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Abstract

Land plants have developed intricate metabolic pathways which involve production of
reactive aldehydes and its detoxification to survive harsh terrestrial environments.
Aldehydes, being an integral part of carbon metabolism, energy generation and signalling
pathways, are ingrained in plant physiology. Here, we show that physiologically abundantly
produced aldehydes i.e., formaldehyde and methylglyoxal in addition to acetaldehyde,
generate adducts with aminoacyl-tRNAs, a substrate for protein synthesis. Plants are unique
in possessing two distinct chiral proofreading systems, D-aminoacyl-tRNA deacylasel (DTD1)
and DTD2, of bacterial and archaeal origins, respectively. Extensive biochemical analysis
revealed that only archaeal DTD2 can remove the stable D-aminoacyl adducts on tRNA
thereby shielding archaea and plants from these system-generated aldehydes. Using
Arabidopsis as a model system, we have shown that the loss of DTD2 gene renders plants
susceptible to these toxic aldehydes as they generate stable alkyl modification on D-
aminoacyl-tRNAs, which are recycled only by DTD2. Bioinformatic analysis identifies the
expansion of aldehyde metabolising repertoire in land plant ancestors which strongly
correlates with the recruitment of archaeal DTD2. Finally, we demonstrate that the
overexpression of DTD2 offers better protection against aldehydes than in wild-type
Arabidopsis highlighting its role as a multi-aldehyde detoxifier that can be used as a
transgenic crop development strategy.
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The work is a useful contribution towards understanding the role of archaeal and
plant D-aminoacyl-tRNA deacylase 2 (DTD2) in deacylation and detoxification of D-
Tyr-tRNATyr modified by various aldehydes produced as metabolic byproducts in
plants. It integrates convincing results from both in vitro and in vivo experiments to
address the long-standing puzzle of why plants outperform bacteria in handling
reactive aldehydes and suggests a new strategy for stress-tolerant crops. The impact
of the paper is limited by the fact that only one modified D-aminoacyl tRNA was
examined, in lack of evidence that plant eEF1A mimics EF-Tu in protecting L-
aminoacyl tRNAs from modification, and in failure to measure accumulation of toxic
D-aminoacyl tRNAs or impairment of translation in plant cells lacking DTD2.

Introduction

Reactive metabolites are an integral part of biological systems as they fuel a plethora of
fundamental processes of life. Metabolically generated aldehydes are chemically diverse reactive
metabolites such as formaldehyde (1-C), acetaldehyde (2-C) and methylglyoxal (MG; 3-C).

Formaldehyde integrates various carbon metabolic pathways and is produced as a by-product of
oxidative demethylatlon by various enzymes..Ef. 6 whereas acetaldehyde is an intermediate of
anaerobic fermentation”."”. Alternatively, MG is produced via the glycolysis pathway from
dihydroxyacetone phosphate (DHAP) and glyceraldehyde-3-phosphate (G3P), oxidative

deamination of glycine and threonine, fatty acid degradation and auto-oxidation of glucose inside

the cell®. These aldehydes are involved in carbon metabolism! Z32.92,102 energy

generation’". © and mgnalhngS.!.—:‘. 1188, respectively, in all domains of life. In addition to the three

aldehydes discussed above, plants also produce a wide range of other aldehydes under various

biotic and abiotic stresses3%:12%. Despite their physiological importance, these aldehydes become

genotoxic and cellular hazards at higher concentrations as they irreversibly modify the free amino

group of various essential biological macromolecules like nucleic acids, proteins, lipids, and amino
1331704

Increased levels of formaldehyde and MG leads to toxicity in various life forms like

2:1952:20% However, archaea and plants possess these aldehydes in

extremely high amounts (>25 fold) (Figure: S1A @), yet there is no evidence of t0x1c1ty .............. 218~

2252, This suggests that both archaea and plants have evolved specialised protective mechanisms

against toxic aldehyde flux.

Using genetic screening Takashi et al. have identified a gene, called GEK1 at that time, essential for
the protection of plants from ethanol and acetaldehyde3%"" 2315, Later, using biochemical and
bioinformatic analy51s, GEK1 was identified to be a homolog of archaeal D-aminoacyl-tRNA
deacylase (DTD)32%2. DTDs are trans acting, chiral proofreading enzymes involved in translation
quality control and remove D-amino acids mischarged onto tRNAs33 2370, 5. DTD function is

conserved across all life forms where DTD1 is present in bacteria and eukaryotes, DTD2 in land

plants and archaea32%:33% and DTD3 in cyanobacter1a.3.?..'.—.—’."... All DTDs are shown to be important

in protecting organisms from D-amino acids32%.32%2:322:38 2,327 1n addmon DTD2 was also

found to be involved in protecting plants against ethanol and acetaldehyde ............ @320, Recently, we

identified the biochemical role of archaea-derived DTD2 gene in alleviating acetaldehyde stress in
addition to resolving organellar incompatibility of bacteria derived DTD1 in land plantsfl..(.)..[._?..’.‘.‘.]...@...
We have shown that acetaldehyde irreversibly modifies D-aminoacyl-tRNAs (D-aa-tRNA) and only
DTD2 can recycle the modified D-aa-tRNAs thus replenishing the free tRNA pool for further
translation?%. Like acetaldehyde, elevated aldehyde spectrum (Figure: S1A) in plants and

archaea pose a threat to the translation machinery. The unique presence of DTD2 in organisms
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with elevated aldehyde spectrum (plants and archaea) and its indispensable role in acetaldehyde
tolerance prompted us to investigate the role of archaeal DTD2 in safeguarding translation
apparatus of plants from various physiologically abundant toxic aldehydes.

7 eLife

Here, our in vivo and biochemical results suggest that formaldehyde and MG lead to toxicity in
DTD2 mutant plants through D-aa-tRNA modification. Remarkably, out of all the aldehyde-
modified D-aa-tRNAs tested, only the physiologically abundant ones (i.e., D-aa-tRNAs modified by
formaldehyde or methylglyoxal) were deacylated by both archaeal and plant DTD2s. Therefore,
plants have recruited archaeal DTD2 as a potential detoxifier of all toxic aldehydes rather than
only acetaldehyde as earlier envisaged. Furthermore, DTD2 overexpressing Arabidopsis transgenic
plants demonstrate enhanced multi-aldehyde resistance that can be utilised as a strategy for crop
improvement.

