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ABSTRACT

Folding mechanisms of functional RNAs under idealized in vitro conditions of dilute solution and high ionic strength have been well
studied. Comparatively little is known, however, about mechanisms for folding of RNA in vivo where Mg?* ion concentrations are
low, K* concentrations are modest, and concentrations of macromolecular crowders and low-molecular-weight cosolutes are high.
Herein, we apply a combination of biophysical and structure mapping techniques to tRNA to elucidate thermodynamic and
functional principles that govern RNA folding under in vivo-like conditions. We show by thermal denaturation and SHAPE
studies that tRNA folding cooperativity increases in physiologically low concentrations of Mg>* (0.5-2 mM) and K* (140 mM) if
the solution is supplemented with physiological amounts (~20%) of a water-soluble neutral macromolecular crowding agent
such as PEG or dextran. Low-molecular-weight cosolutes show varying effects on tRNA folding cooperativity, increasing or
decreasing it based on the identity of the cosolute. For those additives that increase folding cooperativity, the gain is manifested
in sharpened two-state-like folding transitions for full-length tRNA over its secondary structural elements. Temperature-
dependent SHAPE experiments in the absence and presence of crowders and cosolutes reveal extent of cooperative folding of
tRNA on a nucleotide basis and are consistent with the melting studies. Mechanistically, crowding agents appear to promote
cooperativity by stabilizing tertiary structure, while those low molecular cosolutes that promote cooperativity stabilize tertiary
structure and/or destabilize secondary structure. Cooperative folding of functional RNA under physiological-like conditions
parallels the behavior of many proteins and has implications for cellular RNA folding kinetics and evolution.

Keywords: folding cooperativity; tRNA; macromolecular crowding; biological cosolutes; temperature-dependent structure
mapping

INTRODUCTION and SHAPE (Wilkinson et al. 2008; Deigan et al. 2009) to im-
prove prediction of secondary structure. While the above
studies contribute greatly to establishing physical principles
of RNA folding, almost all have been conducted under “stan-
dard literature conditions” of dilute solution and folding-fa-
vorable nonphysiological ionic conditions of ~10 mM Mg**
or 1 M Na'/K".

Physiological conditions are quite different. Typical K™ con-
centrations in prokaryotic and eukaryotic cells are only ~140
mM, while free Mg”* concentrations are just 1.5-3.0 mM
in prokaryotic cells (Lusk et al. 1968; Truong et al. 2013)
and 0.5-1.0 mM in eukaryotic cells (London 1991; Alberts
et al. 1994; Feig and Uhlenbeck 1999; Grubbs 2002;
Romani 2007). Eukaryotic and prokaryotic cells also con-
tain 20%-40% (w/v) macromolecules, as well as lower-

The last decade has witnessed remarkable advances in under-
standing RNA folding from a physical-chemical perspective.
Tertiary folding of complex RNAs begins with rapid elec-
trostatic collapse, followed by search for the native state (Thir-
umalai et al. 2001; Russell et al. 2002; Moghaddam et al. 2009).
This occurs on a rough landscape (Woodson 2010; Takamoto
et al. 2012) wherein misfolds are broken prior to native fold-
ing (Thirumalai et al. 2001). These features can lead to very
slow (minutes to hours) and multiphasic RNA folding
(Zarrinkar and Williamson 1994; Sclavi et al. 1998; Swisher
etal. 2002). Advances have been made in predicting RNA sec-
ondary and tertiary structures: Thermodynamic parameters
have been measured for many motifs (Mathews and Turner
2006), and structure predictions have been interfaced with
experimental techniques such as NMR (Hart et al. 2008)

© 2014 Strulson et al. This article is distributed exclusively by the RNA
Society for the first 12 months after the full-issue publication date (see

*Corresponding author

E-mail pcb5@psu.edu

Article published online ahead of print. Article and publication date are at
http://www.rnajournal.org/cgi/doi/10.1261/rna.042747.113.

http:/rnajournal.cshlp.org/site/misc/terms.xhtml). After 12 months, it is
available under a Creative Commons License (Attribution-NonCommercial
3.0 Unported), as described at http://creativecommons.org/licenses/by-nc/
3.0/.

RNA 20:331-347; Published by Cold Spring Harbor Laboratory Press for the RNA Society 331



Strulson et al.

molecular-weight cosolutes, which can exclude volume, in-
teract with the RNA, and lead to altered solvent properties
(Ellis 2001; Minton 2001). Differences between standard lit-
erature folding conditions and in vivo folding conditions
have the potential to profoundly affect RNA folding mecha-
nisms, which is the focus of this study.

Steric crowding and variation of solvent properties via a
variety of water-soluble neutral cosolutes, including poly-
ethyleneglycol (PEG) and dextran, have been shown to affect,
and in many cases promote, the stability and function of
proteins (Zhou et al. 2008). These species also affect RNA
folding. They promote ribozyme cleavage (Nakano et al.
2009; Strulson et al. 2012, 2013), drive compaction of large
RNAs (Kilburn et al. 2010), and affect folding free energy
(Spink and Chaires 1998; Lambert and Draper 2007; Spink
et al. 2007; Feng et al. 2010; Denesyuk and Thirumalai
2011; Kilburn et al. 2013). While these studies provide insight
into ways in which biological conditions affect RNA folding
and function, there has been little focus on how they affect
RNA folding cooperativity.

Folding of RNA is a largely hierarchical process (i.e., sec-
ondary then tertiary structure formation) (Brion and West-
hof 1997; Leontis et al. 2006; Greenleaf et al. 2008) because
most tertiary structure assembles from preformed secondary
structures. For example, tRNA folds through five intermedi-
ates involving combinations of four different helices prior to
formation of tertiary structure (Riesner et al. 1973; Crothers
et al. 1974), while the HDV ribozyme folds through numer-
ous base-pairing states and misfolds (Isambert and Siggia
2000; Chadalavada et al. 2002; Brown et al. 2004). Some var-
iations in overall RNA folding mechanisms have been report-
ed, e.g., tertiary structure or proteins driving native secondary
structure (Thirumalai 1998; Wu and Tinoco 1998; Duncan
and Weeks 2010; Woodson 2010); however, even in these

cases, native secondary structure typically precedes tertiary
structure. Although helical intermediates do exist in the fold-
ing pathway for functional RNAs, it remains unclear if they
populate appreciably. Dill defined a cooperatively folding
system as one in which obligate folding intermediates are
poorly populated, or “hidden” (Ozkan et al. 2002; Weikl
et al. 2004). If secondary structural helical intermediates are
intrinsically unstable and only the initial and final states
populate, then folding is defined as apparent two-state (all-
or-none) and fully cooperative. On the other hand, a high
population of intermediates leads to noncooperative folding
(Kwok et al. 2013). In the present study, we probe the folding
cooperativity of a functional RNA under biological solution
conditions.

To assess the effects of molecular crowders and cosolutes
on RNA folding cooperativity, we chose to study the folding
of tRNAPhe (Fig. 1A). This choice was made for several rea-
sons. First, the structure, folding, and function of tRNA has
been characterized in the literature, with many studies detail-
ing the folding of tRNA under standard literature folding
conditions (Yang et al. 1972; Stein and Crothers 1976a,b;
Fang et al. 2000; Misra and Draper 2000; Pulukkunat and
Gopalan 2008). Second, tRNA has a well-folded native ter-
tiary structure that is relevant to many functional RNAs in
eukaryotic and prokaryotic cells. Third, the T7 transcript of
tRNA has similar properties as the naturally occurring mod-
ified RNA (Sampson and Uhlenbeck 1988; Nobles et al.
2002; Wilkinson et al. 2005; Whitman 2011) but is easily
mutated to provide weakened tertiary structure so that ef-
fects of molecular crowders and cosolutes on secondary
and tertiary structure individually can be assessed (Fig. 1B).
The tRNA chosen is unmodified tRNA™™ from yeast, which
was selected because the base-pairing in the various helices
has a relatively even distribution of GC and AU/GU base
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FIGURE 1. Secondary structure and first derivative melt curves of WT and MT tRNAT™, (4) Secondary structure of wild-type (WT) tRNAP, WT
tRNAP was prepared by in vitro T7 transcription. (B) Secondary structure of mutationally weakened tertiary structure tRNA™, referred to as MT
tRNAP, (Red) Nucleotides mutated to remove tertiary contacts. (C) First derivative melt curves parameteric in Mg®* concentration for WT tRNA™®

(closed symbols) and MT tRNA™ (open symbols).
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pairs. The latter was important so as not to bias the RNA to-
ward or away from cooperative folding of secondary and ter-
tiary structure.

