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ABSTRACT: Conformational dynamics in riboswitches involves ligand binding and
folding of RNA, each of which can be influenced by excluded volume effects under
“crowded” in vivo cellular conditions and thus incompletely characterized by in vitro
studies under dilute buffer conditions. In this work, temperature-dependent single-
molecule fluorescence resonance energy transfer (FRET) spectroscopy is used to
characterize the thermodynamics of (i) cognate ligand and (ii) molecular crowders (PEG,
polyethylene glycol) on folding of the B. subtilis LysC lysine riboswitch. With the help of
detailed kinetic analysis, we isolate and study the effects of PEG on lysine binding and
riboswitch folding steps individually, from which we find that PEG crowding facilitates
riboswitch folding primarily via a surprising increase in affinity for the cognate ligand. This is furthermore confirmed by temperature-
dependent studies, which reveal that PEG crowding is not purely entropic and instead significantly impacts both enthalpic and
entropic contributions to the free energy landscape for folding. The results indicate that PEG molecular crowding/stabilization of the
lysine riboswitch is more mechanistically complex and requires extension beyond the conventional picture of purely repulsive
solvent—solute steric interactions arising from excluded volume and entropy. Instead, the current experimental FRET data support
an alternative multistep mechanism, whereby PEG first entropically crowds the unfolded riboswitch into a “pre-folded”
conformation, which in turn greatly increases the ligand binding affinity and thereby enhances the overall equilibrium for riboswitch
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1. INTRODUCTION

Intracellular environments are highly concentrated with
various kinds of solutes ranging from small molecule
metabolites to macromolecule proteins and nucleic acids.'
All these solutes impose ubiquitous steric constraints (such as
excluded volume) that affect both biomolecular structure and
function.”® Simply summarized, the presence of solute limits
the space available for the biomolecule to sample and thereby
entropically favors any conformations that occupy smaller
volume.” Such steric stabilization toward more compact
biomolecule structures is often referred to as molecular
crowding,>®

Most biochemical studies are performed in dilute buffer,
which differs significantly from the in vivo intracellular
environment where biomolecules actually function. In order
to correctly interpret these in vitro observations, therefore, it is
crucial to characterize and understand the effects of crowding
on biomolecular systems.”” Experimentally, polymeric
crowders such as PEG (polyethylene glycol) and dextran
(polysaccharide) are often introduced into biological buffers to
mimic the intracellular crowding environment.'’ Consistent
with simple crowding expectations, the presence of such
polymers favors the more compact biomolecular conforma-
tion."" Interestingly, many of these studies identified the origin
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of such polymer stabilization'>™"* to be largely entropic in
nature, suggesting that the interaction between polymer
crowders and a crowded biomolecule occurs predominantly
via the effective “repulsion” because of pure excluded volume
effects.’”

Riboswitches are RNA elements that regulate gene
expression in response to ligand concentrations in the
cell'" In particular, folding of the lysine riboswitch is
found to be facilitated by ligands through an induced-fit (IF,
“bind-then-fold”) mechanism,'®'” whereby the presence of
lysine binding lowers the free energy activation barrier and
thereby promotes subsequent folding of the riboswitch. As
indicated in Figure 1A, the binding of lysine (with dissociation
constant K) is a prerequisite for riboswitch folding; the lysine-
associated riboswitch can then fold and unfold at the rate of
kiga and kyuplg, respectively. Because molecular crowding
effects can in principle impact both binding and folding
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Figure 1. Schematic presentation of lysine riboswitch single-molecule
FRET construct folding. (A) Induced-fit mechanism of lysine
riboswitch folding where L lysine binding is followed by IL the
riboswitch conformational change (U = unfolded riboswitch, F =
folded riboswitch, and L = lysine). Note that folding brings Cy3 and
CyS closer and thereby increases the FRET energy transfer efficiency
(Egrer)- (B) Sample time-dependent fluorescent signal. The
conformational change is visualized by the anticorrelation between
the Cy3 and CyS signal, which results in Epggr changes.

steps,”’~** this necessitates further study into kinetic and
thermodynamic mechanisms for crowding and ligand-induced
riboswitch folding, in order to deconstruct their respective
influences on riboswitch function and resulting gene
expression.

