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Aminoacyl-tRNA synthetases are universal ancient proteins 
that establish the rules of the genetic code through specific 
aminoacylation of tRNAs, which constitutes the first step of 

translation1. The 20 enzymes (one for each amino acid) are divided 
into two classes (I and II) according to the architecture of the active 
site for synthesis of aminoacyl-AMP, which is transferred to the 3′ end 
of tRNA2,3. We were especially interested in the long-standing obser-
vation that the class I human TrpRS is highly induced by IFN-γ 4–6.  
IFN-γ is associated with strong antiproliferative7 and antiangiogenic 
effects8 and the activation of p53 through phosphorylation of Ser15 
(ref. 9). In addition to TrpRS, IFN-γ stimulates production of other 
angiostatic factors such as MIG10 and IP10 (ref. 11). Though TrpRS 
is mainly located in the cytoplasm, under IFN-γ stimulation it is 
secreted, and its embedded antiangiogenic function is activated by 
removal of an appended N-terminal domain (by proteolytic pro-
cessing or alternative splicing)12,13. The activated form of TrpRS 
binds vascular endothelial cadherin on the surface of endothelial 
cells and inhibits the formation of cadherin-mediated endothelial 
cell-cell junctions that are critical for vasculature development14.

In addition to these considerations, the observation that eukary-
otic tRNA synthetases have progressively (in evolution) added 
domains that are often not associated with their canonical amino
acylation function were of much interest to us15. The WHEP domain 
is a common appended helix-turn-helix motif found in a number of 
human tRNA synthetases including TrpRS, HisRS, the bifunctional 
Glu-ProRS, GlyRS and MetRS15. The three WHEP domains in Glu-
ProRS were found to mediate protein-protein and protein-RNA 
interactions that regulate translation of genes associated with the 
inflammatory response16. Separately, recent work showed that human 
LysRS is phosphorylated in stimulated mast cells17. Phosphorylation 
releases LysRS from the multi–tRNA synthetase complex in the 
cytoplasm and redirects the protein to the nucleus, where it interacts 
with the microphthalmia-associated transcription factor to activate  

transcription of genes that control the immune response. These 
observations show that at least some tRNA synthetases, long thought 
to have a role only in translation in the cytoplasm, have distinct 
ex-translational nuclear functions. Hence, it remained a subject 
of investigations to determine whether these functions originated 
from the need to coordinate these nuclear signaling pathways with 
translation in the cytoplasm. In this aspect, we were interested in the 
previously reported nuclear presence of TrpRS18,19, which was sug-
gestive of a possible new nuclear function for TrpRS.

Here we find that, upon IFN-γ stimulation, nuclear TrpRS 
increases in concentration and appears in a complex in which it 
serves as a bridge between the catalytic subunit of DNA-PKcs and 
PARP-1. The subsequent cascade of biochemical events that results 
from this ternary complex leads to activation of p53. Notably, a pre-
viously uncharacterized domain, which is dispensable for amino-
acylation, was added to the N terminus of TrpRS at the time of 
vertebrate evolution and seems to be essential for enabling TrpRS to 
link IFN-γ and p53 signaling.

RESULTS
Nuclear partners of TrpRS
As IFN-γ is known to upregulate TrpRS expression4–6, we started our 
investigation by analyzing the effect of IFN-γ stimulation on TrpRS 
nuclear localization. Under normal conditions, little TrpRS could 
be detected in the nuclear fraction of 3B11 cells (an immortal B-cell 
line) (Supplementary Results, Supplementary Fig. 1a). However, 
upon IFN-γ treatment, the presence of TrpRS in the nucleus, along 
with its overexpression in the cytoplasm, was easily detected in a 
variety of cell lines (Supplementary Fig. 1b). This observation 
demonstrated that IFN-γ–mediated upregulation and translocation 
of TrpRS into the nucleus was not specific to a particular cell line. 
Notably, plasmid-based transient overexpression of TrpRS alone also 
led to its nuclear localization (Supplementary Fig. 1c). Confocal 
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Interferon-g (IFN-g) engenders strong antiproliferative responses, in part through activation of p53. However, the long-known 
IFN-g–dependent upregulation of human Trp-tRNA synthetase (TrpRS), a cytoplasmic enzyme that activates tryptophan to 
form Trp-AMP in the first step of protein synthesis, is unexplained. Here we report a nuclear complex of TrpRS with the catalytic 
subunit of DNA-dependent protein kinase (DNA-PKcs) and with poly(ADP-ribose) polymerase 1 (PARP-1), the major PARP in 
human cells. The IFN-g–dependent poly(ADP-ribosyl)ation of DNA-PKcs (which activates its kinase function) and concomi-
tant activation of the tumor suppressor p53 were specifically prevented by Trp-SA, an analog of Trp-AMP that disrupted the 
TrpRS–DNA-PKcs–PARP-1 complex. The connection of TrpRS to p53 signaling in vivo was confirmed in a vertebrate system. 
These and further results suggest an unexpected evolutionary expansion of the protein synthesis apparatus to a nuclear role 
that links major signaling pathways. 
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microscopy also demonstrated the nuclear localization of TrpRS 
during IFN-γ stimulation (Supplementary Fig. 1d) or upon ectopic  
overexpression (Supplementary Fig. 1e). In addition to other  
possible effects from IFN-γ stimulation, this observation suggested 
that nuclear localization was detected because of increased expres-
sion of TrpRS and the possibility of a nuclear localization signal  
(NLS) in the primary sequence. A multiple-sequence alignment 
revealed four potential bipartite NLS elements near the C terminus, 
sequentially designated as M1, M2, M3 and M4 (Supplementary 
Fig. 1f). Subsequent mutational analysis confirmed that human  
TrpRS contains a bipartite NLS, 448RRKEVTDEIVKEFMTPRK465 
(M3 and M4 are underlined), that is responsible for its nuclear 
import (Supplementary Fig. 1g).