Results

Aldehydes modify aa-tRNAs to disrupt protein synthesis

The presence of large amounts of chemically diverse aldehydes in plants and archaea (Figure:
S1A) encouraged us to investigate their influence on aa-tRNAs, a key component of the
translational machinery. We incubated aa-tRNAs with diverse aldehydes (from formaldehyde (1-C)
to decanal (10-C) including MG (3-C)) and investigated adduct formation with thin-layer
chromatography (TLC) and electrospray ionization mass spectrometry (ESI-MS). We observed that
aldehydes modified aa-tRNAs irrespective of amino acid chirality (Figure: 1A-G(%; S1B). The
mass change from formaldehyde, propionaldehyde, butyraldehyde and MG modification
correspond to a methyl, propyl, butyl and acetonyl group, respectively (Figure: 1B-G (). Tandem
fragmentation MS2Z) of aldehyde-modified D-aa-tRNAs showed that all the aldehydes selectively
modify only the amino group of amino acids in D-aa-tRNAs (Figure: S1C-G (@). Interestingly, upon
a comparison of modification strength, the propensity of modification decreased with increase in
the aldehyde chain length with no detectable modification on decanal treated aa-tRNAs (Figure:
1A, 1H). The chemical reactivity of aldehyde is dictated by its electrophilicity*2%. The
electrophilicity of saturated aldehydes decreases with the increasing chain length of
aldehydef%.g.’ff?.@., thereby reducing modification propensity. Exceptionally, the modification
propensity of MG is much higher than propionaldehyde which is also a three carbon system and it
is likely due to the high electrophilicity of the carbonyl carbon?2%. Also, the aldehydes with
higher propensity of modification are present in higher amounts in plants and archaea (Figure:
S1A@). Further, we investigated the effect of aldehyde modification on the stability of ester
linkage of aa-tRNAs by treating them with alkaline conditions. Strikingly, even the smallest
aldehyde modification stabilized the ester linkage by ~20-fold when compared with unmodified
aa-tRNA (Figure: 11-) @).

Elongation factor thermo unstable (EF-Tu) is shown to protect L-aa-tRNAs from acetaldehyde
modification?2”.. EF-Tu based protection of L-aa-tRNAs can be extended to any aldehydes with
similar or bigger size than acetaldehyde but not formaldehyde. We sought to investigate the EF-Tu
based protection against formaldehyde. EF-Tu was activated by exchanging the GDP with GTP.
Activated EF-Tu protected L-aa-tRNAs from RNase (Figure: S11(%). Next, we generated the ternary
complex of activated EF-Tu and aa-tRNAs and incubated with formaldehyde. Reaction mixture was
quenched at multiple time points and modification was assessed using TLC. It has been seen that
activated EF-Tu protected L-aa-tRNAs from smallest aldehyde suggesting that EF-Tu is a dedicated
protector of L-aa-tRNAs from all the cellular metabolites (Figure: $1) 2 ). However, the lower
affinity of D-aa-tRNAs with EF-Tu results in their modification under aldehyde flux. Accumulation
of these stable aldehyde-modified D-aa-tRNAs will deplete the free tRNA pool for translation.
Therefore, removal of aldehyde-modified aa-tRNAs is essential for cell survival.
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Fig 1.

Aldehydes generate N-alkylated-aa-tRNA adducts

TLC showing modification on L- and D-Tyr-tRNATY" by A) formaldehyde, acetaldehyde, propionaldehyde, butyraldehyde,

valeraldehyde, isovaleraldehyde, decanal and B) MG (AMP: adenine mono phosphate which corresponds to free tRNA;
whereas Tyr-AMP and Modified-Tyr-AMP corresponds to unmodified and modified Tyr-tRNA™"). Mass spectra showing C) D-

Phe-tRNAPMe, D) formaldehyde modified D-Phe-tRNAPN® E) propionaldehyde modified D-Phe-tRNAPN® F) Butyraldehyde

modified D-Phe-tRNAPN® G) MG modified D-Phe-tRNAPMe. H) Graph showing the effect of increasing chain length of aldehyde
on modification propensity with aa-tRNA at two different concentrations of various aldehydes. Effect of I) formaldehyde, and

J) MG modification on stability of ester linkage in D-aa-tRNA under alkaline conditions.
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% eLife DTD2 recycles aldehyde modified D-aa-tRNAs
Aldehyde-mediated modification on D-aa-tRNAs generated a variety of alkylated-D-aa-tRNA
adducts (Figure: 1A3; S1BX). While we earlier showed the ability of DTD2 to remove
acetaldehyde induced modification, we wanted to test whether it can remove diverse range of
modifications ranging from smaller methyl to larger valeryl adducts to ensure uninterrupted
protein synthesis in plants. To test this, we cloned and purified Arabidopsis thaliana (At) DTD2 and
performed deacylation assays using different aldehyde-modified D-Tyr-(AtRNATY" as substrates.
DTD2 cleaved all modified D-aa-tRNAs at 50 pM to 500 nM range (Figure: 2A-D (¥ ; S2A-B(Z ; S3A-
F@). Interestingly, DTD2’s activity decreases with increase in aldehyde chain lengths (Figure: 2A-
D@; S2A-B3; S3A-F ). To establish DTD2’s activity on various aldehyde modified D-aa-tRNAs as
a universal phenomenon, we checked DTD2 activity from an archaeon [Pyrococcus horikoshii
(Pho)]. As expected, DTD2 from archaea recycled up to 3-C long aldehyde-modified D-aa-tRNAs
adducts similar to plant DTD2 (Figure: 2E-H (Z; S2C-D (Z; S3G-L (). Whereas the canonical chiral
proofreader, DTD1, from plants was inactive on all aldehyde modified D-aa-tRNAs (Figure: 2I-L (7;
S2E-F(@). Interestingly, DTD2 was inactive on butyraldehyde, and higher chain length aldehyde
modified D-aa-tRNAs (Figure: 2D, 2H(%; S2A-D (Z; S3D-F (2, S3)-L(@). This suggests that DTD2
exerts its protection till propionaldehyde with a significant preference for methylglyoxal and
formaldehyde modified D-aa-tRNAs. It is worth noting that the physiological levels of higher chain
length aldehydes are comparatively much lesser in plants and archaea (Figure: S1A®), indicating
the coevolution of DTD2 activity with the presence of toxic aldehydes. Even though both MG and
propionaldehyde generate a 3-carbon chain modification, DTD2 showed ~100-fold higher activity
on MG-modified D-aa-tRNAs (Figure: 2B-C (2, 2F-G 2, 2M (@). It’s interesting to note that peptidyl-
tRNA hydrolase (PTH), which recycles on N-acetyl/peptidyl-L-aa-tRNAs and has a similar fold to
DTD2, was inactive on formaldehyde and MG-modified L- and D-aa-tRNAs (Figure: 2M (% ; S3M-
P(@). Overall, our biochemical assays with multiple trans acting proofreaders (DTD1, DTD2, and
PTH) suggests that DTD2 is the only aldehyde detoxifier recycling the tRNA pool in both plants and
archaea.

