






nuclear localization of TyrRS (Fig. 3K and Fig. S3C). Using
classical DNA-damaging agents, we also discovered that expo-
sure to IR resulted in a dose-dependent increase in the content
of PCAF and the acetylation of K244 (Fig. S3D). Therefore,
we confirmed that K244 acetylation of TyrRS promoted
nuclear translocation.
We also tested the effect of K244 acetylation on the canonical

function of TyrRS: i.e., to catalyze esterification reactions that
conjugate amino acids with their cognate tRNAs in the protein
translation process (1). We immunopurified the WT and K244Q
mutants of TyrRS from transfected HEK293T cells and then
measured the TyrRS enzymatic activity using optimized methods
(5, 29). We found that the acetylation mimic mutant K244Q
showed a nearly 50% decrease in TyrRS catalytic activity (Fig.
S3E), indicating that K244 acetylation inhibits TyrRS activity.

The Acetylation-Mimic K244Q Mutant TyrRS Protects Against DNA
Damage Under Oxidative Stress. Nucleus-localized TyrRS has pre-
viously been shown to protect cells from DNA damage under
certain conditions (7). We hypothesized that the acetylation mimic
K244Q mutant TyrRS would be able to perform the same function
by accumulating in the nucleus at the cost of decreasing its en-
zymatic activity. To test this hypothesis, we transfected HEK293T
cells and U2OS cells with WT, K244Q, and K244R TyrRS and
detected γ-H2A.X levels by both Western blotting and immuno-
fluorescence after treatment with 200 μM H2O2 for 1 h. The
K244Q mutant, but not the K244R mutant, showed significantly
less DNA damage under oxidative stress conditions (Fig. 4A and
Fig. S4A). To further test these results, we transfected HEK293T
cells with WT, K244Q, and K244R TyrRS and used quantitative
real-time PCR (qRT-PCR) to measure the expression level of the
DNA damage-response gene cluster, which is activated by the
transcription factor E2F1. In support of our hypothesis, we found
that the K244Q-mutant TyrRS significantly increased the DNA
damage repair and sensing functions of BRCA1 and RAD51L1,
respectively (30, 31), in the absence of stress (Fig. 4B). In contrast,
the phenotypes of the K244R mutant and vector-transfected cells
were identical. Specifically, the transcription of DNA repair genes
was not up-regulated (Fig. 4C). We next investigated whether
mutants of TyrRS would affect homologous recombination (HR)
during the DNA damage repair process. Using a reporter assay for
HR (32), we found that reconstituting cells with shRNA-resistant
K244R TyrRS mutants resulted in compromised HR in TyrRS-
depleted HEK293T cells compared with that in cells reconstituted
with WT or K244Q TyrRS mutants (Fig. 4D and Fig. S4 B and C).
These results support the idea that K244Q TyrRS has a stronger
effect on the promotion of DNA damage repair.
TyrRS is an essential component of the translation machinery

