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Abstract

Living cells contain diverse biopolymers, creating a heterogeneous crowding environment, the impact of
which on RNA folding is poorly understood. Here, we have used single-molecule fluorescence resonance
energy transfer to monitor tertiary structure formation of the hairpin ribozyme as a model to probe the effects of
polyethylene glycol and yeast cell extract as crowding agents. As expected, polyethylene glycol stabilizes the
docked, catalytically active state of the ribozyme, in part through excluded volume effects; unexpectedly, we
found evidence that it additionally displays soft, non-specific interactions with the ribozyme. Yeast extract has
a profound effect on folding at protein concentrations 1000-fold lower than found intracellularly, suggesting the
dominance of specific interactions over volume exclusion. Gel shift assays and affinity pull-down followed
by mass spectrometry identified numerous non-canonical RNA-binding proteins that stabilize ribozyme
folding; the apparent chaperoning activity of these ubiquitous proteins significantly compensates for the
low-counterion environment of the cell.

© 2017 Elsevier Ltd. All rights reserved.
Introduction

The cell interior is packed with different types of
biopolymers that occupy 20%–40%of the total cellular
volume [1–4]. This packing, denoted “macromolecular
crowding,” decreases the volume of the solvent
available, leading to excluded volume (EV) effects
on biomolecules and biomolecular interactions that
lately have been studied extensively in vitro. Comple-
mentary studies under cellular environments have
revealed significant consequences of the EV effect
on cell physiology and different cellular processes
including molecular associations, cellular structure
and intracellular signaling [5].
Studies assessing RNA in the presence of macro-

molecular crowding have revealed significant insights
into RNA folding, function and thermodynamics [6,7].
Computational studies have shown thatmore compact
structures of RNA are favored in crowded conditions
[8,9]. Small-angle X-ray scattering, single-molecule
fluorescence resonance energy transfer (smFRET)
er Ltd. All rights reserved.
and biochemical studies revealed an enhancement of
the biochemical function of numerous catalytic RNAs
when active folding was induced by the presence of a
high-molecular-weight model crowder. For instance,
polyethylene glycol (PEG) was recently reported to
enhance folding and accelerate the cleavage activity of
two small catalytical RNAs, the hairpin ribozyme [10]
and the hammerhead ribozyme [6,11–13], aswell as of
large ribozymes [14,15]. The cellular environment can
be further mimicked through compartmentalization. In
particular, it was shown that upon partitioning of a
ribozyme into a dextran-rich aqueous phase, its rate of
cleavage is enhanced by ~70-fold [16]. However,
studies addressing the influence of a more complex,
cell-like milieu on RNA structure and function under
controlled conditions are limited and suggest that the
effects of the cellular environment on RNA folding are
not be recapitulated by the simple addition of inert
crowding agents [7].
The intracellular environment is distinguished from

typical in vitromodels of crowding by the presence of
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510 RNA folding with crowders and cellular proteins
different types of biomolecules such as polysaccha-
rides, proteins, nucleic acids and other co-solutes
of different sizes, shapes and charges. Through
volume exclusion as well as specific and nonspecific
interactions, these biomolecules may exert diverse
influences on RNA folding and many other cellular
processes [17–21]. For example, the highly crowded
environment is thought to induce nonspecific attrac-
tive and repulsive interactions among macromole-
cules [21,22] and proteins are known to bind
nonspecifically to RNA albeit at a lower affinity than
those of specific interactions [23,24]. These numer-
ous interactions can potentially affect a macromole-
cule's structure, dynamics and function [21,25]. The
current lack of a full understanding of these effects is
one reason why emerging in vivo RNA structure
probing data remain challenging to interpret [26–29].
Therefore, it becomes ever more critical to examine
the folding processes of RNA model systems in a
controlled cell-like milieu.
Here, we used the hairpin ribozyme to investigate

the tertiary structure folding dynamics of an RNA
model system under controlled cell-mimicking crowd-
ing conditions (Fig. 1). Found in the tobacco ring-spot
virus satellite RNA, this ribozyme is involved in
the replication of the viroid through backbone
self-cleavage and -ligation [30–32]. The ribozyme
adopts two well-defined conformations, docked
(folded, catalytically active) and undocked (unfolded,
inactive), that can be conveniently monitored by
smFRET (Fig. 1a,b). A stable docked (high-FRET)
conformation is observed in vitro in the presence of
high concentrations of divalent metal ions [32–34].
Single-molecule studies on the two-way junction
hairpin ribozyme have broadly dissected the folding
dynamics and cleavagemechanism in dilute solutions
[32–35].
Here, we investigate the conformational changes

of the ribozyme in the presence of the model
crowding agent PEG (8-kDa molecular weight), or
in the presence of yeast whole cell extract (WCE).
There is strong biological relevance to the folding of
viral ribozymes under eukaryotic cellular conditions,
for which yeast WCE is a convenient model. For
example, there has been progress in using these
small catalytic RNAs to inhibit tumorigenesis and to
treat acquired immunodeficiency syndrome as well
Fig. 1. Effect of PEG8000 on the folding dynamics of th
secondary structure, loop A–loop B docking interaction (anchor
junction hairpin ribozyme composed of strands RzA, RzB and, i
immobilize the RNA on a slide. (b) The hairpin ribozyme wa
streptavidin linkage and imaged by TIRFM within a surface-sp
histograms built from N molecules each, at varying PEG conce
with Gaussian distributions (green, low-FRET state; red, high-F
single molecules at 0, 80 or 200 mg/mL PEG concentration.
shown in cyan. (e) The fraction of docked states as a function o
was fitted with a non-cooperative binding isotherm (black line),
docked conformation at different PEG conditions relative to th
as other diseases [36–39]. Such applications face
numerous challenges, however, including nucleoly-
tic degradation and other unintended effects result-
ing from interactions with cellular proteins. The latter
is a major focus of the study we present here.
Consistent with prior studies [6,10], our results