Having identified the NLS of TrpRS, we attempted to identify 
potential nuclear partners for TrpRS. The nuclear fraction from HeLa 
cells that were treated with IFN-γ was isolated, and a coimmuno
precipitation was performed using polyclonal antibodies specific 
for TrpRS (anti-TrpRS). An MS identification of the immuno
precipitated proteins yielded DNA-PKcs (465 kDa) and PARP-1  
(110 kDa) as major potential interacting partners (Fig. 1a). The 
identities of DNA-PKcs and PARP-1 and their interaction with 
TrpRS were also confirmed by reverse coimmunoprecipitation with 
antibodies specific for DNA-PKcs (anti-DNA-PKcs) and PARP-1 
(anti-PARP1) (Supplementary Fig. 2b).

WHEP domain needed for TrpRS–DNA-PK–PARP-1 interaction
As a class I tRNA synthetase, TrpRS from any organism contains 
the conserved Rossmann-fold catalytic and anticodon-binding 
domains20,21. In addition, human TrpRS has a vertebrate-specific 
helix-turn-helix WHEP domain (~60 amino acids) appended at 
the N terminus15. The WHEP domain is completely disordered 
in the cocrystal structure of the human TrpRS–tRNA complex21, 
consistent with its dispensability in aminoacylation20. The flexi
ble conformation of the WHEP domain suggested that it may be 
important for interactions with other partners. To test whether 
the WHEP domain is involved with the interaction with PARP-1 
and DNA-PKcs, we used two natural variants lacking the WHEP 
domain. One was mini-TrpRS (residues 48–471), and the other was 
T2-TrpRS (residues 94–471). The former is produced by alternative 
splicing22 and the latter by natural proteolysis12. Two additional con-
structs were the N-terminal fragment NT-TrpRS (residues 1–186), 
which covers the entire eukaryote-specific region of TrpRS20,21, and 
the WHEP domain by itself (residues 1–60). Nickel-nitrilotriacetic 
acid (Ni-NTA) pull-down experiments with these histidine-tagged 
proteins showed that neither mini- nor T2-TrpRS interacted with 
PARP-1 or DNA-PKcs. In contrast, both NT-TrpRS and the WHEP 
domain interacted with PARP-1 and DNA-PKcs (Fig. 1b). Thus, the 
WHEP domain of TrpRS is responsible and sufficient for mediating 
the interaction with DNA-PKcs and PARP-1.

To understand the determinants on DNA-PKcs that interact 
with TrpRS, three different constructs of the 4,128-amino-acid 
DNA-PKcs were also created. These constructs were based largely 
on predicted domain boundaries in the sequence23. Only the frag-
ment containing the V5-tagged C-terminal kinase domain of DNA-
PKcs (V5-KD-DNA-PKcs) interacted with TrpRS (Fig. 1c). Neither 
the N-terminal (residues 1–1025; NT-DNA-PKcs) nor the middle 
(residues 1000–2184; MD-DNA-PKcs) portions of DNA-PKcs 
interacted with TrpRS (Fig. 1c), thus suggesting that the C-terminal 
kinase region of DNA-PKcs is responsible for the interaction.

Although DNA-PKcs and PARP-1 are substrates for each other24, 
it is remarkable that purified DNA-PKcs and PARP-1 do not interact 
in vitro25. Hence, their interaction is believed to be mediated through 
the heterodimer formed by Ku70 and Ku80 (Ku70/80), the cofactor 
of DNA-PKcs in DNA repair that specifically binds damaged DNA26. 
However Ku70/80 was not seen in our MS analysis. These observa-
tions led us to consider TrpRS as an alternative functional bridge 

such that a DNA-PKcs–TrpRS–PARP-1 ternary complex may form 
independently of DNA damage. (In experiments described later, we 
established that DNA-PKcs and PARP-1 formed a ternary complex, 
and not just separate binary complexes, with TrpRS.) To explore 
this idea, we prepared HeLa cell lysates and first confirmed that 
endogenous DNA-PKcs, PARP-1 and Ku70/80 could be coimmu-
noprecipitated with antibodies directed against Ku70 (anti-Ku70) 
(Fig. 2a). Although the DNA-PKcs–Ku70/80–PARP-1 complex was 
readily detected, it contained no endogenous TrpRS. Conversely, 
immunoprecipitation with anti-TrpRS pulled down DNA-PKcs and 
PARP-1, as expected, but revealed no detectable Ku70/80 (Fig. 2a). 
These experiments confirmed our MS analysis showing the absence 
of Ku70 and Ku80 from the TrpRS–DNA-PKcs–PARP-1 complex 
and suggested that the binding of TrpRS and Ku70/80 to DNA-PKcs 
and PARP-1 is mutually exclusive.