(1). However, severe knockdown of TyrRS expression in human
cells does not result in clear cytotoxicity (7). To eliminate the
possibility that the overexpression of exogenous TyrRS did not
mimic authentic intracellular conditions, we stably transfected
U2OS cells with TyrRS shRNA (Fig. S4B) and reconstituted the
cells with shRNA-resistant K244Q or K244R mutants using a
lentivirus (Fig. S4C). We detected the subcellular localization of
TyrRS in these cell lines and found that the K244Q-mutant TyrRS
accumulated in the nucleus, even in the absence of stress (Fig. 4E).
In contrast, the K244R mutant accumulated in the cytoplasm and
did not translocate to the nucleus in response to H2O2 treatment
(Fig. 4E), which is consistent with the results shown in Fig. 3. We
also found that the K244Q mutant promoted translocation and
protected against DNA damage after H2O2 treatment, as detected
by γ-H2A.X staining (Fig. 4E). Specifically, γ-H2A.X foci in
positive nuclei were counted and quantified, and the counts were
normalized to the total number of analyzed nuclei (Fig. 4F). These
results further indicated that TyrRS K244 acetylation protects
cells against DNA damage due to oxidative stress through TyrRS
nuclear translocation.
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Fig. 3. K244 acetylation affects TyrRS nuclear translocation under the
regulation of PCAF and SIRT1. (A) Alignment of the TyrRS sequence sur-
rounding K244 from various species, including human [Homo sapiens, Na-
tional Center for Biotechnology Information (NCBI) reference number
NP_003671.1], mouse (Mus musculus, NP_598912.4), chicken (Gallus gallus,
NP_001006314.1), zebrafish (Danio rerio, NP_958473.1), fruit fly (Drosophila
melanogaster, NP_648895.1), budding yeast (Saccharomyces cerevisiae,
NP_011701.3), and fission yeast (Schizosaccharomyces pombe, NP_587876.1).
Bold blue text indicates lysine 244. (B) K244 is the primary acetylation site of
TyrRS. The indicated plasmids were transfected into HEK293T cells, and the
proteins were immunoprecipitated before being subjected to Western
blotting for acetylation analysis. ***P < 0.001. (C) Exogenous K244Q mutant
locates in nucleus. Subcellular localization of exogenous TyrRS-Flag and Flag-
K244 mutants was examined in HEK293T cells with indicated treatments or
expressed plasmids. (D and E) Molecular modeling of acetylation of K244 in
TyrRS. TyrRS K244R caused a hydrogen-bond disruption between K244 and
D236 (D), as well as a change on the electronic potential surface of TyrRS (E).
(F) Characterization of acetyl-TyrRS (K244) antibody. The acetylation level of
immunoprecipitated TyrRS-Flag was measured by the site-specific K244
acetylation antibody. (G) Endogenous TyrRS is acetylated at K244. HEK293T
cell lysates were prepared after H2O2 and NAM treatment. Results were
determined by Western blotting with the indicated antibodies. Shown are
representative Western blot results of three replicates with SD. **P < 0.01;
***P < 0.001. (H) K244 acetylation level is elevated in SIRT1-KO iCRISPR HeLa
cells. K244 acetylation in WT and SIRT1-KO iCRISPR HeLa cells was de-
termined by Western blotting. (I) K244-acetylated TyrRS accumulates in the
nucleus. The subcellular localization of endogenous K244-acetylated TyrRS
was analyzed in iCRISPR HeLa cells by Western blotting. (J) Subcellular lo-
calization of K244-acetylated TyrRS was examined in HEK293T cells after the
indicated treatments. (K) Resveratrol promotes the expression of PCAF and
increases K244 acetylation of TyrRS. Endogenous PCAF and TyrRS K244
acetylation levels of HEK293T cells were detected by Western blotting after
treatment with resveratrol at the doses shown. Shown are representative
Western blot results of three replicates with SD. **P < 0.01; ***P < 0.001.
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Finally, we explored the protection conferred by the acetylation-
mimic K244Q TyrRS against DNA damage in vivo using the
zebrafish as a model organism and the well-established method
described by Wei et al (7). Briefly, 0 to 1 h postfertilization, we

injected zebrafish embryos with two TyrRS-targeting antisense
morpholinos to suppress the endogenous fish TyrRS and recon-
stituted the embryos with WT, K244Q, and K244R TyrRS
mRNAs to induce the expression of exogenous human TyrRS
(Fig. S4E). We then examined the number of γ-H2A.X foci by
immunofluorescence after treatment with 20 mM H2O2 for 2 h.
H2O2 treatment significantly increased DNA damage in non-
injected, WT-injected, and K244R mutant-injected fish (Fig. 4G
and Fig. S4F). In comparison, DNA damage was much less ex-
tensive in K244Q mutant-injected fish after H2O2 treatment (Fig.
4 G and H), suggesting that K244Q TyrRS was strongly protective
against DNA damage in vivo. These results suggested that TyrRS-
mediated protection was strongly correlated with subcellular lo-
calization, which is regulated by acetylation at K244 (Fig. 4I).

