (Because scattering
measurements were made in the absence of ligand, the compact A-riboswitch structures we
observe cannot have the native conformation of the purine binding pocket. The tertiary
contacts between the two hairpin loops nevertheless form when millimolar concentrations of
Mg?2* are present.31) Two A-riboswitch variants were also assayed, G38C and C60G (see
sequence in Figure 1D). These mutations disrupt the formation of a base pair between the
hairpin loops and strongly destabilize the tertiary structure (reference 45 and unpublished
data). In the absence of the osmolyte, these two variants display radii of gyration identical to
that of the wild-type RNA (25 A), but even at 8 m TMAO their radii are unchanged (G38C)
or only slightly reduced (C60G). Thus, it appears that TMAO only reduces the dimensions

J Mol Biol. Author manuscript; available in PMC 2011 November 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lambert et al.

Page 10

of the A-riboswitch RNA if the correct tertiary structure can form. TMAO also reduces the
dimensions of the 58mer rRNA fragment from around 25 A to 18.2 A, a radius similar to the
one observed in the presence of 100 pm Mg?2* in the same buffer (60 mm K*) (Figure 5B).

The distance distribution profile derived from the scattering profile contains more
information about the shape of the RNAs than Ry, which is derived from only the smallest
scattering angles. The wild-type A-riboswitch profiles are very similar whether a compact
form was induced by the presence of TMAO or Mg?™; the variant sequences show a broader
distribution of distances (Figure 5C and Supplementary Data Figure S4). Similarly, the
58mer rRNA structures stabilized by 8 m TMAO or 100 uM Mg?* are nearly
indistinguishable (Figure 5D).

Hydroxyl radical probing of TMAO-stabilized tertiary structures

To further compare the Mg?*- and TMAO-stabilized structures of the A-riboswitch and
58mer RNAs, we probed the accessibility of the backbone to hydroxyl radical. This free
radical reacts with DNA and RNA sugars and serves as a probe of solvent accessibility to
the backbone at nucleotide resolution; tertiary structure formation is usually associated with
reduced ribose reactivity.46: 47 In the case of the A-riboswitch, sugars at positions
associated with the interacting hairpin loops (33, 37, 38) and the adenine binding pocket
(46-49, 52 and 53) all become similarly protected from reaction upon addition of either 5
mm Mg2* or 8 m TMAO; 5 m TMAO is almost identically effective (Figure 6A, B).
(Because ligand was not included in these experiments, the organization of the binding
pocket region may not be the same as observed in the crystal structure.) In a similar way, the
58mer rRNA fragment shows protection of a number of riboses associated with tertiary
structure (18-21, 35-37, 45-47) (Figure 6C, D). There is a clear trend of increasing
protection as a function of TMAO concentration (most easily observable for residues 18—
21); an essentially identical reactivity pattern is seen with either 8 m TMAO or 5 mm Mg%*
(60 mm K*).

Monovalent ion specificity of 58mer RNA folding

The 58mer RNA is selectively stabilized by K* in preference to larger or smaller group |
ions,36 most likely reflecting the specificity of the K* chelation site seen in the crystal
structure (Figure 7A).32 The binding pocket for this ion is part of an unusual tertiary
structure in which four phosphates are turned towards the RNA interior and line cavities
containing chelated Mg2* and K* ions; A1073 contributes one anionic oxygen to each
chelation site. Thus it was of interest to know whether the monovalent ion specificity would
persist when the tertiary structure is stabilized by TMAO, or whether the lack of a chelated
Mg?2* would cause a rearrangement of the buried phosphates. We observe a similar
preference for K* over most other group I ions, whether the structure is stabilized by TMAO
or by Mg2* (Figure 7B). (Na* is significantly more effective with the TMAO-stabilized
structure; perhaps the ion is able to bind specifically in or near the Mg?* chelation site.) This
result is consistent with the same protection of A1073 from hydroxyl radical reaction in
either TMAO- or Mg?*- stabilized RNAs.

DISCUSSION
Effects of TMAO on RNA structure and stability

TMAO is an effective stabilizer of protein native structure;6: 9 it also favors more compact
(smaller Rg) conformations of unfolded proteins.39 In this work, we find that TMAO has
similar effects on RNAs with tertiary structure. Before discussing these effects, we note an
important control observation: the activity of KCI is negligibly perturbed by TMAO (Table
2). Therefore, the effects of TMAO on RNA stability are not an indirect effect of changes in
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the “effective concentration” (thermodynamic activity) of the salt, and we do not expect
TMAO to alter the distribution of monovalent ions around an RNA. With this convenient
simplification in mind, we consider three aspects of the effects of TMAO on RNA structure
and stability.

First, we confirmed our previous observation12 that TMAOQO perturbs the stability of RNA
secondary structure to only a small degree. The Ty, of a synthetic hairpin was nearly
unaffected by TMAO (Table 1), and slight destabilization of secondary structure transitions
was seen in all of the RNAs tested (e.g., Figure 3). We attribute this lack of effect to a
fortuitous cancellation of favorable and unfavorable interactions, primarily with base
hydrogen bond acceptors and donors. TMAO is a very polar molecule and should be a good
hydrogen bond acceptor;48 it is therefore unsurprising that hydrogen bond donors (e.g.
glycerol, Table 2) have some preference for interacting with TMAQO over water. Conversely,
TMAO is incapable of donating a hydrogen bond and should not compete well with water
for hydrogen bond acceptors such as uridine carbonyls. Although other factors undoubtedly
contribute, we suppose that a major reason for the net exclusion of TMAO from purine and
the nucleosides we tested is the presence of more hydrogen bond acceptors than donors on
the bases. Detailed studies of glycine betaine, another trimethylamine protecting osmolyte,
have similarly found a favorable interaction of the compound with hydrogen bond donors
(e.g., amide nitrogen) and unfavorable interaction with hydrogen bond acceptors (e.g., amide
oxygen).24 (The balance of favorable and unfavorable interactions is such that glycine
betaine destabilizes RNA secondary structure.12: 49) Denaturation of an RNA duplex to
single strands is accompanied by the exposure of equal numbers of base hydrogen bond
acceptors and donors to solvent. We hypothesize that favorable TMAO interactions with
base hydrogen bond acceptors are approximately canceled by unfavorable interactions with
hydrogen bond donors, leaving RNA duplex stability nearly unaffected.

