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Background: Many tRNA synthetases were found in the
nucleusof eukaryotic cellswhere translationdoesnotoccur.
Results:Nuclear localization of human TyrRS is depend-
ent on a dual-function motif also used for tRNA binding.
Conclusion: The cognate tRNA controls nuclear local-
ization of human TyrRS.
Significance: The tRNA-controlled regulation coordi-
nates nuclear import of a human tRNA synthetase with
the demands of protein synthesis in the cytoplasm.

Aminoacyl-tRNA synthetases, essential components of the
cytoplasmic translation apparatus, also have nuclear functions
that continue to be elucidated. However, little is known about
how thedistributionbetween cytoplasmic andnuclear compart-
ments is controlled. Using a combination of methods, here we
showed that human tyrosyl-tRNA synthetase (TyrRS) distrib-
utes to the nucleus and that the nuclear import of humanTyrRS
is regulated by its cognate tRNATyr.We identified a hexapeptide
motif in the anticodon recognition domain that is critical for
nuclear import of the synthetase. Remarkably, this nuclear
localization signal (NLS) sequence motif is also important for
interacting with tRNATyr. As a consequence, mutational altera-
tionof thehexapeptide simultaneously attenuatedaminoacylation
and nuclear localization. Because the NLS is sterically blocked
when the cognate tRNA is bound to TyrRS, we hypothesized that
the nuclear distribution of TyrRS is regulated by tRNATyr. This
expectation was confirmed by RNAi knockdown of tRNATyr

expression, which led to robust nuclear import of TyrRS. Further
bioinformatics analysis showed that to have nuclear import of
TyrRSdirectlycontrolledby tRNATyr inhigherorganisms, theNLS
of lower eukaryotes was abandoned, whereas the new NLS was
evolved from an anticodon-binding hexapeptide motif. Thus,
higherorganismsdevelopeda strategy tomake tRNAaregulatorof
thenuclear traffickingof itscognatesynthetase.Thedesign inprin-
ciple should coordinate nuclear import of a tRNA synthetase with
the demands of protein synthesis in the cytoplasm.

Aminoacyl-tRNA synthetases catalyze a two-step aminoacy-
lation reaction to link amino acids with their cognate tRNAs to

provide amino acid building blocks for cytoplasmic ribosomal
protein synthesis (1, 2). Interestingly, many tRNA synthetases
were also found in the nucleus of eukaryotic cells where trans-
lation does not occur (3, 4). At least in some organisms, the
nuclear distributions of tRNA synthetase are involved with
an aminoacylation-dependent quality control mechanism to
ensure nuclear export ofmature and functional tRNAs (5–7). In
addition to tRNAproofreading, nuclear functions of tRNA syn-
thetases include regulation of transcription and ribosomal RNA
synthesis (8, 9). However, little is known about how the distri-
bution of synthetases between cytoplasmic and nuclear com-
partments is controlled.
Tyrosyl-tRNA synthetase (TyrRS)2 is a class I tRNA synthe-

tase with a Rossmann fold-based catalytic domain that contains
the active site where the two-step aminoacylation reaction
occurs. In the first step, tyrosine and ATP generate enzyme-
bound Tyr-AMP and release PPi. In the second step, the tyrosyl
moiety of Tyr-AMP is transferred to the 3�-end of tRNATyr to
generate Tyr-tRNATyr. To address the question of how the dis-
tribution of a tRNA synthetase is controlled, we focused on
human TyrRS because it is one of themost characterized tRNA
synthetases, with crystal structures being solved from 12 differ-
ent organisms including human (Protein Data Bank (PDB)
database). Human TyrRS is also of broad interest because it
prominently exemplifies the multifunctionality of tRNA syn-
thetases (10) and is associated with heritable disease (11).
Lastly, nuclear localization of TyrRS was previously demon-
strated in Saccharomyces cerevisiae (12).
Because the nuclear localization signal (NLS) identified in

yeast TyrRS is not found in the human enzyme (12), we started
our investigation by detecting nuclear localization of TyrRS in
human cells. Through a combination of methods, we identified
a distinct NLS sequence for human TyrRS and showed that this
sequence was adapted from a key motif used for tRNA anti-
codon binding. This scenario effectively coordinates nuclear
trafficking of the synthetasewith its role for protein synthesis in
the cytoplasm.