Absence of DTD2 renders plants susceptible to physiologically

abundant toxic aldehydes

Biochemical assays suggest that DTD2 can exert its protection for both formaldehyde and MG in
addition to acetaldehyde. To test this in vivo, we utilised an Arabidopsis T-DNA insertion line
(SAIL_288_B09) having T-DNA in the first exon of DTD2 gene (Figure: 3A(%). We generated a
homozygous line (Figure: 3A %) and checked for ethanol sensitivity. dtd2 plants were susceptible
to ethanol (Figure: S4A (%) similar to earlier results3232% confirming the non-functionality of
DTD2 gene in dtd2 plants. We then subjected them to various concentrations of formaldehyde and
MG generally used for plant toxicity assaysf.‘.‘...c.’.’y..‘.‘.l.ﬁ.@.. These dtd2 plants were found to be sensitive
to both formaldehyde and MG (Figure: 3B-G @). This sensitivity was alleviated by complementing
dtd2 mutant line with genomic copy of wild type DTD2 (Figure: 3A-G @), indicating that DTD2-
mediated detoxification plays an important role in plant aldehyde stress. To further confirm the
significance of DTD2 in plant growth and development, we performed seed germination assays in
dtd2 plants by evaluating the emergence of radicle on 3rd day post seed plating. As expected, dtd2
plants show a significant reduction (~40%) in germination (Figure: 3H @) and this effect was
reversed in the DTD2 rescue line (Figure: 3H ). Interestingly, these toxic effects (on both growth
and germination) of formaldehyde and MG were enhanced upon D-amino acid supplementation
(Figure: S4B (). These observations suggest that DTD2’s chiral proofreading activity is linked with
aldehyde stress removal activity as well. Moreover, to rule out the plausible role of any interacting
partner or any other indirect role of DTD2, we generated a catalytic mutant transgenic line

mutant line showed a similar phenotype as dtd2 plants under aldehyde stress (Figure: 3A-H @),
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Fig 2.

DTD2 acts as a general aldehyde detoxification system

Deacylation assays on formaldehyde, propionaldehyde, methylglyoxal and butyraldehyde modified D-Tyr-tRNA™" substrates
by AtDTD2 (A-D), PhoDTD2 (E-H), AtDTD1 (I-L): M) Table showing the effective activity concentration of AtDTD2, PhoDTD2,
AtDTD1, archaeal PTH and bacterial PTH that completely deacylates aldehyde modified D-Tyr-tRNATyr (- denotes no activity;
*from Mazeed et al.ﬂg-@-).
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o7 L f confirming the role of DTD2’s biochemical activity in relieving general aldehyde toxicity in plants.

OAY]

v/eLire Overall, our results show that DTD2-mediated detoxification protects plants from physiologically
abundant toxic aldehydes.

Overexpression of DTD2 provides enhanced multi-aldehyde stress-

tolerance to plants

Plants being sessile are constantly subjected to multiple environmental stresses that reduce
agriculture yield and constitute a serious danger to global food security‘}.?..@.. Pyruvate
decarboxylase (PDC) transgenics are used to increase flood tolerance in plants but it produces ~35-
fold higher acetaldehyde than wild-type plants.‘.‘.?..'?’.’... Transgenics overexpressing enzymes known
for aldehyde detoxification like alcohol dehydrogenase (ADH), aldehyde dehydrogenase (ALDH),
aldehyde oxidase (AOX) and glyoxalase are shown to be multi-stress tolerant.=.=. 72552,
sensitivity of dtd2 plants under physiological aldehydes and biochemical activity of DTD2
prompted us to check if overexpression of DTD2 can provide multi-aldehyde tolerance. We
generated a DTD2 overexpression line with DTD2 cDNA cloned under a strong CaMV 35S
promoterf’.?.@.. We subjected the overexpression line, along with the wild type, to various
aldehydes with or without D-amino acids. Strikingly, we found that the DTD2 overexpression line
was more tolerant to both the aldehydes (formaldehyde and MG) when compared with wild type
(Figure: 4A-C%; S5A-C(@). DTD2 overexpression resulted in >50% increased seedling growth
when compared with that of wild type (Figure: 4A2; S5D @). The growth difference was more
pronounced when D-amino acids were supplemented with varying concentrations of aldehydes
(Figure: 4A(Z; S5D (@). Interestingly, DTD2 overexpression plants showed extensive root growth
under the influence of both formaldehyde and MG (Figure: S5A-C (2). Plants produce these
aldehydes in huge amounts under various stress conditions’2%-2°% and plant tolerance to
various abiotic stresses is strongly influenced by root growth>."... The enhanced root growth by
DTD2 overexpression under aldehyde stress imply that DTD2 overexpression offers a viable

method to generate multi-stress-resistant crop varieties.

