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ABSTRACT: The effects of post-transcriptional modifications on the structure and dynamics ofEscherichia
coli tRNAval were studied by NMR spectroscopy. NMR chemical shift data and residual dipolar couplings
were used to show that the local secondary and tertiary structures are very similar in native and unmodified
tRNAval. Rigid body restrained molecular dynamics calculations showed that the global structure of tRNA
is unchanged by the post-transcriptional modifications. Deuterium exchange NMR experiments were used
to probe the dynamics and flexibility of native and unmodified tRNAval. A similar set of slowly exchanging
(t1/2 > 3 min) imino protons were observed in both tRNAs, but the rates of exchange for the slowest
exchanging imino protons were∼20 times faster in unmodified than in native tRNA. These results
demonstrate that the dynamics and flexibility of tRNAval, but not the local or global structure, are
significantly affected by post-transcriptional modifications.

tRNAs are the most highly post-transciptionally modified
RNAs in the cell (1), and more than 80 different types of
modifications have been identified (2). These modifications
affect the shape, charge, hydrophobicity, and possible
conformations of the individual nucleotides and have been
shown to thermodynamically stabilize tRNAs (3, 4). The
diversity of these post-transcriptional modifications ef-
fectively increases the building blocks of RNA beyond the
standard four nucleotides, thereby extending the capabilities
of RNA to take on additional conformations and/or functions.

The anticodon loop in most tRNAs contains modified
nucleotide(s) (Figure 1), and these modifications are impor-
tant for optimal codon recognition (5). Modifications near
the anticodon influence reading frame maintenance by
affecting the stability of tRNA-mRNA complexes (6).
Modified residues are also found near tertiary interactions
where the D-loop and T-loop interact at the elbow of the
L-shape (Figure 1). These modifications are thought to be
important for stabilizing the correctly folded structures of
tRNAs. Thermal denaturation studies of severalEscherichia
coli and yeast tRNAs show that the melting temperatures of
native (fully modified) tRNAs are higher than those of
unmodified tRNAs at both low and high Mg2+ concentrations
(7-11). tRNAs from thermophiles also exhibit a higher
percentage of modified residues (12). These results are
consistent with the model in which the primary function of

the modifications is to stabilize the folded structure of tRNA.
This leads to the question of how post-transcriptional
modifications affect the overall structure and dynamics of
tRNA.

Imino proton NMR data have been used to compare native
and unmodified tRNAs. Hall et al. (3) first demonstrated that
there were large differences in the imino spectra of native
and unmodified yeast tRNAphe in the absence of Mg2+. They
also showed that above 2 mM Mg2+, the imino spectrum of
unmodified yeast tRNAphe had the same number of reso-
nances, with unmodified bases having chemical shifts very
similar to those of the native yeast tRNAphe. Since imino
proton resonances are observed for G and U residues
involved in stable intramolecular hydrogen bonds, this
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FIGURE 1: Secondary structure of nativeE. coli tRNAval. Residues
containing slowly exchanging imino protons observed in both native
and unmodifiedE. coli tRNAval are circled; the boxed residue
indicates this imino proton was only observed to be slowly
exchanging in unmodifiedE. coli tRNAval.
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indicates that the base pairing and secondary structure of
the native and unmodified tRNAs are similar at higher
concentrations of Mg2+ (3). More recent NMR1 studies of
native and unmodifiedE. coli tRNAval with a more complete
set of imino proton resonance assignments concluded that
the modifications help stabilize the tertiary interactions in
the tRNA (13). However, the modifications are not required
for some of the biological functions of tRNA. For example,
in vitro experiments show the kinetics of aminoacylation of
unmodified tRNAphe are similar to those of native tRNAphe

in the presence of high levels of Mg2+ (10 mM) (3). These
results suggest that native and unmodified tRNAs have
similar biological activity as long as enough Mg2+ is present
to compensate for the lack of post-transcriptional modifica-
tions.

The X-ray crystal structures of several free native tRNAs
have been determined, but to date, there are no crystal
structures for free, unmodified tRNAs. These tRNA struc-
tures all adopt the characteristic L-shape global fold, but there
is some variation in the global conformation. The angles
between the acceptor and anticodon arms in the crystal
structure of free yeast tRNAphe, tRNAasp and initiator
tRNAfmet, and human tRNAlys vary from 76 to 96° (14-18).
This raises the question of whether tRNAs adopt different
conformations in solution and how the post-transcriptional
modifications affect the global conformation of individual
tRNAs. Transient electric birefringence measurements showed
an interarm angle of 80-90° for unmodified yeast tRNAphe

(19, 20), which is consistent with the 86° interarm angle of
the yeast tRNAphecrystal structure. These experiments require
long (75 bp) extensions of the helical arms and thus are not
readily applied to native tRNAs. Traditional NMR methods
that employ short-range proton-proton distance and torsion
angle constraints can be used to generate high-resolution local
structure but are not able to determine the global structure
of extended molecules such as nucleic acid double helices
(21). However, improved methods for partially ordering
macromolecules in solution have made it possible to routinely
measure RDCs. Since the RDCs depend on both the distance
and relative orientation of the nuclei in the magnetic field,
these data allow distant parts of macromolecules to be
positioned relative to each other (22-25). Several domain
orientation techniques have been used to determine the global
structures of macromolecules from RDCs (26-32). RDC
data and domain orientation techniques were used here to
compare the global structures of modified and unmodified
E. coli tRNAval.

