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ABSTRACT: In light of the current models for an early RNA-
based universe, the potential influence of simple amino acids
on tertiary folding of ribozymal RNA into biochemically
competent structures is speculated to be of significant
evolutionary importance. In the present work, the folding−
unfolding kinetics of a ubiquitous tertiary interaction motif, the
GAAA tetraloop−tetraloop receptor (TL−TLR), is inves-
tigated by single-molecule fluorescence resonance energy
transfer spectroscopy in the presence of natural amino acids
both with (e.g., lysine, arginine) and without (e.g., glycine)
protonated side chain residues. By way of control, we also
investigate the effects of a special amino acid (e.g., proline) and
amino acid mimetic (e.g., betaine) that contain secondary or
quaternary amine groups rather than a primary amine group. This combination permits systematic study of amino acid induced
(or amino acid like) RNA folding dynamics as a function of side chain complexity, pKa, charge state, and amine group content.
Most importantly, each of the naturally occurring amino acids is found to destabilize the TL−TLR tertiary folding equilibrium,
the kinetic origin of which is dominated by a decrease in the folding rate constant (kdock), also affected by a strongly amino acid
selective increase in the unfolding rate constant (kundock). To further elucidate the underlying thermodynamics, single-molecule
equilibrium constants (Keq) for TL−TLR folding have been probed as a function of temperature, which reveal an amino acid
dependent decrease in both overall exothermicity (ΔΔH° > 0) and entropic cost (−TΔΔS° < 0) for the overall folding process.
Temperature-dependent studies on the folding/unfolding kinetic rate constants reveal analogous amino acid specific changes in
both enthalpy (ΔΔH⧧) and entropy (ΔΔS⧧) for accessing the transition state barrier. The maximum destabilization of the TL−
TLR tertiary interaction is observed for arginine, which is consistent with early studies of arginine and guanidine ion-inhibited
self-splicing kinetics for the full Tetrahymena ribozyme [Yarus, M.; Christian, E. L. Nature 1989, 342, 349−350; Yarus, M. Science
1988, 240, 1751−1758].

I. INTRODUCTION

Noncoding RNA has been found to play a key role in an ever-
widening array of biochemical processes critical in cellular
biology, including gene expression, gene modification, and gene
repair.1,2 A crucial part of the functional diversity of such
noncoding RNA lies in its ability to fold into compact and
biochemically competent structures, such as small interfering
RNA;3,4 larger structure-forming domains, such as ribos-
witches;5−75−7 and even much larger ribonucleoprotein
complexes, such as the ribosome.8−10 In each of these
processes, the strength and specificity of interaction between
RNA and proteins represent essential properties of biological
relevance.2 What makes this particularly interesting is that this
could not have always been the case, specifically in the early
evolutionary stages of life on earth.11−16 Indeed, in the RNA-
dominated world some 4 billion years ago, neither complex
proteins nor simple amino acid building blocks of proteins were
thought to be present.14 Instead, the simplest catalytic
processes were carried out by RNA-based enzymes (i.e.,

ribozymes), as first demonstrated in the pioneering work by
Cech and co-workers17 on self-splicing RNA in the
Tetrahymena group I intron. Recent studies on self-replicating
RNA strands inside vesicles also support this “RNA first”
concept.16,18−21

By way of comparison, introduction of amino acids into the
biosphere is thought to have occurred much later than that of
RNA,11,14,22 which eventually triggered evolution toward more
efficient protein-based enzymes and the domination of cellular
biology by the central dogma of genomic DNA → mRNA →
proteins. What makes this particularly interesting is that there
must have been considerable overlap of evolutionary epochs,
where biochemically active RNA ribozymes were continually
being exposed to simple amino acids and even small
polypeptide sequences. It is therefore not implausible and
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even quite likely that evolutionary pressure to develop the first
pathways for protein synthesis and the eventual predominance
of protein-based enzymatic activity would be based on the
influence of amino acids on RNA function. If this is indeed the
case, then the fundamental amino acid−RNA interactions and,
in particular, the way this interaction could be responsible for
steering biology from an RNA- to protein-dominated biological
machinery, would be of major evolutionary relevance.
The potential relevance of such RNA−protein binding

interactions has long been appreciated. In the early 1960s,
research with genetic coding by Woese23 and Orgel24 triggered
interest in the critical nature of the RNA−amino acid
interaction. Specifically, the crucial importance of RNA−
amino acid interactions was explored in the context of
ribosomal protein synthesis.25 More recently, researchers have
detected riboswitches with high specific affinities for amino
acids, which can trigger the folding of the overall riboswitch to
either promote or inhibit gene transcription. The methionine
riboswitch,26−28 lysine riboswitch,29,30 citruline aptamer,31 and
arginine riboswitch31,32 are but a few examples of such amino
acid specific binding RNAs. Indeed, the presence of amino acid
metabolite-based riboswitches could be considered additional
evidence for the evolutionary importance of RNA−amino acid
interactions.
Although several amino acid binding RNA sequences have

been identified,26−32 the role of amino acids in influencing the
folding kinetics is not well understood. An early experimental
clue to amino acid control of RNA enzymatic activity was
reported by Yarus and Christian33,34 in 1988, wherein they
detected a reversible amino acid binding site in the
Tetrahymena group I intron.33−35 Specifically, increasing
concentrations of L-arginine were reported to inhibit the self-
splicing catalytic activity of the Tetrahymena ribozyme.33−35

Such arginine-inhibited RNA splicing dynamics provided
intriguing first support for the potential importance of RNA−

amino acid interactions in the steering of actual biological
processes.
To date, researchers have obtained invaluable information

about the geometry and orientation of several RNA−amino
acid complexes using high-resolution three-dimensional imag-
ing techniques36−39 and quantum mechanical ab initio
calculations.40−42 However, these results crucially do not
provide kinetic and thermodynamic data relevant to RNA
folding and unfolding. Specifically, RNA is highly dynamic, and
consequently, its biological function depends on time-depend-
ent conformational changes.43,44 Therefore, to elucidate the
potential effects on RNA biofunctionality, it is of special
importance to systematically explore the single-molecule kinetics
of RNA folding−unfolding in the presence of amino acids.
Moreover, amino acids could influence either secondary or
tertiary RNA structure formation, which is especially relevant,
as RNA folding is hierarchical, distinguished by fast secondary-
structure formation (μs to ms), followed by tertiary folding on
a much slower time scale (ms to s to min).45−48 It is therefore
important to probe for amino acid contributions to both
structural contributions in isolation, the first step of which we
achieve in this work by focusing a single, ubiquitous RNA
tertiary motif. It is worth stressing that the kinetics of RNA
structural changes is of particular interest, as amino acids could,
in principle, impact either the folding or unfolding kinetic
pathway, only the ratio of which is detected under bulk
equilibrium conditions.33,35 Finally, complete temperature-
dependent kinetic and thermodynamic information would
clearly be useful, permitting separate enthalpic (ΔH) and
entropic (−TΔS) contributions to the free-energy (ΔG)
landscape for RNA tertiary folding/unfolding to be determined
as a function of amino acid concentration and identity. Indeed,
it is the detailed implementation and analysis of such a
combined temperature-dependent kinetic and thermodynamic