In this work, we explore the effects of PEG on the lysine
riboswitch folding with single-molecule fluorescence resonance
energy transfer (FRET) spectroscopy. In the context of simple
nucleic acid constructs, PEG has been found to facilitate
secondary and tertiary folding via predominantly entropic
effects,” such as would be consistent with a “hard sphere”
physical picture of crowding. Specifically, previous PEG
crowding studies as a function of temperature highlight the
negligible role of differential enthalpic effects in RNA/DNA
conformational change. From the detailed kinetic analysis of
the single-molecule data, however, one can characterize the

overall riboswitch folding by two sequential mechanistic
pathways: (i) ligand binding and (ii) subsequent conforma-
tional change of the lysine riboswitch,” thereby motivating
study of the impact of PEG crowding on each of these
processes separately. Moreover, single-molecule experiments as
a function of temperature enable further deconstruction of free
energies and free energy barriers into enthalpic and entropic
contributions along the folding coordinate.”” As a result, the
work potentially provides new thermodynamic and kinetic
insights into the effect of molecular crowding on both RNA-
small molecule binding and evolution of the lysine riboswitch
from unfolded to “pre-folded” to folded conformations.

2. EXPERIMENT

2.1. Lysine Riboswitch Construct and Sample
Preparation. In this work, we use a modified B. subtilis lysC
lysine riboswitch®® as a model system to explore the effect of
crowding on ligand-induced RNA folding. The doubly dye-
labeled and biotinylated RNA construct is synthesized by
annealing three strands of nucleic acid oligomers together
(Figure 1A, the biotinylated P1 extension not shown).'® The
distal ends of stem P1 and PS are labeled with the cyanine dyes
Cy3 and CyS, respectively, to maximize the Epgpr (FRET
energy transfer efficiency) contrast during the conformational
change in response to lysine.”” Details of the RNA sequences
and synthesis methods can be found in previous work.'® We
note that conformational changes for the model construct are
consistent with the wild-type riboswitch, as the Egpggr values
observed can be reliably predicted from the crystal structure.”®
The ligand affinity of the model construct under physiological
Mg** conditions (Kp, & 0.7 mM) is lower than that of the wild-
type riboswitch at higher Mg™ (Kp ~ 1 uM).” Such
differential sensitivity arises from the significantly higher
Mg2+ concentrations (20 mM) used in previous structural
analyses (e.g, in-line probing) of the wild-type RNA.*

To prepare samples for single-molecule experiments, the
coverslip sample holder is first incubated with 10% biotinylated
BSA (bovine serum albumin) to prevent nonspecific binding. A
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Figure 2. Sample Egggr trajectories and dwell time analysis. (A) Egpgy trajectories without PEG. (B) Egggr trajectories with 8 wt % PEG. Note that
the construct spends significantly more time in the high Eppgr state corresponding to the folded conformation. (C) Dwell time analysis without
PEG. (D) Dwell time analysis with 8 wt % PEG. The cumulative distribution function of the unfolded dwell time decays much more rapidly,

corresponding to accelerated k.
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Figure 3. PEG-dependent lysine riboswitch folding at a constant lysine concentration (1 mM). (A) Folding equilibrium and (B) kinetics as a
function of PEG concentration. Data are fit to a single exponential function to highlight the rapid rise of Kgyq and kgq with increasing PEG

concentration.

second incubation step results in sufficient streptavidin
attachment to the coverslip, with surface tethering of the
riboswitch construct achieved by biotin—streptavidin associa-
tion. Single-molecule fluorescence experiments are performed
under buffer conditions with (i) SO mM HEPES (pH 7.5), 100
mM NaCl, 50 mM KCl, and 0.5 mM MgCl, to provide
sufficient background cations and maintain the buffer pH, (ii)
Trolox/PCA/PCD oxygen scavenger system to enhance
fluorophore photostability,”* and (iii) additional lysine and
PEG 3k (average molecular weight ~#3000 amu) to achieve the
desired experimental crowding conditions.