Post-transcriptional modifications have been shown to
affect the thermodynamic stability of tRNA (8, 9, 13); thus,
it follows that they will also affect the dynamics and
flexibility of tRNAs. The kinetics for solvent exchange of
imino and amino protons can be used to probe the dynamics
of nucleic acids (33, 34). These solvent exchange rates are

influenced by hydrogen bonding and base pair opening of
the secondary and tertiary structures. The imino protons in
standard double-helical regions have relatively fast solvent
exchange kinetics (0.1-10 s-1 at 25 °C), but very slowly
exchanging imino protons have been observed for post-
transcriptionally modified tRNAs with half-lives as long as
several days (34-37). However, the effect of modifications
on the exchange kinetics has not been determined. In this
work, the deuterium exchange kinetics for native and
unmodifiedE. coli tRNAval are compared in an effort to better
understand how the dynamics ofE. coli tRNAval are affected
by post-transcriptional modifications. The NMR and deute-
rium exchange studies performed here demonstrate that
modifications lead to significant changes in dynamics, but
not the local or global structure of tRNAval in solution.

EXPERIMENTAL PROCEDURES

Sample Preparation. Native (fully modified) E. coli
tRNAval was prepared by overexpression inE. coli containing
the pVALT7 plasmid (7). For 15N-labeled native tRNAval, a
100 mL overnight culture was used to inoculate 1 L of
minimal medium containing15NH4Cl as the only nitrogen
source, and the native tRNAval was purified as previously
described (7, 38, 39). Unmodified tRNAval was prepared by
in vitro transcription from plasmid DNA templates as
described previously (3, 13). The tRNAs were exchanged
into NMR buffer [10 mM sodium phosphate (pH 7.0), 80
mM NaCl, 5 mM MgCl2, and 0.1 mM EDTA] in a 90%
H2O/10% D2O mixture by extensive buffer exchange using
Centricon YM-10 centrifugal filter devices (Millipore, Bed-
ford, MA). An alignment medium of polyoxyethylene-5-octyl
ether and 1-octanol (40) was prepared by adding 35µL of
C8E5 to 1 mL of a 90% H2O/10% D2O mixture, and then
up to 14 µL of 1-octanol was added dropwise until the
solution became opalescent, indicating formation of the liquid
crystal phase. This alignment medium was then added to a
lyophilized sample, yielding 1 mM native tRNAval. Pf1
filamentous phage was prepared as previously described (41),
and unmodified tRNAval in a 90% H2O/10% D2O NMR
buffer was added to the concentrated Pf1 to give a sample
of 0.3 mM tRNA in 15 mg/mL Pf1. The quadrupole splitting
of the 2H2O resonance was used to quantify the degree of
alignment of these tRNA samples (41).

NMR Data Collection.NMR experiments were performed
on Varian Inova 500 or 600 MHz spectrometers with triple-
resonance probes andz-axis pulsed-field gradients. The NMR
data were processed using FELIX97 (Molecular Simulations
Inc., San Diego, CA). 1D1H spectra were collected using a
jump-return pulse sequence for water suppression (42). 2D
1H-1H NOESY and1H-15N HSQC experiments (43, 44)
were used to confirm the resonance assignments of native
and unmodifiedE. coli tRNAval imino protons (28, 39, 45).
Doublet-separated sensitivity-enhanced 2D1H-15N HSQC
experiments were used to measure one-bond1H-15N cou-
plings in the isotropic and aligned tRNA samples (46). The
RDCs were obtained by subtracting the1H-15N couplings
measured in the aligned and isotropic samples (Table 1). The
experimental details for the NMR experiments are given in
the Supporting Information.

1 Abbreviations: 1D, one-dimensional; 2D, two-dimensional; HSQC,
heteronuclear single-quantum correlation spectroscopy; C8E5, poly-
oxyethylene-5-octyl ether; NMR, nuclear magnetic resonance; NOESY,
two-dimensional nuclear Overhauser effect spectroscopy; RDCs,
residual dipolar couplings; EDTA, ethylenediaminetetraacetate; s4U,
4-thiouridine; D, dihydrouridine; cmo5U, uridine 5-oxyacetic acid; m6A,
N6-methyladenosine; m7G, 7-methylguanosine; T, 5-methyluridine;Ψ,
pseudouridine.
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Rigid Body Structure Calculations with RDCs. Residual
dipolar coupling can be described by the following equation
(22, 47):

whereDPQ is the residual dipolar coupling between nuclei P
and Q,Da is a function of the degree of alignment of the
molecule, as well as the gyromagnetic ratio, internuclear
distance, and generalized order parameter (S) of nuclei P
and Q,R is the rhombicity, andθ andφ define the orientation
of the internuclear vector PQ in spherical coordinates.