Figure 1. (a) Schematic representation of the TL−TLR interaction, for which changes in the FRET efficiency (EFRET) between Cy3 and Cy5 allow
one to probe the folding−unfolding dynamics of the RNA construct. (b) Chemical structures of the three naturally occurring amino acids (Arg, Lys,
Gly), a secondary-amine-containing special amino acid (Pro), and an amino acid mimetic (Bet) used in the present study.
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study at the single-molecule level that represent the major focus
of this article.
In the current work, we explore the GAAA tetraloop−

tetraloop receptor (TL−TLR), a ubiquitous tertiary motif and
key structural element in the P4−P6 domain of the
Tetrahymena ribozyme, as a model system for the effects of
amino acids on RNA tertiary interactions. Specifically, we have
studied the kinetic and thermodynamic influences on RNA
folding of three natural amino acids (glycine, lysine, and
arginine), one special amino acid (proline), and one amino acid
mimetic (betaine) of increasing complexity, pKa, charge state,
and amino content (primary to secondary to quaternary), using
single-molecule fluorescence resonance energy transfer
(smFRET) and time-correlated single-photon counting
(TCSPC) methods.49 The folding/unfolding rate constants
and equilibrium constants for the TL−TLR interaction are
explored as functions of temperature and concentration. Each
of the naturally occurring amino acids is found to strongly
destabilize the overall tertiary folding process, specifically by
decreasing the rate constant (kdock) for folding, with only
relatively minor effects on the unfolding rate constant (kundock)
due to glycine and lysine. Interestingly, arginine behaves quite
differently from the other two natural amino acids by also
strongly increasing the unimolecular unfolding rate (kundock). It
is especially worth noting that such arginine-selective inhibition
of TL−TLR folding would be in good agreement with previous
reports33−35 on inhibition of self-splicing kinetics for the full
Tetrahymena ribozyme.
Furthermore, temperature-dependent experiments permit us

to analyze the free energies for such amino acid inhibited TL−
TLR folding/unfolding kinetics as enthalpic and entropic
contributions. In general, all three primary-amine-containing
natural amino acids (glycine, lysine, and arginine) are found to
(1) decrease the enthalpic advantage and (2) lower the entropic
cost of folding, whereas the special amino acid (proline) and
the amino acid mimetic (betaine) reveal significantly smaller or
a negligible impact on the equilibrium/kinetic properties.
Although restricted in the number of species explored, this
work provides first insights into how amino acids with varying
side chain complexities, pKa’s, charge states, and amino group
contents influence the folding/unfolding kinetics and equili-
brium properties of a fundamental RNA tertiary interaction. Of
potentially the greatest interest, we find that even the simplest
amino acid (glycine) is able to significantly impact the RNA
folding kinetics, which would be relevant to the importance of
amino acid based evolution in an early RNA-dominated world.

II. MATERIALS AND METHODS
II.A. Fluorescent TL−TLR RNA Design and Sample

Preparation. TL−TLR (see Figure 1a) is used as a model
RNA to investigate the effects of a few selected amino acids
(Figure 1b) on this ubiquitous loop−bulge tertiary interaction.
Arginine is the obvious first choice of amino acid by virtue of
the studies by Yarus.33 Lysine represents the natural control for
comparison of effects due to the presence of the guanidinium
moiety versus a solely cationic side chain. As the simplest
amino acid, glycine constitutes a logical control for any
contribution due to zwitterionic effects. The studies with
proline and betaine reflect additional controls for the amino
acid moiety, on the basis of modifying the amino group from
primary to secondary to quaternary. All of these choices were
further influenced by solubility considerations. Details of the
RNA design and biophysical characterization have been

reported previously.50−54 To eliminate the effects due to
possible base stacking in the linker, the TL−TLR constructs
used in the present studies have been slightly modified by
replacing the central RNA linker (U7 or A7) with a flexible
hexamer polyethylene glycol (PEG6) linker to join the tetraloop
and receptor domain (Figure 1a). The RNA construct is then
assembled by annealing three commercially purchased
oligonucleotides (Integrated DNA Technologies): (1) a
Cyanine 3 (Cy3)-labeled RNA strand (5′-Cy3-GGCGA-
AAGCC-PEG6-CGUGUCGUCCUAAGUCGGC-3′), (2) a
Cynanine 5 (Cy5)-labeled RNA strand (5′-GCCGAUAUGGA-
CGACACGCCCUCGAGACGAGUCG-3′), and (3) a 14-
nucleotide, 5′-biotinylated DNA strand (5′-biotin-
CGCACTCGTCTGAG-3′). The method of purification has
been described previously in the literature.55

For the smFRET experiments, the RNA constructs are
attached to a glass coverslip through biotin−streptavidin
interactions (see Figure 2 inset). The RNA attachment is

achieved by sequential flushing with three solutions: (1) 10
mg/mL bovine serum albumin (BSA), containing 10%
biotinylated BSA; (2) 200 μg/mL streptavidin solution; and
(3) 50 pM biotinylated TL−TLR construct. A 10 min
incubation time is allowed after each step, a procedure that
achieves a uniform average surface coverage of ≈1 molecule/
μm2. Prior to imaging under a fluorescence microscope, the
sample channel is flushed with 200 μL of scavenger solution,
containing (1) 50 mM hemisodium N-(2-hydroxyethyl)-
piperazine-Nˈ-propanesulfonic acid (HEPES) buffer, (2) 2
mM 9-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid
(TROLOX), (3) 100 nM protocatechuate 3,4-dioxygenase,
and (4) 5 mM protocatechuic acid (3,4-dihydroxybenzoic acid).
This solution serves as a catalytic oxygen scavenger and thereby
extends the single-molecule fluorescence trajectory lifetimes by
minimizing photobleaching effects.56 Experiments are per-

