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ABSTRACT: Dissipation and friction influence the conformational dynamics of
biological polymers as they traverse barriers on rugged free energy surfaces. It is
well established that the “speed limit” for macromolecular folding is dictated by a
combination of (i) solvent friction, which depends on solvent viscosity, 7, and (ii)
internal friction, which is independent of solvent and depends solely on the
molecular folding pathway. In this work, single-molecule Forster resonance energy
transfer (FRET) confocal spectroscopy is used to study viscosity-dependent
folding kinetics of an isolated RNA tertiary motif, that of the GAAA tetraloop
receptor, allowing both solvent and internal frictional contributions to be
investigated and extracted independently for both flexible PEG- and RNA-based
(rU7, rA7) linkers in the unimolecular construct. Specifically, our single-molecule
data reveal that (i) folding rate constants scale linearly with the inverse solvent
viscosity (1), which supports Kramers’/Grote—Hynes’ rate theory for #-
dependent RNA folding and that (ii) they provide quantitative upper limits for
the intrinsic viscosity, [#,, & 0.1(2) cP], arising from internal friction associated with folding/unfolding of an isolated RNA
tertiary interaction. Furthermore, in contrast to strong viscosity-induced shifts in the folding/unfolding rate constants,
temperature-dependent studies demonstrate that the enthalpic, entropic, and free energy contributions to the transition state
barrier are largely insensitive to the solvent viscosity. This supports a very simple picture for the conformational kinetics of
isolated RNA tertiary interactions wherein rate constants for folding/unfolding are both inversely dependent on viscosity and
limited by diffusional access to the transition state region on a multidimensional free energy surface. Particularly under cellular
conditions, where 7., > 1 cp, this suggests that RNAs fold/unfold at a “speed limit” dictated by solvent viscosity and transition-
state barrier thermodynamics rather than internal molecular friction.

1. INTRODUCTION corresponding solvent and/or internal frictional effects
associated with RNA folding.'” One particularly relevant
aspect is that the dynamics of RNA folding are generally
found to be hierarchical, with secondary structures (loops and
helices) forming on much faster time scales (~107¢ s) than
tertiary structures (long range loop—loop and loop—helix
interactions, ~107* to 10° s). In this regard, the role of
frictional effects for RNA could be quite different for different
aspects of this hierarchy, and in particular, it is currently
unclear how solvent friction versus internal friction might
contribute to the dynamics of either secondary or tertiary
structure formation.

This work systematically explores the influence of solution
viscosity on RNA tertiary conformational kinetics at the single-
molecule level. Specifically, these studies permit the
deconstruction of contributions from both solvent and internal
friction in the folding/unfolding of an isolated, single tertiary

In the cell, RNAs fold and unfold continuously in a complex
heterogeneous solution containing other macromolecules (e.g.,
proteins and nucleic acids), inorganics (e.g, K*, Na*, Mg**,
CI7, and HCO;"), and small co-solutes (e.g., amino acids,
NTPs, cofactors, and vitamins), all of which influence the free
energy surface.' ~ The conformational rearrangements of such
a polymer, resulting in folding and unfolding transitions, are
thermally driven by Brownian motion and are expected to
exhibit diffusive dynamics on a low dimensionality free energy
surface (see Figure 1). Because of this diffusive exploration of
conformational space, the kinetics of RNA folding/unfolding
will naturally depend explicitly on the solvent friction.
However, this may not be the only source of dissipation.
Internal friction, for example, due to polymer rearrangement
on a rough free energy landscape may also affect these
dynamical processes, thus slowing the folding kinetics.””
Indeed, for proteins, such polymeric internal chain friction
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Figure 1. Schematic 1D free energy surface for folding dynamics of
single-molecule tetraloop—X—receptor RNA constructs, where X
represents a flexible polymer linker of either ethylene glycol, rU, or rA
repeat subunits. In the spirit of Kramers’ theory, r represents a 1D
simplification of a highly multidimensional reaction coordinate
describing proximity/orientation between the tetraloop/receptor,
with @, and o, indicating real and imaginary frequencies associated
with the unfolded and transition-state geometries, respectively.'® In
Kramers’ theory, the GAAA-tetraloop, linker, and receptor moieties
diffusively search through a multidimensional rough free energy
landscape in order to achieve the requisite transition state
conformation, which can give rise to an additional viscosity intrinsic
to the polymer construct and further slow down the folding rate
processes. This is consistent with the rate constant k scaling inversely
with the effective viscosity 7.4 given by a sum of solvent (7,) +
internal (7,,,) viscosities of the RNA construct.

