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During protein synthesis, there are several checkpoints in the cell to ensure that the
information encoded within genetic material is decoded correctly. Charging of tRNA
with its cognate amino acid is one of the important steps in protein synthesis and is
carried out by aminoacyl-tRNA synthetase (aaRS) with great accuracy. However, due to
presence of D-amino acids in the cell, sometimes aaRS charges tRNA with D-amino
acids resulting in the hampering of protein translational process, which is lethal to the
cell. Every species has some mechanism in order to prevent the formation of D-amino
acid-tRNA complex, for instance DTD (D-Tyr-tRNA deacylase) is an enzyme responsible
for the cleavage of ester bond formed between D-amino acid and tRNA leading to error
free translation process. In this review, structure, function, and enzymatic mechanism of
DTD are discussed. The role of DTD as a drug target is also considered.
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INTRODUCTION
Protein synthesis process results in the production of functional proteins and the accuracy of this
process determines the fate of the cell. There are several modes by which cell corroborates the
fidelity of the translation process (Jonak et al., 1980; Bhuta et al., 1981; Alksne et al., 1993; Liu
and Liebman, 1996; Lin et al., 2010). Both D and L amino acids are present in cell (Broccardo
et al., 1981; Dunlop et al., 1986; Hashimoto et al., 1995; Wolosker et al., 1999; Nagata et al., 2006).
The discrimination between D and L amino acids and incorporation of only L-amino acids is the
decisive checkpoint (Yamane et al., 1981; Ibba and Söll, 1999). The aminoacyl-tRNA synthetase
(aaRS) is an enzyme responsible for charging of tRNA with L-amino acids (Ibba et al., 2000;
Rodnina and Wintermeyer, 2001; Francklyn et al., 2002). However, in some cases, aaRS may tag
tRNA with D-amino acids (Giegé et al., 1998; Yadavalli and Ibba, 2012) resulting into the formation
of D-aa-tRNA complex. The resulting complex engages the tRNA pool present in the cell due to
which L-amino acids are destitute of their cognate tRNA partners. The complex is very lethal and
in order to rescue cell, formed D-aa-tRNA complex must be cleaved to release tRNA molecules
(Soutourina et al., 1999, 2004) and it is done by the proofreading activity of D-Tyr-tRNA deacylase
(DTD) responsible for hydrolyzing D-aa-tRNA complex. It causes the cleavage of bond formed
between D-amino acids and tRNA thus making tRNA available to coalesce with L-amino acids
(Wydau et al., 2009; Zheng et al., 2009). It was first reported in Escherichia coli and Bacillus subtilis
that tRNA molecules are charged with D-tyrosine in the presence of Tyrosyl-tRNA synthetase
(Owens and Bell, 1968). Later, a report of D-Valine, D-Aspartate, and D-Tryptophan coupling
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known species lays emphasis upon the importance of having such
proofreading enzyme for hassle-free translation.

with their respective tRNA was published by different scientific
groups (Soutourina et al., 2000). However, the first report of an
enzyme capable of hydrolyzing ester bond of D-Tyr-tRNA was
published by Calender and Berg (Calendar and Berg, 1967). A
study showed the existence of DTD in all the three domains of
life, including human, archaebacteria, and malaria parasite (Bhatt
et al., 2010). To date, three types of DTD are known with similar
functions with subtle changes in sequences (Wydau et al., 2009).
In humans, two types of DTD proteins are present viz DTD1,
DTD2. DTD1, part of DUE-B protein has been biochemically and
structurally characterized for its deacylase function (Kemp et al.,
2007). It would be interesting to determine deacylase activity and
structural architect of DTD2 protein in comparison to DTD1.
The active site motif of DTD2 is “PQAT” in lieu of “SQFT.” It
was put forward that in E. coli, the deletion of DTD gene led to
higher toxicity of D-amino acids conferring the role of DTD in
combating the ill effects of D-chirality (Soutourina et al., 2004).
The presence of DTD in all forms of life and its role in striving
against the D-amino acid toxicity makes it an essential gene to
be retained for survival. In this review, we will be focusing on
the structure and function of DTD enzyme known so far. The
possibility of DTD as a drug target will also be accentuated.

