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ABSTRACT: The structure of the human mitochondrial (hs mt) tRNALeu(UUR) features several domains that
are predicted to exhibit limited thermodynamic stability. An elevated frequency of disease-related mutations
within these domains suggests a link between structural instability and the functional effects of pathogenic
mutations. A series of tRNAs featuring mutations within the D and anticodon stems were prepared and
investigated using nuclease probing. Structural mapping studies indicated that these domains were partially
denatured for the wild type (WT) hs mt tRNALeu(UUR) and were significantly stabilized by mutations
introducing additional or stronger base pairs into the stem regions. In addition, trends in the aminoacylation
activities of the D stem mutants suggested that the loose structure is required for function, with mutants
displaying the most ordered structures exhibiting the lowest levels of aminoacylation activity. A pronounced
interdependence of the structures of the anticodon and D stems was observed, with mutations strengthening
the D stem stabilizing the anticodon stem and vice versa. The existence of strong interdomain
communication was further elucidated with a mutant of hs mt tRNALeu(UUR) containing a stabilized D
stem and a pathogenic mutation that disrupted the anticodon stem. Strengthening the structure of the D
stem completely restored the function of the disease-related mutant to WT levels, indicating that propagated
structural weaknesses contribute to the functional deactivation of this tRNA by mutations.

tRNAs1 are essential components of the protein synthesis
machinery (1). Translation of genetic information into protein
sequences requires the delivery of amino acids to the
ribosome by tRNAs; thus, the efficiency and fidelity of
protein synthesis rely on the presence of functional tRNAs
within the cell. Over the past decade, a number of diseases
correlated with mutations in hs mt tRNA genes have been
discovered (2, 3). The deleterious effects of the mutations
on hs mt tRNA structure and function may underlie the
resultant disease states (4, 5).

The primary sequences and secondary structures of hs mt
tRNAs are significantly different from those of canonical
bacterial and cytoplasmic tRNAs (6), and the three-
dimensional structures remain uncharacterized at the mo-
lecular level. Hs mt tRNAs typically have shortened se-
quences relative to other tRNAs, ranging from 62 to 78
nucleotides in length, and contain 33-75% AU base pairs
(7); bacterial analogues are 74-95 nucleotides in length and
contain a lower percentage of AU base pairs, typically 11-
38% (8). Truncations within the D and TψC domains are

also common in hs mt tRNAs (6). Highly conserved
nucleotides present in canonical tRNAs are often absent
within mitochondrial analogues, altering the pattern of tertiary
interactions that are tightly conserved in nonmitochondrial
sequences. Therefore, while hs mt tRNAs must adopt an
L-shaped structure typical of canonical tRNAs in order to
function in ribosomal protein synthesis, their folded structures
may be constructed with a different set of intramolecular
contacts. Additionally, because of their shortened and AU-
rich sequences, hs mt tRNAs are predicted to have low
thermodynamic stabilities (6). The divergence from the
common canonical structure may heighten the susceptibility
of mitochondrial tRNAs toward conformational defects
caused by pathogenic point mutations.

Hs mt tRNALeu(UUR) is a particularly interesting case with
20 documented pathogenic mutations (Figure 1) (9). Several
of the disease-related mutations within hs mt tRNALeu(UUR)

have been investigated at the cellular and molecular level,
and varied functional defects have been observed (10-17).
Limited direct experimental evidence concerning the structure
of this tRNA or disease-related mutants is available.

The predicted base-pairing pattern for hs mt tRNALeu(UUR)

closely resembles the canonical cloverleaf tRNA structure
(18). Of the nine long-range tertiary interactions that are
characteristic of most tRNAs, hs mt tRNALeu(UUR) retains
eight, with the exception being the 9-(23-12) tertiary inter-
action that is lost due to an A-C mispair within the D stem
(6). In contrast to the majority of hs mt tRNAs that
commonly retain only the “core” interactions between the
D stem and the variable loop, hs mt tRNALeu(UUR) should
maintain a stable tertiary structure.
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While the hs mt tRNALeu(UUR) features conserved nucle-
otides that would permit the formation of a structure
analogous to canonical tRNAs (Figure 1) (19), a unique
characteristic of this tRNA is the presence of a thermody-
namically unstable anticodon stem comprised of four A-U
pairs, rather than the five base pairs typically observed.
Another striking feature within the structure is a destabilized
D stem, which contains only two Watson-Crick pairs, one
A-C mispair, and one G-U pair adjacent to the D loop.
Mispairs are commonly present adjacent to the D or TΨC
loop in mt tRNAs (6). However, this feature is believed to
offset the shorter, sterically hindered loops of mt tRNAs,
which are relieved of strain when flanked by a mispair (6).
The presence of a G-U pair at this position in hs mt
tRNALeu(UUR) does not appear to be necessary for the
mitigation of loop strain, as the D loop in this tRNA contains
10 bases as opposed to the canonical eight (7, 19).