Figure 2. Schematic of the single-molecule confocal fluorescence
microscope. Inset: Biotin−streptavidin method for surface-tethering of
individual RNA molecules in solution on a glass coverslip.
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formed in 50 mM HEPES buffer (pH 7.5), with a 85 mM total
concentration of monovalent ions (Na+ and K+). The present
study is constrained to a single set of cationic conditions
(specifically, a constant monovalent concentration), with
changes only in the amino acid (1) species and (2)
concentration. The buffer contains no Mg2+, which opens a
larger dynamic range of amino acid concentrations for
exploration. For each experiment, the desired concentration
(0−1000 mM) of a specific amino acid or amino acid mimetic
in buffer is combined with small volumes of the scavenger
cocktail and flushed through the sample chamber.
II.B. Single-Molecule Fluorescence Confocal Micro-

scope. A schematic diagram of a single-molecule fluorescence
confocal microscope (Olympus IX-70)53 is shown in Figure 2.
Samples are illuminated by a mode-locked, frequency-doubled
Nd:YAG pulsed laser, which operates at a 20 MHz repetition
rate and emits 532 nm (green) pulses. The green laser beam is
then expanded to overfill the back aperture of the objective and
focused onto a diffraction-limited spot in the sample chamber
through a 1.2 NA water-immersion objective (UPlanApo 60×;
Olympus, Center Valley, PA). Average laser power can be
varied from 0.05 to 100 μW by neutral-density filters, with
sample excitation and fluorescence photon collection per-
formed through the same objective. A dichroic mirror reflects
scattered excitation light away from the sample detectors,
focusing the emission through a 50 μM spatial filter pinhole
and reimaging through (1) a polarization beam cube (CVI
PBSH-450-1300-100; CVI Laser Optics, Albuquerque, NM)
and (2) two matched dichroic filters (645DCXR; Chroma
Technology, Bellows Falls, VT) onto four single-photon-
counting avalanche photodiodes (APDs; SPCM-AQR-14;
Perkin-Elmer Optoelectronics, Fremont, CA). Which detector
the photon strikes is therefore determined by both the (1)
polarization (horizontal vs vertical) and (2) wavelength (donor
or acceptor) of the single-photon emission event. The APD
signals are recorded with a TCSPC module (SPC-134; Becker
& Hickl, Berlin, Germany), which measures the arrival time of
each photon relative to the excitation laser pulse (τmicro, Δτ <
200 ps) as well as the start of the data collection period (τmacro,
Δτ = 50 ns). All 4 bits of photon information (horizontal vs
vertical, donor vs acceptor, τmacro, τmicro) are stored in memory
and analyzed with in-house software, which permits complete
flexibility in recreating two-dimensional scanning images and/
or fluorescence trajectories in time. For the temperature-
dependent studies, the Teflon chamber is mounted on a stage
heater (HCS60; INSTEC, Boulder, CO), with a resistive collar
(Bioptechs, Butler, PA) to heat the microscopic objec-
tive.54,57−59 The temperatures of both the objective and heater
are maintained by proportional, integral, and derivative servo
loop control and measured to be stable up to ±0.1 °C.

III. RESULTS AND ANALYSIS
III.A. Amino Acids Destabilize the Folded State by

Slowing the Folding Rate Constants. Sample fluorescence
trajectories for an isolated TL−TLR construct in the absence
and presence of 100 mM arginine are presented in Figure 3a,
which clearly shows a two-level fluorescence intensity as the
RNA interconverts between the folded and unfolded states.
The FRET efficiency (EFRET) is determined from the fractional
intensity of the acceptor fluorescence, with Figure 3b displaying
a sample time-dependent EFRET trajectory. The low (EFRET ≈
0.30) and high (EFRET ≈ 0.75) FRET states correspond to
unfolded and folded TL−TLR conformers, respectively. Note

that in the absence of the amino acid, the folded state (EFRET ≈
0.75) is predominantly observed, with the fluorescence traces
revealing only short transient excursions into the unfolded
(EFRET ≈ 0.30) state. By way of contrast, in the presence of 100
mM arginine, the frequency of such excursions to the low-
FRET state increases significantly (Figure 3b), with similar
changes noted for 100 mM lysine and 100 mM glycine (Figure
S1). This immediately implies that the presence of each of
these three natural amino acids destabilizes the folded state of
the TL−TLR tertiary construct.
The distribution of dwell times spent in the high- versus low-

FRET states contains detailed rate constant information on the
RNA folding and unfolding kinetics. To achieve a high
statistical accuracy, we exploit the cumulative probability
distributions60 of these dwell times from a sample size of
30−50 individual molecules (Figure 3c). As expected for a
simple first-order kinetic process, the normalized probability
densities (P(τ)/P(0)) are well described by a single exponential
decay, with slopes yielding folding (kdock) and unfolding
(kundock) rate constants.61,62 The influence of amino acid

Figure 3. (a, b) Fluorescence intensity trajectories (in kHz) and
corresponding EFRET trajectories illustrate two distinct conformers of
RNA, both in the presence (100 mM) and absence (0 mM, “no aa”) of
arginine. (c) Cumulative distribution functions obtained from a dwell
time analysis, which, based on the four-state kinetic model, is well
characterized by purely single exponential decay. Folding (kdock) and
unfolding (kundock) rate constants (no aa and 100 mM) are obtained by
analyzing multiple EFRET trajectories from a sufficiently large (>30)
ensemble of RNA molecules.
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concentration on TL−TLR folding is clearly evident, notably
dominated by a significant decrease in kdock. Specifically, the
folding rate constant in the absence of amino acid (kdock =
21.5(13) s−1) decreases by ≈2.5 fold (kdock = 8.6(9) s−1) due to
100 mM lysine, with similar, albeit slightly weaker, decreases
observed for arginine (kdock = 13.6(3) s−1) and glycine (kdock =
15.2(6) s−1). Interestingly, however, the corresponding amino
acid concentration effects on unimolecular unfolding are
essentially negligible for both lysine and glycine, with arginine
accounting for a moderate but clear increase in the unfolding
rate constant (kundock = 9.7(6) s−1 vs 6.7(2) s−1). Indeed, it is
also worth noting that the synergism between (1) slower
folding and (2) more rapid unfolding makes the influence of
arginine the strongest among that of the amino acids studied.
This provides a useful confirmation of trends noted previously
by Yarus and co-workers, who reported that the presence of
arginine significantly destabilizes the catalytic self-splicing
activity of the Tetrahymena ribozyme.35 In all cases, however,
the equilibrium shift behavior is dominated by a decrease in the
docking rate constants rather than increase of the undocking
rate constants, which makes clear predictions for shifts in
overall free-energy changes and transition state free-energy
barriers.
III.B. Four-State Kinetic Analysis of TL−TLR Folding/

Unfolding Rates. To establish an underlying kinetic model for
such behavior, we consider the dependence of folding and
unfolding rate constants on amino acid concentration, as
summarized in Figure 4. All folding rate constants, kdock,
decrease with increasing amino acid concentration and saturate
at a high concentration. In contrast, kundock values remain nearly
flat for [lysine] and [glycine], whereas [arginine] exhibits a
modest increase in the unfolding rate constant and eventually
saturates. Neither folding nor unfolding behavior is consistent
with the simple elementary rate process, which would always
predict a linear dependence of the first-order rate constants on
concentration. Instead, such kinetic behavior signals arise from
concentration-dependent competition between (1) amino
acid−RNA binding and (2) TL−TLR folding events. There-
fore, to extract the kinetic information, a widely used four-state
model (Figure 5) for metabolite-dependent RNA folding and
unfolding is employed.58,63,64 This kinetic model assumes (1)
rapid amino acid equilibration with both the folded (A + F ↔
FA) and unfolded (U + A ↔ UA) conformers, (2)
indistinguishable FRET values for amino acid bound/unbound
states (e.g., U, UA), and (3) slower tertiary folding/unfolding of
the TL−TLR RNA. In the context of such a model, the
cumulative probability distributions are again single-exponen-
tial, with effective docking/undocking rate constants given by
an equilibrium-weighted average over the each of the amino
acid unassociated (k1/−1) and associated (k2/−2) pathways.
Specifically