interaction (GAAA tetraloop—receptor construct). The the-
oretical framework for this investigation is based on Kramers’
pioneering development of barrier transmission kinetics in a
dissipative medium'® and extensions of this theory by Grote
and Hynes'*™*’ to incorporate effects due to time/frequency
dependent friction and multiple reactive and nonreactive
coordinates. In the context of these theories, the rate of
passage over a harmonic barrier arises from a particle
undergoing Brownian diffusion in a harmonic potential (see
Figure 1), which is derived from a multidimensional free
energy surface with friction provided by a continuum
solvent.'®** In this formulation, the rate of folding is given
by kigq = kk™, where k is the transmission coefficient for
barrier crossing and k™ is the unimolecular rate constant
derived from the transition-state theory [ie., k™ = v
exp(=AG¥/kT)]. In this expression, the prefactor, v = w/
(27), is the “attempt frequency” for motion along the reaction
coordinate in the vicinity of the reactant minimum, while AG¥
represents the transition-state free energy barrier. If one
neglects frequency dependence in the solvent friction, the
Grote—Hynes expression for x is given self-consistently by

K= 1/(K + [Z:/ﬂa)TST]) (1)

where { represents the frequency-independent frictional force
per unit velocity, @wrgr is the imaginary frequency of the
transition state barrier, and y is the effective mass for progress
along the folding coordinate. In the limit of low solvent friction
(¢/p < wrgr), eq 1 yields k* ~ 1, and therefore, one recovers
the standard transition-state theory result, that is, k¢q & k™
Conversely, in the limit of high solvent friction ({/y > wrgr),
the transmission coeflicient is predicted to scale inversely with
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frictional drag (k & pwrgr/{), which yields a rate constant for
folding given by

kg = (Horpsr/2aL) exp(=AGH/KT) 2)

For any quantitative comparison with the experiment, one
must also stipulate a connection between the microscopic
frictional coefficient ({) and macroscopic viscosity (77), which
in general will depend on details of a given theoretical model.
For example, if we consider the simplest Stokes law treatment
for viscous drag on a sphere of effective radius R (ie, { =
67R7), the rate constant expression becomes

kg = Kk = [pwrgr/(122°7R)] exp(—AGH/KT)  (3)
which directly predicts an inverse dependence of folding rates
on the solvent viscosity. Simply stated, Kramers’ and Grote—
Hynes’ theory offer, via eq 3, explicit expectations for the
viscosity dependence of the elementary rate process in
conformational folding/unfolding of RNA, which can be
tested by studying the folding kinetics of an isolated RNA
tertiary interaction using single-molecule techniques.’

As mentioned previously, however, additional dissipative
mechanisms may contribute to the folding kinetics, including
friction within the polymer chain itself. Indeed, the role of such
internal friction in establishing a “speed limit” for protein
folding has been well documented, as first demonstrated by
Eaton and co-workers,”*>*¢ with major theoretical and
experimental contributions by the groups of Szabo, Wolynes,
Schuler, Gruebele, Thirumalai, and others.”**>71%*773¢ Gince
that time, numerous studies have explored effects due to
internal friction in polymer folding, with plots commonly made
of the relaxation lifetime (¢ = 1/k) versus solvent viscosity
(Meoty)->~"" In the context of such an analysis, extrapolation of
this relaxation lifetime to 7., = O allows one to extract an
effective intrinsic viscosity arising from internal friction within
the polymer, as well as the time scales for folding at the viscous
“speed limit.”>7310343537

In the present work, we directly test Kramers’/Grote—
Hynes’ theory by applying it to viscosity-dependent RNA
folding kinetics measured using single-molecule Forster
resonance energy transfer (smFRET). In particular, this
analysis is used to extract information on contributions from
both solvent and internal friction. First, we find that both k¢4
and kg for three RNA constructs are systematically slowed
by increasing viscosity, in agreement with the 1/# dependence
predicted by Kramers’/Grote—Hynes’ theory. Second, these
viscosity-dependent changes in the forward/reverse rate
constants are, within experimental uncertainty, perfectly
proportional and in the same direction, which results in a
viscosity-independent equilibrium constant, K., and folding
free energy, AG®. Third, the temperature-dependent single-
molecule kinetic data reveal that changes in the solvent
viscosity influence neither enthalpic nor entropic contributions
to the overall folding free energy, but instead simply increase
or decrease the frequency with which the RNA attempts to
cross the transition state barrier. Finally, we quantify the
magnitude of solvent-independent contributions to the folding
speed limit by analyzing plots of 1/k versus 7 for the isolated
tetraloop—receptor constructs, which indicate negligibly small
effects due to internal polymer friction. Most importantly, the
absence of an internal “speed limit” for the folding of an
isolated RNA tetraloop receptor tertiary interaction establishes
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an important precedent and stimulus for future RNA folding
studies.