DTD2 appearance corroborates with the aldehyde burst in land

plant ancestors

After establishing the role of DTD2 as a general aldehyde detoxification system in the model land
plant system, we wondered if the multi aldehyde detoxification potential of DTD2 was necessary
in land plant ancestors as well. Therefore, we checked the biochemical activity of DTD2 from a
charophyte algae, Klebsormedium nitens (Kn), and found that it also recycled aldehyde-modified D-
aa-tRNAs adducts like other plant and archaeal DTD2s (Figure: 5A-C % ; S6A-C%). This suggests
that the multi-aldehyde problem in plants has its roots in their distant ancestors, charophytes.
Next, we analysed the presence of other aldehyde metabolizing enzymes across plants. Multiple
bioinformatic analyses have shown that land plants encode greater number of ALDH genes

compared to green algaef’.ﬁ.@.’.??..'.—.—'.".. and glyoxalase family (Glyl, GlyII and GlyIIl), known to clear

MG, has expanded exclusively in streptophytic plants:r?.zg‘fe..'r’.?.@.. We identified that land plants also
encode greater number of AOX genes in addition to ALDH genes compared to green algae (Figure:

S6D ). We delved deeper into plant metabolism with an emphasis on formaldehyde and MG. A

formaldehyde is involved in 5 pathways, 60 enzymes, and 94 KEGG reactions, while MG in 6
pathways, 16 enzymes and 16 KEGG reactions. We did a thorough bioinformatic search for the
presence of around 31 and 9 enzymes related to formaldehyde and MG, respectively, in KEGG
database (Table: S2). Strikingly, we found that plants encode majority of the genes related for
formaldehyde and MG and they are conserved throughout land plants (Figure: 5D (7 ; S6E-G (2)
(Table: S2). Plants produce huge amounts of formaldehyde while reshuffling pectin in their cell

wall during cell division, development and tissue damagé?ﬁ.@l?., Plants contain ~33% pectin in

their cell walls that provides strength and ﬂexibility"@%.g"... When checked for the presence of genes
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Fig 3.

DTD2 mutant plants are susceptible to physiologically abundant toxic aldehydes

A) Schematics showing the site of T-DNA insertion in (SAIL_288_B09) the first exon of DTD2 gene and RT-PCR showing the
expression of DTD2 gene in wildtype (Wt), dtd2”, dtd2 ::AtDTD2 (rescue) and dtd2”:AtDTD2 H150A (catalytic mutant) plants
lines used in the study. B) Toxicity assays showing the effect of formaldehyde and MG with and without D-amino acid (D-
Tyrosine (D-Tyr)) on dtd2” plants. Graph showing effect of C) Murashige and Skoog agar (MSA), D) 1.5 mM MG, E) 0.5 mM D-
Tyr and 1.5 mM MG, F) 0.5 mM formaldehyde and G) 0.5 mM D-Tyr and 0.5 mM formaldehyde on growth of Wt (Blue), dtd2”
(Green), dtd2”"::AtDTD2 H150A (catalytic mutant) (Purple), and dtd2”:AtDTD2 (rescue) (Red) plants. Cotyledon surface area
(m 2|——‘) is plotted as parameter for seedling size (n=4-15). P values less than 0.05 are denoted as ns and P < 0.001 are

denoted as ***, H) Graph showing effect of formaldehyde, and MG on germination of Wt, dtd2”", dtd2”":AtDTD2 (rescue) and
dtd2”-:AtDTD2 H150A (catalytic mutant) plants.
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Overexpression of DTD2 confers increased multi aldehyde tolerance to Arabidopsis thaliana

DTD2 overexpression (OE) plants grow better than wild type Col-0 under A) 0.5 mM, 0.75 mM, 1.0 mM and 1.25 mM of
formaldehyde with and without 0.5 mM D-tyrosine. Cotyledon surface area (mmg.‘:—f‘f.) is plotted as parameter for seedling size
(n=5-15); P values less than 0.05 are denoted as ns and P < 0.001 are denoted as ***, B) Growth of DTD2 OE and wild type
Col-0 under 0.5 mM, 0.75 mM, 1.0 mM, 1.25 mM, 1.5 mM of MG and 0.5 mM, 0.75 mM, 1.0 mM MG with 0.5 mM D-tyrosine. C)
The gPCR analysis showing fold change of DTD2 gene expression in DTD2 OE plant line used.
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responsible for the pectin biosynthesis and degradation, we identified that it is a land plant
specific adaptation that originated in early diverging streptophytic algae (Figure: S6F %) (Table:
$2). Overall, our bioinformatic analysis in addition to earlier studies have identified an expansion
of aldehyde metabolising repertoire in land plants and their ancestors indicating the sudden
aldehyde burst accompanying terrestrialization which strongly correlates with the recruitment of
DTD2 (Figure: 5E(Z; 6 ).

7 eLife

Discussion

Plants produce more than two-hundred thousand metabolites for crosstalk with other
organisms??..‘?’."... The burgeoning information on increased utilization of aldehydes for signalling,
defence and altering the ecological interactions with other organisms suggests their physiological
importance in plant life2°".. However, aldehydes are strong electrophiles that undergo addition
reactions with amines and thiol groups to form toxic adducts with biomolecules. Excessive
aldehyde accumulation irreversibly modifies nucleic acids and proteins resulting in cell

In this work, we have shown that multiple aldehydes can cause toxicity in dtd2
plants. Therefore, plants have recruited DTD2 as a detoxifier of aldehyde-induced toxicities in the
context of protein biosynthesis. Through this work, we find a correlation between physiological
abundance of various aldehydes, their modification propensity and DTD2’s aldehyde protection
range. Aldehydes with higher reactivity (formaldehyde, acetaldehyde and MG) are present in
higher amounts in plants and archaea and DTD2 provides modified-D-aa-tRNA deacylase activity
against these aldehydes. DTD2’s biochemical activity decreases with increase in the aldehyde
chain length. Intriguingly, despite MG and propionaldehyde generating a 3-carbon long
modification, DTD2 is ~100-fold more active on MG-modified D-aa-tRNAs. The absence of carbonyl
carbon in the propionaldehyde-modified substrate and DTD2’s preferential activity on the bulkier
MG modified substrate points to a clear evolutionary selection pressure for the abundant and
physiologically relevant aldehyde. In total contrast to DTD2, all PTH substrates contain carbonyl
carbon at the alpha position?.‘.‘..'.-.—’."... The inactivity of PTH on MG modified L- and D-aa-tRNAs suggests
its specificity for carbonyl carbon at alpha position. Therefore, elucidating the structural basis for
both enantioselection and modification specificity of DTD2 and PTH will throw light on these key

mechanisms during translation quality control.