=
+

+
+

− −k
k
K

k K
K1 [A]

[A]
1 [A]dock/undock

1/ 1

f/u

2/ 2 f/u

f/u (1)

where the association constants for the folded and unfolded

TL−TLR RNA conformers are given by =K f
[UA]
[U][A]

and

=Ku
[FA]
[F][A]

, respectively (see Figure 5c). Note that eq 1

predicts the physically correct asymptotic limiting behavior for
both Kf/u[A] ≫ 1 and Kf/u[A] ≪ 1.
Least squares analysis of the amino acid dependent rate

constant data to eq 1 permits folding (kdock) and unfolding

(kundock) rate constants as well as association constants (Kf/u) to
be determined, with the fit predictions plotted in Figure 4. For
lysine and glycine, the kinetic model accurately captures the
rate constant trends over the full concentration range, with the
observed folding rate constant decreasing smoothly to an
asymptotic value under saturating conditions. The folding rate
constant for arginine decreases smoothly from 0 to 300 mM to
a saturation value and slowly rises by 10−15% up to 600 mM,
which likely reflect additional cooperative interactions between
more than one arginine and TL−TLR favored at higher
concentrations. Thus, to be consistent with the simple four-
state model, the arginine data are least squares fit over the 0−
300 mM range, with the results for all amino acid (and amino
acid mimetic) species quantitatively summarized in Table 1. As
expected, the rate constants for the unassociated TL−TLR
construct (k1 and k−1) reveal no sensitivity to amino acid
identity. Table 1 also shows a very clear concentration-
dependent decrease in the folding rate constant (i.e., k2 < k1) in
the presence of each amino acid, with a much smaller
dependence of the undocking rate constant on concentration
for lysine and glycine (i.e., k−1 ≈ k−2). Interestingly, only
arginine shows a significant concentration-dependent increase in
the unfolding rate constant (i.e., k−1 < k−2).
Figure 6 summarizes the results for the resulting depend-

ences of the overall effective folding equilibrium constant (Keq
= kdock/kundock) on amino acid concentration. As expected from
the above discussion, the steep decrease in the docking rate

Figure 4. Folding (kdock) and unfolding (kundock) rate constants for
TL−TLR RNA, plotted as a function of [amino acid]. The solid lines
represent least squares fits to the four-state kinetic model (see Figure 5
and text for details). A slight increase in the folding rate constant
(kdock) for arginine is observed at higher concentrations. For
consistency with the kinetic model, we restrict fits to the arginine
data to 300 mM.
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constant for each of the amino acids results in a similarly steep
decrease in Keq, although the Kf values for arginine and lysine
are 10-fold smaller than those of glycine and therefore the
impact on the folding kinetics is considerably more pronounced
at low concentrations. The rapid decrease in these equilibrium
constants confirms that the presence of amino acids destabilizes
tertiary folding in the TL−TLR construct, driven mostly by a
slowing of the folding rate constant. These equilibrium
constants can be quantified with the simple expression ΔG°
= −RT ln(Keq) to infer standard-state free-energy changes
(Table 2) for the tertiary folding process. In the absence of
amino acids, the free-energy change associated with folding
(ΔGfold,0° < 0) is a spontaneously allowed process.59 However,
concentrations at the 100−200 mM level enhance this free-
energy change to nearly thermoneutral or even slightly uphill
(ΔΔG° > 0; see Table 2), consistent with amino acid induced
destabilization of the TL−TLR tertiary interaction.
III.C. Temperature-Dependent Amino Acid Induced

TL−TLR RNA Folding. It is particularly instructive to explore
the thermodynamic origins for such an amino acid destabilized
folding of the TL−TLR tertiary interaction, which can be
obtained from temperature-dependent measurements at the

single-molecule level. Specifically, the standard-state free-energy
change (ΔGfold° ) can be resolved into enthalpic (ΔH°) and
entropic (−TΔS°) contributions by the van’t Hoff equation54

= −
Δ °

= Δ °
− Δ °

K
G
RT

S
R

H
RT

ln eq
fold

(2)

where R is the ideal gas constant and T represents temperature
in the Kelvin scale. A plot of ln Keq versus 1/T yields a straight
line for each set of experiments, with the slope and intercept

being − °H
R

and °S
R
, respectively.

The corresponding van’t Hoff plots for the TL−TLR
construct with and without 100 mM amino acid are shown in
Figure 7, yielding the least squares fitted thermodynamic
parameters summarized in Table 2. Inspection of the slopes
immediately indicates that TL−TLR folding is a substantially
exothermic process (ΔH° < 0), consistent with previous
studies.59 Note that the presence of each amino acid induces
only a relatively small shift in this slope, in a direction that
reduces the overall folding exothermicity (ΔΔH° > 0).
However, the more dominant thermodynamic effect would
appear to be the strong downward and nearly equivalent shifts
in the van’t Hoff intercepts (i.e., −TΔΔS° < 0) observed for
lysine and arginine. For these high-pKa long-chain residue
species, the source of such an amino acid dependent
destabilization is clearly entropic in nature. Interestingly, there
is a much smaller shift in the van’t Hoff intercept for the much
simpler amino acid glycine, which would be consistent with
ascribing the predominant destabilization effects to the higher
pKa values of the arginine and lysine residues.
To explore the corresponding kinetic effects of amino acids

on the TL−TLR transition state dynamics, we have investigated
folding/unfolding rate constants as a function of temperature.

Figure 5. (a) Cartoon representation of the folded and unfolded
conformers of TL−TLR RNA, where the RNA tertiary structure is
unfolded by amino acids. (b) The four-state kinetic model describes
the origin of the amino acid dependent folding−unfolding behavior of
the RNA tertiary structure. U, F, A, UA, and FA represent the
unfolded, folded, amino acid, amino acid bound unfolded, and amino
acid bound folded states, respectively. k1/k2 and k−1/k−2 reflect the
forward and reverse rate constants for the unassociated/associated
species, respectively, with Kf/u representing the equilibrium association
constants. Experiments measure only the ef fective rate constant for net
unfolding/folding (kundock and kdock), which is not the same as k1/−1,
k2/−2 but in our kinetic model can be expressed as a function of these
plus the association/dissociation equilibrium constants. (c) Expres-
sions for the effective folding (kdock) and unfolding (kundock) rate
constants derived from the four-state kinetic model and used to fit the
amino acid dependent changes.