2. MATERIALS AND METHODS

2.1. RNA Construct and Reagents. The isolated GAAA
loop—receptor RNA construct is assembled by annealing
together three pieces of RNA purchased from IDT (Coralville,
IA): (i) a DNA surface tether strand, 5'-biotin-CGC ACT
CGT CTG AG-3, (ii) a CyS-labeled helix strand, 5'-CyS-
GCC GAU AUG GAC GAC ACG CCC CUC AGA CGA
GUG CG-3/, and (iii) a Cy3-labeled tetraloop-linker-helix
strand, 5’-Cy3-GGC GAA AGC C-X-CGU GUC GUC CUA
AGU CGG C-3', where X is a EG, rU,, or rA; linker and the
subscripts refer to the number of ethylene glycol, rU, and rA
subunits. Though the main focus of this work is on the
docking/undocking dynamics of the GAAA tetraloop receptor,
the use of both polymeric EGq, rU,, or rA; and RNA-based
(rU7 and rA7) linkers permits us to additionally explore the
influence of a flexible, nonbiochemical versus ribonucleic acid
linker on the viscosity-dependent folding dynamics. The three
assembled constructs (TLR1, TLR2, and TLR3 for X = EGy,
tU,, or rA, respectively) have been used directly without
turther purification. Figure 2 shows the sequence, secondary
and likely tertiary structure of the FRET-labeled constructs
with a TLR1 (i.e., EGg) linker.
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Figure 2. Schematic of the three-strand construct (with X = EGg)
designed to explore viscosity-dependent folding and unfolding in an
isolated tetraloop—receptor tertiary interaction in a single RNA. The
left-hand side illustrates the secondary structure of the unfolded state,
with the approximate folded 3D structure of the tetraloop—receptor
tertiary interaction shown in the right-hand side. This 3D structure
also highlights the greater proximity of the donor and acceptor
moieties and the increase in the Eppgpr value achieved upon folding.

Samples are prepared for imaging by creating a channel
between two pieces of a double-sided tape, sandwiched by a
glass slide and a methanol-cleaned coverslip. The channel is
flushed with a 10:1 mixture of BSA/BSA-biotin at ~1 mg/mL
total protein concentration, followed by streptavidin (~0.1
mg/mL), and lastly, an RNA construct at ~100 pM dilution.
To image, the sample is flushed with a solution that contains
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the following: (i) SO mM HEPES buffer (pH 7.5), (ii) 100
mM NaCl and 0.1 mM EDTH, (iii) 2 mM Trolox (9-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid), (iv) ~0.1 mg/
mL protocatechuate 3,4-dioxygenase, ~10 mM 3,4-dihydrox-
ybenzoic acid to catalytically remove oxygen, and (v) glycerol
(0—50 v/v % with in SO mM buffer) to achieve the desired
solution viscosity.

2.2. Confocal Imaging. The surface-immobilized mole-
cules are imaged with a home-built confocal microscope that
has been described in detail elsewhere.”®*” The samples are
illuminated with 532 nm light from a pulsed Nd:YAG laser
focused to a diffraction-limited spot by a 1.2 NA water
immersion objective. The fluorescence from single dye-labeled
RNAEs is collected through the same objective, focused through
a 50 ym pinhole and split by both polarization and color into
donor (Cy3) and acceptor (CyS) channels with dichroic
mirrors (645 nm) prior to being detected on separate
avalanche photodiodes, where the arrival time of every photon
is recorded using time-correlated single photon counting
methods. Background correction, calculation of Epggr, and
analysis of the dwell time distributions are performed with
software written in-house. For each rate constant measure-
ment, Epper trajectories for this exclusively 2-state folding
system are analyzed by establishing a threshold between high
and low Egpgr states. The time duration a molecule spends in
each state (i.e., Tryg O Tyueq “dwell times”) is tabulated and
integrated to generate cumulative distribution functions
(CDFs) that describe the probabilistic decay from one state
into the other. These CDFs are well described by a single
exponential function, fits to which yield kgq and kg
respectively. For temperature-dependent measurements, the
microscope stage and objective are both heated to a desired
temperature (20—3S + 0.5 °C) usin% commercially available
heaters with PID servo loop control.””*!

One important concern is whether the tethering of the RNA
constructs to the coverslip surface might interfere with the
folding dynamics and energetics. By way of testing for (and
ruling out) such effects, we have performed multiple single-
molecule studies of this tetraloop receptor construct, as a
function of monovalent (Na* and K'), divalent (Mg®" and
Mn?**), and trivalent ion (Fe**) concentrations,"”** as well as a
function of different flexible tether composition/length choices
and temperature conditions.””**** In no case have we seen
evidence for effects on the unimolecular rate or equilibrium
constants due to the choice of surface immobilization. We have
also extensively tested our constructs using single-molecule
burst methods under freely diffusing conditions, which
eliminates the surface tethering process entirely.”” Most
importantly, the burst methods permit us to measure the
equilibrium constants directly, which are in excellent agree-
ment with the ratio of the rate constants measured under
tethered conditions.