The sensitivity of dtd2 plants to aldehydes of higher prevalence and hyper-propensity for
modification indicates the physiological coevolution of aldehyde phytochemistry and recruitment
of DTD2 in land plants. Despite the toxic effects of reactive aldehydes, plants are being used as air
purifiers as they act as aldehyde scavengers from the environment>2.=7 2252 Moreover, plants

have higher removal rates for formaldehyde and acetaldehyde as compared to other higher chain
684

similar lines, here, we have also explored the possibility of DTD2 overexpression in multi-
aldehyde stress tolerance. Our in vivo results strongly suggests that DTD2 provides multi-aldehyde
stress tolerance in the context of detoxifying adducts formed on aa-tRNA. This facilitates the
release of free tRNA pool thus relieving translation arrest. DTD2 overexpression plants showed
extensive root growth as compared to wildtype plants. Plant root growth is an indicator of multi-
stress tolerance>*%. Therefore, our DTD2 overexpression approach could be explored further in

crop improvement strategies.

presence of reactive aldehydeszg..'.—.—'."..’z‘.‘..'.—.—'.’).. and D-amino acids~2.=20200 for such a long time suggests

an ancient origin of DTD2 activity in last archaeal common ancestor. As archaea thrives in
extreme conditions, they secrete enormous amount of formaldehyde into the environment as they

growZZ..‘:—/.’T.. We have shown that DTD2 from archaea can efficiently recycle physiologically
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Terrestrialization of plants is associated with expansion of aldehyde metabolising genes

Deacylation assays of KnDTD2 on A) formaldehyde, B) propionaldehyde and C) MG modified D-Tyr-tRNA™". D) Table showing

the presence of 31 genes associated with formaldehyde metabolism in all KEGG organisms across life forms. E) Model

showing the expansion of aldehyde metabolising repertoire, cell wall components and recruitment of archaeal DTD2 in

charophytes during land plant evolution.
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DTD2 acts as a general aldehyde detoxifier in land plants during translation quality control

Model showing the production of multiple aldehydes like formaldehyde, acetaldehyde and methylglyoxal (MG) through
various metabolic processes in plants which generate stable alkyl modification on D-aminoacyl-tRNA adducts and DTD2 is
unique proofreader for these alkyl adducts thereby protecting the plants from aldehyde toxicity associated with translation
apparatus emerged from expanded metabolic pathways and D-amino acids.
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abundant toxic aldehyde-modified D-aa-tRNAs like plant DTD2s. The adduct removal activity was

utilised by the archaeal domain as they produce more aldehydes and thrive in harsh

environments’3>-8%% and it was later acquired by plants. Bog ecosystems, earlier proposed site

7 . . . . . . . — 7
for DTD2 gene transfer?2’, are highly anaerobic, rich in D-amino acids and ammonia®! 835

7 eLife

expansion of aldehyde metabolising repertoire exclusively in land plants and their ancestors
indicating a sudden aldehyde burst associated with terrestrialization. Thus, recruitment of
archaeal DTD2 by a land plant ancestor must have aided in the terrestrialization of early land
plants. Considering the fact that there are no common incidences of archaeal gene transfer to
eukaryotes, it is unclear whether the DTD2 gene was transferred directly to land plant ancestor
from archaea or perhaps was mediated by an unidentified intermediate bacterium warrants
further investigation. Overall, the study has established the role of archaeal origin DTD2 in land
plants by mitigating the toxicity induced by aldehydes during protein biosynthesis.

Materials and methods

Plant material and growth conditions

Arabidopsis seeds of Columbia background were procured from the Arabidopsis Biological
Resource Center (Col-0: CS28166; dtd2: SAIL_588_B09 [CS825029]). Plants were cultivated in a
growth room at 22°C with 16 h of light. Seeds were germinated on 1x Murashige-Skoog (MS)
medium plates containing 4.4 g/L MS salts, 20 g/L sucrose, and 8 g/L tissue culture agar with pH
5.75 adjusted with KOH at 22°C in a lighted incubator. Table S1 contains the primers used to
genotype the plants via polymerase chain reaction (PCR).

Construction of DTD2 rescue and DTD2 overexpression line

The coding sequence for Arabidopsis DTD2 (At2g03800) was PCR amplified and inserted into
PENTR/D-TOPO for the overexpression line and genomic sequence for DTD2 (At2g03800) along
with its promotor (~2.4 kb upstream region of DTD2 gene) was PCR amplified and inserted into
PENTR/D-TOPO for the rescue line (primer sequences available in Table S1®). Site-directed
mutagenesis approach was used to create H150A (catalytic mutant) in plasmid used for rescue
line. LR Clonase II (Thermo Fisher Scientific) was used to recombine entry plasmids into a)
PH7FWG2 to create the p35S::DTD2 line and b) pZP222 to create rescue and catalytic mutant line.
Agrobacterium tumefaciens Agll was transformed with the above destination plasmids. The floral
dip technique was then used to transform Arabidopsis plants with a Columbia backgroun 8502,
The transgenic plants for overexpression were selected with 50 pg/ml hygromycin and 1 pg/ml
Basta (Glufosinate ammonium) and rescue plant lines with 120 ug/ml gentamycin and 1 pg/ml
Basta (Glufosinate ammonium) supplemented with MS media.