In the present study, we investigate the structural properties
of hs mt tRNALeu(UUR) (Figure 1) with a particular focus on
domains within this molecule that appear unstable. The D
stem and anticodon stem of hs mt tRNALeu(UUR) are desta-
bilized by the low number of hydrogen bonds preserving
structural integrity. By preparing a series of mutants that
feature alterations to these domains, the role of individual
base pairs in the structure and function of this tRNA could
be probed. These studies indicate that the hs mt tRNALeu(UUR)

does possess a fragile structure that renders it vulnerable to
the effects of disease-related mutations. However, the
destabilizing features of this particular tRNA appear to be
essential for proper function.

EXPERIMENTAL SECTION

Preparation of tRNA Constructs.Plasmid DNA templates
for in vitro transcription were created as described (10, 11).
Plasmids were harvested fromEscherichia coliDH5R in

milligram quantities and digested withMVa1 (Ambion) to
generate the 3′-CCA end. The digested plasmids were phenol/
chloroform extracted (pH 8), ethanol precipitated, resus-
pended in water, and further purified using G-25 columns
(Amersham Pharmacia). In vitro transcription reactions
contained template DNA (200-400 µg in 1 mL), T7 RNA
polymerase (overexpressed inE. coli), RNasin (400 units/
mL, Promega), 40 mM Tris-HCl (pH 8), 10 mM NaCl, 2
mM spermidine, 20 mM MgCl2, 4 mM NTPs, and 5 mM
dithiothreitol. Transcription reactions were incubated for 6
h at 37 °C, with the addition of a second aliquot of
polymerase after 3 h. Plasmid DNA was digested with DNase
I (60 units/mL, Takara). Transcription products were ex-
tracted with 5:1 phenol (pH 4.7)/chloroform and ethanol
precipitated. The hs mt tRNALeu(CUN) does not possess a 5′-
G; therefore, this tRNA has a decreased transcription
efficiency; sufficient tRNA was obtained with a 5 mL
transcription sample that was desalted with NAP-25 columns
(Amersham Pharmacia) before precipitation. Samples were
purified by 12% denaturing PAGE using a 0.5X TBE buffer
(45 mM Tris base/45 mM boric acid/1 mM EDTA) on a 26
cm × 16.5 cm× 3 mm gel for 4 h. tRNA transcripts were
recovered by electroelution, ethanol precipitated, and resus-
pended in 0.5X TE (5 mM Tris-HCl (pH 8), 0.5 mM EDTA).
All solutions were prepared with DEPC-treated water.

Concentrations of tRNA solutions were determined by
quantitating the absorbance at 260 nm and applying an
extinction coefficient of 895 000 M-1 (mononucleotide) cm-1

(20). tRNA samples were annealed with incubation at 70
°C for 5 min in 0.5X TE followed by addition of MgCl2 (10
mM) and immediate cooling on ice.

Preparation of 5′-[ 32P]-Labeled hs mt tRNALeu(UUR). tRNA
samples were 5′-dephosphorylated using calf intestinal
alkaline phosphatase (Takara). Dephosphorylated tRNAs
(100 pmols) were 5′-radiolabeled in reactions containing 100
pmol of γ-32P-ATP (ICN Biomedicals, 7000 Ci/mmol), 100
units of T4 polynucleotide kinase (New England Biolabs),
70 mM Tris-HCl (pH 7.6), 10 mM MgCl2, and 5 mM
dithiothreitol, The labeling reactions were carried out for 30
min at 37 °C and purified using G-25 columns. Labeled
samples were further purified using 12% denaturing PAGE
with a 0.5X TBE buffer, electroeluted, and ethanol precipi-
tated. Samples were resuspended in 0.5X TE buffer.