Table 1. Docking (k1/k2), Undocking (k−1, k−2), Rate Constants and Equilibrium Constants (Ka, Kb) Derived from the Four-
State Kinetic Model (Shown in Figure 5) for Amino Acid Concentration-Dependent Folding of TL−TLR RNA

k1 (s
−1) k2 (s

−1) k−1 (s
−1) k−2 (s

−1) Kf (mM−1) Ku (mM−1)

arginine 22(2) 9.4(5) 6.9(3) 16(2) 0.032(12) 0.006(3)
lysine 20(1) 6(1) 6.8(2) 7.4(3) 0.035(12) 0.7(2)
glycine 20(1) 5.5(15) 6.6(2) 7.3(3) 0.004(1) 0.04(3)
betaine 21(1) 6.7(5) 6.8(1) 8.6(5) 0.67(5) 0.6(2)
proline 20(1) 22(1) 6.6(1) 7(1) 0.016(4) 0.02(1)

aUncertainties (1σ) in the final decimal place are listed in parentheses.

Figure 6. Folding equilibrium constant (Keq) for TL−TLR RNA
plotted as a function of amino acid concentration. Keq is obtained from
the ratio of collective dwell times spent by RNA in the folded vs
unfolded states.
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According to generalized transition state theory, the rate
constant can be written in the Arrhenius form as

ν= −Δ ⧧
k

G
RT

exp
(3)

where ΔG⧧ is the transition state free energy and ν reflects the
“attempt frequency” along the reaction coordinate to access the
transition state barrier.65,66 The above expression can be
resolved into enthalpic (ΔH⧧) and entropic (ΔS⧧) contribu-
tions

ν= + Δ − Δ⧧ ⧧
k

S
R

H
RT

ln ln
(4)

where ΔH⧧ and ΔS⧧ now represent changes in enthalpy and
entropy between the folded (or unfolded) species and
transition state, respectively. ΔH⧧ can be obtained rigorously
from the temperature-dependent slopes versus 1/T. In the
absence of detailed molecular dynamics calculations, ν is often
very roughly assumed to be on the order of 1013 s−1.67,68

However, as the transition state entropy depends only
logarithmically on the attempt frequency, this uncertainty in ν
maps onto a very small range of ΔS⧧. More relevantly, any
amino acid induced dif ferences in the barrier free energy

(ΔΔG⧧) and entropy (ΔΔS⧧) are rigorously insensitive to this
estimate of ν, which are therefore the appropriate quantities
reported in Table 2.
The resulting Arrhenius plots of ln kdock versus 1/T are

summarized in Figure 8, with the corresponding thermody-

namic parameters listed in Table 2. The slope determines− Δ ⧧H
RT

and the intercept contains information on ΔΔS⧧. Simple
inspection of ln kdock versus 1/T reveals that TL−TLR access to
the transition state in the absence of amino acid is (1) weakly
exothermic (ΔH⧧ < 0) and (2) entropically costly (ΔS⧧ < 0).
In an emerging theme with the van’t Hoff equilibrium constant
analysis above, both arginine and lysine reduce the
exothermicity (ΔΔH⧧ > 0) as well as decrease the entropic
barrier (−TΔΔS⧧ < 0) for accessing the TL−TLR transition
state. Yet again, quite opposite effects are observed for glycine,
for which TL−TLR access to the folding TS becomes more
exothermic (ΔΔH⧧ < 0) and increases the entropic barrier
(−TΔΔS⧧ > 0). In summary, there is a consensus in the overall
free-energy outcome for destabilization, although with clear
selectivity in amino acid induced enthalpy and entropy changes
for TL−TLR folding.

IV. DISCUSSION
IV.A. Influence of Amino Acids on TL−TLR Folding/

Unfolding Kinetics. The functional competence of a
ribozyme is strongly coupled to the folding−unfolding kinetics
of the associated RNA, for which destabilization of the fully
folded state will lead to inhibition of biochemical activ-
ity.17,69−73 Previously, Yarus and co-workers reported that the
presence of arginine inhibits the self-splicing activity of the
Tetrahymena ribozyme.33−35 In addition, they also observed

Table 2. Thermodynamic Parameters Obtained from van’t Hoff Analysis and Transition-State Analysis for Different Amino
Acids (at 100 mM) from the Temperature-Dependent Experiments

ΔGfold° (kcal/mol) at 298 K ΔHfold° (kcal/mol) ΔSfold° (cal/mol K) ΔΔGfold
⧧ (kcal/mol) at 298 K ΔHfold

⧧ (kcal/mol) ΔΔSfold⧧ (cal/mol K)

no aa −0.65(3) −33(1) −110(4) a −7(1) a

arginine −0.11(5) −25(2) −86(5) 0.32(7) −6(1) 4(2)
lysine −0.14(2) −28(1) −95(2) 0.53(8) −1(1) 19(5)
glycine −0.48(4) −29(2) −98(6) 0.20(5) −10(1) −11(5)
betaine −0.35(3) −32(2) −107(6) 0.20(4) −3(1) 14(4)
proline −0.57(3) −26(4) −87(13) 0.01(4) −16(2) −31(7)

aDue to lack of precision information on the attempt frequency, ν, only ΔΔGfold
⧧ and ΔΔSfold⧧ values are determined rigorously and therefore

reported. However, for an assumed value of ν ≈ 10−13 s−1, ΔGfold
⧧ ≈ 15.92(4) kcal/mol and ΔSfold⧧ ≈ −77(2) cal/mol K in the absence of amino acid.

Figure 7. van’t Hoff plot of the temperature-dependent TL−TLR
folding equilibrium constant (a) without and (b) with 100 mM amino
acid. The lines are obtained by fitting each data set to a linear function
to extract ΔH° and ΔS° from the slopes and intercepts, respectively.

Figure 8. Transition state analysis of folding rate constant (kdock) with
and without amino acid. The individual lines are obtained by fitting
each data set to a linear function to infer ΔH⧧ and ΔΔS⧧.
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that the positively charged free guanidine ion by itself in
solution inhibits self-splicing of the Tetrahymena ribozyme,35

which would suggest a simple “moiety-specific” physical picture
of the underlying biochemical inhibition pathway. Their work
has served as stimulus for the present study, specifically toward
probing the influence of structurally diverse amino acids
(Figure 1b) on the same TL−TLR tertiary interac-
tion51,53,54,64,74 responsible for folding the catalytically active
P4−P6 domain in the Tetrahymena ribozyme. Within the limits
imposed by solubility, the experimental strategy has been to
isolate the fundamental tertiary interaction involved and
explore the amino acid induced impact of (1) moiety identity,
(2) charge/pKa, (3) residue chain length, and (4) amino and
carboxylic acid functional groups on the inhibition of TL−TLR
folding.
First, we focus on arginine, for which the folding rate

constant strongly decreases and eventually saturates at a high
concentration (see Figure 4). Of key importance, the
corresponding rate constant for TL−TLR unfolding also
increases substantially with arginine concentration, the
synergistic combination of effects resulting in particularly
strong destabilization of the folded state by arginine. The
simplest interpretation of our data, consistent with the studies
of Yarus and co-workers, would be that the guanidine moiety in
arginine is responsible for destabilization of the TL−TLR.
However, as the pKa of the guanidine residue in arginine is 12.5
and is therefore fully protonated under neutral pH conditions,
it could be that charge alone in the side chain might prove
similarly effective at promoting inhibition. Therefore, we have
performed similar single-molecule FRET control studies of the
TL−TLR construct as a function of lysine (see Figure 4), which
has a similarly high side chain pKa of 10.5 and thus is also fully
protonated. These studies reveal nearly identical levels of amino
acid sensitivity on the folding process but now with a negligible
effect on the unfolding kinetics. Hence, it would appear that
both charged guanidine and primary amine moieties influence
the TL−TLR interaction stability, although more efficiently for
arginine.
To test for the possible impact of an uncharged side chain by

itself, we further removed the positively charged long-chain
residue and probed for the influence of glycine on TL−TLR
folding and unfolding rates and stabilities. Surprisingly (see
Figure 4c), for complete removal of the positively charged long-
chain residue, one still notes a very significant impact of this
simplest amino acid at slowing tertiary folding, although
requiring a substantially higher concentration (e.g., 1/Kf