3. RESULTS

3.1. Folding Kinetics for RNA Tertiary Structure
Formation Depends Strongly on Viscosity. We first
explore the folding kinetics in the absence of additional
viscogen. As shown in Figure 3 (upper panel), we plot the
temporal evolution of the red (acceptor) and green (donor)
photon arrivals, summed into 8 ms bins. These red/green
intensity ratios can be readily converted into a time-dependent
Epger value, as plotted in the middle panel of Figure 3. Most
importantly, the time-dependent Eppgr values demonstrate a

DOI: 10.1021/acs.jpcb.8b04014
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Figure 3. Sample single-molecule data for folding/unfolding episodes
in the tetraloop—EGg—receptor (TLR1) construct in the absence of
added glycerol. The binned intensities of donor (green) versus
acceptor (red) photon counts are shown versus time in the upper
panel, with the corresponding Eppgr trajectory plotted versus time in
the middle panel, which indicate clear switching between a low and
high FRET state. Log-linear plots of the cumulative probability
distributions for the folding and unfolding dwell times are
summarized in lower left and right panels, respectively. The single
exponential nature of these plots is indicative of the two-state folding
nature of the tetraloop—receptor construct.

clear two-state switching behavior between high and low FRET
values, with the distribution of time windows consistent with
conversion between folded and unfolded states occurring on
the 10—100 ms time scale. This is demonstrated more
quantitatively in kinetic plots of the cumulative probability
distributions versus time (lower panel, Figure 3), which reveal
purely single exponential decays in both the folding and
unfolding directions.

With two-state folding behavior clearly established, the effect
of solvent viscosity on the folding and unfolding kinetics of
these RNA constructs has been systematically explored by
adding glycerol to aqueous solutions.** Sample Eppgr
trajectories for the tetraloop—EGg—receptor construct (i.e.,
TLR1) are shown in Figure 4A for 0 and 40% glycerol by
volume (v/v). Relative to pure aqueous conditions, the dwell
times in both the folded (744, Egger = 0.7) and unfolded
(Tunfol Eprer = 0.3) conformations increase with glycerol
fraction, corresponding to a decrease in both k.4 and ke
respectively. Despite this strong sensitivity in the folding/
unfolding dwell times to viscosity, it is worth noting that the
cumulative FRET histograms derived from these trajectories
(rightmost panel, Figure 4A) exhibit negligible change in the
equilibrium constant [K, oq R 9(1)] over the full range of
glycerol conditions. A similar insensitivity in K. to solution
viscosity has also been demonstrated in Figure S1 for single-
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Figure 4. (A) Sample Epggr trajectory data for binary folding/
unfolding kinetics of the TLR1 (X = EGg) construct, which clearly
reveal a dramatic slowing with increasing glycerol fraction. Time-
integrated histograms of these trajectories (right side of panel A)
reveal only negligible changes in K., which implies AAG® % 0, that is,
no preferential interactions between glycerol and the folded/unfolded
conformations of the RNA. (B) CDFs for folded/unfolded dwell
times indicate simple unimolecular exponential decay kinetics. Note
that both folding/unfolding rate constants decrease by the same factor
with added glycerol, which allows K., = kga/Kynfla to remain
constant, as evident in the right-most panels of (A).

molecule GAAA tetraloop receptor constructs with the
biochemically more relevant nucleic acid linkers (rU, and
rA;). This is consistent with predictions from Kramers’ and
Grote—Hynes’ theory, whereby viscous drag in the high
friction limit slows diffusional access to the transition state
without influencing the relative stabilities of “reactants”
(unfolded) and “products” (folded).

A more quantitative illustration of how glycerol alters the
folding rate constants is shown by CDFs in Figure 4B. Such
CDFs describe the decay from one state into the other, with
the rate constants for folding and unfolding determined by
single exponential fits to the 7,4 and 7¢,1q CDFs, respectively.
For example, the addition of 40% glycerol extends the CDFs
for the TLR1 construct (X = EGg) to significantly longer time
scales (see Figure 4, lower right). This dramatic slowing of the
kinetics is summarized in Figure S, where kgq and ky,gq for
the TLR1 constructs are plotted as a function of glycerol
volume fraction (v/v). In both folding and unfolding
directions, the rate constants systematically decrease with
increasing glycerol volume fraction and thus solution viscosity.
It is worth noting for later discussion that the dashed gray lines
are not least-squares fits to the data, but rather represent
simple predictions from Kramers’/Grote—Hynes theory
corresponding to an exact 1/7 scaling of the normahzed rate
constants with respect to the solution viscosity.”

This analysis can be taken one step further in Figure 6 by
calculating (i) equilibrium constants (K, o red circles, left hand
side) and (ii) folding free energies [AG° —RT ln(K /K, ),
blue circles, right hand side] at each glycerol volume fractlon
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Information (Figures S1 and S2).
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Figure 6. Plots of the RNA folding/unfolding equilibrium constants
(K.q red circles, left) and the overall free energy changes (AG®, blue
circles, right) as a function of the glycerol concentration for the TLR1
construct. The flatness of the lines for both K., and AG® indicate
negligible shifts in the overall free energy for folding with added
glycerol. Note that this does not imply a complete lack of interaction
between glycerol and RNA, but simply that the shifts must be
equivalent for both the folded vs unfolded states of the RNA
construct. Similar glycerol-dependent K, and AG® data for the series
of RNA constructs can be found in the Supporting Information
(Figure S1B,C).