Discussion
TyrRS has been recently shown to translocate to the nucleus,
exhibiting protective effects against DNA damage due to oxidative
stress (7) A potential mechanism of the aforementioned protective
effects was analyzed in the present study. Specifically, we identi-
fied factors that promote the nuclear translocation of acetylated
TyrRS and established a physiological role for acetylation in the
prevention of DNA damage (Fig. 4I). Although acetylation plays
an important role in regulating the function of several metabolic
enzymes (14, 18, 19), acetylation has been shown to modify several
proteins, such as PKM2 and FOXO1, enhancing their trans-
location into the nucleus (18, 33). Our study provided further
insights into the mechanism of acetylation-regulated TyrRS nu-
clear localization. TyrRS is a member of the aminoacyl-tRNA
synthetase family, whose members are among the most abundant
proteins in cells and are known for their essential aminoacylation
roles in protein synthesis. In the present study, we discovered that
oxidative stress markedly increased the acetylation level of TyrRS,
which promoted the nuclear translocation of TyrRS. Moreover,
acetylation at K244 in TyrRS regulated both its cytoplasmic
aminoacylation activity and nuclear translocation, thereby in-
creasing protection against DNA damage. Indeed, K244 acetyla-
tion strongly protected cell cultures and zebrafish against DNA
damage by activating DNA repair genes located downstream of
E2F1. More importantly, we demonstrated that PCAF and SIRT1
were the acetylation enzymes that acted on TyrRS and regulated
its nuclear translocation in response to oxidative stress. Along with
previous findings, our data were indicative of a unique mechanism
in which acetylation regulates TyrRS, thus protecting cells from
DNA damage (Fig. 4I). These findings suggest that targeting the
K244 residue of TyrRS may be a therapeutic strategy for physio-
logical diseases characterized by DNA damage.
SIRT1, an NAD+-dependent deacetylase, is the best-studied

member of the sirtuin family and has been implicated in signaling
pathways in various diseases, including cancer (34), cardiovascular
diseases (35), diabetes (36), and neurodegeneration (37). DNA
damage due to oxidative stress is an important hallmark of many
diseases, and SIRT1 plays several critical roles in the DNA
damage response, as previously discussed (15, 38). Notably,
PARP1, another protein that responds to DNA damage, is part of
an intricate network that includes SIRT1 (16, 38). Specifically,
SIRT1 and PARP1 share a common cofactor, NAD+, as well as
several common substrates (39). More strikingly, Sajish and
Schimmel recently found that serum starvation or resveratrol ad-
dition promotes the nuclear translocation of TyrRS, which en-
hances the interaction of TyrRS with PARP1 and increases the
PARP1 activity (6). However, serum starvation increases SIRT1
protein expression, thereby inhibiting the function of PARP1 (16,
40). Thus, the function of this regulatory network remains con-
troversial. Because resveratrol has been shown to promote the
localization of TyrRS in the nucleus, we verified herein that
resveratrol increased the amount of acetylated K244 of TyrRS in a
dose-dependent manner by up-regulating the protein expression
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Fig. 4. Acetylation-mimic K244Q mutant TyrRS protects against DNA
damage under oxidative stress. (A) K244Q TyrRS protects cells from DNA
damage caused by oxidative stress. HEK293T cells were transfected with
the indicated plasmids and then subjected to the indicated treatments.
Results were detected by Western blotting. (B) Overexpression of K244Q
TyrRS in HEK293T cells up-regulates DNA damage response genes relative
to the WT, as detected by qRT-PCR. Error bars represent the error for
triplicate experiments. *P < 0.05; **P < 0.01; ***P < 0.001. (C ) Over-
expressing K244R TyrRS in HEK293T cells did not activate DNA damage
response gene clusters. *P < 0.05. (D) K244R TyrRS mutant resulted in
compromised HR. The HR assay is well-described in SI Materials and
Methods. Data are presented as mean ± SD of three independent ex-
periments. ***P < 0.001. (E ) K244 acetylation promotes TyrRS nuclear
translocation, thereby protecting against DNA damage. The subcellular
localization of TyrRS was examined in shTyrRS cells and in K244Q and
K244R cell lines with indicated treatments. The γ-H2A.X level was also
measured. (F ) Cells positive for γ-H2A.X foci were defined as cells with one
nucleus containing at least 10 foci. γ-H2A.X focus-positive cells were
randomly counted from N total cells subjected to the indicated treat-
ments (n = 50 to 100). Error bars represent the error for triplicate ex-
periments. **P < 0.01; ***P < 0.001. (G and H) K244Q protects zebrafish
embryos from oxidative stress-mediated DNA damage. The embryos of
zebrafish were injected with the indicated mRNA and morpholinos. The
γ-H2A.X levels of 28-h postfertilization fish were examined by immuno-
fluorescence microscopy. The images (G) and fluorescence intensities
(H) were analyzed and quantified with ImageJ. Error bars represent the
error for N independent fish embryos (n = 3 to 6). **P < 0.01. (I) Schematic
illustration of how acetylation regulates TyrRS relocalization in response
to oxidative stress.
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levels of PCAF (Fig. 3K). We also found that SIRT1 deacetylated
TyrRS and prevented nuclear localization. Interestingly, the acet-
ylation level of TyrRS significantly decreased after 2 h of serum
starvation (Fig. S2F), similar to the effects of PARP1 activation (6).
Moreover, the mRNA level of SIRT1 increased when the K244Q
mutant of TyrRS was overexpressed in cells (Fig. S4D). Collectively,
these results suggested that regulation occurred due to negative
feedback among TyrRS, PARP1, and SIRT1 under oxidative stress.
In addition to their aminoacylation functions in protein syn-