indicate that PEG stabilizes the native fold of the
ribozyme. In contrast to previous studies on a smaller
RNA species [6], however, we found that this effect
occurs at lower concentrations of PEG than predicted
from a hard-sphere interaction model, and that the
trend is better fit by a model invoking weak binding
of PEG to the ribozyme. This implies that soft,
non-specific interactions with PEG, rather than purely
EV effects, drive folding at low concentrations. We
further discovered that at protein concentrations of
WCE 1000-fold lower than those found in the cell
(corresponding to mass concentrations N10-fold
lower than those effective for PEG), the folded state
of the hairpin ribozyme is significantly stabilized.
Affinity pull-down assays followed by mass spectrom-
etry identified specific and non-specific RNA-binding
proteins that appear responsible for this stabilization,
including non-canonical RNA-binding proteins from
among those recently found to bear cryptic RNA
binding sites [40,41]. Such abundant, relatively
nonspecific protein interactions are likely to exert
significant influence over RNA structure and folding
in vivo.
Results and Discussion

PEG stabilizes the folded state of the hairpin
ribozyme, in part through soft interactions

In this study, we first investigated the impact of PEG
with an average “”molecular weight of 8 kDa
(PEG8000), a neutral, highly water soluble, chemical-
ly inert linear polymer and model crowder, on the
folding thermodynamics and kinetics of aminimal two-
way junction hairpin ribozyme with a non-cleavable
substrate strand (Fig. 1a) that has been extensively
characterized by smFRET in dilute solution [32–35].
We first investigated this RNA in the presence of
varying concentrations of PEG in standard reaction
e hairpin ribozyme. (a) Schematic representation of the
ed by a G:C base pair in red), and sequence of the two-way
n lower-case letters, substrate. A biotin on RzB was used to
s immobilized on a PEGylated-quartz slide via a biotin–
ecific evanescent field (green shade). (c) FRET probability
ntrations. Two major FRET states were observed and fitted
RET state). (d) Representative time trajectories of dynamic
Idealizations generated by Hidden Markov Modeling are
f PEG concentration (fd), which saturated at a value of 0.86,
revealing PEG50 = 54 ± 10 mg/mL. (f) Stabilization of the
e absence of crowder.



511RNA folding with crowders and cellular proteins
buffer [32–34] [50 mM Tris–HCl (pH 7.5) and 12 mM
MgCl2]. We placed donor and acceptor fluorophores
on the ribozyme (Fig. 1a) in a way that allowed us to
observe the undocked and docked conformations
Fig. 1 (legend on
as low- and high-FRET states, respectively, by total
internal reflection fluorescence microscopy (TIRFM;
Fig. 1b). The resulting FRET probability distribution
histograms for at least 100 molecules per condition
previous page)
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(Fig. 1c and Supplementary Fig. S1a) show that, as
the PEG concentration is increased, there is a
significant shift of the molecule population toward
the high-FRET state. Plotting the transition occupancy
density plots [42] from idealized hidden Markov
models for molecules at different PEG concentrations
revealed a growth in the fraction of high-FRET
molecules found on the diagonal, that is, appearing
static within the observation window (Supplementary
Fig. S1b), indicating that the increase in docked-state
fraction upon the addition of PEG results partially from
stabilization of an (almost) static docked state.
Accordingly, the rate of switching between the two
FRET states develops in non-monotic fashion as
increasingly fewer molecules still show such transi-
tions (Fig. S2). Plotting the fraction of docked
population as a function of increasing PEG concen-
tration revealed an increase that saturates at 86%with
a half-saturation point of PEG50 = 54 ± 10 mg/mL
(Fig. 1e). Consistent with previous studies of this and
other nucleic acids [1,4,6,10,14,15], we thus found the
linear, high-molecular-weight polymer PEG8000 to
stabilize RNA tertiary structure, in this case the
docked state of the hairpin ribozyme.
Fig. 2. The presence of PEG lowers the requirement of Mg2+

ribozyme. FRET histograms built from N single-molecule time t
12 mM) in the absence of PEG (left) or presence of 200 mg/mL
the high-FRET state population (docked conformation) as the
right panels reveals that PEG effectively lowers the requireme
Next, we converted theFREThistograms into values
for the docking Gibbs free energy, ΔGdock, as follows:

K dock ¼ fraction docked
fraction undocked

;ΔGdock ¼ −RT ln K dockð Þ

Calculation of ΔΔGdock relative to the absence of
PEG revealed an additional stabilization of the
docked state by approximately −0.7 kcal/mol at
200 mg/mL (or 20% w/v) PEG (Fig. 1f), within error
similar to a recent report [10], We observed a marked
24% increase in the docked fraction upon the
addition of PEG to 200 mg/mL (or 20% wt/vol) in
12 mMMg2+ (Fig. 1e), corresponding to stabilization
of the docked state by ΔΔGdock ~ −0.8 kcal/mol.
Studies of different RNAs, including the hairpin

ribozyme, have shown the prerequisite of a high
divalent ion concentration for stabilizing the folded
RNA [6,14,15,34,43]. We therefore performed
smFRET studies at a constant PEG8000 concentra-
tion (200 mg/mL) in standard reaction buffer while
varying the Mg2+ concentrations (1, 5, and 12 mM).
The resulting FRET histograms (Fig. 2) show that at
near-physiological Mg2+ concentration (1 mM) and
in stabilizing the active docked conformation of the hairpin
rajectories at different magnesium concentrations (1, 5 and
PEG (right). The FRET distributions reveal an increase of
Mg2+ concentration is increased. Comparing the left and
nt for Mg2+ in stabilizing the docked conformation.