As noted in the abovementioned discussion, both of these
physical parameters should be independent of solution
viscosity in the high friction limit of Kramers’/Grote—Hynes’
theory. Indeed, although the K, values vary by more than an
order of magnitude between the three different RNA
constructs [see Figure S1 for summary data on each of the
X = EGg, rU,, and rA, (TLR1,2,3) constructs], the glycerol
dependences for each construct are very well described by
horizontal lines with zero slope and largely independent of the
biochemical (rU, and rA,) versus nonbiochemical (EGg)
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nature of the linker. Similarly, the glycerol-dependent plot of
AG® in Figure 6 (blue circles) clusters around a constant value,
again in good agreement with theoretical predictions. In
summary, the single-molecule kinetic data are consistent both
with (i) the predictions from the high friction limit of Kramers’
and Grote—Hynes’ theory (eqs 1—3) and (ii) the viscosity-
independent equilibrium Egggr histograms in Figure 4A.

3.2. RNA Folding Speed Limits by Solvent and
Internal Friction. The 1/5 scaling of the rate constants due
to solvent friction ({,,;,) and viscosity (,,,) is consistent with
Kramers™ theory and provides support for a simple physical
picture of 1D diffusive molecular motion across a barrier
derived from a free energy surface with many more degrees of
freedom. However, the intrinsic viscosity (#;,) resulting from
internal friction ({;,) within the RNA polymer chain might
also be expected to slow folding/unfolding kinetics. To explore
such effects, we specifically define the “effective viscosity” as
the sum of solvent and intrinsic contributions (7.4 = % +
Mine) and argue from Kramers’ theory that the experimental rate
constant k., for folding/unfolding should also scale inversely
with this effective viscosity for the experimental process. This
implies

Tep = 1/k

= Cneff = c{’/Isolv + nint} (4)

where the constant of proportionality is C = (122°R/pwrsr)
exp(AG*/kT). As predicted from eq 4, a plot of 1/key, versus
Nsoly should therefore yield a straight line with slope, m, and
intercept, mi,,,, with an intercept/slope ratio (m#n,/m = 1y,
corresponding to the intrinsic viscosity arising from internal
friction within the RNA construct. Such analyses of the folding
and unfolding kinetic data for the TRL1 (X = EGg) construct
are displayed in the upper and lower panels of Figure 7,
respectively, with the full set of kinetic data for all three linker
constructs summarized in Figure S2. Least-squares fits of kgq
versus 1/ data yield a series of straight lines that pass through
the origin and are consistent with a negligible intrinsic
viscosity. A more quantitative estimate of these intrinsic
viscosities is obtained from the intercept/slope ratios, which
are all experimentally indistinguishable from zero within
uncertainty and yield 7, = —0.16(25), 0.11(2S), and
—0.09(25) cP for linkers X = EGg, rU,, or rA,, respectively.
This implies that the folding and unfolding rate constants for a
simple yet biologically ubiquitous RNA tertiary interaction
must be dominated by solvent viscosity, with negligible
contributions due to internal friction arising from the intrinsic
molecular properties of the construct and the adjoining linker.
Alternatively stated, the folding/unfolding kinetics are well
described by Kramers’/Grote—Hynes’ theory, with a kinetic
“speed limit” dominated by solvent friction in any solution
with a solvent viscosity in excess of 7, ~ 0.1(2) cP. This
condition is certainly satisfied, for example, in the cellular
cytoplasm, because water at room temperature already has a
viscosity of #7,, & 1.0 cP even in the absence of contributions
due to added solute.”’

3.3. Temperature-Dependent Viscosity Effects. As
demonstrated above, increasing concentrations of glycerol
induce significant shifts in both the folding and unfolding rate
constants for the ubiquitous tetraloop receptor RNA tertiary
interaction, which counterbalance each other so as to maintain
the same free energy difference (AG°) and the overall
equilibrium constant. For additional insight into the underlying
thermodynamics, we have determined these kinetic and
equilibrium RNA folding properties over a range of temper-
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Figure 7. Kinetic plots of the folding (upper panel) and unfolding
(lower panel) unimolecular rate constants for the TLR1 construct as a
function of the inverse solvent viscosity. From Kramer’s and Grote—
Hynes’ theory in the high friction limit, such a plot should reveal
contributions due to intrinsic friction of the polymer (1, given by
the slope to intercept ratio. The excellent linear fits to the data with
zero intercepts (gray dashed lines) indicate that the intrinsic friction
for this construct is zero within experimental uncertainty. Similar data
for the full series of RNA constructs can be found in the Supporting
Information (Figures S1A and S2).