Enzymatic Probing.Experiments were conducted under
nondenaturing conditions in a total reaction volume of 20
µL containing 40 mM Tris-HCl (pH 7.5), 40 mM NaCl, 10
mM MgCl2, and 1 mM spermine (1 mM ZnCl2 was also
added to nuclease S1 digests) (12). The radiolabeled samples
(2 × 104 cpm) were supplemented with cold tRNA at a
concentration of 0.05µg/µL and annealed by heating in 40
mM Tris-Cl (pH 7.5) at 70°C for 5 min, followed by the
addition of NaCl, MgCl2, spermine, and ZnCl2 (when
applicable). Annealed samples were cooled on ice for 20
min.

Nuclease probing experiments were performed using 25,
6 × 10-2, and 1.75× 10-3 U of nuclease S1 (Fermentas),
ribonuclease T2 (Sigma), and ribonuclease V1 (Ambion),
respectively. Reactions were carried out at 25°C for 5 min
and halted by the addition of 5µL of denaturing PAGE
loading buffer (8 M urea/45 mM Tris base/45 mM boric
acid/1 mM EDTA).

FIGURE 1: Predicted secondary structure of hs mt tRNALeu(UUR).
Expected tertiary interactions are indicated with dotted lines.
Numbers represent positions as determined by the canonical tRNA
numbering system (19).

tRNA Interdomain Communication Biochemistry, Vol. 43, No. 2, 2004385



Sequencing Reactions.A guanine ladder was created
using ribonuclease T1 (Fermentas). Labeled WT hs mt
tRNALeu(UUR) (2 × 104 cpm) supplemented with cold tRNA
at a concentration of 0.1µg/µL in 50 mM Tris base and 2
mM EDTA was incubated at 70°C for 5 min and cooled on
ice (21). RNase T1 (0.02 U) was added to the 5µL reaction
solution, which was incubated at 37°C for 20 min. An
alkaline ladder was also prepared with WT hs mt
tRNALeu(UUR) in 10 mM NaHCO3 and 2 mM EDTA (5µL).
The sample mixtures were heated for 8 min at 90°C (21).
Each reaction was stopped through the addition of 5µL of
denaturing PAGE loading buffer followed by cooling on ice.

Gel Electrophoresis Analysis of tRNA Reactions.Probing
reactions were analyzed on 21 cm (w)× 40 cm (h)× 0.4
mm (d) 20% denaturing PAGEs buffered with 0.5X TBE.
Gels were typically electrophoresed for 1.25 h at 25 mA and
then exposed to a Kodak K-plate for 2 h. Imaging was
performed with a Bio-Rad Molecular Imager FX Pro Plus
phosphoimager.

Preparation of hs mt LeuRS.Hs mt LeuRS was cloned
and purified as described (10, 22). A fresh transformation
from the cloned DNA was used for each protein preparation.
The purity of the protein was confirmed by SDS-PAGE,
and its concentration was determined by Bradford assay.

Aminoacylation Assays.tRNAs were annealed immediately
before aminoacylation assays as indicated above. Assays
were performed at 37°C in reaction mixtures containing 50
mM HEPES (pH 7.6), 100µM spermine, 25 mM KCl, 0.2
mg/mL bovine serum albumin, 2.5 mM ATP, 100µM
leucine, 6 µM [3,4,5-3H]leucine (173 Ci/mmol, Perkin-
Elmer), 7 mM MgCl2, 20 nM enzyme, and 3µM tRNA.
Results were analyzed as described (23).

NatiVe Gel Electrophoresis.Samples containing tRNA
were annealed as described above. A tRNA concentration
of 1 µM was obtained with the addition of native loading
buffer (10). Samples were analyzed by 10% native PAGE
in 0.5X TB buffer [45 mM Tris (pH 7.5) and 45 mM boric
acid]. Gels were stained by ethidium bromide and visualized
using an Epi Chemi II Darkroom (UVP Imaging).