image of Fig. 2
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without PEG, only a small docked fraction (~12%)was
observed. Upon adding PEG to this solution, a
dramatic increase in the docked population to ~66%
occurred. In the absence of PEG, increasing the Mg2+

concentration from 1 to 12 mM similarly increases the
fraction docked from 12% to 65%, while in the
presenceof 200 mg/mLPEG,amoremodest increase
from 66% to 86% was observed. We thus found that
the addition of 200 mg/mL PEG has a stabilizing effect
similar to raising the Mg2+ concentration from 1 to
12 mM. That is, PEG approaching the intracellular
concentration of macromolecular crowders (20%–
40% of total volume [1,3,4,20]) facilitates the formation
of a compact docked RNA conformation at near-
physiological concentrations of free Mg2+ (0.5–2 mM
[44]). Cleavage experiments suggest that PEG in
parallel activates the ribozyme more at a lower than a
higher Mg2+ concentration (Supplementary Fig. S3),
indicating that the PEG-stabilized conformation is
catalytically active, as expected from prior ribozyme
studies [10,43].
Our results thus suggest that macromolecular

crowding stabilizes the compact, natively folded
conformation of the hairpin ribozyme under near-
physiological concentrations of Mg2+, as previously
suggested for this and other RNAs [6,10,14,15]. This
observation is consistent with previous work in which
PEG lowered the Mg2+ threshold to forming natively
folded RNA and DNA structures, generally thought to
be mediated by volume excluded by the model
crowder [1,6,10,14,45,46].
To investigate potential volume exclusion effects of

PEG on hairpin ribozyme folding, we used a
hard-sphere model that has been previously applied
to smFRET experiments on a model RNA system [6].
In that study, Dupuis et al. [6] observed an increase in
the population of the docked state of their tetraloop–
tetraloop receptor system upon the addition of PEG
that was primarily due to entropic effects. This finding
suggested that PEG likely does not interact with either
the docked or undocked conformation, but rather
favors docking largely throughEVeffects. Accordingly,
the authors found that their observations could be
modeled very well using “scaled particle theory,”which
assumes that the crowder forms an ideal solution, and
that the crowder and RNA exhibit only hard-sphere
interactions [47,48]. This theory yields an analytical
expression for the free energy changeΔGdil → crd upon
the addition of a spherical co-solute of radius rc at a
volume fraction φ to a spherical particle of radius ri:

ΔGdil→crd
i =RT ¼ − ln 1−φð Þ þ φ

1−φ

� �
z3 þ 3z2 þ z
� �

þ φ
1−φ

� �2

3z3 þ 9
2
z2

� �

þ φ
1−φ

� �3

3z3� �
where z = ri/rc is the ratio of RNA toPEG radii. Through
a thermodynamic cycle, this change in free energy
upon insertion of the folded or unfolded RNA into a
crowded solution maps directly onto our experimental
observable, the free energy change upon RNA folding
under crowded and dilute conditions.
The theory predicts a continuous decrease of ΔΔG

with increasing PEG concentration, as found for the
tetraloop–tetraloop receptor system. In contrast, for
the hairpin ribozyme, we observed an initial decrease
ofΔΔG that, in the presence of 1 mMMg2+, saturates
above φ ~ 0.08 (Fig. 3a). In the presence of 12 mM
Mg2+, the saturation occurs at an even lower
φ (~0.03) (Fig. 3b); a significant further drop in ΔΔG
at φ = 0.21 hints at the possibility of a second regime,
perhaps one in which EV effects begin to play a more
significant role again. The combined data under 1 and
12 mMMg2+ reveal a departure from the hard-sphere
model over a ΔGdock range of 0.9 to −1.5 kcal/mol.
The rapid drop in ΔΔG we observed at low PEG

concentrations could implicate a soft, repulsive
interaction between crowder and solute to yield a
larger than expected effective EV [49]. However, the
saturation we observed at higher PEG concentra-
tions is more consistent with a “native state binding”
(NSB) model in which the crowder exhibits weakly
stabilizing (and thus likely non-specific) interactions
with the folded solute [50]. We therefore investigated
an NSB model, assuming that PEG has affinities for
the docked and undocked conformations represent-
ed by dissociation constants KD,dock and KD,undock,
respectively. At a given [PEG], this affinity adds
a term to ΔGdil → crd equal to the ΔG for binding of
PEG to the ribozyme, multiplied by the fraction of
ribozymes that are bound by PEG:

ΔGdil−crd
i =RT ¼ ln KD½ � PEG½ �

PEG½ � þ KD

Like the component ofΔGdil → crd resulting from EV,
a thermodynamic cycle maps this free energy change
upon binding of PEG to the docked and undocked
conformations of the ribozyme onto our experimental
observable. Combining this NSB contribution to ΔΔG
with the scaled particle theory-predicted EV contribu-
tion yielded a three-variable (rundock, KD,dock and
KD,undock) hybrid model. Fits of this model to our data
are plotted in Fig. 3, and the results of all EV, NSB and
hybrid fits are quantified in Supplementary Table 1.
Our 1-mM Mg2+ results are described entirely by the
NSB component of the model, although it is likely that
at higher PEG concentrations, EV effects become
more important. Our 12-mM Mg2+ results are best
described by the hybrid model.
The departure of our system from hard-sphere

behavior makes it a potential model to further test
different “soft interaction” theories of macromolecu-
lar crowding [51]. Taken together, our data suggest
that PEG as a molecular crowder stabilizes the



Fig. 3. Soft interactions, rather than EV, drive ribozyme folding. (a) ΔGdock (top), ΔΔGdil → crd (middle) and fit residuals
(bottom) as a function of PEG volume fraction φ at 1 mM Mg2+. A fit of the scaled particle theory EV model to ΔΔGdil → crd is
shown as a dashed red line, and a fit of the hybrid EV/NSBmodel is shown as a dashed blue line. Residuals for the EVmodel
are plotted in red, and residuals for the hybrid model are plotted in blue. (b) ΔGdock (top), ΔΔGwith EV and hybrid fits (middle)
and residuals at 12 mM Mg2+. The fitting parameters obtained with each model are given in Supplementary Table 1.
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folded conformation of the hairpin ribozyme, espe-
cially at physiological Mg2+ concentrations, through
effects involving soft interactions between PEG and
the RNA that can be either repulsive or attractive,
rather than acting only through hard-sphere EV
effects that are typically assumed to dominate
[6,10,14,15,45].