Gly =
250(62) vs 1/Kf

Arg = 31(11) mM) to achieve a comparable
effect. Furthermore, glycine shows essentially no impact on the
corresponding unfolding rate constants, quite similar to the
effects of lysine (Figure 4b) and yet quite distinctly different
from the effects of arginine on single-molecule unfolding events
(Figure 4a).
Although each of the three amino acids clearly exerts

different fingerprints of influence on the folding/unfolding
stability of the TL−TLR tertiary interaction, we offer the
following unifying observations: (1) The impact of amino acids
on stability for this fundamental RNA tertiary interaction is
significant, with up to as much as a three- to fourfold dynamic
range in the equilibrium and/or folding/unfolding rate
constants. (2) Destabilization of the TL−TLR is evidenced
predominantly by a dramatic decrease in the folding rate
constants, although with additional, more amino acid specific
contributions to acceleration of the unfolding rate processes.

(3) The presence of arginine has a particularly strong effect on
destabilizing the TL−TLR, in agreement with previous studies
on amino acid inhibited self-splicing in the Tetrahymena
ribozyme.33,35 (4) By the variety of concentration dependences
observed in the four-state kinetic model fits, there would appear
to be more than one physical mechanism by which amino acids
can destabilize the tertiary interaction.
The unambiguous influence of glycine on the stability of such

a tertiary interaction is quite surprising. Indeed, this suggests
that destabilization of the TL−TLR is at least not exclusively
arising from the charge, pKa, isolectronic point, or structure of
the residue itself but may have additional contributions simply
from the α-amine and/or carboxylic acid groups present in all
natural amino acids. To explore this further, we have extended
these single-molecule FRET studies to two more (non-natural)
amino acids, namely, betaine (Bet) and proline (Pro) (Figure
1b). Betaine is quite similar to glycine in structure but with the
primary α-amine replaced with a positively charged trimethyl-
amine group. As a function of increasing betaine concentration,
modest changes in the folding/unfolding rate constants (17%/
25%) and equilibrium constant (40%) are observed (Figure 9),

that is, less than that observed for glycine or lysine but nearly a
factor of twofold less than that with arginine. In conjunction
with the effects of lysine on the folding rate constant, this
suggest that destabilization of the TL−TLR might occur also as
a result of primary amine groups, charged or uncharged, either
on the residue or intrinsic to the amino acid itself. The partial
loss of activity in betaine might therefore reflect steric effects
due to bulky trimethyl substitution of the α-amine, lack of a
lone pair, and/or the presence of a unit positive charge. An
interesting control test is therefore proline, for which the
carboxylic acid group is still present but with the α-amine group

Figure 9. (a) Folding (kdock) and unfolding (kundock) rate constants of
TL−TLR RNA plotted as a function of proline (Pro) and betaine
(Bet) concentrations, with the previously fitted arginine folding and
unfolding rate constants (<300 mM) replotted from Figure 4. Least
squares fits (solid lines) are to the four-state kinetic model shown in
Figure 5. (b) Folding equilibrium constant (Keq) for TL−TLR RNA
plotted as a function of proline and betaine concentrations, with the
original arginine-concentration-dependent data replotted for compar-
ison.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.6b05840
J. Phys. Chem. B 2016, 120, 10615−10627

10622

http://dx.doi.org/10.1021/acs.jpcb.6b05840


constrained due to incorporation in a five-membered ring. As
shown in Figure 9, proline concentration exhibits essentially no
impact on the folding/unfolding rate (<5%) and equilibrium
constants (<10%), that is, further highlighting the likely
additional contribution of even uncharged primary α-amines
in destabilizing the TL−TLR tertiary interaction.
IV.B. Enthaplic, Entropic, and Free-Energy Landscapes

for TL−TLR Docking. The free-energy landscape for TL−
TLR RNA folding with (100 mM) and without amino acids is
shown in Figure 10a, where U, TS, and D represent the

unfolded, transition, and folded states, respectively. The
equilibrium and transition-state free-energy changes are
obtained from temperature-dependent studies of the equili-
brium constant (Figure 7) and folding rate constant (Figure 8),
respectively. As the thermodynamic parameters are sensitive
only to differences, for visual simplicity, the zero of energy is
arbitrarily referenced to each of the fully unfolded states (U).

The overall free-energy change (ΔG° = −0.65(3) kcal/mol)
between the unfolded and folded states of the TL−TLR (in
black) is comparable to kT and is also consistent with an
approximately equal population in both states. In the presence
of Mg2+, many other tertiary interaction motifs, like the P1 helix
and P4−P6 domain in the Tetrahymena ribozyme and hairpin
ribozyme and the 3WJ domain in the Hammerhead ribozyme,
are known to show similar changes in the overall free-energy
value.54 In the presence of amino acids, however, the
equilibrium constants decrease as the free-energy change
systematically shifts upward (ΔΔG° > 0) by a modest but
clearly. The effect is most pronounced for lysine and arginine
(ΔΔG° = +0.51(4) and +0.54(6) kcal/mol) but is also quite
appreciable for glycine (ΔΔG° = +0.20(5) kcal/mol), and in all
cases, it corresponds to amino acid induced inhibition of the
TL−TLR equilibrium. In the context of transition state theory,
the experimentally observed impact of amino acids on the rate
constants can be used to extract the changes in the free-energy
barrier to folding and/or unfolding events. In the absence of
any amino acid, the free-energy barrier for TL−TLR folding is
quite large (ΔG⧧ = +15.9(6) kcal/mol) compared to kT, which
results in rate constants on the ms−1 to s−1 scale. The absolute
value of the barrier will scale logarithmically with the assumed
attempt frequency (ν ≈ 1013 s−1),67,68 but the observed
decrease in rate constant unambiguously indicates an
observable increase in the height of this barrier (ΔΔGf