thesis, many aminoacyl-tRNA synthetases, including TyrRS, have
been shown to take on multiple roles (41–43). Specifically, TyrRS
was found to act as a sensor for oxidative stress after translocating
to the nucleus, where it activates DNA damage repair genes that
are downstream of E2F1 (7). Our study suggests that acetylation
of K244 in the NLS of TyrRS results in the relocalization of this
protein to the nucleus and prevents DNA damage by significantly
activating DNA repair genes located downstream of E2F1, as
observed in our in vivo models. Therefore, the present study not
only reveals a regulatory mechanism for the tRNA synthetase
TyrRS due to posttranslational modification but also enriches our
knowledge of the regulatory pathway between SIRT1 and the
repair response to damaged DNA. These findings provide a basis
for the development of drugs that target the K244 residue of
TyrRS to treat diseases characterized by DNA damage.

Materials and Methods
All experiments were approved by the Animal Care Committee at the Fudan
University, China. HeLa cells were cultured in DMEM and transfected with a
total of 9 μg of AAVS1-TALEN-L, AAVS1-TALEN-R, Puro-Cas9, and Neo-M2rtTA
donor (1:1:8:8). After transfection, cells were treated with G418 and puro-
mycin. After antibiotic selection, 12 to 24 colonies were randomly picked
based on HeLa morphology, mechanically disaggregated, and replated into
individual wells of 96-well plates. iCRISPR HeLa cells were treated with
doxycycline before and during transfection. The DNA cassettes targeting
SIRT1 were used to generate guide RNA (gRNA). After the gRNA trans-
fection, iCRISPR HeLa cells were dissociated into single cells and replated at
2,000 cells per 10-cm dish. Cells were allowed to grow until colonies from
single cells became visible (∼10 d). Then single colonies were randomly
picked mechanically to amplify in a 24-well dish. Detailed descriptions of all
materials and methods are provided in SI Materials and Methods.

ACKNOWLEDGMENTS. We thank Dr. Kunliang Guan and Dr. Yue Xiong for
engaging in helpful discussions throughout this study and providing PCAF,
GCN5, and Tip60 constructs; Dr. Jiaxue Wu for providing plasmids for the HR
assay; and Dr. Chunlin Shao for assistance with the γ-irradiation experiments.
This work was supported by National Key Research and Development Pro-
gram of China Grant 2016YFA0500600, Shanghai Committee of Science
and Technology Grants KBH1322367 and 16JC1404000, and National Natural
Science Foundation of China Grant 31571492. W.Y. was supported by China
“Thousand Youth Talents” Program Grant KHH1322026 and the Program for
Professors of Special Appointment (Eastern Scholar) at the Shanghai Insti-
tutions of Higher Learning (Grant SHH1322013).

1. Carter CW, Jr (1993) Cognition, mechanism, and evolutionary relationships in ami-
noacyl-tRNA synthetases. Annu Rev Biochem 62(1):715–748.