Thermal Denaturation Measurements.Quartz cuvettes
were pretreated with DEPC water. In vitro transcribed
tRNALeu(UUR) (0.38µM) samples were annealed as described
above. Annealed tRNAs were analyzed in a buffer containing
50 mM sodium cacodylate (pH 7), 10 mM MgCl2, and 600
mM NaCl. The change in absorbance for each sample was
measured at 260 nm on an AVIV spectrophotometer (model
14DS UV/vis) from 25 to 95°C at 1 °C/min. Melting
temperatures were obtained from the maxima of the first
derivative of the thermal denaturation curves.

RESULTS AND DISCUSSION

Solution Structure of WT hs mt tRNALeu(UUR). The solution
structure of the WT tRNALeu(UUR) was probed using a series
of nucleases. The goal of these experiments was to assess
the overall structure of this tRNA and to probe the integrity
of domains (e.g., the anticodon and D stems) that are
predicted to exhibit marginal thermodynamic stability based
on the low numbers of hydrogen bonds present within the
structures. Given that the hs mt tRNALeu(UUR) contains many
of the nucleotides expected to form the tertiary interactions
typically stabilizing the L-shaped fold characteristic of tRNAs

(Figure 1), a structure similar to that observed for tRNAs
previously characterized by X-ray crystallography was
anticipated (24-26). However, the unstable stems of the hs
mt tRNALeu(UUR) would be expected to introduce conforma-
tional lability and could alter the overall fold.

Nuclease S1 and RNase T2 were used to define single-
stranded or loosely structured regions of hs mt tRNALeu(UUR)

(Figure 2). Interestingly, two regions that exhibited signifi-
cant accessibility to S1 and T2 were the D and anticodon
stems. Within the D stem, A12 appeared particularly
susceptible to the nucleases, especially RNase T2. The
nucleotide expected to pair with A12 based on the predicted
secondary structure (Figure 1), C23, also exhibited high
accessibility. Other nucleotides within the D stem, including
G10, U22, and G24, were also cleaved by nuclease S1.

Nucleotides within the anticodon stem also exhibited high
levels of cleavage with both nucleases specific for single-
stranded structures. Nuclease S1 exhibited high reactivity
with U27-A31, and RNase T2 efficiently cleaved A28-
A31. Surprisingly, the accessibility of these positions ap-
peared more pronounced than for the anticodon nucleotides.
Cleavage at U26-A28 is also observed with RNase V1,
which recognizes structured or double-stranded regions (see
Supporting Information). The observation of cleavage by this
nuclease along with those that recognize single-stranded
structures indicates that different conformations of this stem
may exist or that dynamic denaturation of the double-
stranded form permits capture by the single-stranded nu-
cleases.

These experiments indicated that the structure of hs mt
tRNALeu(UUR) contained several regions that despite the
predicted secondary structure were at least transiently un-
duplexed. However, the observation of the highest level of
D stem cleavage with RNase T2 at the A12-C23 pair, which
would be predicted to be the weakest part of this domain,
suggests that the proposed structure is likely an accurate
representation of the overall fold and that the stem is not
completely denatured, as suggested in a prior structural
analysis of this tRNA (12). The weak hydrogen-bonding
patterns within the D stem of hs mt tRNALeu(UUR) appear
insufficient for the preservation of a rigid helical structure.
Likewise, the high AU content of the anticodon stem renders
this region weak and prone to denaturation. However, the
structure of hs mt tRNALeu(UUR) must be sufficiently robust
for function; it is possible that the presence of modified bases
in the native tRNA introduces further stabilization that cannot
be monitored in this system.

Interestingly, 14 out of the 20 disease-related mutations
discovered within the hs mt tRNALeu(UUR) are located within
the D and anticodon domains (9). The pronounced structural
weaknesses within these regions of the tRNA may augment
the response of this biomolecule to the presence of point
mutations. The D and anticodon stems appear only margin-
ally stable and therefore may not be able to retain a folded
conformation when destabilizing sequence changes are
introduced.

Manipulation of the Structure of the hs mt tRNALeu(UUR)D
Stem.The nuclease probing experiments revealed patterns
of cleavage that were consistent with a defined three-
dimensional fold but with several domains within the
canonical cloverleaf structure exhibiting significant lability.
A series of tRNA mutants were constructed to probe how
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stabilizing mutations changed the structure of these regions.
In addition, the interplay between the unique structural
features of this tRNA and its function was addressed through
experiments monitoring the aminoacylation activity of
stabilized mutants (Figure 4).