2.2. Temperature-Controlled Single-Molecule Experi-
ment and Data Analysis. The present single-molecule
FRET experiments have been performed with a through-
objective total internal reflection fluorescence (TIRF) micro-
scope, with details described elsewhere.’” In brief, a 532 nm
laser beam is directed through a high numerical aperture oil-
immersion microscope objective, with a mirror set for parallel
translation of the beam with respect to the objective axis to
increase the incident angle and thereby achieve total internal
reflection illumination of fluorescent RNA constructs immo-
bilized at the coverslip—water interface. The resulting
fluorescence from the sample is then collected by the same
wide-field objective, split by a dichroic mirror into Cy3 and
CyS channels, and focused onto a charge-coupled device
(CCD) video camera, with which data are collected in a video
format at a 20 Hz acquisition frame rate (Figure 1B).

Single-molecule fluorescent traces are obtained from the
recorded movie by custom analysis software with background
correction to generate the resulting Egpgy time trajectory (see
sample data in Figure 2A, B). A standard hidden Markov
modeling method is used to identify transitions between the
folded (Epggr ~ 0.7) and the unfolded (Egpgr ~ 0.3 to 0.4)
conformations and thereby to acquire individual dwell times.>
The folding equilibrium constant Kg,4 can be readily extracted
as the ratio of total folding and unfolding dwell times (Kgq =
Ttoid/ Tanford), from which the folded fraction Fgyy can be
calculated (Fioig = Thoua/ (Ttoia + Tunfora))- The folding (kgoa)
and unfolding (kyuq) rate constants themselves can be
obtained from the analysis of the corresponding dwell time
distributions for f,,¢1q and #gq (see sample data in Figure 2C,
D), respectively.”* Cumulative distributions for both t;,4 and
tunold are well fit to single exponential decay functions,
consistent with folding and unfolding of the lysine riboswitch
well described by simple first order kinetics. Note that each
cumulative distribution function (N = 3) consists of dwell

times obtained from ~10 individual molecules within 1 or 2
surface scans. The uncertainties (e.g., error bars in Figures
3—7) are reported as the standard deviation of the mean. We
believe that the major source of measurement uncertainties is
the sample heterogeneity, along with minor contributions from
fitting errors and temperature fluctuation.

The temperature-controlled single-molecule studies are
achieved with the help of thermoelectric cooling/heating
modules under servo loop control, as described in previous
work.”> Both the sample and microscope objectives are
cooled/heated simultaneously to minimize any thermal
gradients across the sample, with sample temperatures
measured (to +0.1 °C accuracy) using a calibrated resistance
thermometer.

3. RESULTS AND ANALYSIS

3.1. Lysine Riboswitch Folding Promoted by PEG.
Previous studies have shown that folding kinetics of the lysine
riboswitch follows an induced-fit (IF) mechanism,"®"? where-
by lysine binding is an essential prerequisite for the riboswitch
to fold. Under 1.0 mM lysine conditions, the riboswitch spends
roughly equal average amounts of time in the high Egppgr
(Egger ~ 0.7) and low Egger (Egrgr ~ 0.3) states,
corresponding to the folded and unfolded conformations
(Figure 2A). Additional 8 wt % (percentage by weight) of PEG
significantly promotes equilibrium folding of the riboswitch, as
evident in the greatly enhanced time durations the fluorescent
construct spends in the high Egppr state (Figure 2B).
Furthermore, at constant 1 millimolar lysine concentration,
Kiyq increases monotonically (Figure 3A) with systematically
increasing PEG, again consistent with crowding promotion of
the folded riboswitch conformation under equilibrium
conditions.