Herein, we reveal that macromolecular crowding agents
promote RNA folding cooperativity at biological concen-
trations of magnesium. Conversely, low-molecular-weight
cosolutes either promote or diminish folding cooperativity
in a manner dependent on the identity of the cosolute. We
show that crowding agents promote cooperativity by stabiliz-
ing tertiary structure, while those low molecular cosolutes
that promote cooperativity do so by stabilizing tertiary struc-
ture and/or destabilizing secondary structure. Temperature-
dependent SHAPE analysis reveals RNA unfolding properties
on a nucleotide basis and confirms increase in cooperativity
in the presence of crowder and certain cosolutes.

RESULTS

Folding cooperativity of wild-type tRNA"" in the
absence of additives

We first evaluated the folding cooperativity of tRNA™ in 0,
0.5, and 2 mM Mg"" in the absence of crowding and cosolute
additives, all in the background of 140 mM KCI. We chose to
evaluate RNA folding in 0.5 and 2 mM Mg”", as these are
within the range of free Mg*" concentrations reported in eu-
karyotic and prokaryotic cells, respectively, and in 150 mM
K", as this is near physiological (Lusk et al. 1968; London
1991; Alberts et al. 1994; Feig and Uhlenbeck 1999; Grubbs
2002; Romani 2007; Truong et al. 2013). Additionally, we ex-
amined folding in 140 mM KCl without Mg** added in order
to later determine if molecular crowders and cosolutes could
promote folding cooperativity in the absence of divalent ions.

We began by performing melts of the wild-type (WT)
tRNA"in 0, 0.5, and 2 mM Mngr in the absence of additives.
Melting data are provided in Figure 1C (closed symbols) and
summarized in Table 1. In general, a cooperative melt is ex-
pected to display a sharpened two-state-like unfolding transi-
tion with the absence of shoulders, while a less cooperative or
noncooperative melt is expected to display a broad unfolding
transition where multiple shoulders may be observed. With
no Mg”* present, WT tRNA"™ has a broad melting profile
that contains a noticeable shoulder and thus consists of at least
two transitions (Fig. 1C). These properties are indicative of
multiple folding intermediates and little to no folding cooper-
ativity. This outcome is consistent with significant heteroge-
neity in the structure, which is expected with no divalent
ions and only relatively low monovalent ions. In 0.5 mM
Mg**, the major unfolding transition shifts to higher temper-
ature, from 53.5°C to 57.5°C, and is sharpened, as evidenced
by narrowing and heightening of the transition. Indeed, the
max dA/dT of the derivative plot increases from 0.0084 to
0.0106 (Table 1); nonetheless, the transition is not highly
cooperative, as evidenced in part by the long tail remaining
in the transition (Fig. 1C). In the presence of 2 mM Mg,

there is just a single significant unfolding transition, which
is noticeably cooperative when compared with the unfold-
ing transitions in 0 and 0.5 mM Mg*". The unfolding transi-
tion is shifted to much higher temperatures, from 57.5°C in
0.5 mM Mg2+ to0 65.0°C in 2 mM Mg“, and is much steeper,
with a max dA/dT value of 0.0154 as compared with 0.0106
in 0.5 mM Mg”*. These observations are consistent with
earlier studies, which demonstrated that the unfolding of
tRNA™¢! is multistate at 0.5 mM Mg** but approximately
two-state in 3 mM Mngr (Stein and Crothers 1976a).

Impact of macromolecular crowders on the folding
cooperativity of wild-type tRNA"

Having evaluated the impact of magnesium ion concentra-
tion on the folding of tRNA™ in the absence of additives,
we describe the effects of macromolecular crowders on
RNA folding. We expected that the crowders would promote
RNA folding cooperativity since they favor a more compact
form of the RNA. The molecular crowders—PEG4000,
PEG8000, Dextan10, Dextran70, and Ficoll70 with molecular
weights of 4 kDa, 8 kDa, 8 kDa, 10 kDa, 70 kDa, and 70 kDa,
respectively—were chosen because they allow exploration of
different chemical compositions and sizes. Concentrations
of these were 20% (w/v) to approximate the lower estimates
of crowding in vivo (Minton 2001). Melting experiments
on the WT tRNA™ in the presence of the macromolecular
crowders were performed at 0, 0.5, and 2 mM Mg2+. These
data are provided in Figure 2 both as a function of actual tem-
perature and as a function of an offset temperature referred
to as “Tgyufrers in which a constant was added to or subtracted
from the actual temperature to give a Ty, matched to the
tRNA’s Ty, in buffer alone. This analysis was implemented
to align the various melting maxima, facilitate comparison
of melts, and aid generation of difference plots. Additionally,
this treatment decouples thermostability and cooperativity, as
they do not always parallel each other.

In the absence of magnesium, the crowding agents did not
have a significant effect on folding cooperativity. For exam-
ple, the max dA/dT in PEG8000 and Ficoll70 are somewhat
lower than in buffer alone, while for PEG4000, Dextran10,
and Dextran70, the max dA/dT values are slightly elevated
above those in buffer alone (Fig. 2A; Table 1). The lack of
any appreciable gains by the crowders on cooperativity in
the absence of Mg”* is visualized in the bar graphs in
Figure 3A (left set of bars), where the max dA/dT for the first
(i.e., lowest temperature) unfolding transition has been plot-
ted as a function of additive.

Difference plots show melt data with additive present mi-
nus melt data in buffer alone and help reveal additive-specific
effects (Fig. 4). For generation of these plots, the melt data
as a function of Tyuge, Were used. Difference melts in the
absence of Mg>" are relatively flat (Fig. 4A), consistent with
a minimal effect on cooperativity in the absence of divalent
ions. These plots are flat because the parent melts with and
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TABLE 1. T, and max dA/dT values for WT and MT tRNA"® unfolding with increasing Mg** concentration

WT tRNAPhe MT tRNAPhe
T (°O)? Max dA/dT" Transitions® T (°CC)? Max dA/dT? Transitions®
Buffer 53.5 0.0084 2 51.0 0.0048 3 0 mM Mg>*
PEG4000 59.0 0.0091 1 55.0 0.0058 2
PEG8000 60.0 0.0082 1 58.0 0.0062 2
Dextran10 54.5 0.0095 2 52.5 0.0056 3
Dextran70 53.5 0.0093 1 53.5 0.0045 3
Ficoll70 56.5 0.0068 1 57.0 0.0061 3
Methanol 53.5 0.0084 2 51.5 0.0068 2
PEG200 53.0 0.0081 2 50.0 0.0064 2
Proline 44.5 0.0073 2 41.0 0.0058 3
TMAO 56.0 0.0085 2 56.5 0.0075 2
Betaine 53.0 0.0097 2 49.0 0.0062 3
WT tRNAP"e MT tRNAPhe
To (°CC)? Max dA/dT" Transitions® T (°CC)? Max dA/dT” Transitions®
Buffer 57.5 0.0106 1 55.0 0.0058 2 0.5 MM Mg**
PEG4000 62.0 0.0129 1 62.0 0.0070 2
PEG8000 61.5 0.0125 1 63.0 0.0064 2
Dextran10 59.0 0.0143 1 58.0 0.0064 2
Dextran70 58.5 0.0122 1 59.5 0.0071 2
Ficoll70 60.0 0.0108 1 59.5 0.0069 2
Methanol 57.0 0.0124 1 56.0 0.0075 2
PEG200 58.0 0.0149 1 54.5 0.0071 2
Proline 47.0 0.0075 3 42.0 0.0062 3
TMAO 59.0 0.0119 2 59.5 0.0077 3
Betaine 53.5 0.0091 2 50.0 0.0070 2
WT tRNAPhe MT tRNAPhe
T (°CO)? Max dA/dT" Transitions® T (°C)? Max dA/dT® Transitions®
Buffer 65.0 0.0154 1 60.0 0.0075 2 2 mM Mg?*
PEG4000 68.0 0.0182 1 65.5 0.0094 1
PEG8000 69.0 0.0170 1 66.0 0.0083 1
Dextran10 66.0 0.0181 1 63.5 0.0061 2
Dextran70 67.0 0.0173 1 62.5 0.0054 2
Ficoll70 66.5 0.0161 1 64.5 0.0077 2
Methanol 64.5 0.0163 1 61.0 0.0080 2
PEG200 64.5 0.0173 1 60.5 0.0080 2
Proline 455 0.0077 3 44.5 0.0055 3
TMAO 64.5 0.0152 1 61.5 0.0075 2
Betaine 59.0 0.0135 1 54.0 0.0074 2

“Typical errors in T, are £1°C (Sokoloski et al. 2011).