2. Ko YG, et al. (2001) Glutamine-dependent antiapoptotic interaction of human glu-
taminyl-tRNA synthetase with apoptosis signal-regulating kinase 1. J Biol Chem
276(8):6030–6036.

3. Han JM, et al. (2012) Leucyl-tRNA synthetase is an intracellular leucine sensor for the
mTORC1-signaling pathway. Cell 149(2):410–424.

4. Shi Y, et al. (2014) tRNA synthetase counteracts c-Myc to develop functional vascu-
lature. eLife 3:e02349.

5. Jordanova A, et al. (2006) Disrupted function and axonal distribution of mutant ty-
rosyl-tRNA synthetase in dominant intermediate Charcot-Marie-Tooth neuropathy.
Nat Genet 38(2):197–202.

6. Sajish M, Schimmel P (2015) A human tRNA synthetase is a potent PARP1-activating
effector target for resveratrol. Nature 519(7543):370–373.

7. Wei N, et al. (2014) Oxidative stress diverts tRNA synthetase to nucleus for protection
against DNA damage. Mol Cell 56(2):323–332.

8. Fu G, Xu T, Shi Y, Wei N, Yang XL (2012) tRNA-controlled nuclear import of a human
tRNA synthetase. J Biol Chem 287(12):9330–9334.

9. Choudhary C, Weinert BT, Nishida Y, Verdin E, Mann M (2014) The growing landscape of
lysine acetylation links metabolism and cell signalling. Nat RevMol Cell Biol 15(8):536–550.

10. Zhao S, et al. (2010) Regulation of cellular metabolism by protein lysine acetylation.
Science 327(5968):1000–1004.

11. Kim SC, et al. (2006) Substrate and functional diversity of lysine acetylation revealed
by a proteomics survey. Mol Cell 23(4):607–618.

12. Choudhary C, et al. (2009) Lysine acetylation targets protein complexes and co-reg-
ulates major cellular functions. Science 325(5942):834–840.

13. Peng L, et al. (2011) SIRT1 deacetylates the DNAmethyltransferase 1 (DNMT1) protein
and alters its activities. Mol Cell Biol 31(23):4720–4734.

14. Xu Y, et al. (2014) Oxidative stress activates SIRT2 to deacetylate and stimulate
phosphoglycerate mutase. Cancer Res 74(13):3630–3642.

15. Wang C, et al. (2006) Interactions between E2F1 and SirT1 regulate apoptotic re-
sponse to DNA damage. Nat Cell Biol 8(9):1025–1031.

16. Rajamohan SB, et al. (2009) SIRT1 promotes cell survival under stress by deacetylation-
dependent deactivation of poly(ADP-ribose) polymerase 1.Mol Cell Biol 29(15):4116–4129.

17. Inuzuka H, et al. (2012) Acetylation-dependent regulation of Skp2 function. Cell
150(1):179–193.

18. Lv L, et al. (2013) Mitogenic and oncogenic stimulation of K433 acetylation promotes
PKM2 protein kinase activity and nuclear localization. Mol Cell 52(3):340–352.

19. Jiang W, et al. (2011) Acetylation regulates gluconeogenesis by promoting PEPCK1
degradation via recruiting the UBR5 ubiquitin ligase. Mol Cell 43(1):33–44.

20. Avalos JL, Bever KM,Wolberger C (2005) Mechanism of sirtuin inhibition by nicotinamide:
Altering the NAD(+) cosubstrate specificity of a Sir2 enzyme. Mol Cell 17(6):855–868.

21. Milne JC, Denu JM (2008) The Sirtuin family: Therapeutic targets to treat diseases of
aging. Curr Opin Chem Biol 12(1):11–17.

22. Kim MY, et al. (2007) Tip60 histone acetyltransferase acts as a negative regulator of
Notch1 signaling by means of acetylation. Mol Cell Biol 27(18):6506–6519.

23. Love IM, Sekaric P, Shi D, Grossman SR, Androphy EJ (2012) The histone acetyl-
transferase PCAF regulates p21 transcription through stress-induced acetylation of
histone H3. Cell Cycle 11(13):2458–2466.