EXPERIMENTAL PROCEDURES

Confocal Immunofluorescence Microscopy—To detect the
subcellular localization of TyrRS, HeLa cells were seeded on
glass coverslips, grown for 24 h to 80% confluence, and then
fixed with 3.7% formaldehyde in PBS for 10 min at room tem-
perature. After permeabilizationwith 0.5%TritonX-100 in PBS
for 2 min and being blocked with 1% bovine serum albumin for
1 h, cells were first stained with rabbit anti-TyrRS antibody
(custom-made, 1:10,000 diluted) for 3 h at room temperature
followed by three washes with PBS. Cells were then incubated
for 30 min with goat anti-rabbit IgG conjugated to the fluores-
cent Alexa Fluor 488 dye (1:3000 diluted) followed by three
washeswith PBS. Lastly, cells were stainedwithDAPI (1�g/ml)
for 15 min followed by three washes with PBS. The cells were
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viewed with a Bio-Rad (Zeiss) Radiance 2100 Rainbow laser
scanning confocal microscope.
Cell Fractionation—Human TyrRS or mutants were cloned

into pcDNA6 vector and transfected into near-confluent
adherent HeLa cells. Cells were harvested after incubating
overnight at 37 °C. The pooled cells were pelleted at 500� g for
5 min and resuspended with PBS after removing the medium.
The cytoplasmic and nuclear fractionswere separated using the
NE-PER� nuclear and cytoplasmic extraction kit (Thermo Sci-
entific). TyrRS was detected byWestern blot analysis using the
custom-made anti-TyrRS antibody.
Mutagenesis—Site-directed mutagenesis of the human

TyrRS gene was performed using the method of single muta-
genic oligonucleotides and DpnI digestion on the template
DNA as described (13).
Protein Expression and Purification—Human TyrRS or

mutants were cloned into a bacterial expression vector pET-
20b(�) with a C-terminal His6 tag and transformed into Esch-
erichia coli BL21(DE3) cells. The transformed cells were grown
in the presence of ampicillin at room temperature and induced
with 1 mM isopropyl-1-thio-�-D-galactopyranoside to express
the recombinant protein for 5–6 h. The harvested cells were
lysed by ultrasonication, and the supernatants of the cell lysates
were applied to a nickel-nitrilotriacetic acid (Novagen) column
for purification. The purified proteins were stored in 10 mM

HEPES, pH 7.5, 10 mM MgCl2, 100 mM KCl, and 2 mM DTT.
Aminoacylation and PPi-ATP Exchange Assays—The assays

were performed as described (14). The aminoacylation assay
was performedwith 100nMWTormutantTyrRSproteins in 50
mMHEPES (pH 7.5), 20 mMKCl, 1 �M L-[3H]tyrosine, 19 �M of
cold L-tyrosine, and 1 mg/ml total yeast tRNA. The PPi-ATP
exchange assay was performed with 1 �M enzyme in 50 mM

HEPES (pH 7.5), 20mMKCl, 0.5 mM tyrosine, 1mM total NaPPi
with a 1:20 ratio of [32P]NaPPi to cold NaPPi. The concentra-
tion of the proteins was determined by the Bradford method.
Filter Binding Assay—Human tRNATyr transcript was

labeled at the 5�-end with [�-32P]ATP using the KinaseMaxTM
kit (Ambion) and incubated with a concentration gradient of
TyrRS (WT or mutant) from 125 nM to 4 �M in 10 mM HEPES,
pH7.5, 4mMKCl, 0.02mg/mlBSA, and 0.2mMDTT for 30min.
The protein-tRNAmixtures were then spotted onto nitrocellu-
lose filters, which were subsequently washed with 60 mM

HEPES, pH 7.5, and 10 mM MgCl2 to remove the unbound
tRNA. The amount of bound tRNATyr was quantified by using a
scintillation counter and plotted to determine the binding
constant.
RNAInterference (RNAi)Experiment toKnockDown tRNATyr—

HeLa cells were infected with lentiviral particles harboring
shRNA targeting the anticodon loop of human tRNATyr(GTA)
or a nonspecific control shRNA. The sequence of the shRNA
for tRNATyr(GTA) is: 5�-AGGACTGTAGATCCTTAGGTC-
CTCGAGGACCTAAGGATCTACAGTCCTTTTTT-3� (the
underlining indicates the RNAi targeting sequence), and the
nonspecific control shRNA sequence is from RNAi vector
pSilencer 2.1 (Ambion): 5�-ACTACCGTTGTTATAGGT-
GTTCAAGAGACACCTATAACAACGGTAGTTTTTT-
3�. Twenty-four h after virus infection, the HeLa cells were
harvested to assess tRNATyr (GTA) expression by Northern

blot analysis of total RNAextracted usingTRIzol reagent (Invit-
rogen). The probe used for detecting human tRNATyr(GTA) is:
5�-CGAACCAGCGACCTAAGGATCTACAGTCCTCCGC-
TCT-3�. The harvested cells were also subjected to cell frac-
tionation analysis as described above.