The D stem of hs mt tRNALeu(UUR) contains two GC pairs,
a CA pair and a GU pair. The latter base pair is highly
conserved particularly among mammals (7), while the former
pair only appears inH. sapiens, P. paniscus, andG. gorilla
and is commonly an UA pair in most other higher and lower
eukaryotes (7). To assess how the non-Watson-Crick pairs
found within this stem affected the structure and function
of hs mt tRNALeu(UUR), the hs mt tRNALeu(CUN) isoacceptor
(Figure 3A) and the following series of hs mt tRNALeu(UUR)

mutants (Figure 3B) were prepared as follows: an A12G
mutant featuring a G12:C23 pair, a C23U mutant featuring
a A12:U23 pair, an U22C mutant featuring a G13:C22 pair,
and a construct that featured the fully base-paired D stem of
the hs mt tRNALeu(CUN) structure (DST). The hs mt
tRNALeu(CUN) does not contain the destabilizing features of
the UUR isoacceptor (18), but both tRNAs are aminoacylated
at similar levels (Figure 4A). Therefore, introducing the
tRNALeu(CUN) D stem into the tRNALeu(UUR) structure might
provide insight into why the unstable stem found in the latter
tRNA is present.

This series of mutants exhibited similar mobilities when
analyzed by native gel electrophoresis, indicating that the
global conformations of the tRNAs were similar (see
Supporting Information) (27). In addition, measurement of

the melting temperatures (see Supporting Information)
revealed that the mutants exhibited similar thermal stabilities,
with Tm values of 54.4( 0.2 (WT hs mt tRNALeu(UUR)), 53.8
( 0.4 (A12G), 54.1( 0.1 (U22C), 54.2( 0.3 (C23U), 58.2
( 0.1 (DST), and 55.2( 0.2 (WT hs mt tRNALeu(CUN)) °C.
The only tRNA with a significantly elevatedTm was the DST
tRNA (58 °C), which contains two additional Watson-Crick
base pairs in the D stem that appear to introduce stability
into the tRNALeu(UUR) structure.

A comparison of nuclease probing studies using RNase
T2 and nuclease S1 with the series of D stem mutants
revealed interesting structural differences among the con-
structs (Figures 5 and 6). The C23U mutant displayed only
a modest decrease in cleavage at A12 relative to the WT
sequence, and no change in cleavage efficiencies was
observed at the nucleotides adjacent to A12, indicating that
the introduction of a Watson-Crick pair does not signifi-
cantly alter the local structure of the D stem (Figures 5A
and 6A). Less cleavage was observed at U23, confirming
the presence of a more stable base pair at this mutated
position. Interestingly, less cleavage was observed at nucleo-
tides within the anticodon stem in the C23U mutant. It
appears that stabilization resulting from the sequence change
is propagated through the structure to this distal region.

The A12G mutant, with a GC pair in the 12:23 position,
exhibits significantly reduced cleavage within the D stem
as compared with the WT tRNALeu(UUR) when incubated with
either RNase T2 or nuclease S1 (Figures 5C and 6C).
Changes in the reactivity of A14 for the A12G mutant

FIGURE 2: Enzymatic probing of WT hs mt tRNALeu(UUR). (A) 5′-32P-labeled tRNA was subjected to cleavage with nuclease S1, RNase T2,
or RNase V1 and analyzed using 20% denaturing PAGE alongside unreacted control tRNA (C), a denatured RNase T1 ladder (G), and an
alkaline ladder (A). (B) Schematic depiction of cleavage data for nuclease S1. Nucleotides shaded red were highly accessible to the nuclease,
while those shaded yellow were moderately accessibly and those shaded blue exhibited low accessibility. Nucleotides shown in gray could
not be visualized in this experiment. (C) Schematic depiction of cleavage data for RNase T2. The color scheme is the same as in panel B.
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relative to the WT tRNA are also observed, with protection
of this nucleotide observed with nuclease S1. The altered
cleavage efficiency indicates that the orientation of this
nucleotide, which participates in an important contact with
U8 (7), is affected. As noted above for the C23U mutant,
the anticodon stem nucleotides are significantly more
protected in the presence of the stabilizing A12G mutation,
reinforcing the idea that the introduction of additional
hydrogen bonds into the D stem has a significant effect on
the conformation of other parts of the structure.