In addition to the above equilibrium data, however, an even
greater wealth of information on single-molecule biophysical
kinetics is revealed in dwell time distributions for each
fluorescence trajectory. In particular, kinetic information in
these single-molecule fluorescence trajectories can be obtained
from logarithmic dwell time analysis of the cumulative
probability distributions,”* with sample data under low (0 wt
% PEG) and high (8 wt % PEG) crowding conditions
displayed in Figure 2C, D. These data make clear that PEG
dramatically increases the folding rate (kgq in red) and
decreases the unfolding rate (kye in green) of the lysine
riboswitch (Figure 3B). In particular, the crowding effects are
much stronger on the folding vs unfolding step. Specifically,
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there is a nearly 400% increase in kg,q between 0 and 8 wt %
PEG concentrations, over which range kg is reduced by
only 10%.

3.2. PEG Stabilization on Lysine-Dependent Folding
lllustrated by Kinetic Modeling. Here, we implement a
more detailed kinetic analysis to highlight the PEG effect on
the ligand response of the riboswitch folding.”® In previous
work, folding of the lysine riboswitch was found to be initiated
by ligand association, followed by RNA conformational change
in a “bind-then-fold” induced-fit (IF) mechanism."®"* The
simplified IF folding pathway is illustrated in Figure 1A, where
Ky reflects the dissociation constant of lysine and k;/k_;
corresponds to unimolecular forward/backward rate constants
for overall conformational changes in the riboswitch construct.

We first focus on the equilibrium folding behavior by
studying the folded fraction Fgyq = Tea/ (Tl + Tanold) @S @
function of lysine at a constant PEG concentration (Figure 4).
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Figure 4. Lysine-dependent folding curves at a series of PEG
concentrations. Folded fraction Fe,4 as a function of lysine with (A) 0
wt %, (B) 4 wt %, and(C) 8 wt % PEG. Data are nonlinear least
squares fit to the Hill equation (eq 1).

As expected, the data indicate linear growth in Fgy at low
ligand concentrations and eventual saturation at high lysine.
More surprising is the dependence of these curves on crowder,
with the saturation plateau quite insensitive to PEG from 0 to
8 wt %, yet with the lysine binding affinity increasing by nearly
an order of magnitude over the same range of crowding
conditions. Simply summarized, the main role of PEG as a
molecular crowder appears to be through the promotion of the
lysine riboswitch binding interaction, which in turn facilitates

subsequent folding of the riboswitch. It is worth noting that the
enhancement of bimolecular association is expected from PEG
crowding. To highlight more quantitatively the impact of PEG
on lysine-induced riboswitch folding, the data can be fit to the
Hill equation:™

[lysine]™

Egy=E X——m——7
fold max KDnl + [lysine]"‘ (1)

where n, is the Hill coefficient, Kj, is the effective dissociation
constant for lysine binding, and F,_, corresponds to the
maximal Fgy value under saturated lysine conditions. Because
Kp corresponds to the lysine concentration for which Fyy =
F..»/2, a smaller K, value reflects a more effective lysine
promotion of riboswitch folding. The fitting results are
summarized in Table 1 for 0 to 8 wt % PEG crowder

Table 1. Least Squares Fit Results for the Lysine-Induced
Folding Equilibria

Kp (mM) n I
0 wt % PEG 0.68(8) 0.91(9) 0.77(2)
4 wt % PEG 0.36(4) 1.02(12) 0.82(2)
8 wt % PEG 0.109(5) 1.08(6) 0.843(10)

conditions, over which Ky, reduces from 0.68(8) to 0.109(5)
mM, corresponding to an equivalent 7-fold efficiency increase
in lysine-promoted riboswitch folding with a n, = 1 (ie,
noncooperative) Hill coefficient.

