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ABSTRACT: The dynamics of RNA contributes to its
biological functions such as ligand recognition and catalysis.
Using quasielastic neutron scattering spectroscopy, we show
that Mg2+ greatly increases the picosecond to nanosecond
dynamics of hydrated tRNA while stabilizing its folded
structure. Analyses of the atomic mean-squared displace-
ment, relaxation time, persistence length, and fraction of
mobile atoms showed that unfolded tRNA ismore rigid than
folded tRNA. This same result was found for a sulfonated
polystyrene, indicating that the increased dynamics in Mg2+

arises from improved charge screening of the polyelectrolyte
rather than specific interactions with the folded tRNA.
These results are opposite to the relationship between struc-
tural compactness and internal dynamics for proteins in
which the folded state is more rigid than the denatured state.
We conclude that RNA dynamics are strongly influenced by
the electrostatic environment, in addition to the motions of
local waters.

Understanding the dynamic interactions between biological
macromolecules in their local hydration environment is

critical for mapping out the physical basis of biological events
such as enzymatic function1 and folding pathways.2 Numerous
neutron scattering and simulation studies have reported that
motions in proteins are controlled by the dynamics of hydrating
water rather than by the intrinsic dynamics of the polypeptide
chain.3 More recently, it has become clear that the dynamics of
charged biological macromolecules are more complex than
previously thought, involving nontrivial electrostatic fluctuations
of charged groups which are strongly influenced by the local ionic
environment.4

The dynamics of RNA presents a special challenge, as cations
that cluster around the negatively charged polynucleotide stabi-
lize the folded structure of the RNA while neutralizing the
negative charge and interacting with hydrating water molecules.5

Efforts to understand how the internal dynamics varies in response
to different electrostatic environments, and the structural rami-
fications of the dynamics, are just beginning.6 This Communica-
tion reports that the local dynamics of tRNA strongly increases in
the presence of Mg2+ ions, which stabilize the folded structure
while altering the electrostatic environment around the tRNA.

Interestingly, this observation is opposite to what has been
reported for proteins where the folded state is observed to be
more rigid than the unfolded state.2b�d We also observe a similarity
in the effect of charge screening on the dynamical properties
between tRNA and a synthetic polyelectrolyte. This implies that
electrostatic interactions are a key factor in determining the local
dynamics of polyelectrolytes.

Our recent neutron scattering and dielectric studies showed
that the conformational dynamics of hydrated DNA, RNA, and
protein samples vary differently with temperature, suggesting
that the observed motions arise from a mutual response between
water and the biological macromolecules.4b,7 In this view,
chemical structure, water density, and electrostatic environment
contribute collectively to the local dynamics. Therefore, in order
to directly probe electrostatic effects on the local dynamics, we
performed experiments designed to minimize physical differ-
ences other than the electrostatic potential.4b In this work we
report on the investigation of the dynamics of unfolded tRNA (u-
tRNA) under low ionic strength and folded tRNA (f-tRNA) in
MgCl2 measured using quasielastic neutron scattering spectro-
scopy.We also carried out similar experiments on a charged synthetic
polyelectrolyte that does not fold into a specific structure in the
presence of Mg2+ cations.

Wheat germ tRNA was prepared as described in the Support-
ing Information (SI). Most tRNAs form some stable secondary
structure (Watson�Crick base pairs) at low ionic strength, despite
the electrostatic repulsion of the phosphates.8 Electrostatic neutra-
lization by small amounts of multivalent cations such as Mg2+

enables tRNA to fold into a compact structure that contains
tertiary interactions.8,9 Thus, u-tRNA prepared from a low ionic
strength solution was expected to only form secondary struc-
tures, while f-tRNA prepared with MgCl2 (∼0.4 mol per mole of
phosphate) was expected to also form tertiary structures.8�10

For powder samples, tRNAs were equilibrated with D2O until
the first hydration layer was filled (see SI for details about sample
preparation). We estimate that the solvent-accessible surface
area11 of unfolded tRNA is only 4% greater than that of the folded
tRNA (Figure S2 and Table S1). Thus, the u-tRNA and f-tRNA
contain approximately the same amount of water in the first
hydration shell.
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Neutron scattering measurements were performed using the
high-flux back-scattering spectrometer at the NIST Center for
Neutron Research (energy resolution∼1 μeV∼ 2 ns).12 Elastic
scattering scans were carried out during cooling from 300 to
50 K, and upon heating from 300 to 350 K (heating/cooling rate:
0.7 K/min). Energy-resolved spectra were measured in the energy
range(17 μeV (∼40 ps). Since the incoherent neutron scattering
cross section of hydrogen is 40 times larger than that of deuterium,
we primarily observe the motions of nonexchangeable hydrogen
atoms in the tRNA.13 Neutron scattering data were reduced and
analyzed using DAVE software.14

Figure 1A shows that the dynamic transition (Td) associated
with the onset of anharmonicmotionswithin the resolutionwindow
of the spectrometer15 appears in both u- and f-tRNA samples at
T ≈ 180�200 K. Another transition at T ≈ 325 K correlates
with initial melting of tRNA secondary (2�) and tertiary (3�)
structures.16 Since the full melting transition is not visible in the
neutron scattering measurements, the denaturing temperature,
TΔ, is empirically determined from first derivative of Ær2æ. UV
absorption measurements as a function of temperature con-
firmed the appearance of a broad melting transition in u-tRNA
and f-tRNA samples (Figure S6).