A modified version of X-PLOR version 3.21 that employs
a square-well potential for residual dipolar couplings was
used for structure calculations (48, 49). The helical arms in
the tRNA were modeled as A-form structures as previously
described (28), and the arm orientation calculation treats the
acceptor and anticodon arms as rigid helices while reorienting
the arms to give the best fit to the RDCs. A set of 50
calculations was performed starting with random orientations
of the arms and included the1H-15N imino RDCs with errors
of (1.5 Hz.Da andR were determined in X-PLOR using a
rigid body fit with a grid search procedure (47) with the
details of the rigid body arm orientation calculations given
elsewhere (38).

Computer Simulations for Error Determination in Arm
Orientation Calculations.A computer simulation was per-
formed to determine how variations in the local structure
(structural noise) (50) affect the results of the arm orientation
calculation. The A-form model structure of unmodified
tRNAval (28) was used as the target structure, and a set of
perfectly accurate imino proton RDCs that correspond to the
experimental data were generated withDa andR values of
-17 Hz and 0.65, respectively.

To simulate structural noise, a FORTRAN program was
written that generates starting structures that have systematic
errors in the orientations of the15N-1H internuclear vectors
of imino bonds. Structural noise was introduced into the
target structure by changing the orientation of the imino
group internuclear vector by sampling a distribution of
orientations within a cone (see Figure S1 of the Supporting
Information). Fifty starting structures were generated with
structural noise of 0, 2.5, 5, 7, 10, or 20°, and domain
orientation calculations were performed for each of these
data sets. The correct alignment magnitude and rhombicity
for the target structure (Da ) -17 Hz andR ) 0.65) were
used in these calculations. A calculation was also performed
where in addition to the imino bond1H-15N RDCs, 1H-
13C RDCs were simulated for all the C1′H1′ groups in the
helical arms using a structural noise of 7°.

Calculations of Interarm Bend and Twist Angles.CURVES
version 5.1 (51) was used to determine the average helical
axis of the acceptor and anticodon arms for the tRNA
structures. An in-house FORTRAN program was used to
calculate the interdomain bend and twist angles for these
helical axes.

Deuterium Exchange Experiments.A 1 mL bed volume
G-25 size exclusion spin column was equilibrated with NMR
buffer in 99% D2O (on ice), and the native or unmodified
E. coli tRNAval in a 90% H2O/10% D2O mixture (2.7-4 mM
tRNA in a volume of 150µL) was applied to the column.
tRNA was eluted by centrifuging for 2 min at 1500g. The
sample was immediately diluted with 99% D2O NMR buffer
to 400µL and transferred to a Shigemi NMR tube, and the
first 1H 1D experiment was completed 4 min after the sample
was applied to the column. The intensities of the slowly
exchanging peaks were measured using FELIX97 and were
fit to the simple exponential decayI ) Io(e-kt) + c in
Kaleidagraph 3.5 (Synergy Software), whereI is the intensity
of the peak at timet, Io is intensity of the peak at time zero,
k is the rate constant [t1/2 ) ln(2)/k], andc is a constant to
correct for baseline offset and/or residual H2O in the sample.

RESULTS

Characterizing NatiVe and Unmodified tRNAVal. Compari-
son of the1H-15N HSQC spectra of native and unmodified
tRNAval shows the same number of cross-peaks in the imino
region (Figure 2), indicating a similar number of hydrogen
bonding interactions for imino protons in both these tRNAs.
As seen in Figure 2, five imino groups show significant
chemical shift differences between these two tRNAs, and
four of these are the modified bases, s4U8, T54, m7G46, and
Ψ55. Although G18 is not modified, it also has a small
change in1H chemical shift, which may arise from G18 base
pairing toΨ55 and being directly adjacent to D17 and near
T54. Overall, comparison of the1H and15N chemical shifts

Table 1: Normalized Residual Dipolar Couplings for the
Base-Paired Imino NH Groups ofE. coli tRNAval a

native tRNAval b unmodified tRNAval c

residue RDC (Hz) residue RDC (Hz)

G1 -11.3 G1 -11.7
G2 10.0 G2 10.2
G3 14.2 G3 13.5
U4 4.0 U4 6.0
G5 -24.2 G5 -26.0
U7 -5.0 U7 -10.9
s4U8 -1.0 U8 -2.0
G10 -20.9 G10 -13.5
U12 -3.7 U12 2.0
G15 -31.0 G15 -30.1
G18 -18.6 G18 -21.1
G22 -8.5 G22 2.4
G24 -11.4 G24 -13.3
U29 -26.5 U29 -28.4
G39 -16.6 G39 -21.6
G40 -30.7 G40 -30.1
G42 -9.9 G42 -10.4
m7G46 -25.0 G46 -26.5
G49 28.1 G49 31.4
G50 25.3 G50 21.5
G52 -23.8 G52 -29.4
G53 0.1 G53 -16.7
T54 7.6 U54 3.1
Ψ55N3 20.9 U55 20.6
G63 3.0 G63 2.6
U64 30.1 U64 26.0
U67 -19.9 U67 -24.5

a The estimated experimental error is(1.5 Hz. The RDCs for the
acceptor arm are in italic type; the RDCs for the anticodon arm are in
plain type, and the RDCs for the tertiary interactions are in boldface
type. b Sample conditions are as follows: 10 mM sodium phosphate
(pH 7.0), 80 mM NaCl, 5 mM MgCl2, and 0.1 mM EDTA at 15°C.
c Sample conditions are as follows: 10 mM sodium phosphate (pH
7.0), 80 mM NaCl, 5 mM MgCl2, and 0.1 mM EDTA at 25°C. These
RDCs were normalized by multiplying them by 1.625 to account for
different degrees of alignment between the native and unmodified tRNA
samples.