The kinetic promotion of lysine-induced riboswitch folding
can also be investigated via statistical analysis of the dwell time
distributions (see Figure S), for which the effective folding rate
constant (kg,q) increases as a function of lysine and eventually
reaches a saturation plateau. By way of contrast, the unfolding
rate constant k.4 is completely insensitive to lysine and
remains constant over a wide range of ligand concentrations."
Such kinetic results are in fact entirely consistent with an
induced-fit mechanism, whereby lysine promotes riboswitch
folding through a “bind-then-fold” process."®" Specifically for
such a simplified kinetic model (see Figure 1A), increase in
lysine concentration simply shifts the equilibrium toward a
higher fraction in the ligand bound state, thereby promoting
the effective unimolecular folding rate k¢4 up to the limiting
velocity of k;. Conversely, the effective unimolecular unfolding
rate kynriq simply reflects k_; and remains independent of
lysine concentration.*® By solving the kinetic equations
assuming rapid equilibration with respect to lysine binding,
the data can be fit to an independent Hill equation for kg4: °

[lysine]™

kepg = ky X ————
fold = T K 4 [lysine]™ 2)

where again n, is a Hill coefficient, Kj is the lysine dissociation
constant, and k; corresponds to the maximal k¢;q value under
saturating ligand conditions. Similar to the results discussed
above for folding/unfolding equilibrium constant properties,
we find that the addition of the PEG crowder significantly
increases the efficiency for lysine binding (i.e., reduces K;) and
in turn facilitates folding of the lysine riboswitch. Interestingly,
by the way of comparison, only relatively modest PEG effects
on the elemental folding/unfolding rate processes are
observed, with 8 wt % PEG concentrations increasing/
decreasing the unimolecular folding (k,)/unfolding (k_,) rate
constants by only 10%/40%, respectively. Such relatively

https://doi.org/10.1021/acs.jpcb.2c03507
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Figure S. Lysine-dependent folding and unfolding rates at a series of
PEG concentrations. Folding rate constants kg4/kynpiq as @ function
of lysine with (A) 0 wt %, (B) 4 wt %, and (C) 8 wt % PEG. The k4
data are fit to the Hill-like kinetic equation (eq 2), while the lysine-
independent k4 data are fit with a horizontal line.

modest changes in the intrinsic rates are consistent with
crowding,'* with fits of the kinetic data to eq 2 summarized in
Table 2. However, it is worth stressing that the predominant

Table 2. Least Squares Fit Results for the Lysine-Induced
Folding Kinetics

Ky (mM) 1y ky (57 k_y (s7)
0wt %PEG  3.1(9) 1.00(19) 126(13)  0.367(8)
4wt % PEG  18(3) 1.12(17) 148(10)  0.317(9)
8wt %PEG  0.58(7) 1.34(17) 1.45(6) 0262(11)

impact of molecular crowding from this mechanistic
perspective arises from a 7X decrease in Ky (ie., 700%
enhancement of ligand binding to the riboswitch).

3.3. Temperature-Dependent Folding Reveals Both
Enthalpic and Entropic PEG Effects. We can take such
equilibrium and kinetic analyses one important step further by
performing temperature-dependent smFRET folding experi-
ments, which permit deconstruction of overall (AG®) and
transition state (AG*) free energies into enthalpic (AH) and

entropic (AS) contributions as a function of PEG crowder
concentrations. First of all, studies in the absence of a crowder
reveal that unfolding of the lysine riboswitch is strongly
favored with increasing temperature, specifically 10-fold
reduction in the overall equilibrium constant Kgjy over a
modest 12 °C temperature range. Quantitative thermodynamic
information for the corresponding folding enthalpy and
entropies can be extracted from a simple van’'t Hoff analysis,
that is,
AH°1 | AS°
+

InK = ——> = 4 22
fold R T R 3)

As summarized in the sample data in Figure 6A, B, overall
folding of the lysine riboswitch at both low (0 wt %) and high
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Figure 6. van’t Hoff plots for the temperature-dependent lysine
riboswitch folding at (A) 0 wt % PEG and (B) 6 wt % PEG. [lysine] =
1 mM.