Aldehyde sensitivity assays and seedling size quantification

For aldehyde sensitivity assays, seeds were initially sterilised with sterilisation solution and plated
on 1x Murashige-Skoog (MS) medium agar plates containing varying concentrations of aldehydes
with or without D-Tyrosine. Seeds were grown in a growth room at 22°C with 16 h of light. Plates
were regularly observed and germination percentage was calculated based on the emergence of
radicle on 374 day post seed plating. Phenotypes were documented 2 weeks post germination and
seedling size (n=4-15) was quantified. For seedling size quantification imaging was done using
Axiozoom stereo microscope with ZEN 3.2 (blue edition) software and processed as necessary.
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% eLife Total RNA extraction and reverse transcriptase-quantitative

polymerase chain reaction

For the reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR) experiment, seeds
were germinated and grown for 14 days on MS plate and 200 mg of seedings were flash-frozen in
liquid nitrogen. The RNeasy Plant Minikit (QIAGEN) was used to extract total RNA according to the
manufacturer’s instructions. 4 ug of total RNA was used for cDNA synthesis with PrimeScript 1st
strand cDNA Synthesis Kit (Takara), according to the manufacturer’s instructions. The resultant
cDNA was diluted and used as a template for the RT-PCR reactions for DTD2 rescue and catalytic
mutant lines with EF-Tu (At1g07920) as the internal control. While qPCR was done to quantify the
level of DTD2 overexpression for DTD2 overexpression line with appropriate primers (Table S1@)
and Power SYBR™ Green PCR Master Mix (ThermoFisher). Reactions were carried out in a Bio-Rad
CFX384 thermocycler, with three technical replicates per reaction. The 2-ACq method was used for
relative mRNA levels calculation with actin (At2g37620) as the internal control. Prism 8 was used
for graph generation and statistical analysis.

Cloning, expression, and purification

DTD1 and DTD2 genes from Arabidopsis thaliana (At) were PCR-amplified from cDNA, and DTD2
gene from Klebsormedium nitens (Kn) was custom synthesised, while DTD2 gene from Pyrococcus
horikoshii (Pho), and tyrosyl-tRNA synthetase (TyrRS) of Thermus thermophilus (Tth) were PCR-
amplified using their genomic DNA with primers listed in table S1%. All the above mentioned

was used to overexpress all the above cloned genes except EcPheRS where E. coli M15 was used.
As Plant DTD2s, TyrRS, and PheRS contained 6X His-tag, they were purified via Ni-NTA affinity
chromatography, followed by size exclusion chromatography using a Superdex 75 column (GE
Healthcare Life Sciences, USA). Cation exchange chromatography (CEC) was used to purify Pho
DTD2 no-tag protein followed by SEC. Purification method and buffers for all the purifications
were used as described earlier®”Z. All the purified proteins were stored in buffer containing 100
mM Tris (pH 8.0), 200 mM NaCl, 5 mM 2-mercaptoethanol (B-ME), and 50% Glycerol for further

use.

Generation of a-32P-labeled aa-tRNAs

We have used A. thaliana (At) tRNAPR®, A, thaliana (At) tRNATYT, and E. coli (Ec) tRNAAR in this
study. All the tRNAs were in vitro transcribed (IVT) using the MEGAshortscript T7 Transcription Kit
(Thermo Fisher Scientific, USA). tRNAs were then radio labelled with [q-32P] ATP (BRIT-Jonaki,

Generation of adducts on aa-tRNAs for probing relative
modification propensity of aldehyde with aa-tRNA and substrate

generation for biochemical activity

A single-step method was used for probing relative modification propensity of the aldehyde with
aa-tRNA where 0.2 uM of Ala-tRNA212 was incubated with different concentrations of aldehydes (2
mM, and 10 mM) along with 20 mM NaCNBHj3 (in 100 mM Potassium acetate (pH 5.4)) as a
reducing agent at 37°C for 30 minutes. The reaction mixture was digested with S1 nuclease and
analysed on thin layer chromatography (TLC). Except for decanal, all the aldehydes modified Ala-
tRNAA2, The method for processing and quantification of modification on aa-tRNA utilised is
discussed earlier?Z. However, a two-step method was used for generating substrates for

. . . . 7 .
biochemical assays as discussed earlier?%%”. It was used to generate maximum homogenous
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modification on the aa-tRNAs for deacylation assays. Briefly, 2 uM aa-tRNAs were incubated with
20 mM of formaldehyde, and methylglyoxal or 1M of propionaldehyde, butyraldehyde,
valeraldehyde, and isolvaleraldehyde at 37°C for 30 minutes. Samples were dried to evaporate
excess aldehydes using Eppendorf 5305 Vacufuge plus Concentrator. The dried mixture was then
reduced with 20 mM NaCNBHj at 37°C for 30 minutes. All reactions were ethanol-precipitated at
-30°C overnight or -80°C for 2 Hrs. Ethanol precipitated pellets were resuspended in 5 mM sodium
acetate (pH 5.4) and used for biochemical assays.

7 eLife

Deacylation assays

For biochemical activity assays, various enzymes like DTD1s, DTD2s and PTHs were incubated
with different aldehyde modified and unmodified a-32P-labelled D-Tyr-tRNATY" substrates (0.2 uM)
in deacylation buffer (20 mM Tris pH 7.2, 5 mM MgCl,, 5 mM DTT, and 0.2 mg/ml bovine serum
albumin) at 37°C. An aliquot of 1 pl of the reaction mixture was withdrawn at various time points
and digested with S1 nuclease prior to their quantification by TLC. The quantity of aldehyde
modified Tyr-AMP at t=0 min was considered as 100% and the the amount of modified Tyr-AMP at
each time point normalised with respect to t=0 min was plotted. All biochemical experiments were
repeated at least 3 times. The mean values of three independent observations were used to plot
the graphs with each error bar representing the standard deviation from the mean value.

Alkali treatment

Both aldehyde modified and unmodified D-aa-tRNAs were digested with S1 nuclease before
subjecting to alkali treatment (For formaldehyde: 100 nM S1-digested sample with 100 mM Tris pH
9.0; For methylglyoxal: 100 nM S1-digested sample with 200 mM Tris pH 9.0) at 37°C. Alkali-treated
samples withdrawn at different time points were directly analysed with TLC. GraphPad Prism
software was used to calculate the half-life by fitting the data points onto the curve based on the
first-order exponential decay equation [S;] = [SO]e"“, where the substrate concentration at time ¢ is
denoted as [S ], [Sy] is the concentration of the substrate at time 0, and k is the first-order decay
constant.