DPQ ) Da[(3 cos2 θ - 1) + 3/2R(sin2 θ cos 2φ)] (1)
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is consistent with nearly equivalent local, hydrogen bonding
structures of native and unmodified tRNAval in 5 mM Mg2+.

Residual Dipolar Couplings of NatiVe and Unmodified
tRNAVal Structures.The RDCs were measured here for both
native and unmodified tRNAval. The results for the native
tRNA in C8E5 alignment medium were identical to those
previously published under slightly lower salt conditions with
Pf1 alignment medium (28), and comparison of RDC data
in a variety of different alignment media shows that the
alignment tensors and normalized RDCs for native tRNAval

are the same in all the alignment media that were tested
(unpublished results). A plot of the normalized1H-15N
RDCs of native and unmodified tRNAval shows that, except
for residues 10, 22, and 53, all the RDCs are similar (all
others have differences of less than 6 Hz) (Figure 3). This
indicates that the imino bond vector orientations for most
residues are very similar in both tRNAs.

Global Structure Determinations of NatiVe and Unmodified
tRNAVal from Residual Dipolar Couplings.We previously
used RDCs and the domain reorientation-type program
CONFORMIST to determine the orientation of the helical
arms for native tRNAval (28). A slightly modified procedure

is employed here where the restrained molecular dynamics
package, XPLOR, was used to determine the orientation of
the helical domains while simultaneously producing a
structure consistent with standard covalent, bond angle, steric,
and experimental constraints. XPLOR requires input of
alignment tensor valuesDa and R, and a grid search
refinement method was used to determine the alignment
tensor (25, 47). The first step in determining the global
orientation of a molecule by RDCs is demonstrating that the
individual domains orient as a single rigid species. Thus,
independent grid search refinements were performed using
RDC data for only the acceptor or anticodon arm in each of
the tRNAs. The results are given in Table 2 and show similar
values forDa and R for the acceptor and anticodon arms,
confirming that each tRNA is orienting as a rigid species.

Rigid body restrained molecular dynamics calculations
were employed to determine the arm orientation in these
tRNAs. This calculation involves three stages: (i) random-
ization of the orientation of the anticodon arm relative to
the acceptor arm, (ii) rigid body restrained molecular
dynamics and simulated annealing refinements to reorient
the anticodon arm relative to the acceptor arm by simulta-
neously determining the best fit of the alignment tensor to
the RDCs in a grid search ofDa and R, and (iii) energy

FIGURE 2: Imino region of the 2D1H-15N HSQC spectra of native
(red) and unmodified (black)E. coli tRNAval in 5 mM Mg2+ at 25
°C. Arrows indicate residues that show a change in1H chemical
shift of >0.2 ppm.

FIGURE 3: Normalized RDCs for nativeE. coli tRNAval at 15 °C and unmodifiedE. coli tRNAval at 25 °C (the unmodified RDCs were
normalized to account for the different degree of alignment in the two samples). Positions of RDCs in the secondary structure are color-
coded for the acceptor arm (red), the anticodon arm (blue), and the tertiary contact (green), and the residues with the largest differences are
labeled.

Table 2: Summary of Alignment Tensor Information for Rigid
Body Restrained Molecular Dynamics Calculations of tRNAsa

Da (Hz) R rmsdb (Hz)

native tRNAval

acceptor armc 15.5 0.60 4.63
anticodon armd 23.5 0.30 5.35
rigid body arm orientatione 17.0 0.55 5.56

unmodified tRNAval

acceptor armc 10.5 0.65 1.43
anticodon armd 12.5 0.50 2.65
rigid body arm orientatione 12.5 0.50 2.63

a The errors inDa and R are approximately(1 Hz and (0.1,
respectively.b Root-mean-square deviation from measured RDCs to
RDCs predicted from the structure as determined by X-PLOR.c Grid
search results from a rigid body fit of data to the A-form model with
only acceptor arm RDCs.d Grid search results from a rigid body fit of
data to the A-form model with only anticodon arm RDCs.e Grid search
results from full arm orientation structure calculation with all arm RDCs.
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minimization to ensure satisfactory covalent structure (see
Experimental Procedures).

These arm orientation calculations show that native
tRNAval has average interarm and twist angles of 103( 1°
and 179( 1°, respectively (for a set of 50 structures). These
angles are identical to previous results for this system (28).
The results for the unmodified tRNAval are within error of
these for the native tRNA (interarm and twist angles of 100
( 1° and 177( 1°, respectively), providing further evidence
that the global conformation of the tRNAval is unchanged
by the post-transcriptional modifications. As discussed below,
these errors only account for uncertainty in the measured
RDCs and likely underestimate the true error of the calculated
interarm and twist angles.