(6 wt %) crowder conditions is found to be exothermic (AH"
= —32.8(18) and —15.0(14) kcal/mol, respectively) and yet
entropically penalized (—TAS” = —111(5) and —50(3) cal/
mol/K), consistent with a simple physical picture of folding,
whereby biomolecules are enthalpically encouraged to fold into
a more ordered (lower entropy) state.”® Of particular interest,
however, the addition of 6 wt % PEG (Figure 6B) decreases
and increases the slopes vs intercepts, corresponding to
incremental PEG-induced increase in both AH’ and AS°
(AAH® > 0 and AAS® > 0). Simply stated, the presence of
the PEG crowder reduces the thermodynamic advantage of
folding exothermicity and yet also lowers the entropic penalty
for folding of the lysine riboswitch. We will return to this
important issue in the Discussion section, but for the moment,
we emphasize that such changes in the overall exothermicity

https://doi.org/10.1021/acs.jpcb.2c03507
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(AAH® > 0) with PEG concentration are inconsistent with a
purely excluded volume interpretation of crowding, for which the
driving forces are predicted to be purely entropic (AAS® > 0).

There is of course additional thermodynamic information in
the temperature dependence of the kinetic rate constants
themselves. Specifically, if we make the plausible assumption of
a single rate-limiting transition state, we can similarly analyze
the temperature—degendent kinetic data with the transition
state/Eyring theory.” ~*

AH* 1 AS*
nk=—-—"——+ —+hv
R T R 4)

where AH* and AS* represent enthalpic and entropic
differences, respectively, between the transition state and the
folded/unfolded states of the riboswitch. In eq 4, v represents
the attempt frequency (set to be 10" s™! in our analysis) to
access the transition barrier along the folding/unfolding
coordinate,” although the extracted value of AS® is only
logarithmically dependent on such a choice. Despite the fact
that any absolute entropy change associated with surmounting
the transition state barrier will depend weakly on the choice of
v, any differential changes in entropy (AAS?) induced by PEG
crowding remain rigorously independent of any such
logarithmic offset.

As clearly evident in Figure 7A, the logarithmic rate constant
from such an Arrhenius analysis for folding of the lysine
riboswitch increases linearly with 1/T. The slope in Figure 7A
(red line) implies that folding of the riboswitch releases heat
(AHg4* ~ —17.3(16) kcal/mol) in accessing the transition
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Figure 7. Eyring plots for the temperature-dependent lysine
riboswitch folding at (A) 0 wt % PEG and (B) 6 wt % PEG. [lysine]
=1 mM.

state, while the negative intercept (ASy " ~ —121(3) cal/
mol/K) indicates an entropic TS barrier (—TASg4* > 0) in the
absence of crowding conditions. In the presence of 6 wt %
PEG crowder (see Figure 7B), the slope and intercept of the
Eyring plot change rather dramatically for kg4, corresponding
to a significant differential decrease in both exothermicity
(AAHg,s* > 0) and entropic cost (—=TAAS4* < 0) for access
to the folding transition state. Of particular interest and in
contrast with the riboswitch folding kinetics, however, the
presence of 6 wt % PEG molecular crowders results in very
modest effects on the temperature dependence of k¢4, with
therefore only small crowding-induced changes in enthalpy
(AAH,d* = 0) and entropy ((—TAAS, a" & 0) required
to reach the transition state from the fully folded lysine
riboswitch conformation.

4. DISCUSSION

4.1. Kinetic vs Thermodynamic Crowding Data
Indicate Conflicting Solute Interaction Models. We
have shown that the lysine riboswitch folding can be promoted
by increasing PEG concentration, which is entirely consistent
with crowding effects, where the presence of PEG favors the
more compact state.'”* From the perspective of the solute
interaction model, such PEG-enhanced structure formation
can simply result from generic repulsion between PEG and the
RNA."" Specifically, the biomolecule might tend to adopt the
more compact conformation in order to reduce the solvent-
accessible surface area (SASA) and in turn decrease overall
unfavorable solute—biomolecule contact.””** Taking these
ideas one step further, if this repulsion was shown to be
predominantly steric (ie, entropic) in nature, it can be
unambiguously attributed to the crowding effects originating
from the excluded volume."> However, the significant slope
changes in the van’ Hoft plots in Figure 6 signal differential
enthalpic contributions and may suggest a more complex
solute effect, which we can explore further.