The hs mt tRNALeu(UUR) DST construct featuring the D
stem of the hs mt tRNALeu(CUN) isoacceptor also displayed
decreased cleavage in the transplanted region with both
single-stranded nucleases tested (Figures 5B and 6B). The
accessibility of A14 also appears perturbed as noted for the
A12G mutant, with both nucleases exhibiting lowered
reactivity with this site. In fact, the cleavage at all of the D
loop nucleotides is lower within this construct, indicating
that the structure of this loop is influenced by the structure
of the transplanted stem.

An U22C mutant was also examined to probe the influence
of the terminal GU pair within the D stem (Figures 5D and
6D). Interestingly, the cleavage patterns for this mutant were
almost identical to those obtained for the C23U mutant,

indicating that the formation of the GC pair at the end of
the stem had a similar effect as the introduction of the AU
pair at the next position. Overall, the C23U mutant appears
more structured and less accessible to nucleases binding
unpaired nucleotides than the WT sequence.

Functional Properties of D Stem Mutants.A comparison
of aminoacylation of the D stem mutants by the hs mt LeuRS
revealed several interesting trends that connect the structure
of the hs mt tRNALeu(UUR) to its functional properties.
Importantly, the introduction of point mutations into the D
stem that introduced Watson-Crick base pairs did not
increase the aminoacylation activity of the tRNA, indicating
that an active fold is obtained even with the unstable stem
(Figure 4B).

The aminoacylation efficiency for the C23U mutant, with
an UA pair replacing the native CA pair, was indistinguish-
able from the WT sequence (Figure 4B). Most other higher
eukaryotes have an UA pair at this position (7), so it is
therefore not surprising that the mispair can be replaced with
this Watson-Crick pair without affecting activity. The
introduction of a GC pair (A12G) at the same position,
however, decreased the reactivity by∼50% (Figure 4B),
indicating that the A-containing base pair is either an
important structural modulator or a recognition determinant
for hs mt LeuRS. The hs mt tRNALeu(UUR) DST construct
containing the tRNALeu(CUN) D stem also displayed signifi-
cantly reduced activity (Figure 4A). Thus, the sequence with

FIGURE 3: (A) Predicted secondary structure of hs mt tRNALeu(CUN).
(B) Hs mt tRNALeu(UUR) constructs with stabilized D stems. Three
point mutants (A12G, U22C, and C23U) and a construct featuring
the D stem of the tRNALeu(CUN) isoacceptor transplanted into the
tRNALeu(UUR) structure (DST) were generated to explore the effect
of the structure of the D stem.

FIGURE 4: Aminoacylation of hs mt tRNALeu constructs. (A)
Aminoacylation of WT hs mt tRNALeu(UUR) (9), WT hs mt
tRNALeu(CUN) ((), and DST (b) by hs mt LeuRS monitored at pH
7.6 at 37°C with 3 µM tRNA and 20 nM LeuRS. (B) Amino-
acylation of WT hs mt tRNALeu(UUR) (9), C23U (b), A12G ((),
and U22C (2) with conditions the same as in panel A. Data sets
shown represent averages of multiple experimental trials; amino-
acylation efficiencies observed for a given tRNA varied by less
than 10% among independent experiments.
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more robust base pairing only produces a functional D stem
when embedded within the CUN sequence.

The A12G and DST hs mt tRNALeu(UUR) constructs contain
stabilizing sequence changes that were reflected in the
nuclease cleavage profiles obtained. Both of these mutants
exhibited very low cleavage levels in the D stem and also
exhibited changes in the accessibility of A14 (Figures 5B,C
and 6B,C). These results may indicate that the increased
stability of the D stem introduces subtle structural changes
altering the conformation of the D domain and the arrange-
ment of functional groups important for recognition by the
cognate tRNA synthetase.

The U22C mutant also exhibited significantly lowered
aminoacylation activity (Figure 4B). The introduction of a
GC pair in the place of the terminal GU pair found within
the WT sequence does appear to stabilize the structure, and
the cleavage patterns observed for this mutant closely mirror
those obtained with the C23U mutant (Figures 5A,D and

6A,D). The observation of similar structural properties but
different aminoacylation efficiencies for the U22C and C23U
mutants indicates that loss in activity for the former tRNA
may result from the substitution of a nucleotide that is
important for recognition of the tRNA by LeuRS. The G13:
U22 pair within hs mt tRNALeu(UUR) is highly conserved
among eukaryotes (7); therefore, it appears reasonable that
this set of nucleotides is contacted by the tRNA synthetase.