The error in max dA/dT was no more than 10% based on comparison of duplicate measurements.
“The number of transitions was determined from the number of local maxima in the first derivative plots of the melts.

without additive (Fig. 2A, right panel) overlay very closely
for 0 mM Mg“, with a small difference observed for Ficoll70.

In the presence of 0.5 mM Mg"", the crowding agents lead
to a substantial increase in RNA folding cooperativity (Fig.
2B). Remarkably, every crowding agent tested led to an in-
crease in the max dA/dT value from that of buffer alone
(Fig. 3A; Table 1) and to sharpening of the folding transition.
When melt data in the presence of additive were again offset to
Tufter it is evident that the crowder melts have higher dA/dT
max than buffer alone (Fig. 2B, right panel). This effect is ac-
centuated in the difference melts presented in Figure 4B,
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where there are distinct bell-shaped derivate plots in the pres-
ence of all crowders, with a positive node centered at the T}, in
the presence of buffer denoted “Ty, pufrer.” Additionally, there
is a negative feature that precedes the positive node for several
crowders leading to a so-called differential feature (Fig. 4B;
Gong et al. 2008). The negative feature arises because the
melting of the tRNA in the presence of the crowder is over a
narrower temperature range, reflective of the sharpening of
a transition as associated with RNA folding cooperativity.

In the presence of 2 mM Mg*", all crowders promote fold-
ing cooperativity (Fig. 2C). Every crowding agent again leads
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FIGURE 2. Melts of WT tRNA"™ in additives with increasing Mg®" concentration. All melts were performed in the background of 10 mM sodium
cacodylate (pH 7.0) and 140 mM KClL. (A-C, both columns) The effects of various crowding agents (20% [w/v]) in 0, 0.5, and 2 mM Mg“, respec-
tively. No additive (black), PEG4000 (blue), PEG8000 (red), Dextran10 (green), Dextran70 (purple), and Ficoll70 (cyan). (D-F, both columns) The
effects of low-molecular-weight cosolutes (2 m, except PEG200, which was 20% [w/v]) in 0, 0.5, and 2 mM Mg2+, respectively. No additive (black),
methanol (pink), PEG200 (cobalt blue), proline (orange), TMAO (light purple), and betaine (dark green). In certain panels, data were adjusted to have
the same T, as the buffer, designated as “Tyye,,” so that the effects on cooperativity are clear.

to an increase in the value of max dA/dT over that in buffer
alone (Fig. 3A; Table 1) and to sharpening of the folding tran-
sition. Examination of the difference melts in Figure 4C

reveals bell-shaped derivative plots, simi-
lar to observations in 0.5 mM Mg**
Taken together, the 0.5 and 2 mM
Mg*" tRNA unfolding data indicate that
biological magnesium concentrations al-
low folding cooperativity to be enhanced
by crowding agents.

Next, we examined the apparent en-
thalpy change for the first unfolding
transition in the melt because steeper
(i.e., more cooperative) melting transi-
tions are typically associated with greater
enthalpy changes (Puglisi and Tinoco
1989). We fit the melting data to a two-
state model to extract an apparent van’t
Hoff enthalpy, AHyy. In several cases,

the melting is clearly non-two-state, as discussed above; in
these instances, we fit the first (i.e., lowest melting) apparent
unfolding transition. The rationale for treating the data in

WT tRNA™

2 mM Mg?

B MT tRNA™

>
e
S

0.5 mM Mg** 2 mM Mg

ooig{ O mM Mg

0.5 mM Mg*

Max dA/dT

FIGURE 3. Max dA/dT plot of WT and MT tRNA"" with crowding and low-molecular-weight
cosolute agents in increasing Mg>" concentration. Max dA/dT values were calculated for the
first (i.e., lowest temperature) unfolding transition from the first derivative melt curves for (A)
WT and (B) MT. Experimental conditions and coloring of plots are identical to those in
Figure 2. The black dashed line across each subset of conditions shows the max dA/dT in buffer
alone for that condition. Bars that extend greater than the dashed line indicate an increase in fold-
ing cooperativity. Note the difference in the y-axis scales for panels A and B.
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FIGURE 4. Difference plots of melts of WT tRNA™ in additives minus in buffer alone with in-
creasing Mg”" concentration. All melts were performed in the background of 10 mM sodium
cacodylate (pH 7.0) and 140 mM KCI. All data were adjusted to have the same T,,,, designated
as “Tpufrer-. (A—C) The effects of various crowding agents (20% [w/v]) in 0, 0.5, and 2 mM
Mg2+, respectively. PEG4000 (blue), PEG8000 (red), Dextranl0 (green), Dextran70 (purple),
and Ficoll70 (cyan). (D-F) The effects of low-molecular- welght cosolutes (2 m, except
PEG200, which was 20% [w/v]) also in 0, 0.5, and 2 mM Mg , respectively. Methanol (pink),
PEG200 (cobalt blue), proline (orange), TMAO (light purple), and betaine (dark green).
Difference plots show the effects of the additives on WT folding cooperativity.

vide no evidence for enhancement of
folding cooperativity by the additive in
the absence of Mg2+, consistent with
the analysis above.

We then extended this analysis to
melts in the background of 0.5 mM
Mg2+. The value of AHyy; in the absence
of additive increased from 39.7 to 47.6
kcal/mol upon increasing the Mg**
from 0 to 0.5 mM, supporting a gain in
folding cooperativity in the presence of
0.5 mM Mg*" over no Mg**, consistent
with the analysis above (Supplemental
Table S1). Remarkably, in 0.5 mM
Mg2+, all of the crowders led to a AHyy
for unfolding that is greater in magnitude
than in buffer alone, which is a trend op-
posite to that in the 0 mM Mg*" back-
ground. This effect is clearly revealed in
AHyy/AHyy pugfer Tatios that are sub-
stantially greater than unity, ranging
from 1.1 to 1.4. This observation sup-
ports the above analysis that additives in-
crease cooperativity in the background of
0.5 mM Mg*".

Evaluation of the 2 mM Mg*" melt data
reveals AHyp/AHyy putrer ratios that are
greater than unity, again supporting the
conclusion that most crowders promote
cooperativity. The effect, however, is
somewhat diminished relative to 0.5
mM Mg** effects, with maximal AHyy/
AHyy putter ratios near 1.1 rather than
1.4. This smaller effect may arise because
the cooperativity has already been en-
hanced by the higher Mg*".

Impact of low-molecular-weight
cosolutes on the folding cooperativity
of wild-type tRNAP"®

We next consider the effect of various
low-molecular-weight cosolutes on RNA
folding cooperativity. These measure-
ments were conducted on tRNA™ in

this manner is that the apparent AHyy; from such a fit serves  the same Mg>" concentrations of 0, 0.5, and 2 mM Mg*"

as a marker of the number of RNA interactions that unfoldin ~ a background K" of 140 mM. Methanol, PEG200, proline,
the first transition and so describes in a semi-quantitative TMAO, and betaine were chosen for the low-molecular-
manner the degree of folding cooperativity. Values for  weight cosolutes since they have been shown to stabilize or
AHvyy and AHvy/AHyy putrer» Which provide a comparison destabilize RNA, and in cases of proline, TMAO, and betaine
to buffer alone, are provided in Supplemental Table S1. In  are biologically relevant (Di Domenico and Lavecchia 2002;
0 mM Mg”*, nearly all crowders led to a AHyy; for unfolding ~ Lambert and Draper 2007; Nakano et al. 2009; Knowles
that is smaller in magnitude than in the absence of additive. et al. 2011). Concentrations of these were chosen to be 2 m,
This is revealed in relative AHyy/AHyigpufer factors that which is similar to concentrations used in other RNA folding
are less than unity, ranging from 0.7 to 0.8. These data pro- studies (Lambert and Draper 2007).
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We analyzed tRNA melting in the presence of cosolutes in
0, 0.5, and 2 mM Mg** (Fig. 2D). In the absence of Mg**, the
small-molecule cosolutes do not have a significant effect on
cooperativity, similar to that observed with the macromolec-
ular crowders. For example, in the absence of added Mg“,
the max dA/dT is quite similar in buffer alone and in each
of the cosolutes with at least two transitions present in the
presence of each cosolute (Table 1). This is also apparent in
the plot of dA/dT maximum versus additive (Fig. 3A). In ad-
dition, the difference plots offset to the buffer-alone temper-
ature show no distinct features (Fig. 4D), supporting no clear
effect of cosolutes on folding cooperativity in the absence of
divalent ions. We note that cosolutes lead both to increases
and decreases in thermostability in the presence of the addi-
tive, which is distinct from the effect of macromolecular
crowders, none of which decrease thermostability (Table 1).