The thermodynamic parameters obtained from temperature
dependence are summarized in Figure 8, where the relative
enthalpy and entropy of each state are plotted along the
simplified folding coordinate, with the folded state F
referenced to zero.” It is shown that PEG exerts effects (red
vs blue) predominantly on the (forward) folding activation
enthalpy (AHg,s") and entropy (ASgy*), while leaving the
relative free energy contributions between the transition state
and the folded state largely unperturbed (Figure 8B, C).
Furthermore, the shifts in Figure 8 suggest the unfolded
conformation is enthalpically stabilized and entropically
destabilized by PEG with respect to the transition/folded
states. From the physical picture of a simple solute interaction
model, such a free energy change corresponds to an increase in
PEG association with the unfolded conformation of larger
SASA.” In other words, our thermodynamic analysis reveals
an overall attraction (favorable contact) between PEG and the
riboswitch.

Indeed, solvent—solute interactions represent a simple yet
efficient way to understand solute-promoted biomolecule
folding/unfolding. However, the thermodynamic results for
preferential PEG solvation of the unfolded state clearly
contradict the general repulsion between PEG and RNA
predicted from the PEG-enhanced lysine riboswitch folding. It
is in fact unusual for favorable PEG—RNA contacts to enhance
folding, which requires increasing the area of the RNA—RNA
interface. Such discrepancies suggest that solute interactions

https://doi.org/10.1021/acs.jpcb.2c03507
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Figure 8. Free energy landscapes for lysine riboswitch folding. PEG effects on the (A) free energy, (B) enthalpic, and (C) entropic contributions
along the folding coordinate (U = unfolded state, TS = transition state, and F = folded state). Values are arbitrarily referenced to zero for the folded

state F.

alone are insufficient to account for our present findings, with a
much more likely hybrid folding mechanism required for the
observed changes in both entropy and enthalpy with crowding
conditions.

4.2. PEG Prearranges the Unfolded Riboswitch To
Facilitate Folding. Careful inspection of the Epggr
trajectories in Figure 2 show the low Egggy state of the lysine
riboswitch shifts to a slightly higher value (from ~0.3 to 0.4, as
illustrated in Figure 9) by PEG when the riboswitch becomes

0.4

032 -04

0.3

0.2

probability

EFRET

Figure 9. Normalized Epggr distribution of the low Epppr population
with 0 wt % PEG (blue) and 8 wt % PEG (red). Bin size = 0.05.

more folded. Such an observation indicates that PEG may not
only promote the overall riboswitch folding but also alter the
structure of the unfolded (relatively low Epggr) state. A similar
behavior is also observed in previous single-molecule studies of
the lysine riboswitch,"®*”** where the low Egppr value
increases in response to buffer conditions that promote
folding. Moreover, one study is able to resolve the low Egggr
population of the same lysC riboswitch into (i) the fully
unfolded and (ii) the lysine-free pre-folded states.” We,
therefore, suspect that equilibrium between the unresolved low
Epggr conformations may have significant impact on our
thermodynamic analysis.

Although we are unable to resolve, assign, and deconvolute
these low Epppr conformations in the kinetics, we can treat the
low Epggr State as an average of (1) the fully unfolded and (2)
the pre-folded conformations, as the simplest physical model to
understand the thermodynamic consequence. The slightly

elevated Egggr value indicates that PEG drives the equilibrium
from the unfolded to a “pre-folded” lysine riboswitch, which is
consistent with the common observation of PEG promoting
the formation of the structure. Because the low Epppr state is
already partially folded by PEG, we therefore expect a lower
enthalpic gain accompanied by a lower entropic penalty for
folding, with these predictions clearly confirmed in Figure 8.
Moreover, the previous study has demonstrated that this pre-
folded state has stronger lysine affinity and thus higher
tendency to fold,** which agrees completely with the rapidly
decreasing lysine dissociation constants (K, and K;) by PEG
observed in our detailed kinetic analysis (Figure 4). It is worth
noting that a similar mechanism of solute facilitating folding by
“pre-organization” of the unfolded state has also been observed
in several riboswitch systems.”®***