Hydrogen bond surfaces exposed upon unfolding of tertiary structures may include ribose 2'
OH as well as base acceptors and donors. The rather weak, favorable interaction of TMAO
with hydroxyl (glycerol, Table 2) may not cancel the strongly unfavorable interactions that
probably take place with base hydrogen bond acceptors. However, exposure of 2' OH to
solvent is unlikely to account for the effects of TMAO on the tertiary structures examined
here. The TLR motif, for example, has a single 2' OH hydrogen bonded to a donor N1 and
acceptor N6 of two adenine bases. Exposure of these three hydrogen bonding groups to
TMAO should have little net effect on the stability of the RNA, and certainly cannot account
for the m-value we observe.

Second, TMAO reduces the dimensions of partially unfolded RNAs. X-ray scattering
experiments show that the average Ry of the unfolded form of either the A-riboswitch or
58mer RNAs is gradually reduced as TMAO is added, until the RNA has nearly the same
dimensions as seen with Mg?* present. This observation is consistent with the finding that
the unfolding reaction becomes less salt dependent (fewer ions are released) as TMAQO is
added (Table 1, the salt-TMAO interaction factor is positive). The less extended the
unfolded state, the closer it is in charge density to the native conformation and the smaller
the overall uptake of ions upon folding. The lack of any effect of TMAO on the average
extension of mutant RNAs unable to form the native tertiary structure shows that TMAO
does not indiscriminately restrict the RNA to more compact conformations. Instead, the data
suggest that the RNA transiently samples conformations with native tertiary contacts, and
that TMAO shifts the distribution of conformations towards ones with native-like structures.
In a similar way, Mg2* promotes more compact conformations of the A-riboswitch RNA,
but has little effect on the dimensions of the C60G or G38C mutants (D. Leipply & D.E.D.,
unpublished data).
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Third, TMAO stabilizes the correct RNA tertiary structure. By two criteria, the native
structures stabilized by TMAO are the same as those observed in the presence of Mg2*: the
distance distribution profiles from SAXS experiments are essentially identical whether the
structure has been stabilized by TMAO or Mg?* (Figure 5), and hydroxyl radical probing
gives the same pattern of nucleotide reactivity (Figure 6).

TMAO exclusion from RNA phosphates and changes in RNA hydration

The propensity of TMAO to stabilize native protein structures has been attributed to the
strong exclusion of TMAO from the peptide backbone (83.5 cal/mol/m), which favors the
burial of peptides in the protein interior over their exposure to solvent.8 The even stronger
exclusion of TMAO from backbone phosphate (211 cal/mol/m, Table 2) suggests that a
similar mechanism could be at work in RNA: the energetic cost of phosphate desolvation is
reduced when TMAO is part of the solvent. We argue that this mechanism is the only
plausible way TMAO could be stabilizing RNA tertiary structures: as pointed out in the
above section, the net interactions of TMAO with base surfaces must change very little
when RNA structures form, and we find no suggestion of strong TMAO interactions with
backbone sugars (Table 2). If TMAO — phosphate interactions drive the RNA stabilizations
we measure, to what extent must phosphate hydration be changing?

The unfolding of an RNA tertiary structure increases the volume of water from which
TMAO is excluded (both dInKqps/@mrmao, Table 1, and AT'rvao, €9 5, are negative). The
value of AT'1pma0 Sets a lower limit on the uptake of water that accompanies RNA
unfolding, which is listed in Table 1 as AB; (see eq 7); it ranges from 66 to 173 waters per
RNA. Based on the above argument about the stabilization of RNA tertiary structure by
TMAO exclusion from phosphate, we suggest that these AB; values primarily report the
increase in phosphate hydration that accompanies disruption of RNA tertiary structure.
Though AB; is nominally a lower limit on water uptake, it will be close to the actual value if
TMAO is completely excluded from the water of hydration. It is reasonable to assume that
this is the case. TMAO exclusion from phosphate anionic oxygen is comparable to that of
the related osmolyte glycine betaine, for which measurements with double stranded DNA50
and phosphate24 are consistent with complete exclusion. The same measurements imply that
a hydration layer two to three water molecules thick around anionic oxygens, or about 17
water molecules per nucleotide of duplex DNA, is inaccessible to the osmolyte. Using this
number as a guide to what might be expected for phosphate hydration at the surfaces of
partially unfolded RNAsS, the three RNAs with tertiary structure in Table 1 have totals of
510 to 1462 hydrating waters, which are reduced by 10 — 15% by tertiary structure
formation. Because some fraction of the nucleotides in these RNAs are in helical segments
that are unperturbed by tertiary structure formation (e.g., the stems of the tar and tar*
hairpins), some phosphates must be much more extensively dehydrated than this average
value. Our results therefore imply that significant changes in phosphate hydration
accompany RNA tertiary structure formation.