⧧ > 0)
in the presence of arginine (ΔΔGf

⧧ = 0.32(7) kcal/mol), lysine
(ΔΔGf

⧧ = 0.53(8) kcal/mol), and glycine (ΔΔGf
⧧ = 0.20(5)

kcal/mol). This necessarily implies a systematic amino acid
induced slowing of the folding rate process. By way of contrast,
free-energy barriers for the unfolding process reveal less
sensitivity to amino acid identity. For example, changes in the
unfolding barriers are much lower than kT for both lysine
(ΔΔGu

⧧ = 0.076(2) kcal/mol) and glycine (ΔΔGu
⧧ = −0.068(1)

kcal/mol) and, although larger, they are still relatively modest
for arginine (ΔΔGu

⧧ = −0.445(1) kcal/mol). In all cases, the
changes in the forward (folding) barrier considerably exceed
those in the reverse (unfolding) barrier, which physically means
that such amino acid induced inhibition effects are dominated
by a decrease in the folding rate constants.
For further insight into the amino acid induced destabiliza-

tion of the TL−TLR tertiary interaction, the free-energy
changes have been separated into enthalpic and entropic
contributions, as shown in Figure 10b,c, respectively. In the
absence of any amino acid, the baseline equilibrium folding of
the TL−TLR (shown in black) is quite exothermic (ΔH° =
−33.1(13) kcal/mol) and entropically costly (ΔS° =
−110.4(44) cal/mol K), in agreement with previous stud-
ies.53−55,58,59,64 It also ensures that replacement of the linker by
(PEG)6 does not affect the thermodynamic properties of TL−
TLR. The exothermicity implies that new hydrogen-bonding
and stacking interactions are established in the folded state.
Conversely, the high entropic cost suggests that the fully
formed TL−TLR tertiary interaction is substantially more
compact and ordered than that in the unfolded state.
Interestingly, the presence of amino acids systematically causes
the folding event to be less exothermic, that is, ΔΔH° > 0 (see
Figure 10b and Table 2). Specifically, the largest decrease in
exothermicity is observed for arginine (ΔΔH° = 7.6(2) kcal/
mol), followed by smaller and nearly equivalent values for
lysine (ΔΔH° = 5.2(15) kcal/mol) and glycine (ΔΔH° = 4(2)
kcal/mol). The source of these amino acid induced shifts in
exothermicity would be interesting to explore with molecular

Figure 10. Energy landscape of TL−TLR folding: (a) free energy, (b)
enthalpy, and (c) entropy contributions, with (100 mM) and without
(0 mM) amino acid. The violet arrow specifically highlights the
direction of changes observed for lysine, which is characteristic of a
competition between enthalpically destabilizing (ΔΔH > 0) and
entropically stabilizing (−TΔΔS < 0) effects. The overall destabiliza-
tion of the transition state and folded conformations by lysine (and
arginine) indicates that such effects are dominated by enthalpic
contributions.
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dynamics force fields.75 However, one simple picture for such a
systematic decrease would be interference with hydrogen-bond
formation and/or base stacking within the TL−TLR domain,
generated by the positively charged guanidine (amine) moiety
in the arginine (lysine) side chain (pKa ≈ 10−12) interacting
with the negatively charged RNA backbone and thereby
restricting access to the most favorable loop−loop interaction
geometry.
It is important to stress in this regard that glycine does not

contain a positively charged residue under buffer conditions,
and yet, its presence clearly destabilizes the TL−TLR folded
state, specifically by lowering the folding rate constant. Indeed,
the structural simplicity of glycine implies that the amine and/
or carboxylic acid group by itself must contribute to TL−TLR
destabilization. However, there are also clearly important
differences between glycine and arginine behaviors, such as
(1) a lack of any impact on the unfolding kinetics and (2) a
much slower, concentration-dependent approach to saturation
in the folding direction. Indeed, the entropic contribution to
TL−TLR folding decreases systematically (−TΔΔS° < 0) with
the addition of the amino acid series (Figure 10b, Table 2).
Amino acid binding close to the GAAA tetraloop or receptor
may hinder the loop−loop interaction and alter the compact
nature of the folded state. In addition to conformational effects,
release of water upon RNA folding and/or amino acid
coordination with the RNA is likely to be a non-negligible
contribution to the entropy. When two loops of the TL−TLR
move closer and/or an amino acid coordinates to a site, it
pushes away the surrounding water, which may significantly
contribute to the entropy change of the folding/amino acid
associated folding. Interestingly, the presence of any of the
three amino acids exhibits some efficacy at destabilizing the
folded state. One possible inference would be that both a
positively charged side chain and free amino acid functional
groups (e.g., lysine, glycine) are important in inhibiting the
TL−TLR docking interaction, which we can further test more
rigorously with non-natural amino group mimetics.
Achieving the TL−TLR folding transition state is a weakly

exothermic (ΔH⧧ < 0) but entropically a quite costly (ΔS⧧ ≪
0) process, with the free-energy barrier dominated by entropic
effects. The weakly exothermic nature suggests that contribu-
tions to the overall exothermicity (such as hydrogen-bonding
and base-stacking interactions) are still largely unformed69,76

but with a large decrease in the transition-state entropy due to
proximal alignment of the receptor and linker (Figure
1a).61,77,78,74 The presence of both arginine and lysine
diminishes the release of heat into the TS (i.e., ΔΔH⧧ > 0),
most prominently for lysine (ΔΔH⧧ = 7.9(1) kcal/mol), which
could arise from amino acid induced hindering of hydrogen-
bond formation and stacking interactions. Such arginine- and
lysine-mediated lowering of the heat release would likely be
correlated with the formation of a looser transition state, for
which one expects, and indeed observes, a corresponding
amino acid induced reduction in the entropic barrier (−TΔΔS⧧
< 0).
It is worth noting that the effect on TL−TLR enthalpic and

entropic changes at the TS differs qualitatively between glycine
and lysine or arginine. In the presence of glycine, achieving the
TS becomes more rather than less exothermic (ΔΔH⧧ = −3(1)
kcal/mol), which suggests that glycine helps in hydrogen-bond
formation and stabilizes stacking interactions in the TL−TLR
domain. On the other hand, glycine lowers the TS entropy
(ΔΔS⧧ = −11(5) cal/mol K) and thus raises the entropic

contribution to the TS barrier. Although opposite in sign, such
behavior is entirely consistent with the previous interpretation
offered for lysine and arginine, that is, glycine makes the
transition state become more strongly hydrogen bonded and
thus more entropically constrained. Note that, although small
compared to the absolute transition-state barrier heights, the
magnitude of these thermodynamic changes is more com-
parable to the effects due to cation concentrations. However,
because of the exponential dependence of the rate constants on
such thermodynamic energies, the influences can be rather
profound.
Simply summarized, all three amino acids result in

destabilization of the TS, but each in different ways. The
contributions for glycine are dominated by entropy, whereas
the effects are enthalpically dominated for arginine and lysine.
Lysine achieves this by slowing only the folding rate, whereas
arginine does so by destabilizing the TS from both folding and
unfolding directions. Although we have offered a heuristic
model for these amino acid contributions based on hydrogen
bonding and base stacking in the TL−TLR, detailed molecular
dynamics calculations could be invaluable in providing a more
molecular-scale picture of these thermodynamic properties,
toward which we hope these studies may stimulate additional
theoretical activity.