RESULTS

Nuclear Localization of Endogenous Human TyrRS—The
distribution of human TyrRS in HeLa cells was investigated by
immunofluorescence microscopy. Endogenous TyrRS (as
detected by�-TyrRS antibodies) was clearly seen in the nucleus
(Fig. 1A). To confirm the nuclear localization of TyrRS, HeLa
cells were fractionated to separate nuclear and cytoplasmic
components. Although the majority of TyrRS was found in the
cytoplasmic fraction as expected, a small amount (less than 5%)
was also detected in the nuclear fraction (Fig. 1B).
Identification of NLS—We next attempted to identify the

NLS of humanTyrRS. The classical NLS is characterized by one
or two stretches of basic residues that are surface-exposed and
recognized by the acidic binding surfaces of importins (15).
Based on an analysis of the primary sequence and of our previ-
ously reported high-resolution crystal structures of human
TyrRS (16, 17), two potential NLSs, 242KKKLKK247 in the anti-
codon recognition domain and 482KPKKK486 in the C-terminal
endothelial monocyte-activating protein II-like domain, were
identified (Fig. 1C).
To determine which motif is the true NLS, we cloned wild

type (WT) TyrRS and created two mutant forms:
242YQFWIN247 TyrRS to replace 242KKKLKK247 with the cor-
responding motif in E. coli TyrRS and 482NPNNN486 TyrRS to
replace 482KPKKK486. (TyrRS frombacteria, archaea, and lower

FIGURE 1. Identification of NLS in human TyrRS. A, confocal immunofluo-
rescence microscopy showing the nuclear distribution of TyrRS in HeLa cells
(green, TyrRS; blue, DAPI). The cross section at the yellow line is shown at the
bottom. B, HeLa cell fractionation analysis confirming the nuclear distribution
of TyrRS. Lamin A/C and tubulin were used as nuclear (N) and cytoplasmic (C)
markers, respectively. WCL, whole cell lysates. C, domain structure of human
TyrRS and the locations of two potential NLSs. EMAP II, endothelial monocyte-
activating protein II. D, mutagenesis and cell fractionation analyses suggest-
ing that KKKLKK is the authentic NLS that directs the nuclear localization of
human TyrRS. E, cell fractionation analysis showing that KKKLKK can facilitate
the nuclear localization of GFP as a passenger protein.
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eukaryotes does not have endothelial monocyte-activating pro-
tein II-like domain.) Each clone was transfected into HeLa cells
and analyzed by cell fractionation. Consistent with the previous
results with endogenous TyrRS, overexpressedWT TyrRS also
distributed to the nucleus (Fig. 1D). In contrast to WT and
482NPNNN486 TyrRS, 242YQFWIN247 TyrRS did not enter the
nucleus (Fig. 1D), suggesting that 242KKKLKK247 is the nuclear
targeting signal for human TyrRS. To confirm this result, we
fused the KKKLKK and, separately, the KPKKK motif to the N
terminus of GFP that was chosen as a passenger protein. Cell
fractionation analysis showed that KKKLKK, but not KPKKK,
facilitated nuclear localization of GTP (Fig. 1E). Thus, the
242KKKLKK247 motif is necessary and sufficient to facilitate
nuclear import of human TyrRS.
NLS Is Positioned for tRNA Interaction—The hexapeptide

NLS motif 242KKKLKK247 is located on an �-helix in the anti-
codon recognition domain of human TyrRS (Fig. 2A). Accord-
ing to the crystal structures (18–20), the corresponding motif
in Thermus thermophilus 251FKKLMR256 is responsible for
anticodon recognition (Fig. 2A); Arg-256, the last residue of the

motif, makes base-specific and backbone interactions with U35
of the GUA anticodon. In Methanococcus jannaschii and
S. cerevisiae, the corresponding motifs (223RAKIKK228 and
247KKKINS252) maintain strong interactions, through the last
two residues of the hexapeptidemotif, to the backbone atoms of
the GUA anticodon (Fig. 2A); however, base-specific recogni-
tion of U35 was taken over by another helix adjacent to the
hexapeptide motif. Nevertheless, in all above cases, this hexa-
peptide motif is involved in tRNA binding.
Mutagenic Analysis Confirms Dual Role of NLS—In the