Mass spectrometry (MS)

To identify the modification by various aldehydes on D-aa-tRNAs, modified and unmodified D-Phe-
tRNAFPe were digested with aqueous ammonia (25% of v/v NH,OH) at 70°C for 18 hours*0%.
Hydrolysed samples were dried using Eppendorf 5305 Vacufuge plus Concentrator. Dried samples
were resuspended in 10% methanol and 1% acetic acid in water and analysed via ESI-based mass
spectrometry using a Q-Exactive mass spectrometer (Thermo Scientific) by infusing through
heated electrospray ionization (HESI) source operating at a positive voltage of 3.5 kV. Targeted
selected ion monitoring (t-SIM) was used to acquire the mass spectra (at a resolving power of
70000@200m/z) with an isolation window of 2 m/z i.e., theoretical m/z and MH+ ion species. The
high energy collision-induced (HCD) MS-MS spectra with a normalized collision energy of 25 of the
selected precursor ion species specified in the inclusion list (having the observed m/z value from
the earlier t-SIM analysis) were acquired using the method of t-SIM-ddMS2 (at an isolation window
of 1 m/z at a ddMS2 resolving power of 35000@200m,/z).

Bioinformatic analysis

Protein sequences for various enzymes involved in formaldehyde and MG metabolism were
searched in KEGG GENOME database (http://www.genome.jp/kegg/genome.htmi/ @) (RRID:
SCR_012773) through KEGG blast search and all blast hits were mapped on KEGG organisms to
identify their taxonomic distribution. KEGG database lacks genome information for charophyte
algae so the presence of desired enzymes in charophyte was identified by blast search in NCBI
(https://www.ncbi.nlm.nih.gov/ %) (RRID: SCR_006472).
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% eLife Quantification and statistical analysis
- Quantification approaches and statistical analyses of the deacylation assays can be found in the
relevant sections of the Methods section.
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Fig S1.

Aldehydes modify the amino group of amino acids in D-aa-tRNAs

A) Table showing the presence of various aldehydes in different domains of life3=2:21.%: -28C2. B) Table showing modification
type, expected and observed mass change by dn"ferent aldehyde on D-aa- tRNA *Mass change observed after acetaldehyde

amino acid in C) D-Phe-tRNAPhe, D) formaldehyde modified D-Phe-tRNAP®, E) propionaldehyde modified D-Phe-tRNAPP®, F)
butyraldehyde modified D-Phe- tRNAPhe and G) MG modified D Phe-tRNAP®. H) Table showing the calculated molecular size
and modification size (both volume A3%. 2 and surface area A2Z. ) by various aldehydes on D-amino acid (D-alanine) using the
Voss Volume Voxelator (3V) webserver at probe 1.5 A radius. I) Thin layer chromatography showing the activation profile of

EF-Tu via RNase protection-based assay. ) Thin layer chromatography showing the formaldehyde modification on L- and D-

aa-tRNAs in the presence of EF-Tu.
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Fig S2.

DTD2 is inactive on aldehyde-modified D-aa-tRNAs beyond three-carbon aldehyde chain length

Deacylation assays of AtDTD2 on A) valeraldehyde, B) isovaleraldehyde modified D-Tyr-tRNATyr; Deacylation assays of
PhoDTD2 on C) valeraldehyde, D) isovaleraldehyde modified D-Tyr-tRNATyr; Deacylation assays of AtDTD1 on E) valeraldehyde,
F) isovaleraldehyde modified D-Tyr-tRNATY".
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Fig S3.

DTD2 acts as a general aldehyde detoxification system

Deacylation assays of AtDTD2 on A) formaldehyde, B) propionaldehyde, C) MG, D) butyraldehyde, E) valeraldehyde, and F)
isovaleraldehyde modified L-Tyr-tRNA™"; Deacylation assays of PhoDTD2 on G) formaldehyde, H) propionaldehyde, I) MG, J)
butyraldehyde, K) valeraldehyde, and L) isovaleraldehyde modified L-Tyr-tRNATy'; Deacylation assays of ECPTH on M)
formaldehyde, and N) MG modified L-Tyr-tRNATY"; Deacylation assays of StPTH on O) formaldehyde, and P) MG modified L-
Tyr-tRNATY".
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Fig S4.

MG and formaldehyde inhibit the germination of DTD2 mutant plants

A) Toxicity assays showing the effect of 0.1% ethanol on wildtype (Wt), dtd2”", dtd2”:AtDTD2 H150A (catalytic mutant) and
dtd2”=AtDTD2 (rescue) plants B) Graph showing cumulative effect of MG and D-Tyrosine on germination of Col-0, dtd2 (-/-),
and dtd2 (-/-)::AtDTD2 (rescue) plants. C) Structure based sequence alignment showing invariant catalytic histidine in
evolutionarily distinct DTD2 sequences. Deacylation of D) acetaldehyde modified D-Tyr-tRNATyr with PhoDTD2 and AtDTD?2. E)
PhoDTD2 H140A and AtDTD2 H150A (catalytic mutants) and F) Deacylation of acetaldehyde modified L-Tyr-tRNATY" with
PhoDTD2 H140A and AtDTD2 H150A (catalytic mutants).
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Fig S5.

Overexpression of DTD2 confers multi aldehyde tolerance with D-amino acid stress in Arabidopsis
thaliana.

DTD2 overexpression line grows better than wild type Col-0 under A) no stress, B) 0.75 mM formaldehyde and C) 1.25 mM
MG. D) Graph showing the seedling size of Wt and DTD2 OE plants under 0.5 mM, 1.25 mM formaldehyde and 0.5 mM D-
tyrosine with 0.5 mM formaldehyde. Cotyledon surface area (mm22) is plotted as parameter for seedling size (n=4-15); P
values less than 0.05 are denoted as ns and P < 0.001 are denoted as ***.
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Fig S6.