atures in either pure aqueous or water—glycerol solutions.
Most critically, such temperature-dependent experiments
permit one to deconstruct both the overall and transition-
state free energies each into corresponding entropic and
enthalpic contributions. By way of example, Figure S3 displays
a van’t Hoff plot of In(K,y) versus 1/T for TLR1 at 0, 30, and
50% glycerol, for which the slope (—AH°/R) and intercept
(AS°/R) reflect the overall enthalpic and entropic differences
associated with the conformational equilibrium. Fits to the
three data sets yield the same slopes within the experimental
error, consistent with an exothermic release of heat (AH® ~
—23(2) kcal/mol) upon folding, which is partially offset by a
negative change in entropy (AS° &~ —70 to —79 cal/mol-K).
The observed exothermicity is quite reasonable based on an
overall formation of multiple hydrogen bonds and stacking
interactions in the tetraloop—receptor tertiary construct.
Similarly, the negative entropy change is consistent with a
greater ordering in the folded tetraloop receptor construct
versus the dissociated unfolded tetraloop and receptor
moieties. These thermodynamic values also agree with
previous studies of the tetraloop—receptor construct (AH°
—23.9(9) kcal/mol, AS® = —80(3) cal/mol:‘K) measured
under similar solution conditions.*"***

To extract additional information on the transition-state
thermodynamic parameters, we can exploit Arrhenius analysis
to perform similar temperature-dependent studies for the
folding/unfolding rate constants

k(T) = A exp(—AH,,/RT)

©)

ct
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which predicts a linear dependence of In(k(T)) on 1/T with a
slope of —AH,./R. Sample Arrhenius plots for TLR1 are
displayed in Figure S4 for the folding/unfolding rate constant
(kgia) at 0, 30, and S0% glycerol concentrations. The raw
experimental data in the upper panels of Figure S4 exhibit
three parallel lines vertically offset from one another, which is
consistent with the activation energy for folding/unfolding
being insensitive to an increase in the glycerol concentration.
This suggests that the unfolded and folded states of the RNA
do not form preferentially differential interactions with
glycerol. However, the corresponding pre-exponential factor
intercepts [i.e., In(A)] in Figure S4 do shift significantly with
added glycerol, as also expected because of the higher solvent
viscosities and longer diffusional time scales associated with an
increasing glycerol fraction.

It is important to note, however, that there is also a strong
temperature dependence in the solvent viscosity by itself,
which we have ignored thus far but for which we can easily
make a quantitative correction. From eq 3, we can rewrite the
rate constant in terms of thermodynamic parameters of the
transition state

kia(T) = k(T)[wrgr/27] exp(AS*/R) exp(—AH*/RT)

(6)
where (T) is the transmission coefficient, AH¥ (AS¥) is the
barrier enthalpy (entropy), and vrgr = @rep/27 is the

“attempt” frequency for displacement from the unfolded
conformation toward the folding transition state. In the
context of Kramers’/Grote—Hynes™ theory, this transmission
coeficient k(T) will vary strongly with temperature, primarily
because of changes in the solvent viscosity, which we can
directly take into account by scaling the observed rate
constants by 7(T). Specifically, a plot of In(kgq#(T)) versus
1/T is expected to yield a straight line with slope (-AH*/R)
and intercept (In[uwrsr(T)/1272°R] + AS*/R) characterizing
the transition-state barrier for folding.

These viscosity-corrected plots are presented in the lower
panel of Figure S4, which reveal kinetic data for the TLR1
construct at three glycerol concentrations (0, 30, and SO v/v
%) and all temperatures. The nearly overlapping nature of
these curves simply confirms that the transition-state enthalpy
for folding/unfolding events is insensitive to the glycerol
fraction, that is, AAH¥ ~ kcal/mol. A similar behavior is also
observed for the van’t Hoff plots in Figure S3, which implies an
absence of an appreciable differential enthalpic interaction
between glycerol and water for unfolded, folded, or transition-
state conformations of the three different RNA tertiary
constructs. Furthermore, the fact that the corrected curves in
Figure S4 (lower panel) become nearly superimposable also
indicates that the corresponding entropy differences between
the folded/unfolded and transition states must also be
insensitive to glycerol content, that is, AAS* & units. Once
again, all the single-molecule kinetic results are consistent with
Kramers’/Grote—Hynes’ theory in the high friction limit,
whereby the rate constant for folding/unfolding is dominated
by solvent viscosity. Alternatively stated, solvent viscosity
directly influences the frequency with which the different
conformations of the tetraloop—receptor construct are
sampled, but for the ubiquitous tetraloop receptor RNA
tertiary interaction, increasing solvent viscosity with glycerol
leaves the thermodynamic parameters of the transition-state
barrier unchanged.
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4. DISCUSSION
4.1. RNA Tertiary Folding is Diffusive. In the previous