Distinct PARP-1 domains interact with TrpRS and Ku70/80
The mutually exclusive nature of the two complexes, along with 
the observation that both TrpRS (Fig. 1c) and Ku70/80 (ref. 27) 
interact with the C-terminal region harboring the kinase domain 
of DNA-PKcs, prompted us to further characterize the domain- 
specific interactions of PARP-1 with TrpRS and Ku70/80. N-terminal 
(residues 1–372; NTD-PARP-1) and C-terminal (catalytic; residues 
661–1014; CTD-PARP-1) domains of PARP-1 were each cloned 
with a histidine tag and expressed in Escherichia coli. Ni-NTA pull-
down experiments showed distinct interactions of Ku70/80 and 
TrpRS with PARP-1 in mixtures of bacterial extracts with HeLa cell 
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Figure 1 | Identification of DNA-PKcs and PARP-1 as nuclear interacting 
partners of TrpRS. (a) SDS-PAGE gel showing protein bands that were 
coimmunoprecipitated with anti-TrpRS from HeLa cells treated with IFN-γ 
(lysates (WCL) or nuclear extracts (duplicate lanes: 2 and 3, cytoplasmic 
fraction; 4 and 5, nuclear fraction without NaCl; 6 and 7, nuclear fraction 
with NaCl) or with IgG control (lane 1). Full-length gels are presented in 
Supplementary Figure 2a. IP, immunoprecipitation. (b) Mapping of  
the interaction domain on TrpRS. Schematic representation of human  
TrpRS domain constructs is depicted at the top. At the bottom is a  
Ni-NTA pull-down experiment showing that the WHEP domain of TrpRS 
was responsible for the interaction with DNA-PKcs and PARP-1. DNA-PKcs  
(and PARP-1) was found to interact with full-length and NT-TrpRS  
and with the WHEP domain alone, but not with mini- and T2-TrpRS.  
ES, eukaryote specific; AD, aminoacylation domain; ABD, anticodon-
binding domain. (c) Mapping of the interaction domain on DNA-PK.  
A schematic representation of DNA-PKcs domain constructs is depicted at 
the top. Immunoprecipitation experiment showing the interaction of  
the kinase domain of DNA-PKcs (KD-DNA-PKcs) with TrpRS. N-terminal 
(NT-DNA-PKcs) and middle-domain (MD-DNA-PKcs) regions of  
DNA-PKcs do not interact with TrpRS.
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lysates; Ku70/80 interacted with the catalytic domain of PARP-1 
(CTD-PARP-1), and TrpRS interacted with the N-terminal region 
(NTD-PARP-1) (Fig. 2b). Notably, an N-terminal WHEP domain– 
containing degradation fragment of TrpRS was also found to be 
eluted together with NTD-PARP-1 (Fig. 2b). This observation is 
consistent with the conclusion that the N-terminal WHEP domain 
is responsible for mediating the interaction with DNA-PKcs and 
PARP-1. Therefore, the potential ternary complex of DNA-PKcs–
TrpRS–PARP-1 seems to be formed through the WHEP domain of 
TrpRS bridging the kinase domain of DNA-PKcs to the N-terminal 
domain of PARP-1.

Although purified DNA-PKcs and PARP-1 do not interact  
in vitro25, DNA-PK is known to phosphorylate PARP-1 (ref. 24) in 
a reaction possibly facilitated by Ku70/80 bridging PARP-1 to the 
kinase domain of DNA-PKcs27. Because we found that Ku70/80 
interacts with the C-terminal catalytic domain of PARP-1, we won-
dered whether CTD-PARP-1 contained the phosphorylation site 
for DNA-PK. To test this idea, we carried out an in vitro DNA-PK 
(containing Ku70/80 and double-stranded DNA) kinase assay using 
the different domains of PARP-1. As expected, only CTD-PARP-1 
(and not NTD-PARP-1) was phosphorylated (Supplementary 
Fig.  2c). Therefore, through its interaction with Ku70/80 in the 
presence of dsDNA, DNA-PK phosphorylated PARP-1 at its cata-
lytic CTD. This result is consistent with an earlier report that the 
major phosphorylation sites for DNA-PK are at the C-terminal 
domain of PARP-1 (ref. 24). In contrast, TrpRS seemed to bridge the  

N-terminal region of PARP-1 to the kinase domain of DNA-PKcs. 
Thus, Ku70/80 and TrpRS differ in the way they orient PARP-1 
with respect to DNA-PKcs.

Effect of TrpRS on modifications of PARP-1 and DNA-PKcs
Once phosphorylated by DNA-PKcs, PARP-1 cannot poly(ADP-
ribosyl)ate (PARylate) DNA-PKcs24. Because of the inverse relation-
ship between the phosphorylation status of PARP-1 and its ability to 
PARylate DNA-PKcs, we were interested to see whether TrpRS can 
influence the DNA-PKcs–dependent phosphorylation of PARP-1 
and, conversely, the PARP-1–dependent PARylation of DNA-PKcs. 
For this purpose, we performed in vitro kinase and PARylation 
assays. In the kinase assay PARP-1 was the substrate for DNA-
PKcs, and in the PARylation assay DNA-PKcs was the substrate for 
PARP-1. As expected, TrpRS inhibited the DNA-PKcs–mediated 
phosphorylation of PARP-1 (Fig. 2c) and facilitated the PARylation 
of DNA-PKcs (Fig. 2d).

Having demonstrated in vitro that TrpRS facilitates the PARylation 
of DNA-PKcs (DNA-PKcsPAR) and inhibits the phosphorylation of 
PARP-1, we wanted to see whether similar effects occurred in vivo 
when TrpRS was overexpressed in the absence of IFN-γ stimula-
tion. For this purpose, V5-tagged TrpRS (TrpRS-V5) was ectopi-
cally overexpressed in HeLa cells, and this overexpression resulted 
in substantial PARylation of DNA-PKcs (Fig. 3a, left). Consistently 
with transient overexpression of TrpRS alone, IFN-γ stimulation to 
upregulate endogenous TrpRS also resulted in strong PARylation 
of DNA-PKcs (Fig. 3a, right). Furthermore, in an IgG pull-down 
experiment using ZZ-PARP-1 (a fusion protein of PARP-1 with 
an IgG-binding domain of protein A (ZZ) at the N terminus)  
with ectopically expressed TrpRS-V5, PARP-1–associated DNA-
PKcs was also PARylated. In contrast, without overexpression of 
TrpRS-V5, PARP-1–associated DNA-PKcs (through Ku70/80) was 
mostly unmodified (Fig. 3b).