Computer simulations were next performed to estimate
how variations in the local orientation of1H-15N imino
groups affect the interarm angles in tRNA. A model structure
for native tRNAval (28) was used as the target structure. To
mimic the experimental data, a perfectly accurate set of 21
RDCs was calculated from the target structure and the RDCs
were input with the same precision ((1.5 Hz) as the
experimental data. These RDCs were then used as input for
five separate arm orientation calculations, which differ in
the amount of structural noise introduced for the H-N
vectors (Table 3).

The results showed that for a structural noise of 2°, the
interarm angle has a standard deviation of(6°. When the
structural noise increases to 10 or 20°, the standard deviation
in the interarm angle is(10 or(20°, respectively. Similarly,
for a structural noise of 2°, the twist angle standard deviation
is (2.9° and increases to(14° for a structural noise of 20°.
The rmsds of the RDCs increase from 1.1 to 7.9 Hz when
structural noise increases from 2 to 20°.

To determine how additional RDCs improve the arm
orientation calculations, 641H-13C RDCs for sugar C1′H1′
groups in the helical arms were added to the calculation.
This new set of RDCs was used to perform arm orientation
calculations with starting structures that contain a structural
noise of 7°. As expected, the additional RDCs reduce the
interarm angle error from 9 to 4° and improve the twist angle
error from 5.1 to 3.3° (Table 3). These data suggest that the
accuracy of the local structure is very important when only
a small set of RDCs is used to orient different domains.

Deuterium Exchange of tRNA. 1D proton-deuterium
exchange experiments were used to compare base pair
dynamics in native and unmodified tRNAval. Six slowly
exchanging resonances were observed in native tRNAval with
half-lives from 14 to 1500 min (Table 4), and four resonances
were unambiguously assigned (U12, G22, G53, and G49).
The slowly exchanging resonance at 13.69 ppm is assigned
to the imino proton of either G24 or T54, and the resonance
at 12.47 ppm is the imino proton for either G10 or G39,
with G10 being the most likely since it is slowly exchanging
in native yeast tRNAphe (35). For unmodified tRNAval

, two
resonances exhibited very slow exchange with half-lives of
56 and 73 min. Four other resonances had not fully
exchanged by the first time point (4 min), but their exchange
was so near the detection limit of this method that half-lives
could not be confidently determined. The resonance with a
half-life of 73 min is overlapped and is from the imino
proton(s) of U12, U54, and/or U29. The peak with the next
longest half-life (56 min) is unambiguously assigned to G24.
Three of the four resonances with lifetimes of<5 min were
unambiguously assigned, and the other one is the imino
proton of either G10 or G39. Summaries of the exchange
kinetics for slowly exchanging imino protons in native and
unmodified tRNAval are given in Table 4.

DISCUSSION

tRNAs have the highest level of post-transcriptional
modifications of any known RNAs, and a significant
percentage of the genes in a bacterial cell are dedicated to
tRNA-modifying enzymes (4). Thus, it is expected that these
modifications are critical for tRNA function. Some modifica-
tions are thought to be important for stabilizing the folded
structure of tRNA, and others are important for molecular
recognition. For example, under physiological conditions, the
rates of aminoacylation of unmodified tRNAs are much
slower than for native tRNAs. However, with high levels of
Mg2+, these rates are similar for the modified and unmodified
species (8). It is thought that the post-transcriptional modi-
fications indirectly affect how the tRNAs are recognized by
the aminoacylation enzymes by affecting the conformation
or dynamics of the tRNA.

Modifications in the anticodon region of tRNAs help
ensure proper codon recognition in the ribosome and

Table 3: Simulations of RDC Data with Different Degrees of
Structural Noisea

structural
noise (deg)b

RDC rmsd
(Hz)

interarm
angle (deg)

twist angle
(deg)

0 85.8 177.4
2 1.1( 0.2 86( 6 177( 2.9
5 2.4( 0.5 87( 6 178( 4.2
7 3.1( 0.8 87( 9 177( 5.1

10 4.3( 1.1 91( 10 178( 6.9
20 7.9( 1.9 87( 20 176( 14
7c 3.4( 0.5 86( 4 177( 3.3

a Arm orientation calculations using perfectly accurate imino1H-
15N RDC data (with a precision of(1.5 Hz) and also including various
degrees of structural noise. Each set of calculations was performed for
50 different starting structures, and the results are for the average of
all 50 structures.b The cone angle of the internuclear vector used for
simulating structural noise in starting structures (see Figure S1 of the
Supporting Information).c In addition to the imino RDC data, these
calculations also included1H-13C C1′-H1′ RDCs. Structural noise
was also included for the C1′-H1′ internuclear vector.