Strikingly, the Ær2æ values of the compact f-tRNA were larger
than those of the extended u-tRNA at all temperatures up to 350 K.
In addition, Ær2æ increased much more rapidly between 200 and

250 K for f-tRNA than for u-tRNA (Figure 1A). The different
temperature dependence of the conformational mobility be-
tween u- and f-tRNA implies that the observed dynamics are
not controlled solely by the dynamics of the hydrating water but
are significantly affected by the electrostatic nature of the RNA
surface.

To gain insight into whether Mg2+ affects tRNA flexibility by
stabilizing the tertiary structure or by changing the electrostatic
environment, wemeasured the dynamical flexibility of sulfonated
polystyrene (SPS) with and without Mg2+ (see SI for details
about sample preparation). Like tRNA, Mg2+-screened SPS
(s-SPS) experienced larger local motion (i.e., larger Ær2æ) com-
pared to unscreened SPS (u-SPS) (Figure 1B). The larger Ær2æ
values of s-SPS and f-tRNA compared with those of low ionic
strength samples indicate that the electrostatic neutralization
by Mg2+ results in larger or more thermal fluctuations of the
polyelectrolyte. It is striking that Ær2æ values of a biological and a
synthetic polyelectrolyte increase similarly with temperature in
both the unscreened and Mg2+-screened conditions.

Because the samples in this study have similar hydration levels,
the differences we observe are primarily due to Mg2+. Together
with our earlier results, this suggests that the dynamical pro-
perties of biological polyelectrolytes are mainly controlled by
solvation and electrostatics, rather than specific macromolecular
structure.2d,17

To understand the physical basis of the RNA�water coupled
motions, we acquired dynamic structure factors, S(Q,E), of u-
and f-tRNA at different temperatures. The total scattering spectra
can be represented as

SðQ , EÞ ¼ DWðQ Þ½ð1�QISFðQ ÞÞδðEÞ
þ QISFðQ ÞSQENSðQ , EÞ� X RðEÞ ð1Þ

Here, DW(Q) is the Debye�Waller factor, QISF(Q) is the
quasielastic incoherent scattering factor, defined as the ratio of
quasielastic scattering to the total scattering intensity, SQENS(Q,E)
is a quasielastic scattering function, and R(E) is a resolution
function. The amplitude of QISF is directly proportional to the
mobile fraction of hydrogen atoms associated with the relaxation.
We used S(Q,E) obtained at 10 K as a resolution function.

Figure 2 shows that S(Q,E) exhibits about a factor of 2 larger
quasielastic scattering from f-tRNA than u-tRNA from 260 to
320 K over a wide range of transferred energy. This indicates that
f-tRNA experiences a larger mobile fraction with faster confor-
mational motions (Figure 3 and Figure S7). Quasielastic scatter-
ing of u-tRNA at 350 K becomes similar to that of f-tRNA at
300 K, which agrees with the sharp increase in Ær2æ for u-tRNA
between 325 and 350 K as the secondary structure begins tomelt.
However, the u-tRNA remains less mobile than f-tRNA at
temperatures above the melting transition (Figures 1A and 2B).

The characteristic relaxation time, ÆτRæ, of the tRNA atomic
motions was estimated from the half-width at half-maximum
of SQENS(Q,E), fit to a single Lorentzian. Although the single
Lorentzian fit is not the best analysis of a stretched relaxation
spectrum, it provides a qualitative comparison of ÆτRæ values
within the limit of the given time window,13 especially for RNA
molecules that lack methyl groups.7,18 We stress that the ÆτRæ
values estimated in this way do not represent the real relaxation
times, and a more accurate analysis of the relaxation times will
require broader frequency range spectra from multiple spectro-
meters (e.g., refs 4b and 15).

Figure 1. Temperature dependence of the mean-squared displacement,
Ær2(T)æ, obtained from a Gaussian approximation, Ær2(T)æ = �3Q�2 ln-
[Iel(Q,T)/Iel(Q,50 K)] for Q between 0.25 and 1.00 Å�1. (a) Powder u-
and f-tRNA samples were hydrated to 42% (w/w). The dynamic
transition (Td ≈ 200 K) and melting transition (TΔ