Similarly, to demonstrate the influence of TrpRS overexpres-
sion on the in vivo phosphorylation of PARP-1, we transfected 
ZZ-PARP-1 into HeLa cells together with genes encoding either 
TrpRS-V5 or V5-tagged TrpRS with an additional NLS (KKKRKV) 
appended to the C terminus (TrpRSNLS-V5). The rationale for 
using TrpRSNLS-V5 was that the enhanced nuclear localization 
of TrpRS, in the absence of IFN-γ stimulation, should result in a 
greater response than that achieved with wild-type TrpRS alone. 
ZZ-PARP-1 from all three samples was pulled down using IgG and 
was blotted with antibodies to phosphorylated serine (DNA-PKcs 
is a serine/threonine protein kinase). Diminished phosphoryla-
tion of ZZ-PARP-1 was observed when V5-TrpRS was coexpressed, 
and this diminution was even greater with TrpRSNLS-V5 (Fig. 3c). 
Concomitantly, coexpression of TrpRS-V5 also diminished the 
binding of Ku70/80 to ZZ-PARP-1. This diminution was even more 
pronounced with TrpRSNLS-V5 (Fig. 3c). These data support the 
idea that, when TrpRS displaces Ku70/80 and functionally bridges 
PARP-1 to DNA-PKcs, it facilitates PARylation of DNA-PKcs and 
downregulates the phosphorylation of PARP-1.

TrpRS facilitates phosphorylation of p53
As PARylation of DNA-PKcs (DNA-PKcsPAR) is known to stimulate 
its kinase activity on p53 (ref. 25), we tested for p53 phosphory
lation (at Ser15) in vivo under conditions in which TrpRS was 
overexpressed. p53 is a well-known substrate for DNA-PK both  
in vitro28 and in vivo29, and phosphorylation of p53 at Ser15 (pSer15) 
by DNA-PK (or other kinases with similar specificity; for example, 
ataxia telangiectasia mutated (ATM)) is required for its stabiliza-
tion and activation30. As expected, IFN-γ stimulation to upregulate 
endogenous TrpRS resulted in strong PARylation of DNA-PKcs with 
concomitant phosphorylation (at Ser15) of p53 (Fig. 3d). Similarly, 
we found that ectopic overexpression of TrpRS, in the absence 
of IFN-γ stimulation, also resulted in activation of DNA-PKcs  
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Figure 2 | TrpRS facilitates the poly(ADP-ribosy)lation of DNA-PKcs. 
(a) Mutually exclusive binding of TrpRS, and Ku70/80 to DNA-PKcs 
and PARP-1. Coimmunoprecipitation experiments were performed with 
anti-TrpRS or anti-Ku70 incubated with HeLa cell lysates. The proteins 
that were bound with the antibodies were separated by SDS-PAGE and 
immunoblotted with anti-DNA-PKcs, anti-PARP-1, anti-Ku70/80 and anti-
TrpRS. TrpRS did not coimmunoprecipitate with Ku70/80 and vice versa. 
(b) Ni-NTA pull-down experiment showing domain-specific interaction of 
PARP-1 with TrpRS and with Ku80. TrpRS interacted with the N-terminal 
domain (NTD-PARP-1), and Ku70/80 interacted with the C-terminal 
domain (CTD-PARP-1). (c) TrpRS downregulated DNA-PK–dependent 
phosphorylation of PARP-1 in vitro in a concentration-dependent manner. 
DNA-PK (10 units) was incubated with a series of TrpRS concentrations 
for 30 min in a protein kinase assay. The phosphorylated [32P]PARP-1 was 
separated from free [γ-32P]ATP by SDS-PAGE and visualized by exposure 
to X-ray film. Full-length blots are presented in Supplementary Figure 2d. 
(d) In vitro demonstration of the ability of TrpRS to facilitate the PARylation 
of DNA-PKcs. Purified DNA-PK and purified recombinant PARP-1 were 
mixed with [32P]NAD and incubated with an increasing concentration of 
TrpRS (up to 5 μM) in the reaction mixture. [32P]PARylated DNA-PKcs was 
detected after running an SDS-PAGE and using X-ray film (full-length blots 
are presented in Supplementary Fig. 2e).
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by PARP-1–mediated PARylation and the concomitant phosphory-
lation of p53 at Ser15 (Fig. 3e). In both instances (Fig. 3d,e), the 
upregulation of expression of p21 from a downstream target gene 
of pSer15-p53 was also observed. These results are consistent with 
previous work25 in which PARylation of DNA-PKcs stimulated 
its kinase activity on p53 in vitro. As the phosphorylated form of 
PARP-1 is known to be proangiogenic31 and activated p53 is known 
to be antiangiogenic32, these results are also consistent with the anti-
angiogenic role of secreted TrpRS.