Table 4: Hydrogen Exchange Kinetics for Native and Unmodified
E. coli tRNAval a

resonance (ppm) assignment(s) t1/2 (min)

native 13.87 U12 H3 33( 2
13.69 G24 H1/T54 H3b 1500( 350
13.02 G22 H1 108( 10
12.99 G53 H1 125( 10
12.47 G10 H1/G39 H1 15 ( 2
12.04 G49 H1 14( 2

unmodified 13.87 U12/U54/U29 H3b 73 ( 20
13.71 G24 H1 56( 20
13.05 G53 H1 ∼3-5
12.89 G22 H1 ∼3-5
12.47 G10 H1/G39 H1b ∼3-5
12.05 G49 H1 ∼3-5

a Deuterium exchange experiments were performed in 10 mM sodium
phosphate (pH 7.0), 80 mM NaCl, 5 mM MgCl2, and 0.1 mM EDTA
at 5 °C. Errors int1/2 were estimated from the standard deviation of
two measurements and the curve fit of the data.b Overlapped resonances
with the underlined residues showing the most likely assignment of
the slowly exchanging proton.
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influence reading frame maintenance by affecting the stability
of tRNA-mRNA complexes (5). Modified residues are also
found near tertiary interactions where the D-loop and T-loop
interact in tRNA (Figure 1). These modifications are thought
to help thermodynamically stabilize the tRNAs, and thermal
denaturation studies of severalE. coli and yeast tRNAs have
shown that the melting temperatures of native tRNAs are
higher than those of unmodified tRNA at both low and high
Mg2+ concentrations (7-11). For bacterial systems, the
extent of modifications of tRNA increases significantly in
thermophiles compared to mesophiles (12). These results
indicate that the degree of post-transcriptional modification
helps stabilize the correctly folded structure of tRNA in cells.

Local Structure Probes of Modified and Unmodified
tRNAVal. NMR studies of the imino protons have previously
been used to compare native and unmodified tRNAs. Hall
et al. first demonstrated that in the absence of Mg2+, there
are large differences in the imino proton spectra of native
and unmodified yeast tRNAphe. However, above 2 mM Mg2+,
the imino proton data indicate that the base pairs and base
triples are similarly formed in the native and unmodified
structure (3). A more recent imino proton NMR investigation
with more complete resonance assignments for native and
unmodifiedE. coli tRNAval showed that many of the tertiary
interactions observed in modified tRNAval did not form in
the unmodified tRNAval with no Mg2+. However, in 5 mM
Mg2+, the imino proton spectra of the modified and unmodi-
fied tRNAval are quite similar. From this study, it was
concluded that modifications stabilize the tertiary structure
in the absence of Mg2+ (13). The additional15N chemical
shift data obtained here confirm these previous studies, where
both the1H and 15N chemical shifts for imino groups are
very similar, indicating comparable hydrogen bonding in-
teractions in modified and unmodified tRNAval.

RDCs are a sensitive function of orientation and distance
and, therefore, represent a valuable probe of the local and
global structure of macromolecules (25, 47). The vast
majority (24 of 27) of the normalized1H-15N RDCs for
imino groups of native and unmodified tRNAval have similar
values, demonstrating that these N-H bonds have similar
orientations in both molecules (Table 1 and Figure 3).
Interestingly, the normalized RDCs for residues 8, 46, 54,
and 55 are also very similar, even though these residues
contain post-transcriptional modifications in native tRNAval.
The largest difference in RDCs is G53; this base is adjacent
to a T in native tRNAval and a U inunmodified tRNAval,
and there may be slightly different stacking to accommodate
the additional methyl group. The RDCs for G22 are also
significantly different, but this base forms a triple with m7-
G46 in native tRNAval; thus, the additional methyl group on
residue 46 in native tRNAval may affect the orientation of
G22 in the base triple. G10 is not close to any modified
residues, yet shows a difference of more than 7 Hz in the
RDCs. This difference indicates an alternate orientation or
dynamics for G10 in the two tRNAs, but the origin of the
difference in RDC is not clear. Overall, comparison of the
RDCs demonstrates that the unmodified and native tRNAval

have similar local (and global) structures.
Plotting the1H-15N imino RDCs as a function of position

in the secondary structure for both native and unmodified
tRNAval shows the presence of a sinusoidal wave type pattern
for the acceptor arm (see Figure S2 of the Supporting

Information). This type of dipolar wave has been used to
identify regular helical structures in peptides and RNAs (52,
53) and indicates that the coaxially stacked T-stem and
acceptor stem form a continuous A-form helix. There is no
obvious periodicity in the plot for the anticodon arm. The
anticodon arm is composed of the anticodon stem coaxially
stacked on the D-stem. The D-stem is involved in base triples
and tertiary interactions that may cause the positions of the
nucleotides to deviate somewhat from a regular A-form helix
conformation. The plots for native and unmodified tRNAval

are very similar, indicating that post-transcriptional modifica-
tions do not change the general helical structure of the
tRNAs.

Global Structure of NatiVe and Unmodified tRNAVal.
Comparison of the RDCs for modified and unmodified
tRNAval (Figure 3B) indicates that these tRNAs have
qualitatively similar global structures. The rigid body
restrained molecular dynamics calculations confirm this
conclusion, where both native and unmodified tRNAval have
interarm bend and twist angles of approximately 103( 1°
and 179 ( 1°, respectively (Figure 5). However, these
calculations likely underestimate the true error in determining
these angles. A variety of factors will contribute to errors in
final global structures, including uncertainty in measurements
of RDCs, variation in local or global dynamics that lead to
differences in the order parameter (S), uncertainties in
estimating theDa andR values of the alignment tensor, and
structural noise arising from incorrect local structure for the
individual domains. We employed a conservative error in
the RDCs ((1.5 Hz) which helps account for slight variations
in the order parametersS for individual imino groups.
However, even this conservative error leads to only a very
small error ((1°) in the orientation of the domains.