absence of a structure for the human TyrRS-tRNATyr complex,
to confirm the role of KKKLKK in tRNA binding, we created a
series of mutations of the hexapeptide motif. These mutations
progressively replaced charged lysines with neutral residues
(asparagine or alanine) to give 242NKKLKK247, 242NNKLKK247,
242NNKLNK247, 242NNKLNA247, and 242NNALNA247 TyrRSs
(the underlining indicates mutated residue(s)). The mutant
enzymes were expressed in E. coli, purified, and used in three
different assays. First, tyrosine-dependent PPi-ATP exchange
was used to monitor adenylate synthesis in the absence of

FIGURE 2. KKKLKK is a tRNATyr-binding element. A, the interaction of tRNATyr with the KKKLKK motif in human and with the KKKLKK-corresponding motif in
other organisms (Tt, T. thermophilus (PDB 1H3E); Sc, S. cerevisiae (PDB 2DLC); Mj, M. jannaschii (PDB 1J1U); Hs, Homo sapiens (modeled; PDB 1N3L for protein
alone)). All structures were drawn in PyMOL (22). B, aminoacylation (left) and PPi-ATP exchange (right) assays dissecting the role of the NLS motif in aminoacy-
lation and tRNA binding. Error bars indicate S.D. C, cell fractionation analysis showing a progressively diminished nuclear (N) localization with progressive
replacement of lysine residues within the NLS. C, cytoplasmic. WCL, whole cell lysates. D, cell fractionation analysis showing a significant increase of TyrRS
nuclear distribution when the cellular level of tRNATyr was knocked down using an siRNA directed against tRNATyr. In contrast, use of a nonspecific control siRNA
(n.c. siRNA) had no effect on nuclear import of TyrRS.
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tRNATyr. Second, the overall aminoacylation activitywas deter-
mined using tRNATyr as the acceptor. Lastly, a nitrocellulose
filter binding assay was used to determine the binding constant
with tRNATyr. Progressive replacement of Lys-242, Lys-243,
and Lys-246 with Asn only modestly affected the aminoacyla-
tion activity, whereas the additional K247A mutation (to give
NNKLNA) decreased the initial rate of aminoacylation to less
than 50% of the WT protein (Fig. 2B). However, the NNKLNA
mutant hadWT-like activity in the PPi-ATP exchange reaction
(Fig. 2B), suggesting that the side chain of Lys-247 is important
for tRNA binding. Consistently, the filter binding assay indi-
cated that although the Kd of NNKLNK TyrRS for tRNATyr

(123 nM) is similar to that of WT TyrRS (119 nM), the Kd of
NNKLNA TyrRS has increased to 166 nM (Table 1), suggesting
a weakened interaction with the cognate tRNA as a result of
K247A mutation. Possibly, the positively charged side chain of
Lys-247 binds to a negatively charged phosphate of the anti-
codon stem loop, in a way similar to that of Lys-228 ofM. jan-
naschii TyrRS (Fig. 2A).

Additional replacement of Lys-244 with Ala (to give
NNALNA) further decreased the synthetase-tRNA interaction
(Kd � 190 nM; Table 1) and affected both aminoacylation and
adenylate synthesis activities (Fig. 2B). It is worth noting that
Lys-244 forms a conserved salt bridge interactionwith Asp-236
and is the most conserved residue of the hexapeptide motif
during evolution (Fig. 3). Most likely, Lys-244 plays a structural
role to ensure the correct positioning of the hexapeptide,
which, in some way, also affects the active site. Consistently,
replacement of the entire hexapeptide from human TyrRS with
its counterpart from E. coli TyrRS (YQFWIN) dramatically
decreased the interaction with tRNATyr (Kd � 562 nM; Table 1)
and completely abolished aminoacylation as well as adenylate
synthesis activities (Fig. 2B). Therefore, our mutagenesis and
enzymatic analyses suggested a close communication between
the active site of the catalytic domain and the site of the NLS
motif. However, with regard to tRNA binding, the role of Lys-
244 should be indirect.
As for nuclear targeting, each additional replacement of Lys-

242, Lys-243, Lys-246, and Lys-247 within the NLS progres-
sively diminished nuclear location of TyrRS (Fig. 2C). This
result is consistent with the idea that the charge-charge inter-
actions of TyrRSwith importins are dispersed over several con-
tiguous residues within the synthetase.
Dual Role of NLS Provides tRNA-controlled Nuclear