In the presence of 0.5 mM Mg2+, substantial effects of
cosolute on RNA folding cooperativity are observed (Fig.
2E). As discerned from effects on the value of max dA/dT,
PEG200, methanol, and TMAO all enhance folding cooper-
ativity, while proline and betaine decrease folding cooperativ-
ity (Table 1, cf. max dA/dT values to buffer). These effects
are especially apparent in the difference melts in Figure
4F. In the case of PEG200, methanol, and TMAO, their
difference plots are bell-shaped with a positive feature cen-
tered at Ty, pufrer and the max dA/dT greatest for PEG200.
Moreover, the low-temperature negative differential feature
is especially distinct for PEG200, which also shows a negative
feature at higher temperature. The two negative features arise
because melting of tRNA in the presence of PEG200 is espe-
cially sharp, reflecting enhanced folding cooperativity. In
contrast, in proline and betaine, reverse effects are seen.
The bell-shaped difference plots for betaine and especially
proline are approximately mirror images of those for
PEG200, methanol, and TMAO, in which the largest magni-
tude node is the negative node (Fig. 4E). This observation is
consistent with a decrease in folding cooperativity arising
from these additives. Last, in the presence of 2 mM Mg2+, a
gain in folding cooperativity still occurs upon addition of
PEG200, methanol, and TMAOQ, but the stimulation is dimin-
ished from what it was in 0.5 mM Mg*", likely due to the same
reasons discussed above for macromolecular crowders.

Consideration of enthalpy changes in the presence of coso-
lute strengthens the conclusions reached above. In particular,
AHyy/AHvyy pugter factors are <1 in the absence of Mg2+, pro-
viding no evidence for cooperativity enhancement under
these conditions (Supplemental Table S1). In the presence
of 0.5 mM Mg2+, AHyy/AHyy pugter factors range from 1.2
to 1.5 for PEG200, methanol, and TMAQ, consistent with
the abovementioned gains in folding cooperativity, while
AHyy/AHvyy pugter factors are 0.7 and 0.9 for proline and
betaine, supporting the decrease in folding cooperativity in
these cosolutes. In 2 mM Mg”", the AHy i/ AHy 1 pugrer factors
are only 1.1-1.2 for PEG200, methanol, and TMAQO, again
consistent with smaller gains in folding cooperativity in high-

er Mg2+. Proline and betaine ratios of AHyy/AHv puffer Te-
main similarly destabilizing at 0.6 and 0.9, respectively.

It is of interest to note that for the macromolecular crow-
ders, increases in cooperativity were generally associated with
increases in thermostability. For instance, thermostability in-
creased in the presence of all crowders in 0, 0.5, and 2.0 mM
Mg** by an average of 2.7°C, and by as much as 6.5°C.
However, this trend does not hold for low-molecular-weight
cosolutes, which had little or no effect on thermostability, ex-
cept for proline and betaine, which decreased it. The differ-
ential effects of crowders and cosolutes on thermostability
appear to be associated with their impacts on secondary
and tertiary structure (see Discussion).

Finally, we conducted melts of tRNA in 10 mM Mg** in rep-
resentative macromolecular crowders and low-molecular-
weight cosolutes. These experiments were carried out in order
to provide a comparison between the effects of physiological
Mg** concentrations and folding-favorable, nonphysiologi-
cal Mg”* concentrations on RNA folding, as well as to test
the effects of crowder and cosolute additives in these two
Mg** backgrounds. These data can be found in Supplemental
Figure S1. While crowders enhanced thermostability at bio-
logical Mg** concentrations, as discussed above, they had no
appreciable effect on thermostability in the background of
10 mM Mg>". This is consistent with the notion that effects
of additives are lessened in nonphysiologically high Mg** con-
centrations. On the other hand, the crowders did enhance
folding cooperativity slightly in both Mg”* concentrations.

Low molecular crowders had differential effects on ther-
mostability at biological Mg**, as discussed above; how-
ever, they all decreased thermostability in the background of
10 mM Mg”* (Supplemental Fig. S1). Likewise, while some
cosolutes enhanced folding cooperativity and some de-
creased cooperativity at biological Mg>" concentrations, in
10 mM Mg”" slight enhancements or no effects on folding
cooperativity were found. Overall, the effects of additives in
10 mM Mg*" provide some biophysical insight for under-
standing how additives affect RNA folding; however, we focus
herein on the effects of additives under biological Mg**
concentrations.

Impact of crowders and cosolutes on the folding
cooperativity of mutated tertiary tRNA™®

In an effort to dissect effects of additives on RNA secondary
and tertiary structure formation, we prepared a mutated ter-
tiary structure tRNAP, referred to as MT, in which key ter-
tiary interactions were abolished by changing D loop, variable
loop, and TYC loop residues to Us (Fig. 1B). The tertiary
interactions targeted are represented by yellow lines in the
WT secondary structure (Fig. 1A). The folding behavior of
MT tRNA"" was examined through perpendicular tempera-
ture-gradient gel electrophoresis (TGGE) (Bevilacqua and
Bevilacqua 1998; Chadalavada and Bevilacqua 2009) dis-
played in Figure 5. The MT tRNA™ migrates slower than
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Transition for MT tRNAP"

Transition for WT tRNAP"

FIGURE 5. Perpendicular TGGE plot for WT and MT tRNA™ melt-
ing transitions. Electrophoresis is 13% PAGE and 1x THEN;,M, o (pH
7.5) (=33 mM Tris, 66 mM HEPES, 0.1 mM EDTA, 10 mM NacCl, 0.9
mM MgCl,) and 4 M urea (to facilitate melting in the TGGE range).
Baselines slant to the bottom right-hand corner owing to the temperature
gradient, which was also observed in the blue tracking dyes (data not
shown).

WT at low temperatures, has a single lower-melting unfold-
ing transition associated with loss of secondary structure, and
then migrates identically to WT at higher temperatures.
Slower migration than WT at low temperature is consistent
with less compaction in MT and thus removal of much of
the tertiary structure, while comigration with WT at high
temperature supports identical unfolded structures for MT
and WT.

We first tested MT tRNA™ for any folding cooperativ-
ity by conducting melts in 0, 0.5, and 2 mM Mg** in the ab-
sence of additives in the background of 140 mM KCl (Fig. 1C,
open symbols). In the absence of Mg”*, MT tRNA" " has
a very broad melting profile that consists of at least three
very distinct transitions with their own local maximum. In
comparison to WT, MT tRNAP"® melts over a much wider
temperature range and has a substantially smaller dA/dT
maximum (0.0048 vs. 0.0084 for MT and WT, respectively)
(Table 1). These observations clearly support multiple fold-
ing intermediates and absence of cooperativity.

When Mg** is added to a final concentration of 0.5 or
2 mM, the transitions shift to higher temperature, consistent
with known effects of divalent ions on secondary structure
(Fig. 1G; Serra et al. 2002). However, the melting profiles re-
main much broader than those in WT, show less thermosta-
bility, and contain multiple unfolding transitions. These
results suggest that MT tRNA"™ does not fold with any sig-
nificant cooperativity even in the presence of Mg”*.