Hairpin ribozyme folding in yeast extract is
dominated by interactions with specific proteins

Having observed that the hairpin ribozyme exhibits
unexpected soft interactions with PEG, a relatively
inert and homogeneous model crowding agent, we
next sought to examine the interaction of the ribozyme
with cellular crowders, which encompass a wide
variety of sizes, structures and chemical functionali-
ties. To examine the folding of the hairpin ribozyme
under cell-like conditions, we performed smFRET
experiments in an established intracellular-mimic
buffer [52] [30 mM Pipes (pH 7.5), 10 mM NaCl,
130 mM K+ gluconate, 10 mM dithiothreitol (DTT),
1 mM ATP, 2.5 mM Mg(OAc)2] in the presence of
varying concentrations of yeast WCE. The resulting
FRET histograms (Fig. 4a) again showed the
undocked and docked conformations of the hairpin
ribozyme as low- and high-FRET states, respectively
(Fig. 4b). In buffer alone, only ~14% of the molec-
ular population resides in the high-FRET state,
increasing significantly to ~32% in the presence of
just 0.1 mg/mL extract (measured as protein content;
Fig. 4a, c and Supplementary Fig. S4a), a concentra-
tion 3 orders of magnitude lower than cellular protein
concentrations. Increasing the yeast extract concen-
tration further raises the population in the docked state
to 43% in 0.9 mg/mL WCE and 70% in 14 mg/mL
WCE. Cleavage assays in WCE were inconclusive
due to non-specific substrate degradation (not suffi-
ciently blocked by RNase inhibitor). Nevertheless, the
similar average EFRET of the high- and low-FRET
states in WCE, PEG and dilute solution, which are
unequivocally attributable to the intact full-length
ribozyme–substrate complex, suggests that similar
conformations, including the catalytically active
docked conformation, are being sampled. Both FRET
states are quite broad and dynamic (Fig. 4a, b), and a
subset of traces shows rapid fluctuations within
the low-FRET envelope (Supplementary Fig. S4),
consistent with the notion that the ribozyme experi-
ences a variety of different transient interactions with

image of Fig. 3


Fig. 4. Effect of WCE on docking of the hairpin ribozyme. (a) FRET histograms in the presence of 0, 0.1, 0.9 and
14 mg/mL yeast WCE, as indicated. The undocked low-FRET and docked high-FRET states were observed and fitted
with Gaussian distributions (green and red fits, respectively). (b) Representative trajectories of dynamic molecules
observed at, from top to bottom, 0.1, 0.9 and 14 mg/mL WCE, respectively. The FRET values fluctuated between
the undocked low-FRET state and the docked high-FRET state. (c) Fraction of docked molecules fitted with a
non-cooperative binding isotherm (black line) as a function of WCE concentration. (d) The change in the docking Gibbs
free energy ΔΔGdock as a function of WCE concentration revealed stabilization of the docked state by −1.6 kcal/mol in the
presence of saturating concentrations of yeast WCE.

515RNA folding with crowders and cellular proteins
components of the extract. Notably, the fraction of
docked population as a function ofWCE concentration
fits well with a non-cooperative binding isotherm with a
half-saturation point of K1/2 = 2 mg/mLWCE (Fig. 4c),
consistent with a model that includes at least transient
interactions of the hairpin ribozyme with RNA-binding
proteins within the WCE. We used the relative areas
of the docked high-FRET peak in the histograms of
Fig. 4a and Supplementary Fig. S4b to calculate the
docking Gibbs free energy ΔΔGdock relative to the
absence of WCE, which shows stabilization of the
docked state by −1.6 kcal/mol at saturating concen-
trations of WCE. Dramatically (~10- to 40-fold) higher
concentrations of PEG are required to achieve
comparable stabilization (compare Figs. 1 and 2 with
Fig. 4).
Our observation that yeast WCE favors docking at
drastically lower concentrations than PEG suggests
that the extract components not only act as molecular
crowders but also provide chaperone-like activity
by binding to and compacting the hairpin ribozyme.
To identify proteins in the extract that interact with
the hairpin ribozyme, we performed a native electro-
phoretic mobility shift assay (EMSA) under near-
physiological conditions (Fig. 5). The free RNA
(enzyme alone or in complex with a non-cleavable
substrate analog) migrates as a single band with
significant Cy3 and Cy5 fluorescence intensities,
indicating an, on average, intermediate FRET value.
When interacting with molecules in the extract, the
corresponding bands are expected to migrate more
slowly; at least three such bands were observed

image of Fig. 4


Fig. 5. Binding of proteins in yeast WCE to the hairpin
ribozyme. An 8% non-denaturing gel EMSA was run under
near-physiological conditions. The free RNA (enzyme
alone (E) and the enzyme:non-cleavable substrate analog
complex (ES)) migrate as single bands. After incubating in
yeast WCE (0.1 or 0.9 mg/mL extract) for different
durations (left to right: 5, 30 and 90 min), slower-migrating
bands are observed. A negative control was run in the
presence of 200 mg/mL PEG. The image was generated
by overlaying scans of Cy3 and Cy5 emission (in green
and red, respectively) obtained upon excitation of Cy3.
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depending on the concentration of WCE and incuba-
tion time prior to the EMSA. In some of these bands,
the Cy5 signal is clearly enhanced, indicating that
binding induces higher FRET values and therefore
more docking (Fig. 5).
To identify the proteins in these shifted bands, the