2�3� ≈ 325 K) are
indicated. No water crystallization appeared in the hydrated powder
samples (see Figures S4 and S5). The plateau of Ær2æ values at T≈ 300 K
is probably because of the appearance of relaxation modes responsible
for the dynamic transition (Td) into the given time window.15 The
melting transition is associated with the disruption of heterogeneous
secondary structures and the tertiary structure of tRNAs.16 (b) D2O
solutions of u- and f-tRNA and u- and s-SPS. Resolving the sample
dynamics atT > 260K is not possible due to strong scattering fromwater
crystallization at ∼270 K and the motions of D2O at this higher
temperature range. Error bars throughout the text represent one
standard deviation.
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Analysis of the QENS data shows that ÆτRæ of u-tRNA is
generally slower and more temperature-dependent than ÆτRæ of
f-tRNA (Figure 3). The average relaxation rate of u-tRNA
becomes about 1 order of magnitude slower than that of f-tRNA
at T ≈ 260 K. Likewise, the QISF of u-tRNA is also lower than
that of f-tRNA, suggesting the chain is less dynamically active
(Figures S7 and S8). Therefore, u- and f-tRNAs experience
different dynamical pathways, although they have similar dyna-
mical transitions, Td. These results indicate that water likely
serves as a plasticizer that lubricates conformational motions of
the macromolecules.7

At this point, it is worth addressing why folded RNA (Rg ≈
20 Å for tRNAPhe)10 with long-range tertiary interactions has
larger dynamical flexibility than unfolded RNA (Rg ≈ 30 Å for
tRNAPhe).10 This observation is contrary to the relationship
between structural compactness and global dynamics that holds
for folded proteins, which are more rigid than denatured
proteins.2b�d Unlike proteins and neutral polymers, hydrated
RNA and DNA are stiff at low ionic strength because of the
electrostatic repulsion of the negatively charged phosphates.19

Our estimate of the persistence length, lp, from solution scatter-
ing (Figure 4) showed that lp is 1.7 times larger for u-tRNA
compared to f-tRNA (8.4 vs 4.9 Å), indicating significantly higher
flexibility for the folded tRNA. This result also agrees with
the dependence of persistence length of RNA on salt.19a The
difference in persistence length is consistent with the difference
in Ær2æ between f- and u-tRNA at T = 300 K (Figure 1A).7

Furthermore, previous work showed that SPS also becomes
more compact and more flexible in Mg2+, although it does not
form a specific structure.17

Our study demonstrates that charge screening due to the
presence of counterions greatly increases the local motion of
tRNA and a synthetic polyelectrolyte. The concerted increase in
the magnitude of the displacement, relaxation rate, and fraction
of mobile atoms observed by neutron spectroscopy correlates
with greater flexibility of the tRNA backbone and is additionally
reflected in the shorter persistence length of the folded tRNA.
The mechanism by which Mg2+ increases the flexibility of the
compact f-tRNA is not well understood. Molecular simulations
suggest that motions in the nanosecond to picosecond range in
tRNA are associated with high-frequency hinge-bending modes
and fluctuations in the anticodon loop and 30 acceptor.7,20

Possible scenarios explaining the increased dynamics of f-tRNA
relative to u-tRNA include (1) increased electrostatic fluctua-
tions caused by the diffusion of hydrated cations in the vicinity of
the tRNA and (2) increased fluctuations of the hydrogen bond
network between the screened backbone and hydrating water.
Further studies are needed on the relative importance of counter-
ion diffusion, ion�ion correlations, and hydrogen bond fluctua-
tions. Interestingly, NMR,6a birefringence,21 andmolecular dynamics
simulation20c studies concluded that Mg2+ reduces the mobility
of single-stranded RNA segments compared tomonovalent cations.
More details about the electrostatic origins of tRNA dynamics
should be obtained through the comparison of dynamics in the

Figure 3. Averaged relaxation time, ÆτRæ, of u- and f-tRNA obtained
from deconvoluting S(Q = 0.56 Å�1,E) into Lorentzian quasielastic and
Gaussian elastic peaks. The ÆτRæ value was estimated from half-width at
half-maximum of a Lorentzian peak. Since the energy range is limited to
40 ps and 2 ns, the ÆτRæ values do not represent the absolute relaxation
time. No significant Q-dependence of the ÆτRæ values was found,
indicating that the relaxation is localized.

Figure 4. Analysis of pair distance distribution functions, P(r), of
unfolded and folded tRNAPhe. P(r) was obtained from indirect inverse
Fourier transform of small-angle X-ray scattering intensity using the
GNOMprogram.10 The radius of gyration, Rg, and persistence length, lp,
were estimated from P(r) (see SI).10,19a Black lines are the fits of P(r) to
the exponential equation (Eq. S2) at r > Rg on the basis of a worm-like
chain model.19a

Figure 2. Dynamic structure factor, S(Q=0.56Å�1,E), of u- and f-tRNA
at various temperatures. Resolution functions are S(Q = 0.56 Å�1,E) at
10 K. Dashed lines are representative Lorentzian fits of quasielastic
scattering of f-tRNA at 260 K and u-tRNA at 300 K using eq 1.
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presence of monovalent cations with different ionic densities,
such as Na+ and K+.4a
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estimate of solvent-accessible surface area; elastic incoherent
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