Trafficking—We surmised from these results that tRNA bind-
ing might block full access of the hexapeptide to the nuclear
import machinery. If this were the case, then the level of tRNA
inside the cell might regulate the nuclear trafficking of TyrRS.
To test this possibility, we tried to knock down expression of
tRNATyr by introduction of a specific siRNA directed against
tRNATyr. The knockdown of tRNATyr in HeLa cells was con-
firmed by Northern blot analysis. Remarkably, knockdown of

tRNATyr dramatically increased nuclear localization of the
endogenous TyrRS in HeLa cells (Fig. 2D). In contrast, use of a
nonspecific control siRNA, although causing some diminution
in the production of RNA in general, had no effect on nuclear
import of TyrRS. Thus, having an NLS and anticodon-binding
element overlap makes tRNATyr a regulator of the nuclear traf-
ficking of its cognate synthetase.

DISCUSSION

The dual-function KKKLKK hexapeptide motif first ap-
peared in Drosophila melanogaster and has been stably main-
tained in evolution ever since (Fig. 3). Thus, from insects to
vertebrates and to mammals, the hexapeptide motif is most
likely used for tRNATyr binding as well as for targeting nuclear
localization of TyrRS. For most tRNA synthetases, anticodon
binding is critical for the essential aminoacylation activity, so
there is strong selective pressure for maintenance of this struc-
tural element. Interestingly, the hexapeptide motif in TyrRS
transitions frompredominantly hydrophobic in bacteria to pre-
dominantly hydrophilic in archaea and eukaryotes (Fig. 3). The
transition in sequence is also accompanied by an outward con-
formational shift of this hexapeptide to become more surface-
exposed and presumably more accessible to the nuclear import
machinery. In S. cerevisiae, although this motif contains three
lysines, they were not sufficient to direct yeast TyrRS to the
nucleus (12). Instead, nuclear localization is driven by a sepa-
rate lysine-rich peptide that is unique to TyrRS in fungi. Muta-
tions that altered the basic amino acids of that NLS affected the
nuclear localization of the synthetase, but did not perturb ami-
noacylation (12). Thus, in contrast to the mammalian system
investigated here, the nuclear targeting motif in yeast is segre-
gated from key elements for aminoacylation.
To our knowledge, this is the first report of nuclear localiza-

tion of a tRNA synthetase being regulated by its cognate tRNA.
In Xenopus laevis, where aminoacylated tRNATyr was found in
the nucleus (5), the nuclear presence of TyrRS was strongly
suggested. The aminoacylated tRNA was exported more effi-
ciently thanwas uncharged tRNA, so that the preference for the
charged tRNA serves as a proofreading mechanism to ensure

TABLE 1
Dissociation constants of human TyrRS and its mutants with tRNATyr

242KKKLKK247

(WT) NNKLNK NNKLNA NNALNA YQFWIN

Kd (nM) 119 � 24 123 � 20 166 � 21 190 � 52 562 � 84

FIGURE 3. Evolution of KKKLKK-corresponding motif. The hydrophobic
and hydrophilic residues are colored in magenta and green, respectively,
while the lysines are colored in blue. Inset, superposition of E. coli (Ec; PDB
2YXN), T. thermophilus (Tt; PDB 1H3E), M. jannaschii (Mj; PDB 1J1U), S. cerevi-
siae (Sc; PDB 2DLC), and H. sapiens (Hs; PDB 1N3L) TyrRS structures to show
the outward conformational shift of the KKKLKK-corresponding motif during
evolution.
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that mature and functional tRNAs are exported into the cyto-
plasm for protein synthesis. In a different vein, from yeast to
vertebrates, retrograde trafficking of tRNA from the cytoplasm
to the nucleus occurs under stress conditions such as amino
acid deprivation (21). This retrograde tRNA trafficking is
thought to down-regulate gene expression through general
inhibition of translation under conditions that are unfavorable
for protein synthesis. This kind of response would presumably
deprive tRNATyr from the cytoplasm and, according to the
results here, would stimulate nuclear localization of TyrRS. In
this scenario, the nuclear accumulated TyrRS should not only
serve for proofreading tRNATyr, but could also affect other to be
determined functions in the nucleus. These functions are per-
haps related to a physiological response to stress conditions
that cut back protein synthesis.However,most importantly, the
novel design reported here, which makes tRNA a regulator of
the nuclear trafficking of its cognate synthetase, still prioritizes
the demands of protein synthesis in the cytoplasm.
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