The trends observed with mutants of hs mt tRNALeu(UUR)

featuring alterations in the D stem highlight the importance
of this domain in function. Subtle changes to the structure
of this region effected by a subset of stabilizing mutations
perturb both the conformation of the D loop and the reactivity
with LeuRS. The D stem also appears to contain important
aminoacylation determinants, as the introduction of a stabi-
lizing mutation (U22C) (that does not negatively impact the
structure of the hs mt tRNALeu(UUR)) attenuates aminoacyla-
tion.

FIGURE 5: Enzymatic cleavage of WT hs mt tRNALeu(UUR) and mutants. 5′-32P-labeled tRNAs were subjected to enzymatic cleavage and
analyzed using 20% denaturing PAGE (see Supporting Information for gel image). Data were generated through quantitating the cleavage
along each sample lane. Histograms represent the normalized results of RNase T2 cleavage under native conditions. Hs mt tRNALeu(UUR)

native conditions. Probing results for hs mt tRNALeu(UUR) mutants (colored) are compared to the WT sequence (dashed black). Histograms
A, B, C, and D represent the comparison of WT probing data to that of mutants C23U, DST, A12G, and U22C, respectively. The data are
divided into the four analyzed structural domains of the tRNA using dashed, vertical lines. The number to the left of each line is the
position that terminates each domain.
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Structural and Functional Effects of Mutations Stabilizing
the Anticodon Stem of hs mt tRNALeu(UUR). The anticodon stem
of the WT tRNALeu(UUR) exhibited significant susceptibility
to nucleases specific for single-stranded RNA. To test the
extent of denaturation within this stem, two mutants were
compared to the WT tRNA. One contained a U40C mutation
that introduces a CA mispair into the anticodon stem. This
substitution corresponds to the U3271C mutation correlated
with MELAS and MIDD (28, 29). The behavior of this
mutant was compared to a U40C/A30G construct containing
an additional stabilizing mutation that restores the base
pairing at the site of the pathogenic mutation and introduces
a GC pair within the stem that is otherwise composed of
AU pairs. Previous studies of these mutants indicate that the
presence of the CA pair in the U40C mutant does attenuate
aminoacylation and that the compensatory mutation restores
activity (11). Chemical probing experiments indicated that
the structure of the anticodon stem was disrupted by the
destabilizing mutation and strengthened by the compensatory
mutation relative to the WT tRNALeu(UUR). Here, a more
thorough investigation of global structural changes was
undertaken using nuclease probing. In particular, the rela-

tionship between the structure of the anticodon stem and the
D stem was analyzed.

Nuclease probing was performed on the U40C and U40C/
A30G mutants, and the cleavage efficiencies were compared
to those obtained with the WT hs mt tRNALeu(UUR) (Figure
7). The general patterns of cleavage, particularly those
obtained with RNase V1, were similar for the three tRNAs,
indicating that the overall structures were similar. However,
the extent of cleavage obtained with RNase T2 and nuclease
S1 varied according to the stability of the anticodon stem,
with the U40C mutant displaying higher susceptibility to
these enzymes than the WT sequence or U40C/A30G mutant.
The observation of increased cleavage at the stem nucleotides
for the U40C mutant relative to WT hs mt tRNALeu(UUR)

confirms that this domain is at least partially structured for
the WT tRNA. However, the decreased cleavage observed
for the U40C/A30G mutant indicates that the WT anticodon
stem is not well-ordered and that the GC pair installed by
the set of mutations significantly enhances the structural
integrity of the otherwise AU stem.

Interestingly, the amount of cleavage observed within the
D stem is increased when the destabilizing U40C mutation

FIGURE 6: Histograms generated from cleavage data using S1 nuclease under native conditions (see Supporting Information for gel image).
Results are exhibited in the same manner as in Figure 5.

390 Biochemistry, Vol. 43, No. 2, 2004 Roy et al.



is present, and cleavage of a subset of D stem nucleotides is
decreased for the U40C/A30G mutant that features a
stabilized anticodon stem (Figure 7). The anticodon mutants
therefore mirror the behavior of the D stem mutants discussed
above with the conformation of the D domain influenced
by the conformation of the anticodon domain.