Solvent accessibility of phosphates in RNA tertiary structures

As a another way to evaluate phosphate hydration in RNA tertiary structures, we have
calculated the solvent-accessible surface area (SASA) of backbone phosphates (the sum of
anionic oxygens and phosphorus, excluding ester oxygen) for each RNA by standard
methods (see Materials and Methods; total surface areas are listed in Table 3 and plots of
individual residues are shown in Figure 8). Following studies of the effects of TMAO and
other osmolytes on protein folding and protein-DNA binding equilibria,8: 24 we ask
whether the free energy of stabilization contributed by TMAO is proportional to the change
in the phosphate SASA that accompanies folding. Based on our measurement of TMAO - K-
DMP interactions and a value of 85 A2 for the SASA of the DMP phosphorus and anionic
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oxygens, we estimate a proportionality factor of 2.48 cal/A%/m to use in calculating an m-
value from changes in phosphate SASA (Table 3). (This calculation assumes that TMAQO
interactions with both K* and methyl groups are negligible.*)

Of the four RNA tertiary structures examined, only the 58mer shows dramatic (and nearly
complete) burial of several phosphates, most of which contact chelated ions (Figure 8A). To
estimate the change in solvent accessible phosphate surface area, we use average values for
either single stranded or double helical RNA (previous computed in reference 12) as surface
areas that should bracket the extent of phosphate exposure in an unfolded RNA. The range
of calculated m-values (0.99 — 2.16 kcal/mol/m, Table 3) overlaps the range of the estimated
m-values (1.1 to 1.4 kcal/mol/m, corresponding to 102 — 130 waters taken up). As previously
mentioned, these estimates may underestimate the limiting sensitivity of the RNA to
TMAO. Nevertheless, the extent of phosphate burial adequately rationalizes the m-value.

None of the other three RNAs shows enough burial of phosphate surface area to account for
measured m-values using a proportionality based on model compound (K-DMP) interaction
energies. The most egregious case is the TLR RNA, which docks a very stable hairpin
structure, the GAAA tetraloop, with a receptor. Contacts between the two RNA segments
consist entirely of hydrogen-bonding and stacking between bases with no involvement of the
backbone.51: 52: 53 As the structure of the tetraloop probably does not change upon
docking27 and the structure of the receptor in the absence of tetraloop is known from NMR
studies,52 we have a good model for the undocked structure. There is actually a small
decrease in phosphate exposure of the separate components compared to the complex, which
predicts a negative m-value (Table 3). The calculated m-values for tar-tar* and A-riboswitch
RNAsS, based on single-strand and duplex models for the unfolded RNAs, also underestimate
the measured m-values significantly.

We suspect that, in these three RNAs, the accessibility of phosphate to water is not a good
measure of the extent of phosphate dehydration. Dimerization of the TLR RNA places two
helices in close proximity (Figure 1E), where several phosphates come fairly close together
(2.6 to 4.5 A between anionic oxygens). If the water excluded to TMAO extends over a
layer two to three molecules thick around phosphate anionic oxygens,24:50 then bringing
two phosphates into a position in which they share hydrating water molecules must
substantially decrease the volume of water that is excluded to TMAO. When a sphere twice
the diameter of water is used as a more realistic assessment of solvent changes around
phosphates, six phosphates now appear "inaccessible™ (Figure 8B). With the A-riboswitch
RNA, tertiary structure formation brings the backbones of two helical segments close
together (nucleotides 26 with 68—69); a turn of the backbone in the adenine binding pocket
brings two phosphate oxygens within 3.6 A (nucleotides 21-22). These two regions are
identified by their lack of accessibility to a 2.8 A sphere (Figure 8C). The two backbones of
the tar-tar* RNA also bring several phosphate oxygens less than a water molecule diameter
apart (Figure 8D).26:54

From these examinations of RNA structures, it seems that tertiary structure formation is
frequently accompanied by the formation of phosphate — water networks, in which adjacent

"It is not possible to measure pp3 for individual ions, only the sum of the anion and cation contributions. In calculating the
proportionality factor for backbone phosphate, we are assuming that the measured p23/RT ~ 0 for KClI results from a 0 value for both
K*and CI™. In an extensive study of glycine betaine with various compounds and salts, Capp et al.24 derived a self-consistent set of
p23 values in which p23/RT was assigned to 0 for Nat; p23/RT then took on the values —0.03 for CI~ and +0.09 for K*. As TMAO
is chemically similar to glycine betaine and has a net weaker interaction with KCI, it seems reasonable to assume that interactions with
either K* or CI™~ will be small compared to the magnitude of the interaction with DMP ™, We have also neglected the exclusion of
TMAO by the two methyl groups of DMP™; aliphatic carbons interact with glycine betaine an order of magnitude more weakly than

anionic oxygen.24
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phosphates might share an inner shell of water but lose outer shells. The isolated phosphate
of K-DMP may not be an appropriate compound for modeling the energetics of TMAO
exclusion from these kinds of networked structures. The one case in which we calculated a
reasonable m-value based on SASA calculations, the 58mer RNA, is also an RNA in which
several phosphates become completely buried and desolvated. In this situation, the exclusion
of TMAO from K-DMP might be expected to reproduce the energetics of phosphate burial.

Lastly, we note a parallel between protein and RNA folding studies: both are limited by the
availability of good models for the ensemble of unfolded or partially unfolded
conformations from which folding takes place.55' 56 Among the RNAs discussed here, only
for the TLR RNA do we have a good model based on experimental data.