Next, we consider the effects of macromolecular crowders
and low-molecular-weight cosolute additives on the folding
of MT tRNA" in the presence of 0, 0.5, and 2 mM Mg2+.
The same additives at the same concentrations were studied
as in WT tRNA™. In the absence of Mg®*, the crowding
agents increase the max dA/dT relative to buffer (Fig. 6A).
This change is not consistent with an increase in cooperativ-
ity, however, because the transition does not narrow and
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because two or three transitions are clearly evident (Table
1). Absence of narrowing is evident both in the similarity
of the melts in the Ty, plots (Fig. 6A, right panel), as well
as in the difference plots, which do not show a sharp feature
(Fig. 7A); compare to Figure 4B, for example. Given that
crowders are known to stabilize extended secondary struc-
tures but destabilize short secondary structures (Nakano
et al. 2004), the increase in max dA/dT relative to buffer
may be due to the cumulative effect of concomitantly melting
secondary structural elements.

In the absence of Mg”*, the cosolute agents show an even
greater increase in the max dA/dT for MT tRNA™™ relative to
buffer than do crowding agents (Fig. 6D). However, this
change again is not consistent with an increase in cooperativ-
ity because the transition does not narrow and because two or
three transitions are clearly evident (Table 1). Absence of nar-
rowing is evidenced both in the similarity of the melts with
and without cosolute in the Ty, plots (Fig. 6D, right panel)
and the difference plots (Fig. 7D). Given that cosolutes are
known to strongly destabilize secondary structure (Lambert
and Draper 2007), the increase in max dA/dT for cosolutes
relative to buffer for MT tRNA"™ may again be due to
overlapping of the melting of many secondary structural
elements.

In the presence of 0.5 mM Mg, crowding additives have
relatively little effect on the maximal value of dA/dT or the
number of transitions, which remains at two or three (Fig.
6B; Table 1). Moreover, the difference melt plots show little
or no regular features (Fig. 7B), consistent with little effect
on folding cooperativity. Cosolutes again lead to an increase
in max dA/dT relative to buffer, albeit by a smaller amount
(Figs. 6E, 7E).

In the presence of 2 mM Mg2+, there are more noticeable
effects of crowders and cosolutes including a differential fea-
ture in the difference plots (Fig. 7C,F). The differential fea-
ture, however, has a negative node at Ty, pufrer> rather than a
positive node as seen with WT (e.g., cf. Fig. 4B,E). Moreover,
the positive node appears at a temperature lower than the
T Buffer- These features arise from broadening of the transi-
tion and are compatible with loss rather than gain of cooper-
ativity. Observation that the number of unfolding transitions
is two or three with most crowders and cosolutes (Table 1)
further strengthens the conclusion that folding cooperativity
of MT tRNA is not promoted by additives.

Last, we note that the thermostability of MT was affected
by additives in a similar fashion as WT. Macromolecular
crowders increased thermostability by an average of 4.7°C,
while low molecular cosolutes had little or no effect on ther-
mostability, with the same exceptions of proline and betaine.

Mapping of tRNAP' structure by SHAPE as a function of

temperature in the absence and presence of additives

The above thermodynamic results show that cooperativity of
tRNA folding is induced by all macromolecular crowders
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FIGURE 6. Melts of MT tRNA in additives with increasing Mg>* concentration. All melts were performed in the background of 10 mM sodium
cacodylate (pH 7.0) and 140 mM KCL. (A-C) The effects of various crowding agents (20% [w/v]) in 0, 0.5, and 2 mM Mg2+, respectively. No additive
(black), PEG4000 (blue), PEG8000 (red), Dextran10 (green), Dextran70 (purple), and Ficoll70 (cyan). (D-F) The effects of low-molecular-weight
cosolutes (2 m, except PEG200, which was 20% [w/v]) in 0, 0.5, and 2 mM Mg"", respectively. No additive (black), methanol (pink), PEG200 (cobalt
blue), proline (orange), TMAO (light purple), and betaine (dark green). In certain panels, data were adjusted to have the same T, as the buffer, des-

ignated as “Tpyufrer, SO that the effects on cooperativity are clear.

tested as well as by certain low-molecular-weight crowders.
To gain structural insight into these results, we assessed the
structure of the tRNA by SHAPE in the absence and presence
of PEG8000, methanol, and betaine, in the presence of
0.5 mM Mg**. The SHAPE method reagent acylates accessi-
ble and dynamic 2’-hydroxyls, which can be detected by re-
verse transcription (RT) (Merino et al. 2005; Wilkinson
et al. 2006). We chose SHAPE because this method has
been validated as providing detailed information on the sec-
ondary structure of folded RNAs under a wide range of con-
ditions. To facilitate SHAPE experiments, a 30-nucleotide
(nt) overhang was appended to the 3’ end of the tRNA to pro-
vide a primer binding site, with a 6-nt linker between the 3’
end of the tRNA and the extension (Supplemental Fig. S2B).
This extension was designed not to interact with the tRNA,
which was validated by free-energy minimization calcula-
tions as well as by the results presented below, which reveal
a native fold to the tRNA"", Structure mapping by SHAPE

was done as a function of temperature every ~2.7°C between
41°C and 70°C, which spans the melting temperature.
In terms of additives, we chose a macromolecular crowder
and a cosolute that promoted cooperativity, as well as a coso-
lute that diminished cooperativity. PEG8000 was chosen as
the crowder because it has an intermediate molecular weight
and it should have minimal reactivity with the SHAPE
reagent. Methanol was chosen as a cosolute to promote coop-
erativity, while betaine was chosen as a cosolute that dimin-
ished cooperativity. We tested 0.5 mM Mg*" because the
additives have the biggest effect of cooperativity under these
conditions as described above.

We first mapped the structure of the tRNA"™ in buffer
alone and PEG8000 at 42.3°C, which is well below the T,
values in 0.5 mM Mg*" in these conditions. SHAPE reac-
tivity as a function of nucleotide position is provided in
Supplemental Figure S2. SHAPE reactions in buffer alone
and PEG8000 have nearly identical patterns under these
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FIGURE 7. Difference plots of melts of MT tRNA" in additives minus in buffer alone with
increasing Mg®" concentration. All melts were performed in the background of 10 mM
sodium cacodylate (pH 7.0) and 140 mM KCIL. All data were adjusted to have the same
T, designated as “Tpyger.” (A—C) The effects of various crowding agents (20% [w/v]) in
0, 0.5, and 2 mM Mg, respectively. PEG4000 (blue), PEG8000 (red), Dextranl10 (green),
Dextran70 (purple), and Ficoll70 (cyan). (D-F) The effects of low-molecular-weight coso-
lutes (2 m, except PEG200, which was 20% [w/v]) also in 0, 0.5, and 2 mM Mg”, respec-
tively. Methanol (pink), PEG200 (cobalt blue), proline (orange), TMAO (light purple), and
betaine (dark green). Difference plots show the effects of the additives on MT folding
cooperativity.

Next, SHAPE experiments were con-
ducted as a function of temperature.
We analyzed nucleotides in the D stem
and loop, TyC loop, and acceptor stem.
Nucleotides 25-32 (D stem and AC
stem) were chosen because this stretch
contains both secondary and tertiary
structure; nucleotides 55-56 and 58
(TyC loop) were chosen because they
participate only in tertiary interactions;
and nucleotides 69 and 71-72 (acceptor
stem) were chosen because they partici-
pate only in secondary interactions (Fig.
1A). Each of the nucleotide SHAPE tem-
perature profiles was fit to a standard
two-state melting equation, with sloping
baselines as needed (see Materials and
Methods).

As shown in Figure 8 (melts of in-
dividual nucleotides) and Supplemental
Figure S3 (polyacrylamide gels), in the
presence of buffer alone in 0.5 mM
Mg*", the tRNA melts out in multiple
transitions. For example, Figure 8A dis-
plays nucleotides that melt in the D
stem and AC stem with T,,s ranging
from 50.7°C to 60.9°C, while Figure 8B,
C show nucleotides that melt in the TyC
loop and acceptor stem with Ty,s ranging
from 48.8°C to 53.2°C. The T,, values ob-
served span the T, observed in UV melt-
ing in 0.5 mM Mg”*" and no additive of
57.5°C (Table 1). It is also noteworthy
that some nucleotides transition from un-
modified to modified to unmodified with
increasing temperature, such as residue
55 in the TyC loop, supporting a popula-
tion of a folding intermediate. Together,
these data support low folding cooper-
ativity in the presence of buffer alone,
consistent with the UV-detected melting
data.