Contribution of Interdomain Communication to Effects of
Pathogenic Mutations.It is apparent that there is significant
interdomain communication between the anticodon and the
D stems of hs mt tRNALeu(UUR). The effects of pathogenic
mutations within one domain may therefore be influenced
by the weak structure of the other. This possibility was
investigated by monitoring the aminoacylation of a mutant
containing a pathogenic mutation and a D stem stabilized
by the C23U mutation described above (Figure 8). Indeed,
when the MELAS- and MIDD-related U40C (U3271C)
substitution was tested within a U40C/C23U double mutant
construct, the attenuated aminoacylation activity of the U40C
mutant was restored to WT levels, indicating that the
stabilizing mutation within the D stem strengthened the
structure of the anticodon domain and made the tRNA less

susceptible to deactivation in the presence of the pathogenic
mutation. The ability of a mutation in the D stem to rescue
the functional activity of a mutant with a disrupted anticodon
stem confirms that there is strong communication between
the different domains of hs mt tRNALeu(UUR). The stacking

FIGURE 7: Histograms generated from cleavage data for enzymatic probing of WT tRNALeu(UUR) and the U40C and U40C/A30G mutants
(see Supporting Information for gel image). 5′-32P-labeled tRNA was subjected to cleavage with nuclease S1, RNase T2, or RNase V1 and
analyzed using 20% denaturing PAGE. Cleavage results were measured along each sample lane, and the data were used to create normalized
histograms representing the cleavage patterns. (A) Nuclease S1 cleavage results for WT (black), U40C (red), and U40C/A30G (blue). The
vertical lines represent boundaries of elements of secondary structure. Numbers to the left of each line represent the nucleotide terminating
each domain. (B) Native RNase T2 cleavage results for WT (black), U40C (red), and U40C/A30G (blue). (C) Native RNase V1 probing
data for WT (black), U40C (red), and U40C/A30G (blue).

FIGURE 8: Aminoacylation activity for the C32U/U40C double
mutant. The reactivity of WT hs mt tRNALeu(UUR) (9), U40C (b),
and C23U/U40C (() with conditions identical to Figure 4A.
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interactions stabilizing the interface between the D and the
anticodon stems may be highly sensitive to the integrity of
base pairing within these domains, with dynamic defects
existing in one stem propagated throughout the structure of
this portion of the L-shaped tRNA structure.

The interdomain communication observed within the hs
mt tRNALeu(UUR) strongly parallels behavior documented in
previous studies of hs mt tRNAIle (30). Studies of this tRNA
revealed that a structurally weak TΨC stem amplified the
effects of pathogenic mutations in the anticodon stem. When
a stabilizing mutation was introduced within the TΨC stem
of hs mt tRNAIle, losses in aminoacylation caused by
mutations within the anticodon stem were significantly less
severe. In tRNAIle, therefore, structural defects are transmitted
from one arm of the L-shaped tRNA tertiary fold to the other.
It is apparent that weak structural elements within hs mt
tRNAs promote functional defects in part because local
instabilities are propagated throughout the entire structure.

CONCLUSIONS

The structure of hs mt tRNALeu(UUR) contains unstable
domains that are vulnerable to destabilizing mutations. The
results reported here demonstrate that the D and anticodon
stems of this tRNA are not rigidly structured, and moreover,
suggest that the behavior of the two domains is strongly
coupled, with the stability of one stem strongly influencing
the structure of the other. Although the labile structure of
hs mt tRNALeu(UUR) appears to amplify the effects of disease-
related mutations and therefore may play a role in resultant
cellular effects, it appears that the flexibility of the structure
is required for optimal function. Changes to the D stem that
are strongly stabilizing appear to alter the structure of this
stem and also decrease aminoacylation activity, indicating
that the native fold requires the apparently dynamic structure.
It appears that the unique structures of the hs mt tRNAs,
although easily ruptured, contain idiosyncratic features
required for function.

SUPPORTING INFORMATION AVAILABLE

Gel electrophoresis analysis of nuclease probing of tRNA
mutants, native gel analysis of tRNA mutants, and thermal
denaturation profiles. This material is available free of charge
via the Internet at http://pubs.acs.org.
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