Parallels between TMAO- and Mg2*-induced RNA folding

It is interesting to note that Mg2* strongly influences RNA folding, with exactly the same
outcomes as seen with TMAQ: it favors compact or “collapsed” forms of partially unfolded
RNAs41 and stabilizes RNA tertiary structure much more effectively than secondary
structure.57 However, the mechanisms by which a divalent cation and a neutral osmolyte
affect RNA must be completely different, as diagramed in Figure 9. Mg2* interacts
favorably with both folded and unfolded forms of an RNA, primarily by strong attraction to
the negative electrostatic field created by phosphates. However, interactions with the more
compact native structure are stronger and lower its free energy relative to an unfolded state.
33 In contrast, TMAOQ interacts unfavorably with both unfolded and folded RNA structures,
but unfolded conformations expose more phosphate to solvent and have a more positive
interaction free energy with TMAO. In a sense, MgZ* "pulls” the folding equilibrium
towards the native state by virtue of favorable interactions with the native RNA, while
TMAO "pushes" the same equilibrium because of repulsive (unfavorable) interactions with
partially unfolded RNA.

The case of the buried Mg2* in the 58mer RNA is an example of how Mg2* and TMAO can
promote the same RNA structure by entirely different mechanisms. Four phosphates create
two ion chelation sites in this RNA, one for K* and one for Mg2* (Figure 7A). The same
selectivity for K* and the same hydroxyl radical sensitivity is seen whether the Mg?* site is
occupied by ion or simply stabilized by TMAO (Figure 6C and 7B). In other work, we find
that high concentrations of L11 protein (normally associated with this RNA domain in
ribosomes) trap the RNA in its native conformation in the absence of Mg2*, with the sole
exception of nucleotide A1073, which retains the reactivity of unfolded RNA to hydroxyl
radical. K* selectivity has been lost in this complex, presumably because of the non-native
structure at A1073 (D. Leipply & D.E.D., ms. submitted).

We infer that there is a strong driving force for the A1073 phosphate to stay exposed to
solvent, both because of electrostatic repulsion from nearby phosphates and from the
energetic cost of phosphate dehydration, and suggest that the substantial free energy cost of
burying this phosphate can be paid in two ways. One way is for Mg2* to occupy the
chelation site and reduce electrostatic repulsion among the phosphates; the favorable
electrostatic energy of ion binding must be enough to overcome the dehydration penalty.
The other way is for TMAO to reduce the dehydration penalty; the electrostatic repulsion
between phosphates in the unoccupied site still remains, but is now insufficient to disrupt the
native conformation. The surprising implication is that TMAQ exclusion from this site
generates stabilizing free energies as large as Mg2* binding.

In summary, the parallel effects of Mg?* and TMAO suggest that RNA phosphates present
two different kinds of barriers to formation of tertiary structures: strong electrostatic
repulsion between phosphates and strong interactions with water (hydration) both favor non-
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native, extended conformations of an RNA. Those barriers may be reduced because of net
favorable interactions of ions with the native structure or because of unfavorable interactions
with protecting osmolyte by the partially unfolded RNA (Figure 9). In either case, the same
native structure is adopted, implying that the native tertiary structure is primarily specified
by the RNA sequence. lons and osmolyte facilitate RNA folding but do not organize the
native structure, in the cases examined here.

MATERIALS AND METHODS

Chemicals and solutions

All solutions were prepared using distilled deionized water at 18.3MQ resistivity. MOPS,
potassium chloride, sodium chloride, and rubidium chloride (all >99.5% pure) were
purchased from Fluka. Lithium chloride, cesium chloride, and EDTA (also >99.5% pure)
were obtained from Sigma-Aldrich. Lithium hydroxide, sodium hydroxide, potassium
hydroxide, rubidium hydroxide, cesium hydroxide (all 99.99% pure) and trimethy!l
phosphate (>99% pure) were purchased from Aldrich. Trimethylamine oxide dihydrate
(TMAO) (=99% pure) was purchased from Fluka; contaminating amines were removed by
treating ~10 m TMAO (~175 g total) for several hours at room temperature with
approximately 5 g of granular activated carbon (Darco, 20-40 mesh, Aldrich), followed by
vacuum filtration using 0.22 um Durapore membrane filters (Millipore). This procedure was
repeated until no amine smell was detectable. The solution was then deionized using 2 g of
mixed bed resin (AG 501-X8, 20-50 mesh, Bio Rad), divided into aliquots and stored at
—80°C until used. By atomic absorbtion, the stock solution was less than 0.16 pM in Mg?2*,
which after dilution contributes less than 0.06 um Mg2* to a 2 m TMAO solution. This
amount of Mg?2* is far less than the RNA concentrations typically used in melting
experiments (~1 pm). The final concentrations of TMAO solutions were determined by
stoichiometric titration with standardized HCI. We also confirmed that the vapor pressure of
our potassium chloride solutions corresponded to literature values.25 58

Potassium dimethylphosphate was synthesized by mixing equimolar amounts of trimethyl
phosphate (Sigma-Aldrich) and KOH (Fluka) in 80% ethanol/water solution as described,59
with the exception that NaOH was substituted by KOH. Hydrolysis was allowed to proceed
for at least four hours. The solution was then concentrated under vacuum, redissolved in
water and subsequently passed through an ion exchange column (DOWEX 50WX8, Dow) to
insure that that all the dimethyl phosphate was in the K* salt form. The resulting solution
was concentrated under vacuum until solid. No impurities were detected by phosphorus or
proton NMR spectroscopy. Due to the hygroscopic nature of this salt, it was first stored in
pre-weighed microtubes in a dessicator containing phosphorus pentoxide powder (98+%,
A.C.S. Reagent, Sigma-Aldrich). Tubes were weighed under the dry atmosphere of a glove
box every few days over the course of three weeks, until the weight stabilized. A 10 m stock
was obtained by adding an appropriate weight of water to each tube, and the samples were
stored at —80 °C.