IV.C. Structure−Function Relationship of Amino Acid/
RNA Tertiary Interactions. Amino acid induced inhibition of
TL−TLR folding is clearly related to amino acid structure. For
arginine and lysine, the destabilization of both folded and
transition states is dominated by enthalpy change. For glycine,
on the other hand, destabilization of the folded state arises
enthalpically, with TS shifts dominated by entropy contribu-
tions. Positively charged side chain residues, as well as neutral
amine functional groups, would appear to play a role in this
destabilization. Arginine (Figure 1b) has a large, extended, and
positively charged side chain, with a π-electron system and
capable of forming strong hydrogen bonds, all properties useful
for binding in the TLR nucleotide pocket.
Different amino acid interaction mechanisms for different

RNA sequences are common in the literature. In the arginine−
aptamer complex,31 for example, the guanidinium group forms
H-bonds with a cage of nucleobases, whereas the α-amine
group tends to form a H-bond with the backbone ribose. In the
arginine−TAR RNA complex,32 on the other hand, the
guanidinium moiety stacks under the nucleotide and pairs
with the G base lying below. Lysine (Figure 1b) exhibits
properties similar to those of arginine but contains a cationic
primary amine residue. In the SAM 1 riboswitch, the lysine
amino group forms a H-bond with the ribose oxygen,79 whereas
the aliphatic side chain binds between two purine bases.29,30

Interestingly, glycine has not been tested for impact on the
full Tetrahymena ribozymal splicing pathway, yet our studies
reveal it to be comparably effective to arginine and lysine in the
inhibition of TL−TLR folding. The present work clearly
provides motivation for such additional studies, with a simple
prediction that glycine (and, indeed, possibly other amino
acids) might result in reduction of the splicing kinetics. Unlike
arginine and lysine, glycine does not contain any aliphatic side
chain or cationic residue. The effective destabilization of TL−
TLR folding by glycine implies that not only the positively
charged residue but also the amino acid functional group has
the potential to destabilize TL−TLR folding.
As a final comment, we return to a possible connection

between the evolutionary appearance of amino acids and the
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influence on RNA tertiary folding and function. Although
arginine exhibits the strongest effect on the TL−TLR tertiary
interaction, the non-negligible effects on folding due to glycine
speak to the role of primary α-amine groups present in all
amino acids. Betaine (Bet) (Figure 1b) and proline (Pro)
(Figure 1b), which contain different linker and hydrocarbon
modifications of the α-amine group, explore this point further.
In proline, the five-membered carbon ring turns the α-N into a
secondary amine. In betaine, the α-N is converted into a
quaternary amine by three methyl groups. In both cases, we
observe a strong reduction in the destabilization of TL−TLR
folding equilibrium with respect to that in glycine. Indeed, the
TL−TLR folding/unfolding rate constants (and therefore Keq
as well) appear to be completely insensitive to proline
concentration. This observation strongly suggests that free
primary α-amines bonded with the chiral carbon center play a
crucial role in TL−TLR destabilization, for which one might
expect that different enantiomers of amino acid would affect the
TL−TLR folding differently. In support of such an
enantioselective interaction, Yarus and co-workers have
shown that L-arginine inhibits the TL−TLR folding more
effectively than D-arginine.33−35 It would be interesting to
explore this further at the single-molecule level, specifically
whether such enantioselective effects at the complete ribozyme
level would be mirrored in the TL−TLR folding kinetics and
thermodynamics.

V. SUMMARY AND CONCLUSIONS
The present work explores the kinetic and thermodynamic
origins of amino acid inhibited TL−TLR RNA folding at the
single-molecule level. All three amino acids (arginine, lysine,
glycine) destabilize the TL−TLR tertiary interaction, as evident
from the amino acid induced decrease in the equilibrium
constant (Keq) for folding. For all three amino acids, the kinetic
origin of this inhibition is due primarily to a decrease in the
folding rate constant (kdock) rather than an increase in the
unfolding rate constant under elevated amino acid concen-
tration conditions, although the effects on the unfolding rate
constants are quite minimal for all but arginine. The
dependence of folding rate constants, kdock, decreases with
increasing amino acid and saturates at a high concentration.
The amino acid dependence of both folding and unfolding rate
constants can be well fit to a four-state kinetic model, on the
basis of (1) rapid equilibrium between the free and amino acid
associated TL−TLR species, followed by (2) slower kinetics of
TL−TLR folding/unfolding from this equilibrium distribution.
On the other hand, kundock shows a modest increase only with
arginine. The equilibrium constant reveals that the free-energy
change for folding shifts to a higher value (ΔΔG° > 0) and the
transition-state free-energy barrier is raised (ΔΔG⧧ > 0) with
amino acids. Analysis of the free-energy change of the folded
state shows that TL−TLR folding is exothermic (ΔH° < 0) and
entropically costly (−TΔS° > 0). In the presence of amino
acids, the exothermicity of the folded state decreases (ΔΔH° >
0). Moreover, the entropic contribution for the TL−TLR
folding also decreases (−TΔΔS° < 0) with amino acids. The
loss of exothermicity and lowering of entropic contributions
correspond to an amino acid induced destabilization of TL−
TLR folding. Moreover, we observe a decrease of exothermicity
(ΔΔH⧧ > 0) and reduction of the entropic barrier (−TΔΔS⧧ <
0) in the transition state with arginine and lysine. Although it
achieves comparable destabilization effects, the behavior with
glycine is exactly the opposite; access to the TL−TLR

transition state becomes more exothermic (ΔΔH⧧ < 0) and
raises the entropic barrier (−TΔΔS⧧ > 0) with increasing
glycine. Comparison of enthalpic and enthalpic contributions
implies that changes in the TL−TLR TS are enthalpy-
dominated for lysine/arginine and entropy-dominated for
glycine. We propose a mechanism whereby binding of the
amino acid occupies the space between the tetraloop and
receptor, hinders the loop−receptor hydrogen-bond formation,
and restricts the proximal alignment of the tetraloop and
receptor. This combination of enthalpic and entropic changes
results in inhibition of the TL−TLR folding dynamics by each
of the amino acids studied.
The inhibition of TL−TLR folding depends on the structure

of the amino acids. We have observed that amino acids with
positively charged side chains (arginine and lysine), a primary
α-amine group (glycine), and a trimethyl-substituted positively
charged α-amine group (betaine) destabilize TL−TLR folding.
Interestingly the special amino acid (proline) with a ring-
trapped α-amino group does not affect the TL−TLR folding.
Considering the apparent importance of primary α-amine
groups, one might expect different amino acid enantiomers to
affect TL−TLR folding differently. In the future, it would be
interesting to test for the presence of enantioselective effects on
the TL−TLR folding event with different amino acid chiralities.
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