sections, the viscosity dependence of tetraloop—receptor
folding/unfolding kinetics has been analyzed in the context
of Kramers’ rate theory, which was based on diffusive
exploration of conformational space along the reaction
coordinate. Because the GAAA tetraloop is connected to the
larger 11 nt receptor through a flexible tether [either polymeric
(EGg) or nucleic acid (rU,, rA;) based], the folding reaction
coordinate can effectively be visualized with reduced
dimensionality as slow diffusional sampling of the relative
orientation and spatial separation of the tetraloop and its
receptor over a physical region limited by the length of the
linker. One explicit prediction from Kramers’ theory is
therefore a 1/n dependence for both folding and unfolding
processes, which is empirically confirmed at the single-
molecule level by tuning the solvent viscosity with glycerol,
as shown in Figures 4 and S. Note that while a diffusional
approach to the transition state might be easily rationalized as
a mechanism for folding, it is less obvious that the unfolding
rate constant must also be inversely dependent on solution
viscosity. However, a reverse diffusional approach to the
unfolding transition state from the folded conformation
requires the breaking of many hydrogen bonds formed in the
tetraloop—receptor complex. This process requires the
tetraloop center of mass to be displaced from the receptor,
which from Kramers’ theory would provide a natural
motivation for the inverse viscosity dependence observed
experimentally. We note that this is also in good agreement
with model protein studies by Thirumalai and co-workers,
which found an inverse dependence of the folding rate
constants on the solution friction under high viscosity
conditions.***>**

A second direct prediction of Kramers’/Grote—Hynes’
theory is that K, (and therefore AG®) should be invariant
with respect to viscosity and thus AAG® = 0. This arises simply
from the fact that K., = kgja/kunfoiwr both of which have an
identical 1/ dependence on viscosity (eq 2). Indeed, the data
in Figure S are in excellent agreement with this prediction, as
evident in the AG® values plotted in Figures 6 and S1, which
are flat, scattered around a single energy value (horizontal gray
dashed line) and indicate negligible preferential thermody-
namic interaction between glycerol and either the folded or
unfolded states.

4.2. Temperature/Viscosity-Dependent RNA Tertiary
Folding. We can take this equilibrium analysis one step
further by introducing temperature as an independent
experimental variable. Specifically, van’t Hoff analysis of the
temperature-dependent equilibrium data (Figure S3) permits
one to independently deconstruct the free energy change
(AG®) into its enthalpic (AH°, slope) and entropic (AS°,
intercept/R) contributions. There should be no dependence of
these thermodynamic parameters on dynamical properties such
as viscosity, provided one can neglect preferential interactions
between glycerol and the folded and unfolded conformations
of the RNA constructs. Indeed, the experimental results are
consistent with this expectation, with fits to the data in Figure
S4 yielding identical enthalpic changes within experimental
uncertainty.

Because the folding/unfolding rate constants change 5—10
fold as a function of glycerol content, it is less obvious from an
Arrhenius perspective that the transition-state barrier en-
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thalpies and/or entropies should be similarly viscosity-
independent. Indeed, the Arrhenius plots of In(k) versus 1/T
(shown in Figure S4 upper panels) reveal strong parallel shifts
downward with increasing glycerol content, which, though still
consistent with negligible change in the transition-state
enthalpy, could imply a decrease in the transition-state
entropy. The simplest explanation for this decrease is that
the dynamical effects in a thermodynamic formulation of the
transition-state theory are captured in the attempt frequency,
@(T), which for Kramers’ 1D diffusional approach to the
transition state varies inversely with solvent viscosity. Indeed,
we were able to correct for this exactly by plotting In[kgq o
unfold?(T)] versus 1/T, thereby taking into account the strongly
activated temperature-dependent viscosity. As seen in Figure
S4 (lower panels), the data sets now are essentially
superimposable. In other words, the free energy barrier heights
(AGFq and AGY, () in the folding/unfolding direction do not
change with increasing viscosity. Instead, the rate processes
associated with conformational search and free diffusion to the
barrier-crossing region are each slowed equivalently, resulting
in a balanced reduction in kg and ke as experimentally
observed in Figures 4 and S.

4.3. Tertiary RNA Folding at the Viscous “Speed
Limit”. As alluded to previously, plots of 1/k versus 7, can
yield more detailed information about the two-state folding
process. In the case of the three linkers investigated in this
work, the plots in Figure 7 (X = EGg4) and Figure S2 (X = rU,
and rA;) each yield straight line fits with intercepts very close
to the origin. This result implies that there is no significant
contribution to folding kinetics due to internal friction.
Although the internal frictional contributions for RNA folding
therefore appear to be vanishingly small for all three constructs,
the slopes (in cP/s) for the folding/unfolding rate constants do
differ significantly (see Figure S2). For the solvent viscosity
dependence of the folding rate constant, for example, the
reciprocal slope values increase nearly 6-fold between X = EG¢
[26.3(2) cP/s], X =rU, [11(3) cP/s] and X = rA, [4.6(2) cP/
s], where the larger number implies a lower sensitivity to
viscogenic effects.