The short hairpin oligonucleotides tar and tar* (Figure 1A, B) were purchased from
Dharmacon and deprotected according the manufacturer's directions. Oligonucleotide length
homogeneity was confirmed by denaturing polyacrylamide gel electrophoresis. The 58-mer
rRNA fragment (Figure 1C), the tetraloop-receptor complex (Figure 1E), and the A-
riboswitch aptamer domain (Figure 1D) were prepared by in vitro transcription with T7
RNA polymerase from linearized plasmid DNA and purified by denaturing polyacrylamide
gel electrophoresis followed by electroelution, as described.12: 33 Before use, RNAs were
extensively equilibrated with the appropriate buffers, using Amicon Ultra centrifugal filter
devices (Millipore, Billerica, MA). Buffers for UV melting, VPO, and SAXS measurements
are specified in the figure legends. MOPS buffer was adjusted to pH 7.0 or 6.8 with KOH
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(K-MOPS) or, for experiments done with other group I ions, the appropriate alkali metal
hydroxide. The total K* ion concentration is noted; it is the sum of K* added from the K-
MOPS buffer plus KCI.

All solutions with osmolyte were prepared in molal concentration units (moles solutes/Kg
solvent) so that osmolyte and salt concentrations could be varied independently. Stock
solution densities were used to calculate the volume of each needed to prepare samples for
experiments. To determine densities, pipettors were first calibrated using the density of
water at 20°C (0.997 g/mL). Then, precisely one mL of each solution was weighed on an
analytical balance (Mettler Toledo).

UV thermal analysis

Melting experiments were performed in a Cary 400 spectrophotometer with 1 cm path
length cuvettes. Absorbance data were collected at 260 and 280 (as well as 295 in the case
of the 58mer rRNA fragment) nm from 5° to 95° C for the hairpin and the A-riboswitch, and
from 2° to 95°C in the case the tar-tar* and the tetraloop-receptor complexes. Absorbance
data for the small hairpin, which melts in a single transition, were analyzed by standard
methods incorporating low and high temperature baselines as fitted variables.60 Data for the
other RNAs studied were plotted as the first derivative of absorbance with respect to
temperature (a melting profile). To simplify data analysis, sequential two-state transitions,
defined by T, AH® (assumed to be independent from temperature), and amplitude of
absorbance changes, were fit globally to both the 260 and 280 nm or 260 and 295nm data as
described.61 Low temperature baselines for RNAs with tertiary structure are frequently
small or zero, and only in a few cases were manually adjusted to optimize the fitted curve.
Three transitions were fit to the tar-tar* and tetraloop-receptor data. Four transitions were
used to fit the profile the 58mer rRNA as reported.29: 36 For this RNA, the enthalpies of the
unfolding transitions obtained from experiments at 4 m TMAO were used to fit the data at 6
m TMAQO, in accord with the observation that H° does not change with salt or osmolyte
concentration.12 Characteristics of the A-riboswitch in melting experiments have recently
been reported.31 The Ty, of the first unfolding transition depends on the concentration of
ligand (in this case, 2,6-diamino-purine, DAP) as expected for unfolding of tertiary
structure; depending on the salt and osmolyte concentrations, we fit the melting profiles with
either two or three transitions.

The averages and standard deviations of T, and AH® for each RNA in the absence of
osmolytes were previously determined;12: 29 AH° values agree within error with the values
found in the presence of TMAO. Errors in Ty, for individual melting curves were determined
by a bootstrap method,61: 62 and were generally smaller than the plotted points (Figures 2
and S1). Global fitting of (1/Ty) as a function of both mryao and In(mgc)) was performed
with Pro Fit 6.1 using the following polynomial equation with six independent variables:

1/Tm=(aoln(rm,, )+bo)+(aiIn(m, ., )+b1) (., )+ (@ In(m, ) +b2) (.0 )2 (12)

The six fitted coefficients were then multiplied by AH®/R to obtain derived parameters in
terms of In(Kgps). Errors reported in Table 2 were propagated using both the uncertainties in
the fitted coefficients and in AH®; the latter were larger. The salt dependence at a specified
TMAO concentration (cf. eq 3) is given by:

OInK gps/Omy . =ag+a1 (M) +a2 (M., ) (13)
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and in the absence of TMAO is just ag (SKgps). The dependence of In(Kqps) on osmolyte
concentration at a specified KCI (cf. eq 5a) concentration is:

0InKghs /Omy,, o =(aiIn(m, ., )+b1)+2(arIn(m ) +b2) (1m0 ) (14)

and the salt-TMAO interaction term in the limit of low TMAO concentration is a;.

A global fit of hairpin RNA 1/T, values using eq 10 was unreliable because the salt —
osmolyte interaction term (a;) was poorly determined. We therefore report parameters
derived from the average slope of (1/T,) vs. mypmao of (1/Try) vs. In(mkc)) for this RNA in
Table 2.