ENZYMATIC MECHANISM OF DTD
The catalytic motif “SQFT” (Serine, Glutamine, Phenylalanine,
and Threonine) responsible for the function of protein is highly
conserved amongst all domains of the life. It is a small amino
acid motif where “Threonine” is highly conserved in all DTD,
being the main catalytic residue whereas in case of human DTD2
protein, “Serine” is replaced by “Proline” and “Phenylalanine”
is replaced by “Alanine.” The proposed active site of the DTD
is formed at the dimer interface with “SQFT” motif of first
monomer and “nNXG(V/F)T” motif of the second monomer,
as supported by the three-dimensional structure of E. coli DTD
(Ferri-Fioni et al., 2001). The interaction of D-Tyr-tRNA with
the active site of DTD from H. Influenza gives an insight about
the probable mechanism of action. A study had elucidated that
the DTD hydrolysis involves general base mechanism, where
“Threonine” act as a nucleophile and attack on the carbonyl
group of D-Tyr linked to the terminal adenine of tRNA via an
ester bond (Lim et al., 2003). However, the experimental evidence
for the proposed mechanism was provided by high-resolution
enzyme–substrate structures solved using x-ray crystallographic
studies (Bhatt et al., 2010; Yogavel et al., 2010). The structural
snapshots of the Plasmodium DTD with different substrate like
molecules nicely decipher the mechanism of action by proposing
three sub-sites viz. transition site, active site and exit site. Study
conducted by Lim demonstrated that the O atom present in side
chain of threonine residue functions as the main nucleophile
and phenylalanine and glutamine have role in stabilization of
oxyanion hole resulting into the cleavage of the ester bond
formed between D-amino acids and tRNA (Lim et al., 2003).
The mutational study involving the replacement of “Threonine”
with “Alanine” also substantiated the role of threonine as
the main active site residue (Bhatt et al., 2010). Although, a
complex structure of DTD and charged-tRNA molecule would
have authenticated the proposed enzyme mechanism which is
presently based on a substrate like molecules such as free amino
acids and nucleotides. These findings concluded the role of
threonine as an active site residue enabling the action of the
DTD on D-amino acids containing tRNA molecule. However,
the mechanism of discrimination between D and L amino acids
by DTD enzyme is yet to be elucidated. The enantio-selectivity
of the DTD explained by the presence of Gly-Cys-Pro dipeptide
in PfDTD which is responsible for maintaining homochirality
by selecting only D-amino acids and rejecting L-amino acids
(Ahmad et al., 2015). Although, most of the studies related to
the enzymatic mechanism have been conducted for Plasmodium
DTD, but it is assumed that it will be valid for all DTD proteins
owing to highly conserved sequences.

STRUCTURE OF DTD
Biochemical studies had established the presence of an editing
enzyme for D-amino acids, but lacked any structural evidence
related to it. The information on crystal structure and three
dimensional coordinates of E. Coli DTD enzyme was proposed
by Ferri-Fioni et al. (2001). It was indicated that the asymmetric
unit consists of protein dimer, akin to the results obtained from
gel filtration chromatography techniques. The overall structure
of DTD belongs to α/β class of protein, containing five-stranded
mixed β sheet, three-stranded anti-parallel β sheet covered
by two parallel α helices (Ferri-Fioni et al., 2001). Due to
conservedness of the function of gene among different species, it
was considered that the structural architecture of protein is also
similar. Different studies were conducted in order to resolve the
crystallographic structure of the enzyme from different sources
such as Haemophilus influenza, Aquifex aeolicus, Homo sapiens,
Leishmania major, and Plasmodium falciparum (Lim et al., 2003;
Kemp et al., 2007; Bhatt et al., 2010). The structural similarity of
DTD enzyme among different species was further reestablished
by Dali score of 17–24 and root mean square deviation of 1.1
◦
to 1.9 A (Bhatt et al., 2010). The probable active site cavity
consisting of “SQFT” motif was also found to be well conserved
amidst all structures (Bhatt et al., 2010). In addition to standalone DTD proteins, the DTD-like domain (Pab-NTD) was
also found appended to threonyl-tRNA synthetase (ThrRS) of
Pyrococcus abyssi with the similar hydrolytic activity of DTD
(Hussain et al., 2006; Ahmad et al., 2015).The presence of a free
standing DTD probably would have evolved from ThrRS under
extensive pressure of D-amino acid toxicity. However, further
studies are required to authenticate and explore the evolution
of free standing DTD from appended ThrRS and vice-versa.
The conserved structure and function of DTD in almost all the
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drug development. However, DTD may be targeted as a potential
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FIGURE 1 | Role of DTD in fidelity and quality of protein synthesis.