In contrast to buffer alone, SHAPE
data in the presence of 20% PEG8000 re-
veal that the tRNA melts out largely in a
single transition. In this case, the same

conditions, with moderate to high reactivity in the D-loop, two-state transition was able to fit all the nucleotides in
AC-loop, and TyC-loop regions, as well as in the linker re-  each of the above regions, with a T}, of ~61.6°C (Fig. 8D-
gion between the primer binding site and the 3’ end of the  F). Notably, the single T;,, from each of these SHAPE-mapped
tRNA. These data were mapped onto the secondary structure ~ regions agrees well with the T}, from the UV melts in 20%
of tRNA, as shown in Supplemental Figure S2, and agree PEGS8000 and 0.5 mM MgZJr of 61.5°C (Table 1). Overall,
with the established secondary and tertiary structure of  the agreement among the T, values derived from tempera-
tRNA. This result provides confirmation that this T7 tran-  ture-dependent SHAPE data for the different nucleotides in
script of tRNA™™ folds natively in the presence of buffer  secondary and tertiary regions as well as the T,, from the
and PEG8000 in 0.5 mM Mg>*. UV melting experiments support the conclusion that
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PEG8000

ary and tertiary structure of tRNA, indi-

cating that this tRNA folds natively in
the presence of both cosolutes in 0.5
mM Mg>". Mapping was then conducted
as a function of temperature and plotted
in the same regions of the tRNA de-
scribed for buffer alone and PEG8000.
In the presence of betaine, which is a
destabilizing cosolute, the melting ap-
pears noncooperative (Supplemental
Fig. S6). There is a pattern showing in-

creased reactivity with temperature, fol-
lowed by a decrease in reactivity, and

followed by another increase in reactivity
(Supplemental Fig. S6A—C). This pattern
of reactivity is consistent with multiple
unfolding transitions in certain regions
of the RNA and suggests that the unfold-
ing transition is noncooperative, which
agrees with results from the melts. The
temperature-dependent SHAPE reaction
in the presence of betaine was therefore
not fit to a two-state model.

In contrast, in the presence of meth-
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anol, which is a stabilizing cosolute,
the melting appears cooperative (Sup-
plemental Fig. S6). There is a pattern
showing decreased reactivity with tem-
perature, followed by an increase in reac-
tivity, and followed by another decrease
in reactivity. The decrease in reactivity
with temperature is likely due to the
SHAPE reagent 1M7 being consumed
through reacting with methanol in an in-
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35

FIGURE 8. Temperature-dependent SHAPE analysis of WT tRNA™* in the presence and ab-
sence of PEG8000 in 0.5 mM Mg**. (A—C) SHAPE analysis of WT tRNA™ in buffer alone.
(D-F) SHAPE analysis of WT tRNAT in 20% (w/v) PEG8000. (A,D) Nucleotides 25-32 in
the D stem and AC stem (secondary and tertiary structure interactions). (B,E) Nucleotides 55,
56, and 58 in the TyC loop (tertiary structure interactions). (C,F) Nucleotides 69, 71, and 72
in the acceptor stem (secondary structure interactions). For plots A—C buffer alone, each nucle-
otide was fit separately to a two-state folding model, since there was poor correlation in T,,s for
global analysis. For plots D—F in PEG8000, all nucleotides were fit globally since there was excel-

lent agreement of T,,s within each data set and panel.

cooperativity is induced by addition of crowder in biological
Mg,

Next, we conducted SHAPE experiments on tRNAP"® at
42.3°C in the presence of either methanol or betaine, which
is below their T, values in 0.5 mM Mg (Supplemental Figs.
S4, S5). The SHAPE reactivities were nearly identical in
both additives, with reactivity primarily localized to the
D-loop, AC-loop, and TyC-loop regions, as well as the linker
region. These data mapped well onto the established second-

40 45 50 55 60 65 7O
Temperature (°C)

creasing fashion with temperature. In
this case, the same two-state transition
with negatively sloping baselines fits all
the nucleotides in each of these three
regions, and the thermodynamics pa-
rameters agree between the different
regions with a T,, of ~60.2°C. This T,
is in reasonable agreement with the T,
from the melts of 57.0°C, especially given
the difficulty in assigning baselines in the
temperature-dependent SHAPE. In sum,
the temperature-dependent SHAPE data
in the presence of cosolutes agree well with the conclusions
made from the UV melting experiments, which is that certain
cosolutes, such as methanol, induced cooperative folding of
the RNA, while others, such as betaine, diminish cooperative
folding. Overall, the degree of cooperativity observed in the
SHAPE analysis in the presence and absence of crowder
and cosolutes parallels that inferred from the max dA/dT val-
ues of betaine < buffer < methanol < PEG8000 (Table 1),
providing structural support to the above conclusions.

75

www.rnajournal.org 341



Strulson et al.

DISCUSSION

In this study, we examined the folding cooperativity of tRNA
in the absence and presence of Mg”*. The concentrations of
Mg** tested, 0.5 and 2 mM, are similar to those typically
found in eukaryotic and prokaryotic cells, respectively.
Furthermore, we tested the effects of crowders and cosolutes
on RNA folding cooperativity at concentrations typical of
both cells. Melts revealed that increasing Mg>* concentration
increased RNA folding cooperativity, as expected, and that
folding cooperativity is further enhanced in backgrounds of
biological Mg>" concentration by the presence of all macro-
molecular crowders tested. This was revealed in increased
sharpness of single melting transitions. Melts in the presence
of small-molecule cosolutes revealed that certain cosolutes,
such as methanol and PEG200, increase folding cooperativ-
ity, whereas other cosolutes, such as betaine and proline, re-
duce folding cooperativity. Moreover, for those crowders
and cosolutes that enhance cooperativity, the enhancements
were similar in magnitude to the enhancements in going
from no Mg*" to 0.5 mM Mg*", as inferred from max dA/
dT values. Probing the base-pairing status of individual nu-
cleotides with SHAPE provided structural support for these
conclusions, revealing enhanced cooperativity of tRNA fold-
ing in crowders and certain cosolutes in biological Mg>"
concentrations.

Origins of folding cooperativity and its relationship
to thermostability

Folding cooperativity can be considered to arise from two
limiting scenarios: (1) strengthening of tertiary structure in-
teractions more than secondary structure interactions, or (2)
weakening secondary structure interactions more than tertia-
ry structure interactions. In this section, we consider the
0.5 mM Mg>" data followed by 2 mM Mg**. In the absence
of Mg*", essentially no cooperativity was observed, so this
condition is not considered in detail.

The effects of crowders and cosolutes on WT and MT
tRNA" thermostability and folding cooperativity in the pres-
ence of 0.5 mM Mg”" are summarized in Scheme 1. In the
presence of 0.5 mM Mg, thermostability of both WT and

Thermostability  Cooperativity

v

WT tRNA™ + * 3
2

MT tRNA™ f > e
v

v

WT tRNA™ - T %
]

MT tRNA™ -> —> 8
V]

SCHEME 1. Summary of effects of cosolutes and crowders on thermo-
stability and RNA folding cooperativity in the presence of eukaryotic
free magnesium concentration of 0.5 mM Mg”". A vertical arrow signi-
fies an increase, and a horizontal arrow signifies no change.
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MT tRNAP™ increased in various crowders relative to buffer
alone (Table 1). However, the cooperativity of only WT
tRNAP" increased in the presence of crowder. Moreover,
MT unfolded with at least two transitions but WT had one
transition. Because thermostability increased for both WT
and MT tRNAPhe, with a somewhat greater increase for MT,
it appears that the first scenario, in which tertiary structure
interactions are strengthened more than secondary structure
interactions, is responsible for the gain in folding coopera-
tivity in the presence of crowders. Strengthening of tertiary
structure is expected from the presence of macromolecular
crowders (Nakano et al. 2009).

In general, the effects of cosolutes on cooperativity are spe-
cific to the given additive chosen. These effects of cosolutes
on secondary structure stability are consistent with other re-
sults (Lambert and Draper 2007; Lambert et al. 2010), where
TMAO was slightly stabilizing or destabilizing depending on
the RNA, methanol was only slightly destabilizing, while pro-
line and betaine were strongly destabilizing.

We first consider TMAOQ in the presence of 0.5 mM Mg*".
Because TMAO both enhances folding cooperativity, as evi-
denced by a max dA/dT increase over buffer alone of
0.0106 to 0.0119, and thermostability, as evidenced by T, in-
creases from buffer alone for both WT and MT tRNAPhe, it
appears to enhance folding cooperativity by the first scenario
in which tertiary structure interactions are strengthened
more than secondary structure interactions.