Isothermal titrations

Titrations of the A-riboswitch with TMAO were monitored by circular dichroism. The
titrated solution had an initial concentration of 130 mm K-MOPS pH 7.0, 50 mm K*, 1 ym
A-riboswitch RNA, and 10 pm adenine ligand. The titrant was the same, but with TMAO at
a final concentration of 8.5 m. The RNA sample was first denatured for 10 minutes at 65°C,
and brought to room temperature for approximately 10 minutes before titration was initiated.
Titrations were performed at precisely 22.5°C with an Aviv Model 400 CD Spectrometer. A
Hamilton Microlab 500 automated titrator was used to perform 37 injections. Data were
collected at 268 nm with a bandwidth of 2 nm and averaging time of 30 sec. Titration data
were fit to an equation with six variables specifying the slopes and intercepts of baselines for
the unfolded and folded RNAs and a TMAO-dependent equilibrium constant expressed in
terms of the midpoint of the titration and the m-value.

Vapor Pressure Osmometry

A Wescor VAPRO 5520 (Logan, UT) at ambient temperature (22.5°C) was used for all
measurements. Three identical sample solutions in microtubes were assembled from water
and stock solutions of known molality and density. Triplicate measurements of osmolality
were made on each sample, for a total of nine readings. To minimize the concentration of
protonated TMAO, 50 mm K-MOPS pH 7.0 was included in all samples. Controls done in
the presence and absence of buffer showed a strictly additive effect of K-MOPS on the
measured osmolalities. Data obtained in the presence and absence of TMAO were analyzed
as described in Background (eq 7-9).

Hydroxyl radical footprinting

RNA for footprinting experiments was dephosphorylated for 5° labeling by reaction with
calf intestinal phosphatase at 37 °C for one hour, followed by phenol-chloroform extraction
and ethanol precipitation to remove the enzyme and recover the RNA. 80 pmol of RNA was
then end-labeled in 20 pL reactions with 10 pL y32P-ATP (6000 Ci/mmol, from Perkin
Elmer) and 10 units of polynucleotide kinase in the appropriate kinase buffer (NEB).
Samples were gel-purified post-labeling on 12 or 16% denaturing acrylamide gels, and RNA
recovered by freeze-thaw and ethanol precipitation. Each footprinting reaction contained 10°
cpm of RNA in K-MOPS buffer and the desired amount of TMAO or Mg?*. On ice, H,0,
was added to 0.03%, and the Fe-EDTA complex to 1 mM ferrous ammonium sulfate and 2
mM EDTA, after degassing the solution. Reactions were quenched after 1 minute with
thiourea. RNA was recovered by ethanol precipitation and resuspended in10 pL formamide
loading buffer. 5 pL of each sample, along with unreacted, alkaline hydrolysis, and T1
digest controls, were loaded on a denaturing sequencing gels (12% for A-riboswitch RNA,
16% for 58mer RNA) and run for 3 hours at 70 watts. The gel was then transferred to
Whatman filter paper, dried, and exposed to a phosphorimager screen for 18 hours before
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being imaged. The cleavage products in the sequencing gels were quantified using SAFA.63
Five invariant residues (C1064, A1067, C1075, U1083, G1091, and G1099) were chosen to
normalize the band intensities in the 58mer. Four invariant residues (U36, G43, U62, G78)
were chosen to normalize the band intensities in the adenine riboswitch.

Small Angle X-ray scattering

Small-angle X-ray scattering (SAXS) experiments were performed at beamlines 12-1D and
18-1D of the Advanced Photon Source (APS) at Argonne National Laboratory. The
wavelength of incident X-ray radiation was set to 1.033 A (a beam energy of 12 keV), the
exposure time was 0.15 seconds, and samples were flowed through an X-ray flow cell while
in the path of the beam to avoid radiation damage. RNA samples for the measurements were
extensively exchanged into the appropriate KMOPS buffer supplemented with the salt and
osmolyte concentrations of interest. The ambient temperature of the experiment was ~29 °C;
samples were allowed to temperature equilibrate for an hour prior to beam exposure.

Twenty images were collected for each sample or buffer solution in order to obtain good
statistics. Aberrant data sets were removed, and the remaining two-dimensional images from
the CCD were reduced to one-dimensional scattering profiles using the program
MarDetector (from Dr. David Tiede, unpublished). The resulting data sets were averaged
prior to background subtraction of the buffer. The scattering profile of the RNA was then
calculated using the following equation:

Loy (q):]sumplc (@) - (Y*Ihuﬁcr(‘p (15)

where 1(q) is the appropriate scattering intensity at momentum transfer vector q = 4= sin(6/y)
(where 26 is the scattering angle) and a is scaling factor that takes into account the partial
molar volume of RNA. The radius of gyration (Rg) was obtained from linear fits of the data
with g*Rg < 1.2), using the Guinier approximation:

In I(g)=In(/(0)) — R2¢*/3 (16)

The program GNOM was used to compute distance distribution functions, P(r), from the
scattering profiles.64 The Dp,ax parameter was systematically varied until consistent
solutions were attained. The Ry values calculated from integration of P(r) agreed well
(within 10%) with those obtained from Guinier analysis, validating the choice of Dya.
CRYSOLG5 was used to calculate the expected Ry of native A-riboswitch (1Y26) and 58mer
RNA (1HC8) from the indicated PDB files.

SASA calculations

Surface area calculations were performed using the program Surface Racer66 with the
Richards parameters67 and probe radii of 1.4A or 2.8A.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations used

TMAO trimethylamine oxide
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DAP 2,6-diamino-purine

CD circular dichroism

SAXS small angle X-ray scattering
VPO vapor pressure osmometry
TLR tetraloop receptor RNA
K-DMP potassium dimethylphosphate
SASA solvent-accessible surface area
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Figure 1.