drug target if D-amino acids are used in combination with known
inhibitors. For example, when an inhibitor (N, N-bis[4-amino-2methyl-6-quinolinyl]urea) was used for in-vitro malaria parasite
inhibition assays, it showed inhibition of parasite growth at
micromolar concentration. But when used in combination with
D-amino acids, better inhibitory activity on parasite growth was
observed. The underlying mechanism of inhibition by quinoline
derivative involves the conversion of free ferriprotoporphyrin
into crystalline hemozoin as well as inhibition of DTD activity
leading to detrimental effect on parasite growth (Pagola et al.,
2000; Bhatt et al., 2010). Such combination of D-amino acids and
drug-like molecules could lead to possible inhibition of pathogen
by targeting DTD protein. In addition, if subtle differences
between structure of human DTD and its homologs in other
species are found, it might be utilized for developing drug like
molecules specific to non-human DTD.

the enzymatic mechanism of DTD and stabilized “SQFT” and
“Gly-Cys-Pro” motifs for their role in catalysis and selectivity
respectively. Interestingly, being a crucial enzyme in maintaining
fidelity of translation machinery in terms of stereo-specific
amino acid selection, modification of DTD may be utilized
in the development of an in-vivo system for generation of
peptides/proteins containing D-amino acids. Subtle changes in
residues responsible for the enantio-selectivity could alter the
property of DTD in a way suitable for entry of D-amino acids into
growing chain. This may lead to production of D-amino acids
containing peptides/proteins, known for various therapeutic
uses (Kolodkin-Gal et al., 2010). There is a huge window of
opportunity in this direction of production of D-amino acid
peptides using in-vivo system of DTD, yet to be explored.
In addition, atomic level information on DTD structure and
catalysis might pave the way for designing specific inhibitors
in combination with D-amino acids against microbes and
parasites.

CONCLUSION

AUTHOR CONTRIBUTIONS

The presence of both forms of chiral amino acids (D and L)
in living beings has been known from long, but the rationale
behind the selection of L-form of amino acids is still under
cloud. However, the discovery of DTD enzyme has answered
many important questions covering how translational machinery
ensures the participation of only L-amino acids in growing
chain, the specificity of DTD toward D-amino acids etc. The
large quantity of biochemical and structural data have decoded

Frontiers in Cell and Developmental Biology | www.frontiersin.org

TKB has written the paper. RS and DS provided the data.

FUNDING
The author is thankful to UGC, StartUp Scheme, Govt. of India
for providing financial assistance.

3

April 2016 | Volume 4 | Article 32

D-Tyr-tRNATyr Deacylase

Bhatt et al.