The addition of a postulated pre-folded state provides a
more reasonable and plausible mechanism, with which the
present kinetic and thermodynamic data can be explained.
Because the thermodynamics of lysine riboswitch folding is
dominated by rapid equilibrium between the two low Epggr
(unfolded/prefolded) conformations, we lose the information
on the PEG—RNA interaction except for the fact that PEG
increases the overall riboswitch (pre-)folding. It has been
previously shown that the interactions between PEG and
nucleic acid secondary/tertiary structures are predominantly
entropic and therefore consistent with crowding via
fundamental excluded volume interactions.”> In fact, it was
surprising in this study to see any PEG-dependent differential
enthalpy effects for lysine riboswitch folding, as we do not
expect significant changes in thermodynamic properties
between simple nucleic acid folding motifs to the more
complex structure of a riboswitch.**” With the partially folded
state included as part of the low Egggr population, we cannot
rule out excluded volume effects as the predominant reason
behind any PEG-dependent changes in riboswitch conforma-
tion, despite significant enthalpic contributions to the overall
thermodynamics. In fact, the observation that the lysine-
saturated folding (k,)/unfolding (k_,) rate constants increase/
decrease, respectively, as a function of the PEG concentration
is entirely consistent with simple crowding predictions.'* This
prompted our suggestion of an alternative albeit simple three-
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state (unfolded = “prefolded” = folded) kinetic mechanism,
whereby crowding is able to manifest itself via both enthalpic
and entropic changes in the thermodynamics, in addition to
recapitulating the physically correct kinetic and thermody-
namic basis for PEG-promoted lysine riboswitch folding.

5. SUMMARY AND CONCLUSIONS

We use the single-molecule FRET methods to characterize the
ligand-induced RNA folding motif in response to common
crowding agent PEG, for which PEG promotes the overall
RNA folding by increasing kg;y and decreasing ky,soq
simultaneously. With detailed kinetic analysis, we find the
most prominent PEG effect is to facilitate the lysine binding
and thereby promote the overall structural change of the
riboswitch. Such kinetic effects are consistent with a simple
physical picture of repulsive interactions between PEG and the
surface of the riboswitch and/or lysine. However, the reduced
exothermicity and entropic penalty for folding observed in the
temperature-dependent studies suggests that PEG preferen-
tially solvates the unfolded state because of its larger surface
area.*® Such a discrepancy suggests the PEG effects cannot be
simply understood by the very common physical picture of
purely “repulsive” solute—biomolecule interactions. Further
motivated by additional structural information from small
Eprgpr shifts, we therefore propose a simple physical model with
an additional “pre-folded” low Epggy state that nicely accounts
for both the thermodynamic and kinetic findings. In the model,
PEG prearranges the unfolded conformation of the riboswitch
and shifts the Epggr to slightly higher values, as evidenced in
our single-molecule Egppgr trajectories. From our kinetic
analysis, we find the more fold-like, but the ligand-free
riboswitch has a much higher tendency to bind a lysine
molecule and proceed to fold. On the other hand, the partially
formed riboswitch structure also reduces the folding
exothermicities and entropic penalties, as seen in the
temperature-dependent studies. Furthermore, the proposed
three-state model provides an alternative mechanism for purely
entropic crowding to induce secondary changes in the overall
RNA folding enthalpy that are consistent with experimental
observation. Although this will require confirmation by
additional single-molecule temperature-dependent studies,
the net effect is an extension of simple excluded volume
models that can correctly predict both entropic and enthalpic
contributions to the crowding process occurring in the cellular
environment.
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