Methanol and PEG200 both increase cooperativity, as ev-
idenced by max dA/dT increases over buffer of 0.0106 to
0.0124 and 0.0149, respectively. In the presence of PEG200,
which leads to the most cooperative unfolding, thermostabil-
ity is enhanced in WT and diminished in MT, albeit by small
effects. It thus appears that cooperativity arises in PEG200
due to a combination of both scenarios: strengthening of ter-
tiary structure and weakening of secondary structure. It is
likely the combination of these two mechanisms that leads
to PEG200 being the additive that has the most cooperative
unfolding. Studies on melting behavior of model oligo-
nucleotides representing various tRNA™ helices support
this conclusion (data not shown), as do data on shorter oli-
gonucleotides (Nakano et al. 2004). The molecular origin
of this effect appears to be related to water activity being re-
duced in the presence of PEG200, which disfavors secondary
structure formation but favors higher-order structure forma-
tion (Nakano et al. 2004; Knowles et al. 2011). With metha-
nol, thermostability is changed only slightly in both the WT
and MT, diminished in WT and enhanced in MT relative to
buffer alone. The origin of the folding cooperativity increase
in the presence of methanol thus appears to be related to in-
crease in tertiary structure stability, which is consistent with
other observations (Shiman and Draper 2000).

Proline and betaine both strongly destabilize thermosta-
bility, to the point where cooperativity is lost as revealed by
max dA/dT decreases relative to buffer of 0.0106 to 0.0075
and 0.0091, respectively, and by the presence of multiple
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transitions (Table 1). The origin of the loss of cooperativity
could be due to interactions between the additive and the
RNA and/or Mg*" ions (Lambert and Draper 2007).

Next, we consider folding cooperativity in the presence of
2 mM Mg*". In the presence of crowders, thermostability of
both WT and MT tRNA"" increases relative to buffer alone,
as in the case of 0.5 mM Mg”". Regarding cosolutes, folding
cooperativity in 2 mM Mg>" is still enhanced by PEG200
to a significant extent and by methanol to a smaller extent.
Proline and betaine continue to diminish cooperativity, while
TMAO no longer enhances cooperativity. Overall, cosolutes
have similar, but not identical, effects on cooperativity in 2
and 0.5 mM Mg2+. We do note, however, that the cooperativ-
ity gains in 2 mM Mg”", both in the presence of crowders
and cosolutes, are somewhat smaller than those in 0.5 mM
Mg**, as revealed by smaller gains in max dA/dT, in diffe-
rence plots, and AHyp/AHvi puffer- Diminished enhance-
ment of cooperativity by additive is likely caused in large
part because the background cooperativity in buffer alone
is considerably greater in 2 mM Mg”* than 0.5 mM Mg*".
These results are qualitatively similar to those from Lambert
and Draper, who observed that Mngr diminishes the stabiliz-
ing contributions of osmolytes for RNAs that bind Mg** dif-
fusely (Lambert and Draper 2007).

Evidence that the unfolding of RNA is only partially
cooperative

It appears that folding cooperativity gains in tRNA™™ are only
partial. The largest AH for unfolding that we observe is ~100
kcal/mol, under conditions of 2 mM Mngr and all crowders as
well as the cosolutes methanol, TMAO, and PEG200
(Supplemental Table S1). Turner rules suggest that melting
of all the secondary structure should lead to a AHyy for un-
folding of ~208 kcal/mol (mFold with version 2.3 energies).
Comparison of the AH values measured herein to those
from Turner and coworkers is somewhat indirect as their
melts are typically in 1 M NaCl, while ours are in 0.5 or 2.0
mM Mngr and 140 mM KCl, as well as the presence of various
additives. Nonetheless, it appears that even in the more coop-
erative unfolding transitions observed herein, the extent of
structure lost in the transition is not due to an all-or-none
transition. Thus, while we clearly see that additives lead to in-
creases in the magnitude of AH, it is likely the case that not all
of the RNA is melting at once and that the gains in coopera-
tivity are partial, at least under the conditions tested herein.
Weeks and colleagues conducted SHAPE studies on the
folding of a different tRNA as a function of temperature
(Wilkinson et al. 2005). Their experiments had several differ-
ences from ours, including studies based on a (unmodified)
tRNAMP from yeast, which is much more GC-rich than the
yeast tRNA™ studied herein, and a background of 10 mM
Mg*". Nonetheless, they made a number of observations
that are similar to ours. In particular, they found that certain
tertiary structure and secondary structure elements melt

simultaneously, while others melt separately. The similarities
may come about because of the enhanced secondary struc-
ture stability from the GC-rich helices being offset by the en-
hanced tertiary structure stability from 10 mM Mg>".

CONCLUSIONS

Under standard literature conditions, intermolecular inter-
actions in RNA are strong. For example, a helix of just 8
GC bp has a t1/, of ~16 h at 37°C and 1 M NaCl (Turner
and Bevilacqua 1993). As such, RNA has the potential to be
extraordinarily stable, with long-lived intermediates and
misfolded intermediates. This has led to the notion that sec-
ondary structure is stronger than tertiary structure and that
RNA folds through highly populated helical intermediates.
This does not have to be the case, however. Base-pairing is
typically much weaker in mesophilic than thermophilic func-
tional RNAs (Galtier and Lobry 1997; Lu et al. 2006), and
strong tertiary interactions can hold together intrinsically
unstable helices (Stein and Crothers 1976a; Blose et al.
2007). Thus, it is possible that secondary and tertiary struc-
ture could melt simultaneously leading to partial or full un-
folding cooperativity.

Herein, we established that physiological concentrations
of crowding and cosolutes influence the folding cooperativity
of RNA in biological Mg*" concentrations. Future studies
will be needed to dissect the molecular identity of the coop-
erativity through such methods as double and triple mutant
cycles (Siegfried and Bevilacqua 2009), which we and others
have applied under dilute solution conditions (Moody and
Bevilacqua 2003; Moody et al. 2004; Sattin et al. 2008; Beh-
rouzi et al. 2012). Moreover, studies will be needed on large,
multidomain RNAs to see if these respond differently to
crowders and cosolutes. In addition, studies will be needed
to probe the extent of folding cooperativity in living cells to
determine if RNA folds cooperatively, paralleling protein
folding under these conditions.

MATERIALS AND METHODS

Chemicals

PEG4000 was from Alfa Aesar; PEG8000 was from Research Organ-
ics; PEG200, proline, TMAO, betaine, Dextran10, Dextran70, and
Ficoll70 were from Sigma-Aldrich; methanol was from Mallinck-
rodt. MgCl, was obtained from J.T. Baker; KCl was from EMD
Chemicals; and sodium cacodylate was from Sigma-Aldrich. 1IM7
was a gift from the Showalter laboratory. Polynucleotide kinase
was from New England Biolabs. SuperScript III reverse transcriptase
was from Invitrogen.

RNA preparation

AIItRNAP substrates were prepared by in vitro T7 transcription us-
ing 10% T7 RNA polymerase in 40 mM Tris (pH 8.0), 25 mM MgCl,,
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2 mM DTT, 1 mM spermidine, and 4 mM NTPs for 4 h at 37°C. The
RNA was purified by 10% PAGE and recovered by a crush-and-
soak, ethanol precipitation procedure. DNA oligonucleotide tem-
plates to make T7 tRNA"™ were purchased from Integrated DNA
Technologies (IDT) and used without further purification.

The sequences of tRNA are as follows:

Wild-type tRNAP', 5-GCGGAUUUAGCUCAGUUGGGAGAGC
GCCAGACUGAAGAUCUGGAGGUCCUGUGUUCGAUCCA
CAGAAUUCGCACCA;

Mutated tertiary (MT) tRNA™™, 5-GCGGAUUUUGCUCUUUU
UUUUGAGCGCCAGACUGAAGAUCUGGAUUUCCUGUGU
UUUUUCCACAGAAUUCGCACCA;

SHAPE tRNA™™, 5-GCGGAUUUAGCUCAGUUGGGAGAGCG
CCAGACUGAAGAUCUGGAGGUCCUGUGUUCGAUCCAC
AGAAUUCGCACCAAGAAAACCAAAUCGGGCUUCGGUCC
GGUUC.