Schematics of the secondary and tertiary structures of the RNAs used in this study.
Horizontal black bars and bullets represent Watson-Crick and non-canonical base pairs,
respectively. Gray lines symbolize base-base tertiary interactions and black lines with
arrow-heads represent 5°-3’ backbone connectivity. (a) A designed hairpin. (b) The tar-tar*
kissing-loops complex. (c) Nucleotides 1051-1108 of the E. coli 16S rRNA, with a mutation
(U1061A) that stabilizes tertiary structure 37 (58mer RNA). (d) The aptamer domain of the
adenine-binding riboswitch with adenine ligand depicted in outline typeface (A-riboswitch).
(e) The tetraloop-receptor RNA (TLR).
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Figure 2.

Salt and TMAO dependences of tertiary structure stability of the A-riboswitch aptamer
domain, plotted as (1/T,) obtained from melting experiments. The two panels show the
same set of 30 different conditions. The drawn curves are least squares best fits all derived
from the same three dimensional surface specified by six fitting parameters (see Materials
and Methods). (a) KCI dependence at fixed TMAO concentrations: blue, no TMAO; green,
0.4 m; orange, 0.8 m; brown, 1.284 m, dark brown, 1.6 m; red, 2.0 m. (b) Data from panel A
replotted to show TMAO dependence at fixed K* concentrations: blue, 54 mm; green, 104
mm; orange, 204 mm; brown, 304 mm; red, 404 mm. Each melt sample contained 50 mm
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KMOPS pH 7.0, 5 pm DAP and 2 um EDTA along with additional KCIl and TMAO to give
the indicated concentrations. Errors bars are smaller than the size of data points.

J Mol Biol. Author manuscript; available in PMC 2011 November 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lambert et al.

Page 26

Figure 3.

Melt profiles of 58mer RNA in various TMAO and salt concentrations. A) Data sets were
collected at 260 (blue) and 280 (red) nm in buffer containing 400 mm K*, 2 um EDTA and
either 100 mm K-MOPS pH 6.8 with 4 m TMAO (light shades), or 160 mm K-MOPS pH
6.8 and 6 m TMAO (dark shades). B) Data were collected at 260 (blue), 280 (red), and 295
(purple) nm in the presence of 52.4 mm K*, 2 um EDTA, 182 mm K-MOPS and 7.7 m
TMAO. Arrows indicate the change in ratio of absorbance at 260/280nm (A) or 295nm
signal (B) corresponding to melting of tertiary structure.
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Figure 4.

Vapor Pressure Osmometry (VPO) measurements and analysis. (a) Osmolality of potassium
dimethylphosphate (K-DMP) with (from bottom to top) 0, 0.5, or 1.0 m TMAO. Fitted
curves are second order polynomials. Error bars are shown, but are generally smaller than
the data points. (b) The non-additivity of TMAO and solute osmolalities (AOsm) plotted
according to egs 7-8. Lines are linear least squares fits; the slopes are reported in Table 3 as
up3/RT. Blue, TMAO and K-DMAP; green, TMAO and KCI; red, TMAO and glycerol.
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Figure 5.

Dimensions of A-riboswitch and 58mer RNAs at various TMAO and Mg2* concentrations,
as determined by SAXS. (a) Rq of the A-riboswitch wildtype sequence (red) and two
folding-impaired variants, C60G (orange) and G28C (green), in 182 mm KMOPS pH 6.8, 2
um EDTA, 50 mm K*, and various molalities of TMAO. For comparison purposes, Rg in the
same buffer containing 1 mM Mg?2* (black point) is also indicated. (b) Distance distribution
functions of the A-riboswitch with 8 m TMAO (red) or Imm Mg?* (black), and of the G38C
(green) and C60G variants (orange) with 8 m TMAOQ. Other buffer components are the same
as in panel (a). (c) Rq of the 58mer RNA (blug) in 182 mm MOPS pH 6.8, 2 um EDTA, 50
mm K*, and various molalities of TMAQO. For comparison purposes, Rg in the same buffer
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containing 0.1mm Mg?* (black) is also indicated. In both panels (a) and (c), error bars are
smaller than the size of the data points. (d) Distance distribution function of the 58mer
rRNA in 2 m TMAO (light blue), 4 m TMAO (medium blue), 8 m (dark blue), and 0.1 mm
Mg?2* (black). Other buffer components are the same as in panel (c).
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Figure 6.

Normalized data for the reactivity of the A-riboswitch (a, b) and 58mer rRNA fragment (c,
d) towards hydroxyl radical. Gel band intensities have been normalized as described
(Materials and Methods). (a) Reactivity of the A-riboswitch was assayed in K-MOPS buffer
pH 6.8, 50 mm K* plus no TMAO (purple); 5 m TMAO (yellow); 8 m TMAO (green) or 5
mm MgCl, (blue). MOPS anion concentrations were 20 mm (no TMAO or MgCly), 125 mm
(5 m TMAO) or 182 mm (8 m TMAO). Regions of increased protection compared to the
unfolded conformation are indicated by colored bars corresponding to residues depicted in
panel (b). (b) Residues protected from hydroxyl radical displayed on the A-riboswitch
crystal structure (1Y26) where residues 33, 37 and 38 are colored in red, 46 to 49 are
displayed in blue, and 52 and 53 are shown in yellow. The adenine ligand is depicted in
green. (c) Reactivity of the 58mer RNA obtained in K-MOPS buffer pH 6.8, 60 mM K* plus
no TMAO (purple); 4 m TMAO (red), 5 m TMAO (yellow), 8m TMAO (green); or 5 mm
MgCl, (blue). MOPS anion concentrations were 20 mm (no TMAO or MgCl,), 100 mm (4
m TMAO) 125 mm (5 m TMAO) or 182 mm (8 m TMAQ). Regions of increased protection
compared to the unfolded conformation are indicated by colored bars corresponding to
residues depicted in panel (d). (d) Representation of residues protected from hydroxyl
radical on the 58mer rRNA crystal structure (LHC8) where residues 18 to 21 are colored in
red, 35 to 37 are depicted in blue and 45 to 47 are indicated in yellow. Residues 14 in the
58mer and 66 in the A-riboswitch were impossible to quantify accurately and were not
plotted. Protection assessments for residues at the 3’end, which correspond nucleotides at
the bottom of the gel, were also unreliable.
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Figure 7.