main bands were excised and an affinity pull-down
assay was performed wherein the excised bands
were eluted, the biotinylated hairpin ribozyme bound
to streptavidin-coated Dynabeads, and all co-bound
proteins eluted using SDS. A control with the RNA
omitted was performed in parallel, and both samples
were analyzed by mass spectrometry. The spec-
trum counts obtained under both conditions were
normalized to the number of the total spectrum
counts to determine the fraction of each detected
protein.With this normalized scale, a protein fraction is
countable when the value is more than 0.01 (≥10
spectrum counts). The difference scale between
sample and control reveals proteins enriched in the
presence of hairpin ribozyme, including HSC 82
protein, Hsp 71, and several key enzymes of the
glycolytic pathway, including pyruvate kinase (PK)
and phosphoglycerate kinase (PGK) (Fig. 6a and
Supplementary Table 2). An EMSA with readily
available purified proteins similarly revealed
RNA-binding capabilities of particularly the purified
PGK and glucose 6-phosphate dehydrogenase
(G6PDH) enzymes (Fig. 6b). As negative controls,
we also tested several proteins that were not found to
bind the ribozyme, and unrelated proteins from other
organisms. Specifically, bovine serum albumin and
glyceraldehyde 3-phosphate dehydrogenase did not
bind to the ribozyme in our EMSAs (Fig. 6b).
Furthermore, these proteins, in addition to casein,
did not impact the FRET histogram of the ribozyme
even at much higher concentrations than needed for
yeast extract (Fig. S5). While to date there have been
no studies identifying cellular proteins that bind to the
hairpin ribozyme, previous reports revealed
non-glycolytic functions of PK and PGK. These in-
clude binding to transcription factors such as Oct447
and binding to single-stranded RNA, ribosomal RNA,
telomerase RNA, untranslated regions of several
mRNAs and RNA chaperones to viruses such as
hepatitis C virus [53–56]. By showing that binding
results in stabilization of the native conformation of the
ribozyme, our data significantly expand the functional
significance of these proteins as potential cellular
RNA folding chaperones.
Most studies of macromolecular crowding have

utilized high concentrations of model crowder, in the
range of tens to hundreds of milligrams per milliliter;
however, similar to our observations, some recent
studies have revealed that for certain systems,
“crowding” effects are observable at much lower
co-solute concentrations. For example, it has been
found that the picosecond-timescale solvation dy-
namics of serum albumins are perturbed at co-solute
concentrations as low as 2 mg/mL of PEG8000 and
Dextran 6 [57]. The apparent saturation of hairpin
ribozyme folding around 30–80 mg/mL PEG (Fig. 1e)
and 1–5 mg/mL of yeast WCE proteins (Fig. 4c)
suggests a departure from an EV model, which we
confirmedby the poor fit of scaled particle theory to our
PEG data (Fig. 3). Rather, the saturation effects
observed in our PEG and, in particular,WCE titrations
are better fit by a non-cooperative binding isotherm,
indicating stabilization of the docked conformation via
direct binding of the “crowder” to the RNA (captured in
our modeling by the NSB contribution). Such direct
interactions between PEG and hydrophobic residues
in some proteins have been reported, although these

image of Fig. 5


Fig. 6. Identification through mass spectrometry and EMSA of specific proteins from yeast WCE binding the hairpin
ribozyme. (a) The peptides obtained after isolation and digestion of the hairpin ribozyme–protein complexes were
analyzed using nano LC–MS/MS. This analysis was done in parallel with a sample without hairpin ribozyme. The spectral
counts obtained under each condition were normalized to the number of total spectral counts to determine the fraction of
each detected protein. The difference map between the samples with and without ribozyme yields information about
protein enrichment when the hairpin ribozyme is present (highlighted in red). These results are summarized in
Supplementary Table 2. (b) Native 8% polyacrylamide EMSA showing binding of PGK and G6PDH to the hairpin ribozyme
in the form of slowly migrating RNA:protein complexes.
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interactions typically destabilize the native fold of the
protein by favoring solvent accessibility of these
residues [20,58]. We observe that an RNA structure
instead is stabilized by binding of PEG, suggesting that
futuremechanistic work is needed to understand these
interactions. In the case of WCE, our direct binding
hypothesis was powerfully supported by EMSA and
affinity pull-down assays, identifying several ubiqui-
tously expressedmetabolic enzymessuchasPK,PGK
and G6PDH as RNA-binding proteins (Figs. 5 and 6).

image of Fig. 6
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RNA–protein complexes are involved in many
central biological processes [59,60]. In addition to
their main cellular function, RNA-binding proteins
have frequently been found to “moonlight,” including
acting as folding chaperones to help RNA attain a
specific structure or function [61]. Our results are
consistent with an emerging picture in which numer-
ous, especially metabolic, proteins conserved from
yeast to man harbor non-canonical RNA binding
domains [40,41,56,62,63]. Moving beyond the pure
observation of their existence, we here have assigned
these pervasive RNA:protein interactions a specific
function in folding an RNA into its native docked
structure, complementing a reciprocal chaperoning
role recently emerging for negatively charged RNAs
[64], polyphosphates [65] and even ATP [66] in
stabilizing soluble proteins. The high diversity of
protein sizes, shapes, functional moieties and thus
surface charges appears to enable unexpected,
transient (weak), yet numerous and thus in sum
powerful interactions with RNA that enhance the
physiological functions of both biopolymers within the
low-counterion environment of the cell.
Conclusions

In summary, we have demonstrated that macromo-
lecular crowding by both PEG and yeast WCE
stabilizes the native, docked state of the hairpin
ribozyme. We have demonstrated that at moderate
concentrations of PEG, this results from soft interac-
tions that potentially include long-range repulsion and/
or direct binding of PEG to the docked conformation of
the ribozyme. In the case of WCE, we show that this
stabilization likely involves specific binding of proteins
to the ribozyme, including the ones that are not
canonical RNA-binding proteins. Our results demon-
strate that “crowding” in the cellular environment is the
result of many different types of interactions that
together serve to fine-tune the structures and func-
tions of RNA molecules.
Materials and Methods