Notably, although the WHEP domain was sufficient and neces-
sary for the bridging of homodimeric TrpRS to PARP-1 and DNA-
PKcs (Fig. 1b), overexpression of the WHEP domain alone did not 
result in PARylation of DNA-PKcs, even though a complex formed 
between the WHEP domain and DNA-PKcs (Supplementary Fig. 4a)  

and some of the WHEP domain could enter the nucleus (presum-
ably owing to its small size; Supplementary Fig. 4b). These results 
suggested that the rest of TrpRS (which contains the active site for 
Trp-AMP synthesis and harbors the NLS) has a role in making a 
functional complex. Remarkably, a ‘pulldown’ of KD-DNA-PKcs 
simultaneously captures NTD-PARP-1 and dimeric TrpRS, and, 
conversely, a pulldown of NTD-PARP-1 simultaneously captures 
KD-DNA-PKcs and dimeric TrpRS (Supplementary Fig. 4c). This 
experiment clearly establishes that DNA-PKcs and PARP-1 form a 
ternary complex with TrpRS (as opposed to separate binary com-
plexes). In contrast, we could not detect a ternary complex with 
the WHEP domain or with a rationally designed TrpRS monomer 
(Supplementary Fig. 4d). These results are consistent with a model 
in which DNA-PKcs binds to one and PARP-1 to the other WHEP 
domain of dimeric TrpRS.

To understand better the role of the WHEP domain in conjunc-
tion with the active site, we reexamined our previously obtained 
crystal structure of human TrpRS20. The structure captured the 
homodimeric TrpRS in a state of half-site reactivity in which the 
reaction intermediate Trp-AMP occupied one active site while the 
other active site was empty. Remarkably, when the active site was 
bound with Trp-AMP, the WHEP domain (Fig. 4a) was resolved in 
the crystal structure and folded back toward the active site as a cap, 
while, at the same time, the WHEP domain of the other subunit, 
which lacks bound Trp-AMP, was disordered along with the other 
residues with which it interacts. As the disposition of the WHEP 
domain may affect its availability for protein-protein interactions 
and is determined by the occupancy of the active site, we hypo
thesized that a bound ligand such as Trp-AMP could negatively 
affect the interaction of TrpRS with DNA-PKcs and PARP-1.

To test this idea, we used a nonhydrolyzable analog of Trp-AMP, 
5′-O-[N-(L-tryptophanyl)sulfamoyl] adenosine (Trp-SA), and 
investigated its effect on DNA-PK and p53 activation. We added 
various amounts of Trp-SA into medium containing cultured cells 
that overexpressed either endogenous TrpRS (by IFN-γ stimulation) 
(Fig. 4b) or exogenous TrpRS-V5 (Fig. 4c). Notably, Trp-SA sup-
pressed the PARylation of DNA-PKcs and the activation of p53 in 
a dose-dependent manner (Fig. 4b,c). The treatment with Trp-SA 
(for 2 h) did not affect expression of TrpRS, DNA-PKcs or β-actin 
(Fig. 4b,c) or the nuclear localization of TrpRS. Thus, although the 
active site of TrpRS is essential for protein synthesis, the partial 
inhibition of TrpRS activity by Trp-SA was not sufficient to reduce 
overall protein synthesis within a short period of time. This result 
is consistent with other work showing that cell and even animal 
survival can be supported by reduced tRNA synthetase activity33. 
Nevertheless, to rule out the possibility that the effects of Trp-SA on 
DNA-PK PARylation and p53 were caused by inhibition of protein 
synthesis, we used a nonhydrolyzable adenylate analog of glycyl- 
AMP (Gly-SA) as a control. Gly-SA (25 μM) did not suppress DNA-PK 
PARylation and did not diminish p53 phosphorylation, thus sug-
gesting that the effect of Trp-SA was specific to TrpRS and indepen-
dent of any general effect on protein synthesis (Fig. 4d). To further 
confirm this result, we used puromycin at a concentration (25 μM)  
known to inhibit protein synthesis in HeLa cells34. Puromycin, 
like Gly-SA, did not diminish the phosphorylation of p53, which 
occurred upon overexpression of TrpRS (Supplementary Fig. 5c). 
Addition of Trp-SA to whole cells, followed by preparation of lysates 
and immunoprecipitations, showed that Trp-SA acted by disrupting 
the interaction of TrpRS with DNA-PKcs and PARP-1 (Fig. 4e).

In further experiments, and in an attempt to link the production 
of pSer15-p53 to an activity dependent on DNA-PKcs, we used the 
DNA-PKcs–specific inhibitor KU57788, which is reported to have 
a >1,000-fold specificity for DNA-PKcs over other kinases, includ-
ing ATM35. Overexpression of TrpRS in the presence of KU57788 
sharply suppressed the phosphorylation of p53 (Supplementary 
Fig. 5c). Though we cannot exclude the possibility that KU57788 
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(pSer) of the immunoprecipitated ZZ-PARP-1 from HeLa cells transfected 
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(d) IFN-γ–stimulated overproduction of TrpRS also led to the activation of 
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and poly(ADP)ribosylated DNA-PKcs (DNA-PKcsPAR), phosphorylated  
p53 and p21 were probed by immunoblotting with specific antibodies.  
(e) In vivo overexpression of TrpRS in HeLa cells led to the activation of p53. 
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inhibits an undefined kinase in addition to DNA-PKcs, the most 
straightforward interpretation is that DNA-PKcs has a role in the 
production of pSer15-p53 when TrpRS is overexpressed.

Moreover, the rise in total p53 that accompanies overexpression 
of TrpRS was associated with a similar rise in pSer15-p53. Because 
the rise in total p53 can be blocked by inhibitors directed toward 
TrpRS or DNA-PKcs, which in turn block production of pSer15-p53  
(Supplementary Fig. 5c), we suggest that stabilization of p53 by 
phosphorylation at least partially explains the rise in total p53 that 
occurs upon overexpression of TrpRS. Finally, we compared the 
time course of PARylation of DNA-PKcs and that of the appear-
ance of pSer15-p53 upon overexpression of recombinant (no 
IFN-γ treatment) or endogenous TrpRS (using IFN-γ induction) 
(Supplementary Fig. 6). These data showed that, whether by over-
expression of exogenous (Supplementary Fig. 6a) or of endogenous 
(IFN-γ stimulation; Supplementary Fig. 6b) TrpRS, the amount of 

DNA-PKcsPAR rises in a systematic way for the duration of the time 
course (28 h) in a way that follows the increase of TrpRS. The rises 
of total p53 and pSer15-p53 were more or less systematic and corre
lated to the amounts of TrpRS for the first 20 h.