24. Bakker WJ, Harris IS, Mak TW (2007) FOXO3a is activated in response to hypoxic stress
and inhibits HIF1-induced apoptosis via regulation of CITED2. Mol Cell 28(6):941–953.

25. Gaupel AC, Begley TJ, Tenniswood M (2015) Gcn5 modulates the cellular response to
oxidative stress and histone deacetylase inhibition. J Cell Biochem 116(9):1982–1992.

26. Caito S, et al. (2010) SIRT1 is a redox-sensitive deacetylase that is post-translationally
modified by oxidants and carbonyl stress. FASEB J 24(9):3145–3159.

27. Abdelmohsen K, et al. (2007) Phosphorylation of HuR by Chk2 regulates SIRT1 ex-
pression. Mol Cell 25(4):543–557.

28. González F, et al. (2014) An iCRISPR platform for rapid, multiplexable, and inducible
genome editing in human pluripotent stem cells. Cell Stem Cell 15(2):215–226.

29. Cestari I, Stuart K (2013) A spectrophotometric assay for quantitative measurement of
aminoacyl-tRNA synthetase activity. J Biomol Screen 18(4):490–497.

30. Bhattacharyya A, Ear US, Koller BH, Weichselbaum RR, Bishop DK (2000) The breast
cancer susceptibility gene BRCA1 is required for subnuclear assembly of Rad51 and
survival following treatment with the DNA cross-linking agent cisplatin. J Biol Chem
275(31):23899–23903.

31. Deng CX (2006) BRCA1: Cell cycle checkpoint, genetic instability, DNA damage re-
sponse and cancer evolution. Nucleic Acids Res 34(5):1416–1426.

32. Moynahan ME, Pierce AJ, Jasin M (2001) BRCA2 is required for homology-directed
repair of chromosomal breaks. Mol Cell 7(2):263–72.

33. Qiang L, Banks AS, Accili D (2010) Uncoupling of acetylation from phosphorylation
regulates FoxO1 function independent of its subcellular localization. J Biol Chem
285(35):27396–27401.

34. Liu T, Liu PY, Marshall GM (2009) The critical role of the class III histone deacetylase
SIRT1 in cancer. Cancer Res 69(5):1702–1705.

35. Alcendor RR, et al. (2007) Sirt1 regulates aging and resistance to oxidative stress in the
heart. Circ Res 100(10):1512–1521.

36. Banks AS, et al. (2008) SirT1 gain of function increases energy efficiency and prevents
diabetes in mice. Cell Metab 8(4):333–341.

37. Gan L, Mucke L (2008) Paths of convergence: Sirtuins in aging and neuro-
degeneration. Neuron 58(1):10–14.

38. Salminen A, Kaarniranta K, Kauppinen A (2013) Crosstalk between oxidative stress
and SIRT1: Impact on the aging process. Int J Mol Sci 14(2):3834–3859.

39. Bai P, Cantó C (2012) The role of PARP-1 and PARP-2 enzymes in metabolic regulation
and disease. Cell Metab 16(3):290–295.

40. Kanfi Y, et al. (2008) Regulation of SIRT1 protein levels by nutrient availability. FEBS
Lett 582(16):2417–2423.

41. Yannay-Cohen N, et al. (2009) LysRS serves as a key signaling molecule in the immune
response by regulating gene expression. Mol Cell 34(5):603–611.

42. Sajish M, et al. (2012) Trp-tRNA synthetase bridges DNA-PKcs to PARP-1 to link IFN-γ
and p53 signaling. Nat Chem Biol 8(6):547–554.

43. He W, et al. (2015) CMT2D neuropathy is linked to the neomorphic binding activity of
glycyl-tRNA synthetase. Nature 526(7575):710–714.

692 | www.pnas.org/cgi/doi/10.1073/pnas.1608488114 Cao et al.

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

S
ep

te
m

be
r 

24
, 2

02
0 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608488114/-/DCSupplemental/pnas.201608488SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608488114/-/DCSupplemental/pnas.201608488SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608488114/-/DCSupplemental/pnas.201608488SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1608488114