WT and MT tRNA™ were exchanged into 10 mM sodium caco-
dylate (pH 7.0) buffer using an Amicon Ultracentrifugal filter
(MWCO, 3 kDa).

RNA thermal denaturation monitored by UV
absorbance

WT and MT tRNA™* were first renatured by heating for 3 min to
90°C in buffer and KCI and cooled to room temperature over 10
min. The final concentration of RNA in all melts was 0.5 pM. The
MgCl, was then added to RNA, and the samples were heated for
3 min to 55°C and cooled to room temperature over 10 min. The
MgCl, was not included in the high-temperature renaturation to
avoid cleavage to the RNA backbone. Crowder or low-molecular-
weight cosolute was added during the second renaturation step
with the Mg**. Following addition of the Mg”" and/or crowding
or cosolute agent, the sample was centrifuged at 16,000g for 10
min to degas the sample.

All crowding and cosolute agents were prepared as 2X stock solu-
tions and centrifuged at 16,000¢ for 20 min after preparation.
Macromolecular crowding agents (PEG4000, PEG8000, Dextran10,
Dextran70, and Ficoll70) were present at a final concentration
of 20% (w/v), and low-molecular-weight cosolutes (methanol,
PEG200, proline, TMAO, and betaine) were present at a final con-
centration of 2 m, with the exception of PEG200, which was present
at 20% (w/v). Melting experiments were performed in the back-
ground of 10 mM sodium cacodylate (pH 7.0) and 140 mM KCl
with either 0, 0.5, or 2 mM MgCl,. A Gilford Response II spectro-
photometer was used for melting experiments, with a data point
acquired every 0.5°C and a heating rate of ~0.6°/min at 260 nm.
All melts were performed in duplicate, and excellent agreement be-
tween these melts was observed.

Melts of all WT and MT tRNA™® transcripts were normalized by
dividing all absorbance readings by the maximum absorbance value.
Monophasic melt data were fit to a two-state model using sloping
baselines and analyzed using a Marquadt algorithm for nonlinear
curve fitting in KaleidaGraph v. 3.5 (Synergy software) (Siegfried
and Bevilacqua 2009). Since excellent agreement in melts was ob-
served in duplicate measurements, only one melt from each trial
was used for data analysis. Errors from these fits are reported.
Derivative plots were of normalized data and were smoothed using
an 11-point window prior to taking the derivative. T;,, values were
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calculated by identifying the max dA/dT in the derivative plot;
when multiple maxima were present, the reported T,, and max
dA/dT are for the first transition, which involves tertiary structure
and also had the largest dA/dT. T, values for subsequent transitions
are not reported as these are likely due to contributions of multiple
transitions. The number of transitions reported in Table 1 is equal to
the number of local maxima. All difference plots were generated
from normalized melt curves.

Temperature gradient gel electrophoresis

Electrophoresis was performed in 13% polyacrylamide, 1x
THEN oMo (pH 7.5) (33 mM Tris, 66 M HEPES, 0.1 mM EDTA,
10 mM NaCl, 0.9 mM MgCl,), and a semi-denaturing background
of 4 M urea in order to facilitate melting in the TGGE temperature
range (Bevilacqua and Bevilacqua 1998; Chadalavada and Bevilacqua
2009). Briefly, the experiment was conducted in perpendicular for-
mat in which samples were layered across a single wide well to which
atemperature gradient of ~10°C—60°C was applied. The temperature
was measured directly in the gel using a digital thermometer and a
long narrow probe. The gel was then dried and imaged on the
PhosphorImager. Melting temperatures were determined graphically
by interpolation, and comparisons between T,,,s were carried out for
samples fractionated on the same gel. WT and MT were loaded at dif-
ferent concentrations to allow traces to be assigned.

Temperature-dependent SHAPE

The SHAPE tRNA™® transcript was prepared as described above.
The sequence of the RNA was identical to the WT tRNA™* but con-
tained a 3'-extension AGAAAACCAAAUCGGGCUUCGGUCCGG
UUC-3/, which provided a 6-nt spacer (AGAAAA) and a binding
site for the RT primer. Free-energy minimization calculations
with mFold (Zuker 2003) supported absence of interaction of this
extension with the tRNA itself, which was further supported by
the SHAPE results reported herein. The RT primer (IDT, HPLC pu-
rified) was labeled on its 5" end with [y—SZP]ATP and polynucleotide
kinase. The labeled primer was purified using a GE Healthcare G-50
microspin column to remove unincorporated ATP.

The WT tRNA"" sample for SHAPE analysis was diluted to a fi-
nal concentration of 150 nM in buffer conditions of 100 mM HEPES
(pH 7.6)/0.5 mM Mg**/100 mM KCl. Temperature-dependent
SHAPE was performed in 0.5 mM Mg”* both with and without ad-
ditives, and each had a total reaction volume of 20 uL. RNA was first
renatured by heating for 1 min to 90°C in buffer and KCl only, and
then cooled to room temperature over 2 min. The MgCl, was then
added to the RNA, and the samples were heated for 2 min to 55°C.
Samples were cooled to room temperature for 2 min during which
time the additive was added, and then incubated for 1 min at 4°C.
PEG8000 was present at a final concentration of 20% (w/v), and
betaine and methanol were present at a final concentration of 2 m
to mirror melting experiments. All heating and cooling were per-
formed on a Biometra Tcycler thermocycler. Samples were then
brought to the temperature of the experiment and incubated at
that temperature for 2 min prior to addition of the SHAPE reagent
to ensure that the sample had reached that temperature. A temper-
ature window of 41°C-70°C was used with an ~2.7°C temperature
step between wells. Temperature in the gradient cycler was calibrat-
ed using a thermocouple.
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The chemical probing step of SHAPE was performed similar to
that previously described (Wilkinson et al. 2006; Gherghe et al.
2008). Briefly, the electrophile 1M7 (dissolved in DMSO) was dilut-
ed to a final concentration of ~10 mM to allow single-hit kinetics
conditions (Gherghe et al. 2008). Reactions were carried out for
2 min for the lower temperature samples and 1 min for the higher
temperature samples, which allowed for ~5 half-lives of the 1IM7 re-
agent. An experiment containing no SHAPE reagent was also per-
formed, and it was found that the background reaction is not
highly temperature dependent (Supplemental Fig. S7). Ethanol
was added after reactions were complete, and the tubes were im-
mediately placed on dry ice for precipitation. Reverse transcription
was then performed for 10 min at 55°C, using SuperScript III
(Invitrogen) along with dideoxy sequencing. Next, RNA was hydro-
lyzed by addition of 0.5 uL of 2 M NaOH and heating for 1 min at
95°C. Equal volume of formamide loading buffer was added, and
samples were fractionated on a denaturing 10% polyacrylamide
gel. Gels were visualized using a PhosphorImager and analyzed us-
ing ImageQuant software (Molecular Dynamics).

SHAPE data analysis

SHAPE data were first analyzed to assess the overall fold of the
tRNAPP, This analysis was performed for SHAPE reactions in the
presence and absence of additives to test whether the additives al-
tered the native fold of the RNA. For these plots, the overall fold
of the RNA was determined at 42.3°C. Background reaction (RT
stops without SHAPE reagent present) was subtracted from the
buffer alone and additive SHAPE reactions. Data were normalized
using SAFA before subtraction for these plots (Das et al. 2005).
These data were normalized to the most intense nucleotide on the
gel, excluding the full-length band, following subtraction of the
no SHAPE reagent reaction.

For analysis of temperature-dependent SHAPE data, the plotted
regions were chosen to represent a diverse set of RNA motifs. All
data are under single-hit conditions, as judged by the large amount
of full-length band at the top of the SHAPE gels. To account for
loading differences on the gel, differences in yield of RNA following
precipitation and temperature dependence of the SHAPE reagent,
the data were normalized to nucleotides 34-36 in the anticodon
loop, as these nucleotides are single-stranded throughout the tem-
perature range. The data were fit to a two-state melting model using
either a sloping or nonsloping baseline depending on the data
(Siegfried and Bevilacqua 2009). A Marquadt algorithm for nonlin-
ear curve fitting in KaleidaGraph v. 3.5 (Synergy software) was used.
Baselines were assigned by minimizing the error in the fit. When
possible the folding of multiple nucleotides was fit to a single set
of thermodynamic parameters corresponding to a two-state transi-
tion; otherwise, data were fit separately to two-state transitions.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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