RNA purification and labeling

Three RNA strands (fluorophore-labeled RzA,
biotinylated RzB and non-cleavable substrate ana-
logue NCS) were used to assemble the two-way
junction hairpin ribozyme (Fig. 1a). RNAs were
purchased from the Keck Foundation Resource
Laboratory at the Yale University School of Medicine.
The 2′-hydroxyl protection groups were removed
following the manufacturer's protocol†. The RNA
was purified by denaturing gel electrophoresis
(20% w/v polyacrylamide, 8 M urea). RNAs were gel
eluted using the Crush-n-soak method against elution
buffer [0.5 M NaOAc (pH 5.3), 0.1 mM EDTA) over-
night at 4 °C, followed by chloroform extraction,
ethanol precipitation and C18 reverse-phase HPLC.
The 3′-end C7 amino linker on RzA was labeled with
succinimidyl-ester Cy3 (GE Healthcare) in labeling
buffer (0.1 M sodium carbonate, pH 8.5) overnight at
room temperature. This step was followed by ethanol
precipitation and C18 reverse-phase HPLC. RNA
concentrations were measured using a NanoDrop
spectrometer and calculated after background sub-
traction [67].

smFRET

Single-molecule experiments were performed as
described [32,34]. The two ribozyme strands (RzA
and RzB, at 1 μM and 500 nM, respectively) were
heated at 90 °C in standard buffer [50 mM Tris–HCl
(pH 7.5), 12 mM MgCl2, unless other specified] for
45 s before cooling to room temperature over 15 min.
We diluted the annealed strands to 50–100 pM and
immobilized thehybrid onto aPEGylated slide through
a biotin–streptavidin linkage. Non-cleavable substrate
analog (200 nM) with 2′-O-methyl modification (NCS)
at the cleavage site was added with the oxygen
scavenger system to suppress catalysis without
altering the docking behavior [68]. The oxygen
scavenger system composed of 50 nM protocatech-
uate dioxygenase, 5 mM protocatechuate and 2 mM
Trolox was used to minimize photobleaching and
blinking of the fluorophores [69]. Imaging by TIRFM at
room temperature (17–20 °C) in a microfluidic chan-
nel was performed in either standard ribozyme
reaction buffer [32,34] [50 mM Tris–HCl (pH 7.5),
12 mM MgCl2] or an intracellular-mimic buffer estab-
lished by Edmonds et al. [52], consisting of 30 mM
Pipes (pH 7.5), 10 mM NaCl, 130 mM K+ gluconate,
10 mM DTT, 1 mM ATP and 2.5 mM Mg(OAc)2
concentration. Intracellular-mimic buffer was made
fresh and filtered with a 0.2 μm Ultra-free-MC filter
(Millipore) before each experiment.
We excited the donor fluorophore (Cy3) in a

home-built TIRFM setup with a green laser (532 nm,
~12 mW).Weseparated emission from the donor and
acceptor using a dichroic mirror (Chroma 610DCXR),
filtered them individually (Chroma HQ580-60 M and
HQ655LP) and detected them as side-by-side
images on an intensified CCD camera (I-Pentamax,
Princeton Instruments). FRET histograms were
constructed and dwell times determined for each
docking and undocking event as described [42].
Cumulative dwell time histograms were fitted with
single- or double-exponentials, similar to those
described for the cleavage assays, to determine
kdock and kundock as described [32,33]. FRET
histograms were fitted with Gaussian functions to
determine the relative molecular fractions in the low-
and high-FRET peaks as the relative areas, where-
as the dependencies of the docked fraction on the
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PEG and WCE concentrations were fitted with
non-cooperative binding isotherms.

Cleavage assays

Cleavage reactions were performed under
single-turnover conditions in a standard reaction
buffer at room temperature as previously described
[32,33]. Briefly, the ribozyme strands (RzA and RzB)
were heated at 90 °C for 45 s in the absence of
MgCl2, followed by slow cooling over 15 min at room
temperature after adding MgCl2. PEG was added at
200 mg/mL and allowed 5 min to equilibrate. Less
than 4 nM 5′-end radioactively labeled substrate was
mixed with the ribozyme upon diluting the enzyme to
200 nM. Aliquots of the reaction were removed at
varying time points and quenched with an equal
volume of loading buffer (60 mM EDTA, 95%
formamide). The 5′-cleavage product was separated
from uncleaved substrate by a denaturing, 8 M urea,
20% (w/v) polyacrylamide gel electrophoresis, and
was quantified and normalized to the sum of the
substrate and product bands by using a Typhoon
9410 Variable Mode Imager (GE Healthcare Life
Sciences) with ImageQuant software (Molecular
Dynamics). The fraction cleaved was fitted with a
double-exponential function of the form:

y tð Þ ¼ y0 þ A1 1−e−k fast�t� �þ A2 1−e−kslow�t� �
;

where (A1 + A2) is the final extent of the cleavage
and kfast (kf) and kslow (ks) are the apparent rate
constants, respectively [32,33]. Error bars were
calculated from typically three independent assays.
Modeling of PEG titrations

Application of scaled particle theory to macromo-
lecular crowding has been explained in detail else-
where [6]. Briefly, this approach assumes the
presence of ideal solutions of co-solute particles, and
hard-sphere interactions between particle pairs with
effective radii of gyration for each of the co-solutes. As
described in the Results and Discussion section, this
theory yields an analytical expression for the free
energy change ΔGi

dil→crd upon the addition of a
spherical co-solute of radius rc at a volume fraction φ
to a spherical particle of radius ri. φ was calculated as
φ ¼ 4πr c3

3 ρc , where ρc is the number density of the
crowder (calculated using the mass density of the
appropriate PEG solution [70]), and rc is the radius of
gyration of the crowder [71]. The effect of addition of
the crowder on ribozyme docking is then given by:

ΔΔG ¼ ΔGdil→crd
docked−ΔG

dil→crd
undocked

¼ ΔGundock→dock
dilute −ΔGundock→dock

crowded

whereΔGdocked
dil→crd and ΔGundocked

dil→crd differ only in the value
of ri. rdock=26.27 Å was measured from a crystal
structure of the docked ribozyme [72]. Experimental
ΔΔG values were calculated by fitting each FRET
histogram with two Gaussians, and error bars were
generated by bootstrapping. A least-squares fit
was then performed with rundock as the one free
parameter. In the NSB contribution model, the free
parameters were KD,dock and KD,dock, the dissocia-
tion constants of complexes between PEG and the
docked and undocked ribozyme, respectively. In the
hybrid model, the contributions to ΔΔG from EV and
NSB were added together, and a fit performed with
all three free parameters. All fits were subject to the
constraint that the radius of the undocked ribozyme
rundock be larger than the radius rdock of the docked
ribozyme.