Effect of TrpRS on p53 signaling in vivo in a vertebrate
The in vitro biochemical analysis and the cell-based assays showed 
the essential role of the WHEP domain for TrpRS-dependent p53 
signaling. The WHEP domain was added to TrpRS in vertebrates at 
the time fish evolved15. The appearance of the new domains in tRNA 
synthetases correlates with their involvement in ex-translational  
biology in higher eukaryotes15. To assess the importance of this 
unique pathway at the animal level, we established an in vivo system 
in developing zebrafish (which are known to have IFN signaling 
pathways36,37). In these experiments, we replaced IFN-γ upregu-
lation of TrpRS by directly injecting synthetic mRNAs encod-
ing TrpRS, mini-TrpRS, T2-TrpRS and TrpRSNLS into wild-type 
and p53 mutant (tp53M214K/M214K, designated as tp53m/m) zebrafish 
embryos38. We used these four constructs to test the effects of 
TrpRS and, if any, their dependence on the presence of the WHEP 
domain, which is lacking in mini-TrpRS and T2-TrpRS (Fig. 5 and 
Supplementary Fig. 7). The phenotypic consequences and specific 
expressions of p53-dependent downstream genes (to monitor p53 
activation) were then observed, within a few days, in the context of 
the whole organism.

Synthetic mRNA encoding green fluorescent protein (GFP) 
was introduced as an injection control in addition to uninjected 
control embryos. Embryos injected with TrpRS-encoding mRNA 
showed cell death in the developing brain and neural tube at 30 h 
post fertilization (h.p.f.) (Fig. 5a). Out of 30 embryos injected with 
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DNA-PKcs and phosphorylation of p53 induced by TrpRS overexpression 
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Figure 5 | TrpRS-mediated activation of p53 in zebrafish. (a) Acridine 
orange (AO) staining of live zebrafish embryos at 30 h.p.f. AO-positive 
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of tp53+/+ embryos injected with TrpRS-encoding mRNA but was not 
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TrpRS-encoding mRNA, 26 gave positive results; that is, ~80% of 
the total embryos responded positively to the injection. Some of the 
fish embryos had severely abnormal phenotypes, which were not 
counted as positive. In contrast, no abnormalities were observed in 
embryos injected with GFP-encoding mRNA. In addition, injec-
tion of mRNA encoding either mini- or T2-TrpRS did not induce 
detectable cell death. Notably, TrpRS-induced cell death was sup-
pressed by the p53 mutant (tp53m/m) background (Fig. 5a) as well 
as by co-injection of a p53-directed morpholino. These results in 
the vertebrate model supported the cell-based observations that 
WHEP domain–containing TrpRS regulates p53-mediated cell 
death signaling.

To further study the activation of p53, we stained zebrafish 
embryos for senescence-associated β-galactosidase (SA-β-gal), 
a marker that is upregulated by p53-induced cellular senescence 
in vivo39,40. As shown in Figure 5b, the staining was especially 
prominent in the head region of the developing embryos that were 
injected with TrpRS mRNA. In contrast, the intensity was greatly 
reduced in control embryos and in those injected with mini- or 
T2-TrpRS mRNA. These effects of injection of TrpRS RNA were 
greatly reduced in tp53m/m zebrafish (Supplementary Fig. 7a).

We then determined the expression of zebrafish p53, p21WAF1/CIP1, 
mdm2 and bax relative to β-actin as a control. Semiquantitative 
reverse-transcription PCR was performed on RNA extracted from 
individual mRNA-injected embryos. When comparing wild-type 
and control-injected embryos, we were unable to detect any obvi-
ous change of p53 mRNA levels in embryos injected with TrpRS-
encoding RNA (Fig. 5c). However, consistently with p53 activation, 
downstream targets of the p53 pathway such as mdm2, p21WAF1/CIP1 
and bax were correspondingly upregulated in wild-type (normal) 
p53 embryos injected with TrpRS-encoding mRNA (Fig. 5c, left). 
More importantly, the upregulation of mdm2, p21WAF1/CIP and bax was 
counteracted in p53 mutant fish embryos (Fig. 5c, right). In further  

support of the role of TrpRS as a component of p53 signaling, 
TrpRSNLS (whose additional, appended NLS at the C terminus further 
enhances nuclear localization) was even more effective than TrpRS 
in inducing p53-dependent phenotypes (Supplementary Fig. 7b–d) 
as well as in upregulation of the target mRNAs (Supplementary 
Fig. 7e). These results with single embryos were representative of 
similar analyses on additional embryos (wild-type, n = 4; TrpRS,  
n = 10; mini-TrpRS, n = 6; T2-TrpRS, n = 6; TrpRSNLS, n = 10) and sug-
gested that, in the presence of overexpressed TrpRS, the p53-driven 
apoptosis and senescence pathway is activated. This activation was 
apparent in the observed increases in acridine orange–positive or 
SA-β-gal–positive cells in embryonic phenotypes40,41.