REFERENCES

Lim, K., Tempczyk, A., Bonander, N., Toedt, J., Howard, A., Eisenstein, E.,
et al. (2003). A Catalytic Mechanism for d-Tyr-tRNATyrDeacylase Based on
the Crystal Structure of Hemophilus influenzae HI0670. J. Biol. Chem. 278,
13496–13502. doi: 10.1074/jbc.M213150200
Lin, C. A., Ellis, S. R., and True, H. L. (2010). The Sua5 protein is essential
for normal translational regulation in yeast. Mol. Cell. Biol. 30, 354–363. doi:
10.1128/MCB.00754-09
Liu, R., and Liebman, S. W. (1996). A translational fidelity mutation in the
universally conserved sarcin/ricin domain of 25S yeast ribosomal RNA. RNA
2, 254–263.
Nagata, Y., Higashi, M., Ishii, Y., Sano, H., Tanigawa, M., Nagata, K., et al. (2006).
The presence of high concentrations of free D-amino acids in human saliva.
Life Sci. 78, 1677–1681. doi: 10.1016/j.lfs.2005.08.009
Owens, S. L., and Bell, F. E. (1968). Stereospecificity of the Escherichia coli valylRNA synthetase in the ATP-32 PPi exchange reaction. J. Mol. Biol. 38, 145–146.
doi: 10.1016/0022-2836(68)90137-X
Pagola, S., Stephens, P. W., Bohle, D. S., Kosar, A. D., and Madsen, S. K. (2000).
The structure of malaria pigment [beta]-haematin. Nature 404, 307–310. doi:
10.1038/35005132
Rodnina, M. V., and Wintermeyer, W. (2001). Fidelity of aminoacyl-tRNA
selection on the ribosome: kinetic and structural mechanisms. Annu. Rev.
Biochem. 70, 415–435. doi: 10.1146/annurev.biochem.70.1.415
Soutourina, J., Blanquet, S., and Plateau, P. (2000). d-Tyrosyl-tRNATyr
Metabolism inSaccharomyces cerevisiae. J. Biol. Chem. 275, 11626–11630. doi:
10.1074/jbc.275.16.11626
Soutourina, J., Plateau, P., Delort, F., Peirotes, A., and Blanquet, S. (1999).
Functional Characterization of theD-Tyr-tRNATyr Deacylase from Escherichia
coli. J. Biol. Chem. 274, 19109–19114. doi: 10.1074/jbc.274.27.19109
Soutourina, O., Soutourina, J., Blanquet, S., and Plateau, P. (2004). Formation of
D-tyrosyl-tRNATyr accounts for the toxicity of D-tyrosine toward Escherichia
coli. J. Biol. Chem. 279, 42560–42565. doi: 10.1074/jbc.M402931200
Wolosker, H., Blackshaw, S., and Snyder, S. H. (1999). Serine racemase: a glial
enzyme synthesizing D-serine to regulate glutamate-N-methyl-D-aspartate
neurotransmission. Proc. Natl. Acad. Sci. U.S.A. 96, 13409–13414. doi:
10.1073/pnas.96.23.13409
Wydau, S., van der Rest, G., Aubard, C., Plateau, P., and Blanquet, S. (2009).
Widespread distribution of cell defense against D-aminoacyl-tRNAs. J. Biol.
Chem. 284, 14096–14104. doi: 10.1074/jbc.M808173200
Yadavalli, S. S., and Ibba, M. (2012). Quality control in aminoacyl-tRNA synthesis
its role in translational fidelity. Adv. Protein Chem. Struct. Biol. 86, 1–43. doi:
10.1016/B978-0-12-386497-0.00001-3
Yamane, T., Miller, D., and Hopfield, J. (1981). Discrimination between D-and Ltyrosyl transfer ribonucleic acids in peptide chain elongation. Biochemistry 20,
7059–7064. doi: 10.1021/bi00528a001
Yogavel, M., Khan, S., Bhatt, T. K., and Sharma, A. (2010). Structure of
D-tyrosyl-tRNATyr deacylase using home-source Cu K and moderatequality iodide-SAD data: structural polymorphism and HEPES-bound enzyme
states. Acta Crystallographica Section D Biol. Crystallogr. 66, 584–592. doi:
10.1107/S0907444910006062
Zheng, G., Liu, W., Gong, Y., Yang, H., Yin, B., Zhu, J., et al. (2009). Human D-TyrtRNATyr deacylase contributes to the resistance of the cell to D-amino acids.
Biochem. J. 417, 85–94. doi: 10.1042/BJ20080617