To more thoroughly address how other factors affect the
precision of the final global structures, several types of
calculations were performed using experimental or simulated
data for native tRNAval. Calculations were performed using
the experimental data for native tRNAval, where Da was
varied from 15.0 to 19.0 Hz. As seen in the Supporting
Information (Table S2), this results in interarm bend angles
ranging from 101 to 106° but no change in the interarm twist.
For calculations where the rhombicity was varied from 0.4
to 0.65, the interarm bend angle ranged from 99 to 107°
and the twist angle ranged from 181 to 177°. Thus,

FIGURE 4: Deuterium exchange monitored by imino proton NMR
spectra of nativeE. coli tRNAval at 5 °C. The reference spectrum
in a 10% D2O/90% H2O mixture is shown on top, and the colored
spectra were recorded different times after exchange into D2O
(orange, 5 min; green, 24 min; purple, 108 min; red, 31 h; and
cyan, 140 h). The reference spectrum was acquired with more scans
than the other spectra (256 vs 32).
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uncertainty in the alignment tensor magnitudes leads to a
larger variation in the orientation of the helical arms of tRNA
than uncertainty in the measured RDCs. Next, simulations
were performed to mimic inaccuracies in the local structure
of the individual domains being oriented in these rigid body
calculations. Structural noise as small as 2° results in an
interarm bend angle error of∼6° (Table 3). Thus, the
introduction of structural noise has a much larger affect on
the precision of the arm orientation than errors in RDCs,
Da, or R. The simulations show that with the limited set of
RDCs used here, small differences (<5°) in the arm
orientation between native and unmodified tRNA could not
be confidently determined. These simulations also showed
that errors in arm orientation can be significantly reduced
by including additional RDCs, such as H1′-CH1′ (see Table
3).

The simulations made it possible to estimate a more
realistic error for the arm orientations in native tRNAval. The
rmsd of the experimentally measured RDCs for native
tRNAval is 5.6 Hz (Table 2). The simulations show that if
all the rmsd error in the experimental data arose from
structural noise this would lead to an interarm angle
uncertainty of more than 10°. However, for real data, part
of the rmsd will arise from other factors besides structural
noise (errors in measurement of RDCs, errors in estimates
of Da, R, or S). As noted above, these errors contribute less
to uncertainty in the interarm angles; thus 10°, represents a
reasonable estimate of the uncertainty in interarm angles for
the experiments on native and unmodified tRNAval performed
here.

Crystal structures of yeast tRNAphe, yeast tRNAasp, yeast
initiator tRNAfmet, and human tRNAlys show interarm angles
ranging from 76 to 96° (14-18), and the results here indicate
that the RDC measurements performed here would be able

to distinguish between arm orientations for tRNAs with the
largest and smallest angles. However, the more subtle
differences in the domain orientation between structures
could not be detected using only1H-15N RDCs for the stem
regions of tRNA.

Hydrogen Exchange and Dynamics for NatiVe and Un-
modified tRNAVal. The solvent exchange kinetics for imino
and amino protons in nucleic acids are very sensitive to
hydrogen bonding interactions, base pair opening, and
fluctuations of the secondary and tertiary structures (33, 34).
Johnston et al. previously observed four very slowly ex-
changing imino protons for native yeast tRNAphe with half-
lives on the order of minutes to days (35). Slowly exchanging
imino protons in the D-stem and T-stem have also been
observed for other native tRNAs (E. coli tRNAfmet, tRNAglu,
and tRNAtrp; yeast tRNApheand tRNAasp; beef liver tRNAtrp;
andThermus thermophilustRNAile); however, there are no
analogous results for unmodified tRNAs (35-37, 54).
Deuterium exchange kinetics for native and unmodifiedE.
coli tRNAval were measured here to better understand how
modifications affect tRNA dynamics in solution. Unmodified
tRNAval shows slowly exchanging imino protons in the D-
and T-stem with exchange half-lives ranging from 3 to 73
min (Table 4). Although these half-lives are much shorter
than that for the native tRNAval (T54/G24 has a half-life of
1500 min), the imino protons with the longest lifetimes in
native tRNAval are also the most slowly exchanging in
unmodified tRNAval. For both the native and unmodified
tRNAval, the most slowly exchanging protons are involved
in tertiary interactions in the D- and T-stems, suggesting that
these unique tertiary interactions, particularly extensive
stacking of the triples in the D-stem, contribute to this slow
exchange (Figure 1). Results for the exchange times for the
base triples in DNA support the idea that the additional

FIGURE 5: Relative orientations of the acceptor and anticodon arms of native (blue) and unmodified (red)E. coli tRNAval when five
structures from the rigid body domain reorientation calculations are superimposed on the acceptor arm. (A) A view illustrating the characteristic
L-shape and (B) rotated 90° to give a view down the acceptor arm from the loop end. The interarm angles for native and unmodifiedE.
coli tRNAval are 103 and 100°, respectively, and the twist angles are 179 and 177°, respectively. The uncertainty in interarm angle depicted
here ((1°) is for fitting of the RDCs, but as discussed in the text, a more realistic uncertainty including structural noise arising from local
structural variations is∼10°.
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interaction from the third base in the triple contributes to
the slow exchange. For example, Powell et al. observed that
the G imino proton in a G-C-C+ triple and the Watson-
Crick T imino proton in an A-T-T triple have half-lives of
26 and 5.7 min, respectively (55). The DNA triplex experi-
ments were carried out at pH 5.5 and 10°C. Since a lower
pH slows exchange, the results on DNA compare well with
the data here for unmodified tRNAval where the imino protons
for residues G22 and G10 that are involved in C-G-G triples
have half-lives of∼3-5 min at pH 7.0 and 5°C.