On the basis of the above findings, a mutually exclusive binding 
model for TrpRS and Ku70/80 with DNA-PK and PARP-1 in the 
nucleus is proposed in Figure 6. In the presence of Trp-AMP, the 
WHEP domain caps the active site, and Ku70/80 bridges between 
DNA-PK and PARP-1. However, in the presence of nuclear TrpRS 
and in the absence of Trp-AMP (as a result of IFN-γ stimulation), 
Ku70/80 is displaced as the ‘flipped-out’ WHEP domain bridges the 
C-terminal kinase domain of DNA-PKcs to the N-terminal domain 
of PARP-1. Consequently, PARylation of DNA-PKcs is stimulated, 
which in turn promotes the DNA-PKcs kinase activity for p53 
phosphorylation and activation. Simultaneously, binding of TrpRS 
prevents Ku70/80 from binding DNA-PKcs and PARP-1 and subse-
quent phosphorylation of PARP-1 (Fig. 6).

DISCUSSION
In our work here, we detected a complex of DNA-PKcs–Ku70/80–
PARP-1, which formed in the presence of damaged DNA, and of 
DNA-PKcs–TrpRS–PARP-1 (a DNA-independent ternary com-
plex). Further work showed that the two complexes were mutu-
ally exclusive (Fig. 2a,b). Using different domains of PARP-1,  
we found that the CTD of PARP-1 interacts with the Ku70/80 
bridging proteins and is phosphorylated by DNA-PKcs. In contrast, 
TrpRS bridged the N-terminal part of PARP-1 to the kinase domain 
of DNA-PKcs so that Ku70/80 and TrpRS differed in the way they 
oriented PARP-1 with respect to DNA-PKcs. In this orientation, 
DNA-PKcs was PARylated by PARP-1. Thus, the two orientations of 
DNA-PKcs and PARP-1 had different functional consequences.

The new orientation facilitated by TrpRS as a bridging protein 
occurs through the WHEP domains that are joined to the N termini  
of the homodimeric TrpRS subunits, with one binding partner 
(for example, DNA-PKcs) binding to one WHEP domain and the 
other partner (for example, PARP-1) to the other. TrpRS is one of 
ten class I tRNA synthetases, of which some (for example, CysRS, 
IleRS, LeuRS, ValRS, ArgRS GlnRS and GluRS) have monomeric 
structures, whereas others are dimers2. Although a complete active 
site is contained within each subunit of TrpRS, tRNATrp binds across 
the dimer interface so that the dimer is required for aminoacyla-
tion activity21. Remarkably, the function of TrpRS as a bridging pro-
tein for DNA-PKcs and PARP-1 provides a second rationale for the 
homodimeric structure of the synthetase. This homodimeric qua-
ternary structure was conserved for TrpRSs throughout evolution15. 
Thus, the addition of the WHEP domain to TrpRS at the stage of 
vertebrate evolution exploited a preexisting dimeric state that could 
facilitate a bridging function for the synthetase.

The phosphorylation and activation of p53 described here 
seemed to be implemented, at least in part, by the nuclear TrpRS 
interaction with DNA-PKcs and PARP-1. This activation, through 
phosphorylation of Ser15, is linked to the robust antiangiogenic32 
and antiproliferative functions of p53 (ref. 42). Thus, the role of 
nuclear TrpRS may cooperate with its extracellular role as an angio-
static procytokine12. In addition, the possible activation of a major 
tumor suppressor by nuclear TrpRS is suggestive of a broader role 
that goes beyond angiostasis and is consistent with well-documented 
functional integration of IFN signaling and p53 activation7,9,42.
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PPARP-1, phosphorylated PARP-1.
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Because overexpression of TrpRS was associated with p53 acti-
vation in the absence of IFN-γ stimulation (Fig. 3d) and because 
addition of the TrpRS-specific inhibitor Trp-SA, and not of another 
tRNA synthetase or protein-synthesis inhibitor, prevented IFN-γ–
stimulated activation of p53 (Fig. 4b), TrpRS appears to have a role 
in IFN-γ–induced p53 activation. Its apparent role as a component 
of this functional integration may be part of the reason that TrpRS is 
strongly upregulated upon IFN-γ stimulation. Also of possible rele-
vance is the long-standing and largely unexplained observation that 
IFN-γ stimulation upregulates tryptophan-degrading indoleamine 
2,3-dioxygenase43,44. Our results suggest that nuclear TrpRS may 
link IFN-γ stimulation to p53 activation through emptying of the 
Trp-AMP–binding pocket to thereby promote a flipped-out posi-
tion of the new WHEP domain that was added to TrpRSs at the 
stage of vertebrate evolution (Fig. 4a–e). Consequently, simultane-
ous upregulation of indoleamine 2,3-dioxygenase would promote 
activation of the nuclear role of TrpRS.

Notably, the work on LysRS17 and the new results presented 
here on TrpRS show that at least some tRNA synthetases, long 
thought to have a role only in cytoplasmic translation, have distinct  
ex-translational nuclear functions. It remains a subject of future 
investigations to determine whether these functions originated 
from the need to coordinate these nuclear signaling pathways with 
translation in the cytoplasm.

METHODS
Cell culture, transfection and IFN-γ treatment. HeLa cells were cultured in a 
humidified incubator with 5% CO2 in DMEM medium (Invitrogen) supplemented 
with 10% (v/v) FBS (Invitrogen) and 1× penicillin-streptomycin. The cells were 
transfected with pcDNA6-TrpRS-V5, pcDNA6-V5 or pcDNA3.1-ZZ-PARP-1 
using Lipofectamine LTX (Invitrogen). To induce TrpRS expression by IFN-γ,  
the cells were incubated with human IFN-γ (R&D Systems) at a series of concentra-
tions from 0–1,000 U ml−1 for 8–28 h before being used in experiments.