The 58mer RNA ion-binding pocket confers a specific monovalent ion requirement for
optimal stability. (a) View of the crystal structure of the 58mer RNA (1HC8) regions
surrounding chelated K* (violet sphere) and Mg?* (green sphere) ions. Anionic oxygens of
A1073 contact either the K+ or Mg?* ion. (b) Relative free energy changes for folding the
58mer rRNA fragment with either 0.5 mM MgCl, (blue) or 6 m TMAO (red) added to
buffer with different group I ions (1 m M*, 150 mm M-MOPS pH 6.8, 2 um EDTA). The
ionic radii are taken from Pauling.69
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Solvent accessible surface areas (SASA) of phosphates groups for four RNAs with tertiary
structure (Figure 1). (a) 58mer rRNA (1HC8), (b) the two monomers from the tetraloop-
receptor RNA complex (2JYF), (c) A-riboswitch (1Y26), and (d) Tar-tar* (1KIS). Blue data
points indicates SASA obtained with a probe radius of 1.4 A whereas red points correspond

to a probe radius of 2.8 A.
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RNA chemical patential ¢

Figure 9.

Contrasting mechanisms by which Mg2* and TMAO may stabilize the same RNA tertiary
structure. The relative free energy (chemical potential) of folded (F) and unfolded (U) forms
of a hypothetical RNA tertiary structure are diagrammed. In buffer, the U form of the RNA
is represented as more stable than F (black boxes; the observed folding free energy, AG®gps,
is positive). Mg2* interacts strongly (red arrows) with both U and F forms of the RNA, but
preferentially stabilizes the native structure (red boxes; AG°gps is Now negative). TMAO
interactions with both U and F forms are strongly unfavorable (blue arrows), but the U form
is more strongly affected because of its more extensive exposure of phosphates to solvent.
Therefore AG°yps becomes negative (blue boxes).
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TMAO-solute interaction free energies

Table 2

Solute nos/RT, m™1 ox
HM23, cal/mol/m (25 °C)
purine 0.1425+0.018 94.7 £ 10.6
cytidine 0.161 + 0.024 106 + 14
uridine 0.145 £ 0.017 96 + 10
glycerol —0.0503 + 0.0072 —-17.3 + 4.2
Potassium dimethylphosphate 0.322 £ 0.027 211+16

KCI

—0.0018 + 0.015

amino acid side chain

AGyanser calimol/mP

Ala -13.6
Leu 10.8

Phe —8.65
Trp —-141.8
Tyr -106.0
His 39.0

Arg -101.4

Page 35

apzisT is the slope of AOsm (eq 7) plotted as in Figure 4B. ﬂ% is calculated from p23/RT at 25 °C and includes a correction for the ideal

entropy of mixing. See Background (eq 7-9) and Materials and Methods for details.

Transfer free energies based on relative solubilities of amino acids in water and 1 M TMAO, taken from reference 8. The transfer free energy of
glycine has been subtracted, so AGtransfer applies to the amino acid side chain. The partial molar volume of TMAOG68 was used to transform

AGtransfer from molar to molal units.
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Changes in phosphate SASA accompanying RNA unfolding?

Table 3

RNA PO, SASA PO, SASA A(SASA), A2 | estimated m-value,
(native), A2 (unfolded), A2 kcal/mol/m

58mer RNA 3136 3534-4007 398 or 871 0.99 or 2.16

tar-tar* 1968 1860 — 2108 —92or 141 —0.230r 0.35

TLR 758 (receptor) 388 (GAAA) | 722 (receptor) 391 (GAAA) | —67 -0.17

A-riboswitch | 4768 4401-4991 —3670r223 | —0.910r0.55

aSolvent accessible surface areas of backbone phosphate (phosphorus and the two non-bridging oxygens) for native RNA structures were
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calculated from PDB files specified in the legend to Figure 8. For TLR RNA, surface areas corresponding to the receptor (nucleotides U5 — G9 and
C34 - G39 for chain A; U48 — G52 and C77 — G82 for chain B) and the tetraloop hairpin (nucleotides G19 — C24 for chain A; G62 — C67 for chain
B) are reported separately. The unfolded TLR RNA surface areas are derived from models as described in the text. Note that these numbers are for
each subunit whereas the total change in SASA is for the complex. The values given for unfolded tar-tar*, A-riboswitch and 58mer RNA used the

per-nucleotide SASA previously calculated for canonical A-form RNA (the smaller value) or single-stranded RNA.12 The contribution of
phosphate exposure to the m-value for RNA unfolding in TMAO were calculated using the proportionality 2.48 cal/A2/m.
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