Ahmad, S., Muthukumar, S., Kuncha, S. K., Routh, S. B., Yerabham, A. S., Hussain,
T., et al. (2015). Specificity and catalysis hardwired at the RNA-protein interface
in a translational proofreading enzyme. Nat. Commun. 6, 7552–7563. doi:
10.1038/ncomms8552
Alksne, L. E., Anthony, R. A., Liebman, S. W., and Warner, J. R. (1993). An
accuracy center in the ribosome conserved over 2 billion years. Proc. Natl. Acad.
Sci. U.S.A. 90, 9538–9541. doi: 10.1073/pnas.90.20.9538
Bhatt, T. K., Yogavel, M., Wydau, S., Berwal, R., and Sharma, A. (2010).
Ligand-bound structures provide atomic snapshots for the catalytic
mechanism of D-amino acid deacylase. J. Biol. Chem. 285, 5917–5930.
doi: 10.1074/jbc.M109.038562
Bhuta, A., Quiggle, K., Ott, T., Ringer, D., and Chladek, S. (1981). Stereochemical
control of ribosomal peptidyltransferase reaction. Role of amino acid
side-chain orientation of acceptor substrate. Biochemistry 20, 8–15. doi:
10.1021/bi00504a002
Broccardo, M., Erspamer, V., Falconieri, G., Improta, G., Linari, G., Melchiorri,
P., et al. (1981). Pharmacological data on dermorphins, a new class of potent
opioid peptides from amphibian skin. Br. J. Pharmacol. 73, 625–631. doi:
10.1111/j.1476-5381.1981.tb16797.x
Calendar, R., and Berg, P. (1967). D-Tyrosyl RNA: formation, hydrolysis and
utilization for protein synthesis. J. Mol. Biol. 26, 39–54. doi: 10.1016/00222836(67)90259-8
Dunlop, D. S., Neidle, A., McHale, D., Dunlop, D. M., and Lajtha, A.
(1986). The presence of free D-aspartic acid in rodents and man.
Biochem. Biophys. Res. Commun. 141, 27–32. doi: 10.1016/S0006-291X(86)8
0329-1
Ferri-Fioni, M.-L., Schmitt, E., Soutourina, J., Plateau, P., Mechulam, Y., and
Blanquet, S. (2001). Structure of Crystallined-Tyr-tRNATyr Deacylase A
represetative of a new class of tRNA dependent hydrolases J. Biol. Chem. 276,
47285–47290. doi: 10.1074/jbc.M106550200
Francklyn, C., Perona, J. J., Puetz, J., and Hou, Y.-M. (2002). Aminoacyl-tRNA
synthetases: versatile players in the changing theater of translation. RNA 8,
1363–1372. doi: 10.1017/S1355838202021180
Giegé, R., Sissler, M., and Florentz, C. (1998). Universal rules and idiosyncratic
features in tRNA identity. Nucleic Acids Res. 26, 5017–5035. doi:
10.1093/nar/26.22.5017
Hashimoto, A., Oka, T., and Nishikawa, T. (1995). Anatomical distribution
and postnatal changes in endogenous free D-aspartate and D-serine in rat
brain and periphery. Eur. J. Neurosci. 7, 1657–1663. doi: 10.1111/j.14609568.1995.tb00687.x
Hussain, T., Kruparani, S. P., Pal, B., Dock-Bregeon, A. C., Dwivedi, S., Shekar,
M. R., et al. (2006). Post-transfer editing mechanism of ad-aminoacyl-tRNA
deacylase-like domain in threonyl-tRNA synthetase from archaea. EMBO J. 25,
4152–4162. doi: 10.1038/sj.emboj.7601278
Ibba, M., and Söll, D. (1999). Quality control mechanisms during
translation. Science 286, 1893–1897. doi: 10.1126/science.286.54
46.1893
Ibba, M., Becker, H. D., Stathopoulos, C., Tumbula, D. L., and Söll, D. (2000).
The adaptor hypothesis revisited. Trends Biochem. Sci. 25, 311–316. doi:
10.1016/S0968-0004(00)01600-5
Jonak, J., Smrt, J., Holy, A., and Rychlik, I. (1980). Interaction of Escherichia
coli EF-Tu· GTP and EF-Tu· GDP with Analogues of the 3′ Terminus
of Aminoacyl-tRNA. Eur. J. Biochem. 105, 315–320. doi: 10.1111/j.14321033.1980.tb04503.x
Kemp, M., Bae, B., Yu, J. P., Ghosh, M., Leffak, M., and Nair, S. K. (2007).
Structure and function of the c-myc DNA-unwinding element-binding
protein DUE-B. J. Biol. Chem. 282, 10441–10448. doi: 10.1074/jbc.M6096
32200
Kolodkin-Gal, I., Romero, D., Cao, S., Clardy, J., Kolter, R., and Losick, R.
(2010). D-amino acids trigger biofilm disassembly. Science 328, 627–629. doi:
10.1126/science.1188628

Frontiers in Cell and Developmental Biology | www.frontiersin.org

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Bhatt, Soni and Sharma. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

4

April 2016 | Volume 4 | Article 32