Such trends stand in clear contrast with the unfolding data
(see Figure S2), where the kinetic differences between the
three linker constructs prove to be less than 30%. The greater
similarity in the viscosity-dependent unfolding data suggests
that only relatively modest multidimensional diffusion of the
GAAA tetraloop and receptor is required to achieve the
unfolding transition state. These data are therefore all in
agreement with an enthalpically “late”, compact transition state
for folding (or an “early” transition state for unfolding) with
the tetraloop in close proximity to the receptor, yet with few
stabilizing interactions formed (or remaining).

As a final observation, instead of probing the viscosity-
dependent kinetics of the GAAA tetraloop receptor tertiary
interaction in a unimolecular construct, it could in principle be
an interesting experimental control to explore the correspond-
ing single-molecule docking/undocking kinetics in a purely
bimolecular construct, for example, with a single GAAA
tetraloop moiety freely diffusing up to a single tetraloop
receptor tethered to the cover slip. Indeed, because the
corresponding bimolecular kinetics is likely to proceed via rate
constants dominated by diffusion, one might again predict a
strong inverse sensitivity to viscosity and thus a linear plot of
the docking rate constant ky, versus 1/5 with zero intercept.
Unfortunately, this is precisely the same kinetic dependence on
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viscosity exhibited by each of the unimolecular GAAA
tetraloop receptor constructs, which is what would make it
hard in such experiments to distinguish between frictional
contributions due to (i) free diffusion of the GAAA tetraloop
with respect to the tetraloop receptor and (ii) eventual docking
formation of the tertiary motif. In this regard, it is worth noting
that the 6-fold differences in slopes cited above (Figure S2)
clearly correspond to constructs with an identical tetraloop—
receptor interaction. These slopes differences must therefore
report only on unimolecular diffusional effects associated with
polymeric (EGg) versus nucleic acid (rU, and rA;) linkers.
This corresponds to a sensitivity in the rate constant to
viscosity in the decreasing order of rA; > rU, > EG, which
would be in qualitative agreement with flexibility expectations
for nucleic acid versus simple PEG tethering of the tetraloop
and receptor. Most importantly, however, the experimental
observation (see Figure S2) of a linear dependence on inverse
viscosity with near zero intercept for each of these linkers
makes it clear that the folding rates can get very large at
sufficiently low viscosities. We thus conclude that the current
body of smFRET data supports a paradigm for folding of the
GAAA tetraloop receptor tertiary interaction motif at the
viscous “speed limit.”

5. SUMMARY AND CONCLUSIONS

In this work, we have used smFRET to measure the folding
kinetics of a ubiquitous RNA structural motif as a function of
solvent viscosity (7). The results are fully consistent with
Kramers’/Grote—Hynes’ theory for diffusion rate-limited
crossing over an effective 1D transition state barrier. Such
treatments predict the rate constants for both folding/
unfolding to vary inversely with #,,, as experimentally
observed, but with transition-state enthalpies, entropies, and
free energies insensitive to 7., which we also observe. We
consider the effects of an additional intrinsic viscosity (7. =
Nty + Mine), Which could arise due to roughness in the free
energy surface. Plots of keyq or unfold VEISUS 7], reveal that the
GAAA tetraloop—receptor exhibits negligibly small intrinsic
viscosities (#;,, & 0.1(2) cP) relative to cellular viscosities (77,1,
> 1.0 cP). The folding rate constants exhibit a viscosity
dependence that is sensitive to the linker composition (X =
EGg, rU,, or rA;), which suggests that folding process includes
not only diffusion of the GAAA tetraloop—receptor moiety but
also conformational search in the polymeric or nucleic acid
linker. By way of contrast, the relative insensitivity of the
viscosity dependence of the unfolding rate constants to linker
composition suggests that much smaller scale conformational
changes involving only the GAAA tetraloop and receptor are
necessary to access the unfolding transition state. Finally, the
small values of intrinsic viscosity [#;,; & 0.1(2) cP] compared
to typical cellular values (7, > 1.0 cP) imply that the folding/
unfolding kinetics of modular RNA tertiary interactions are
fully limited by solvent viscosity and take place at the viscous
“speed limit.” Similar linear plots of k¢yq or unfold Versus 1/7 with
near zero intercepts have been obtained for both flexible
polymer (EGg) as well as more biochemically relevant nucleic
acid linkers (rU, and rA;). The results provide valuable
additional support for a negligible contribution from internal
friction effects in the binding of the ubiquitous GAAA
tetraloop receptor tertiary motif itself.
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