Recombinant protein purification. DNA encoding either full-length TrpRS 
(residues 1–471), mini-TrpRS (residues 48–471), T2-TrpRS (residues 94–471), 
N-terminal fragment (residues 1–186) or WHEP domain (residues 1–60) was 
cloned into NdeI and HindIII sites of pET-20b vector (Novagen). The expressed 
proteins include a His6 tag from the vector sequence. The full-length PARP-1 
and its variants (NTD and CTD) as well as the kinase domain of DNA-PKcs were 
cloned into pET 20b vector. All constructs were sequenced (Next Generation 
Sequencing Core Facility, The Scripps Research Institute, La Jolla) to confirm the 
success of cloning. All proteins having a C-terminal histidine tag were expressed 
in E. coli strain BL21 (DE3) by induction for 4 h with 1 mM isopropyl β-D-
thiogalactopyranoside. Proteins were purified from the supernatants of lysed cells 
using Ni-NTA agarose (Qiagen) column chromatography according to manufac-
turer’s instructions. ZZ-PARP-1, with an appended IgG-binding domain of Protein A  
at the N terminus, was purified from the HeLa cells after a 48-h transfection  
by binding IgG agarose beads. Immunoprecipitate was washed three times,  
subjected to SDS-PAGE and immunoblotted with PARP-1–specific antibody  
(BD Pharmingen, catalog no. 551024/7D3-6 and 1:1,000 dilution) to confirm the 
identity of the protein purified.

In vitro DNA-PK protein kinase activity assay. DNA-PK protein kinase activity  
was measured per the manufacturer’s assay protocol (Promega). In short, 5 μl 
recombinant TrpRS (0–25 μM) and 5 μl PARP-1 (1.25 mg ml−1) were incubated 
with 5 μl DNA-PK (10 units) at 4 °C for 15 min, then incubated with 10 μl 
DNA-PK protein kinase assay cocktail (50 mM HEPES, pH 7.5, 100 mM KCl,  
10 mM MgCl2, 0.2 mM EGTA, 0.1 mM EDTA, 1 mM DTT, 2 μg ml−1 calf thymus 
DNA, 0.2 mM cold ATP, 40 μg ml−1 BSA and 1 μCi [γ-32P]ATP (Perkin-Elmer)) 
at 30 °C for 30 min. DNA-PK–dependent phosphorylation of NTD-PARP-1 and 
CTD-PARP-1 (2 mg ml−1) was conducted similarly as per the protocol in which 
they were used as substrate (10 μl each) for kinase activity. The reaction was 
stopped by addition of 25 μl 2× SDS sample buffer (5% v/v SDS, 10 mM DTT) and 
heated at 95 °C for 3 min. [32P]PARP-1 or [32P]CTD-PARP-1 was separated from 
free [γ-32P]ATP on SDS-PAGE, dried and visualized by exposure to X-ray film. 
DNA-PK specific inhibitor KU57788 (catalog no. 1463), whenever used, was from 
Axon MedChem BV.

In vitro PARylation assay. Twenty units of DNA-PK (Promega) was mixed with  
5 μl recombinant TrpRS (0–5 μM) and 5 μl recombinant PARP-1 (2 μg) at 4 °C for 
15 min and then incubated with 10 μl PAR assay cocktail (50 mM HEPES, pH 7.5, 
100 mM KCl, 10 mM MgCl2, 0.2 mM EGTA, 0.1 mM EDTA, 1 mM DTT, 200 nM 
NAD, 40 μg ml−1 BSA and 1 μCi [32P]NAD (Perkin-Elmer)) at 30 °C for 30 min. 

The reaction was stopped by addition of 25 μl 2× SDS sample buffer (5% v/v SDS, 
10 mM DTT) and heated at 95 °C for 3 min. The [32P]PARylated DNA-PKcs was 
separated from free [32P]NAD on SDS-PAGE, dried and visualized by exposure to 
X-ray film.

Acridine orange staining and detection of cell death in zebrafish embryos. Live 
zebrafish embryos were dechorionated in pronase (2.0 mg ml−1 in egg water, 5 mM 
NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM magnesium sulfate) for 3–5 min 
and rinsed five times in egg water at 28 h.p.f. At 30 h.p.f., embryos were incubated 
in 10 μg ml−1 acridine orange (Sigma A-6014) in egg water for 30 min at 28.5 °C, 
followed by three quick rinses. Embryos were anesthetized in 160 μg ml−1 tricaine 
(3-aminobenzoic acid ethyl ester, Sigma A-5040) and mounted laterally on the 
glass slide41. All zebrafish experiments were approved by and conducted in accord-
ance with the guidelines established by the Institutional Animal Care and Use 
Committee at The Scripps Research Institute, with approval number 09-0009.

SA-β-gal activity assay in zebrafish embryos. Zebrafish embryos at 3.5 d post 
fertilization were washed in PBS and fixed overnight in 4% paraformaldehyde in 
PBS. After fixation, samples were washed twice in PBS (pH 7.5) and twice in PBS 
(pH 6.0) and then were incubated at 37 °C (in the absence of CO2) for 12–16 h with 
SA-β-gal staining solution (5 mM potassium ferricyanide, 5 mM potassium  
ferrocyanide, 2 mM MgCl2 in PBS at pH 6.0)40.

Statistical analysis. Data processing and statistical analyses were performed using 
Statistical Package for the Social Sciences version 14.0. This software was used to 
perform statistical tests where appropriate.

Additional description of the experiments is provided in Supplementary 
Methods. 
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