WCE preparation

Yeast WCE was prepared in-house using the
following protocol. One liter of yeast was grown in
yeast extract peptone dextrose media until an
OD600 of 1.6 to 2.0 was reached (after ~2 days).
Yeast cells were harvested by centrifuging at
4500 rpm for 15 min. Pellets from the 1 L culture
were suspended in 35 mL of AGK buffer [10 mM
Hepes–KOH (pH 7.9), 1.5 mM MgCl2, 200 mM KCl,
10% v/v glycerol, 0.5 mM DTT), then centrifuged
again at 4500 rpm for 15 min at 4 °C. The pellets
were combined and suspended in 30 mL of AGK
buffer, 600 μM PMSF and 1.5 mM benzamidine,
then centrifuged in a swinging bucket rotor at
2500 rpm for 10 min. The supernatant was com-
pletely decanted, and 0.4 volumes (based on the
volume of the pellet) of AGK buffer with 600 μM
PMSF and 1.5 mM benzamidine was added and
vortexed to make a thick cell suspension. The
suspension was frozen down as pellets by dropwise
addition of the cell suspension to a 50-mL tube filled
with liquid nitrogen. The frozen pellets were further
mixed with liquid nitrogen and then ground up using
a mortar and pestle pre-cooled in liquid nitrogen until
a fine powder was formed. The powder was thawed
at 4 °C in a water-ice bath for 30 to 40 min. The cell
lysate was centrifuged at 17,000 rpm for 30 min at
4 °C using a SS-34 fixed angle rotor (Thermo
Scientific). The supernatant was transferred to
another pre-chilled ultracentrifuge tube and spun at
37,000 rpm for 80 min at 4 °C in a type 70 Ti rotor
(Beckman Coulter). The second layer from the top
was removed and dialyzed twice (MWCO 14,000–
16,000 Da) against 2 L of dialysis buffer [20 mM
Hepes–KOH (pH 7.9), 0.2 mM EDTA, 50 mM KCl,
20% v/v glycerol, 0.5 mM DTT] at 4 °C for 1.5 h at a
time. After dialysis, cell extract was microcentrifuged
at 13,000 rpm for 5 min at 4 °C, then frozen in liquid
nitrogen in 50 μL aliquots and stored at −80 °C until
further use. The protein concentration of this yeast
WCE was determined by Bradford assay (Bio-Rad
kit) and was normally 12 to 20 mg/mL.
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EMSAs

Native (non-denaturing) electrophoretic gel shift
assays were performed as previously described
[73], using 8% non-denaturing polyacrylamide gel
electrophoresis between low-fluorescence glass
plates with a running buffer consisting of 50 mM
Tris–acetic acid (pH 7.5) and 2.5 mM Mg(OAc)2.
Solutions of doubly-fluorophore-labeled hairpin ribo-
zyme (10 pmol) were annealed by heating at 90 °C in
intracellular-mimic buffer for 45 s and slow cooling to
room temperature. Different concentrations of yeast
WCE were added followed by time course incubation
(5, 30 and 90 min) at room temperature. An equal
volume of 40% glycerol was added to each sample
right before loading the gel. The gel was run for 6–7 h
at 13 W maximum power and 4 °C, then scanned
with a Typhoon 9410 Variable Mode Imager to detect
Cy3 (excitation at 532 nm, 600 V PMT, 580 ± 30 nm
band-pass emission filter), Cy5 (excitation at 633 nm,
600 V PMT and 670 ± 30 nm band-pass emission
filter) and FRET (excitation at 532 nm, 600 V PMT,
670 ± 30 nm band-pass emission filter).
To study the binding of individual purified proteins

to the hairpin ribozyme, 5′-radiolabeled RzA was
heat annealed with RzB and NCS in a 1:5:100 ratio
by heating to 90 °C for 2 min, then cooling to RT
over 15 min. MgCl2 was added to 12 mM immedi-
ately after heating. Mixtures lacking RzB and/or NCS
were prepared analogously to confirm assembly of
the ribozyme. The annealed mixture was diluted
into a solution containing intracellular-mimic buffer,
20 units of rRNasin (Promega), and 2–5 μM of the
protein of interest, and incubated at RT for 60 min.
An equal volume of 40% glycerol was then added to
each sample, and the samples were resolved on a
native 8% polyacrylamide gel run in 0.25× TBE
buffer at 4 °C. Bovine serum albumin and glyceral-
dehyde 3-phosphate dehydrogenase were included
as negative controls.