CONCLUSIONS

The data presented here represent the first comparison of
the global structure and dynamics of native and unmodified
free tRNA in solution. The vast majority (24 of 27) of the
normalized imino1H-15N RDCs in native and unmodified
tRNAval have similar values, which qualitatively shows that
there are no significant differences in local or global
structures of the helical arms between native and unmodified
tRNAval. Domain orientation techniques were next used to
determine the bend and twist angles for the helical arms in
these tRNAs. These data showed that within error of the
calculations, both tRNAs have the same bend (∼101°) and
twist (∼178°) angles. Thus, the solution NMR studies here
demonstrate that the more easily produced unmodified
tRNAval represents a good model system for the global
structure of native tRNAval. A comparison of native and
unmodified tRNA in crystal structures for native or unmodi-
fied tRNAgln complexed with E. coli glutaminyl-tRNA
synthetase is consistent with these results (56, 57). The two
tRNAs have essentially identical crystal structures, except
for small differences in atomic positions related to the
modifications.

In contrast to the structural data, comparison of the
hydrogen exchange data shows significant differences be-
tween native and unmodified tRNAval, where the half-lives
for the most slowly exchanging imino protons decrease up
to 20-fold in unmodified tRNAval. Current models of
hydrogen exchange in nucleic acids propose that exchange
takes place only when the imino proton is exposed to solvent
(34). Thus, the hydrogen bonds in the base pair (or triple)
are broken, and the base pair must open for the imino proton
to exchange with solvent. The large changes in imino proton
exchange rates indicate that there are major differences in
the dynamics of the secondary and/or tertiary structure
between modified and unmodified tRNAval. Since the open
state of these slowly exchanging base pairs represents only
a small percentage of the structures in solution, they do not
contribute significantly to the RDC data. Therefore, the NMR
studies here show that post-transcriptional modifications
affect the exchange kinetics but not the local or global
structures for the imino protons in the tRNAs. Previous
studies have shown large differences in the melting temper-
atures of modified and unmodified tRNAs (8, 9). Combined
with the NMR data here, these data lead to a model in which
the modifications primarily affect the thermodynamic stabil-
ity and kinetics for hydrogen exchange but not the structure.
Since thermophiles contain a higher percentage of modifica-
tions in their tRNA, and have higher melting temperatures
(12), it is expected that, well below their growth temperature,
thermophilic tRNA will have decreased dynamics and
therefore slower exchange kinetics for their imino protons.

This is not what has been observed in nativeT. thermophilus
tRNAile, where the kinetics of the most slowly exchanging
imino protons at 5°C are actually faster than those of the
most slowly exchanging imino protons inE. coli and yeast
tRNAs (35-37, 54). However, since these measurements
were performed at low temperatures, they do not reflect the
dynamics of these tRNAs under their normal growth condi-
tions. The deuterium exchange rates are usually too fast to
be measured by NMR at higher temperatures. Thus, other
techniques, such as measurement of NMR relaxation times,
are required to more directly compare the dynamics of
mesophilic and thermophilic tRNAs. Recent studies on the
dynamics of protein enzymes have indicated similar catalytic
rates and local dynamics of mesophilic and thermophilic
enzymes at their normal operating temperatures (58). It would
be interesting to see if similar effects are observed for the
dynamics of meso- and thermophilic RNAs.

The half-lives for exchange of imino protons in standard
double-helical DNAs and RNAs are generally on the order
of seconds (34, 59, 60), and much longer exchange times
(greater than minutes) have only been observed in a few
nucleic acids besides tRNAs. The most slowly exchanging
imino protons that have been measured are in DNA G-
quartets which can have half-lives longer than 2 weeks (61).
Some DNA triplexes also have imino protons with long
exchange times, but these only form at lower pH (which also
slows the exchange process) (55). Thus, it is intriguing that
we observed several very slowly exchanging imino protons
in unmodifiedE. coli tRNAval. These results show that post-
transcriptional modifications are not required for the exist-
ence of slowly exchanging imino protons in RNAs. Given
the growing number of biological functions that have been
identified for RNAs, it will be very interesting to see how
many of these functional RNAs also exhibit slowly exchang-
ing imino protons. Some of these larger functional RNAs
(i.e., group I and group II ribozymes, riboswitches, and
RNase P) likely have more globular structures than tRNA
and thus are good candidates for having slowly exchanging
imino protons. If these larger RNAs show a significant
number of slowly exchanging imino protons, then deuterium
exchange could provide a valuable tool for probing RNA
structure and dynamics, which is similar to how it is currently
used in studies of protein structure and dynamics. We are
currently performing NMR deuterium exchange experiments
on other functional RNAs, to determine how commonly
slowly exchanging imino protons are observed in larger
RNAs.
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