Affinity pull-down assay

The shifted bands observed in the non-denaturing
polyacrylamide gel after incubation with WCE were
excised and placed into a Nanosep centrifugal
device equipped with a membrane with MWCO
(3 K). The elution buffer (0.25 M Tris–HCl, pH 6.8)
was added directly to the centrifugal device, mixed
with the gel pieces by vortexing, followed by
centrifugation at 14,000g for 20 min. The filtrate
eluents were concentrated using a new Nanosep
centrifugal device equipped with a 3K-MWCO
membrane. This step was followed by a Bradford
assay to estimate the protein concentration in the
eluate. To further purify only the proteins that
bind the biotinylated hairpin ribozyme, magnetic
Dynabeads MyOne streptavidin C1 were added
following the manufacturer protocol to specifically
capture all biotinylated RNA:protein complexes. After
washing the beads with 10 mM Tris–HCl (pH 7.5),
0.1 mM EDTA and 1 M NaCl, proteins were released
from the beads using TEN250buffer [10 mMTris–HCl
(pH 7.5), 0.1 mM EDTA, 250 mM NaCl] in the
presence of 2× SDS buffer [100 mM Tris–HCl
(pH 6.8), 4% (w/v) SDS, 0.2% (w/v) bromophenol
blue, 20% glycerol, 200 mM β-mercaptoethanol]. The
eluted proteins were subjected to denaturing
SDS-polyacrylamide gel electrophoresis. The result-
ing bands were analyzed by mass spectrometry.

Mass spectrometry

Gel bands were reduced with DTT, alkylated with
iodoacetamide and digested at 37 °C overnight using
trypsin. The resulting peptides were analyzed using
nano LC–MS/MS on a ThermoScientific Orbitrap
Velos mass spectrometer. Product ion data were
searchedagainst theNCBI protein databaseusing the
Mascot and X! Tandem search engines. The thresh-
old was chosen based on spectral count scoring to
distinguish correct peptide identifications. This identi-
fication is a probability based on the peptide
sequences that are derived from peptide fragmenta-
tion spectra and matched against protein sequences
available in the NCBI database. The minimum
requirement for protein identification is two completely
sequenced unique peptides per proteins. Mascot
output files were parsed into the Scaffold program‡

for filtering to assess false discovery rates and allow
only correct protein identifications.
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Supplementary Fig. S1. PEG stabilizes the stably docked conformation of the hairpin ribozyme. (a) 
FRET histograms for over N single molecule time trajectories each are shown at different PEG 
concentrations. (b) Transition occupancy density plots (TODPs) illustrate the fraction of hairpin ribozyme 
molecules that undergo a transition from a given initial FRET state to a given final FRET state. Molecules 
that are static, either docked or undocked, are revealed on the diagonal at the position of the occupied 
FRET state. 
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Supplementary Fig. S2. The dynamic population reveals heterogeneities in the presence of PEG. 
Dwell time distributions were plotted for the dynamic docked and undocked populations in the presence of 
0, 30, 50, 80 and 200 mg/mL of PEG (top to bottom). The distributions were fitted with single– or double-
exponentials to obtain the docking and undocking rates constant kd and ku of the fast (f) and slow (s) 
molecular sub-populations, respectively, as described [1, 2]. The fitting was performed using Microcal Origin 
software.  
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Supplementary Fig. S3. The presence of PEG leads to enhanced ribozyme cleavage. (a) Gel 

electrophoretic analysis of the fraction of intact substrate (S) and cleaved product (P) as a function of time 
(0−180 min) for the hairpin ribozyme in the absence of PEG. (b) Gel electrophoretic analysis of the fraction 
of intact substrate (S) and cleaved product (P) as a function of time (0−180 min) in the presence of 200 
mg/mL of PEG. (c) and (d) Fraction of cleaved product, fcleaved, as a function of time in standard reaction 
buffer with either 12 mM MgCl2 or 5 mM MgCl2 at room temperature. In the presence of PEG, the ribozyme 
generates significantly more product, especially at low Mg2+ concentration, leading to double-exponential 
fits as described [1, 2]. 
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Supplementary Fig. S4. The hairpin ribozyme folds at very low concentrations of yeast WCE. (a) 
smFRET histograms built from N single molecule time trajectories each, at different yeast extract 
concentrations. The results reveal two main FRET states, low-FRET (undocked) and high-FRET (docked). 
The data were fitted with Gaussian distributions (green and blue lines, respectively). (b) Representative 
donor, acceptor (top panel), and FRET trajectories (bottom panel) reveal a small fraction of molecules with 
fluctuations within the low-FRET envelope. 
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 Supplementary fig. S5. Changes to FRET histograms upon addition of high concentrations of 
individual proteins in standard buffer. These proteins, which were not shown to bind to the hairpin 
ribozyme, do not affect folding even at much higher concentrations than yeast extract.  
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Supplementary Table S1. Parameters obtained from excluded 
volume, native state binding and hybrid models. All fits were subject 
to the constraint that rundock ≥ rdock. We note that the values of KD,undock 
and KD,dock are poorly defined for the 12 mM Mg2+ hybrid model due 
to the lack of data at PEG concentrations below saturation. 

 1 mM Mg2+ 12 mM Mg2+ 
model EV NSB hybrid EV NSB hybrid 

rundock (Å) 31.2 N/A 26.3 28.5 N/A 27.7 
KD,undock (mg/mL) N/A 83 83 N/A 146 7 
KD,dock (mg/mL) N/A 250 250 N/A 338 10 
R2 0.20 0.93 0.93 0.32 0.52 0.77 
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Supplementary Table 2. A selection of the yeast proteins that were 
enriched upon pull-down with the hairpin ribozyme. 

Gene Name Full Name Function 
HSC82 82 kDa Heat shock cognate 

protein 
Molecular chaperone 
and stress response 

SSB1 
 

Stress-seventy subfamily B, 
HSP70 family 

Cotranslational 
folding of newly 

synthesized proteins 
VMA2 Subunit of vacuolar 

membrane ATPase 
Hydrolase activity, 

catalyzing 
transmembrane 

movement of 
substances 

PK Pyruvate kinase Glycolysis 
 ALD Aldehyde dehydrogenase Performs the 

conversion of 
acetaldehyde to 

acetate 
 SHM1 Serine 

hydroxymethyltransferase 
Tetrahydrofolate 
interconversion 

pathway 
 TBB Tubulin beta chain Microtubules stability 
 LYS9 Saccharopine 

dehydrogenase 
Aminoacid 

biosynthesis; lysine 
biosynthesis 

PGK Phosphoglycerate kinase Glycolysis 
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