Land plant evolution is associated with the expansion of aldehyde metabolising repertoire

Deacylation assays of KnDTD2 on A) butyraldehyde, B) valeraldehyde, and C) isovaleraldehyde modified D-Tyr-tRNA™". D)
Graph showing the number of genes for aldehyde oxidase (AOX) in viridiplantae. E) Schematics showing multiple enzymes
involved in formaldehyde metabolism based on KEGG database across life forms. F) Table showing the presence of enzymes
involved in MG production in KEGG genomes of opisthokonts, land plants, algae, bacteria and archaea. Number denotes the
percentage of KEGG organism encoding respective enzymes. G) Table showing the emergence of enzymes responsible for
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—— FP 5' CCGCGCGGCAGCCATATGATGGTAACACTAATCGTGGCCA 3
His RP 5' GTGGTGGTGGTGCTCGAGT TCATGTGAAATCGTTTGGCTTCC 3'
P —— FP 5' TTAACTTTAAGAAGGAGATATACATATGATGAGAGCTGTAATCCAAAGAGT 3'
His RP 5' GTGGTGGTGCTCGAGTGCCTTGGTGGATTGAGGTGAGTC 3'
T — FP 5' TTTAAGAAGGAGATATACCATGGGCATGAAGGTCATAATGACGACTAAG 3'
no tag RP 5' CTCGAGTGCGGCCGCAAGCTTTTAATCCTTTATGAATTCCAAACCAAGTTC 3'
B BTTE FP 5' CCGCGCGGCAGCCATATGATGACGATTAAATTGATTGTCG 3'
His RP 5' GTGGTGGTGGTGCTCGAGTTTATTGCGCTTTAAAGGCGTG 3'
SUPTHN FP 5' CGGCAGCCATATGGCTAGCATGGCTACTAAAATGGTAATAGTCGTAAGGAC 3'
His RP 5' CTCGAGTGCGGCCGCAAGCTTTTAAAGAAGTTTTAGATCTCCAGTTATCTTATCAAC 3'
=
FP GCGGGGATAGCTCAGTTGGGAGAGCGTCAGACTGAAGATCTGAAGGTCGCGTGTTCGAT
Pup— CCACGCTCACCGCACCA 3'
=
RP TGGTGCGGTGAGCGTGGATCGAACACGCGACCTTCAGATCTTCAGTCTGACGCTCTCCCA
ACTGAGCTATCCCCGC 3'
5
FP CCGACCTTAGCTCAGTTGGTAGAGCGGAGGACTGTAGATCCTTAGGTCACTGGTTCGAAT
AL RNATF gCGGTAGGTCGGACCA 3
RP TGGTCCGACCTACCGGATTCGAACCAGTGACCTAAGGATCTACAGTCCTCCGCTCTACCA
ACTGAGCTAAGGTCGG 3'
5
FP CCCGCGGTAGCCTAGCCTGGGAGTGGCGGCGGACTGTAGATCCGCAGGTCCCCGGTTCAA
Pho (RNAD® ;\'TCCGGGCCGCGGGACCA 3
RP TGGTCCCGCGGCCCGGATTTGAACCGGGGACCTGCGGATCTACAGTCCGCCGCCACTCCC
AGGCTAGGCTACCGCGGG 3'
s
FP GGGGCTATAGCTCAGCTGGGAGAGCGCTTGCATGGCATGCAAGAGGTCAGCGGTTCGAT
. gCCGCTTAGCTCCACCA 3
RP TGGTGGAGCTAAGCGGGATCGAACCGCTGACCTCTTGCATGCCATGCAAGCGCTCTCCCA
GCTGAGCTATAGCCCC 3'
DID2 I- : ,
e LP 5' GACATATTCGGCTCATAATTTCAG 3
msle.u‘:elm’ RP 5' TCAACCAAAACATCCTTCAGG 3’
(SA]IBLO—S%— LB 5' GCCTTTTCAGAAATGGATAAATAGCCTTGCTTCC 3°
Fotward 5’- ACGCCAATAATCGCGTTACAGTAACAACTCG -3°
AtDTD2 primer
(RI-PCR) Reverse 5’- TGTGAAATCGTTTGGCTTCCC -3’
primer
ACDTD2 FP 5' TGTTCATCCGATTGGAGTGCTTC 3
(RT-qPCR) RP 5' ACCAATTCTAGTGCTTGGCAACG 3’
Forward s N
BFTa @ primer 5’- TCTGCCGCAGGTGAATCAAAGG -3
PCR) Reveme 5’- ACACAGACACGCGACCAAATACC -3°
primer
Actin2 FP 5' TCTTCCGCTCTTTCTTTICCAAGC 3’
(AT3G1878
0) RT-qgPCR RP 5' ACCATTGTCACACACGATTGGTTG 3’
ALDID2 FP 5' GTAGTGGTTATCACGTTTGCC 3’
genomic
DNA with RP 5' TCATGTGAAATCGTTTGGCTTCCCAACAT 3’
promotor
- FP 5' CATTGGAAGCTACTGCTCATGGACCAATAACTAACAAG 3’
HIS0A RP 5' GTTAGTTATTGGTCCATGAGCAGTAGCTTCCAATGTTATC 3’
AUDTD2 FP 5' ATGATTTTGAAAATAAGCGGCCG 3
cDNA RP 5' TCATGTGAAATCGTTTGGCTTCCCAACAT 3’

Table S1.

List of primers used in the study
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SAI(I;gfiing 5’-GACATATTCGGCTCATAATTTCAG 3’
DTDZ. Sall, 358 B 5’-TCAACCAAAACATCCTTCAGG 3’
genotyping 09 RP
Sail LB3 5’-TAGCATCTGAATTTCATAACCAATCTCGATACAC 3’

Table S1. (continued)
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Reviewer #1 (Public Review):

Summary:
This work is an extension of the authors' earlier work published in Sci Adv in 2001, wherein
the authors showed that DTD2 deacylates N-ethyl-D-aminoacyl-tRNAs arising from
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acetaldehyde toxicity. The authors in this study, investigate the role of archaeal/plant DTD2 in
the deacylation/detoxification of D-Tyr-tRNATyr modified by multiple other aldehydes and
methylglyoxal (produced by plants). Importantly, the authors take their biochemical
observations to plants, to show that deletion of DTD2 gene from a model plant (Arabidopsis
thaliana) makes them sensitive to the aldehyde supplementation in the media especially in
the presence of D-Tyr. These conclusions are further supported by the observation that the
model plant shows increased tolerance to the aldehyde stress when DTD2 is overproduced
from the CaMV 35S promoter. The authors propose a model for the role of DTD2 in the
evolution of land plants. Finally, the authors suggest that the transgenic crops carrying DTD2
may offer a strategy for stress-tolerant crop development. Overall, the authors present a
convincing story, and the data are supportive of the central theme of the story.

7 eLife

Strengths:
Data are novel and they provide a new perspective on the role of DTD2, and propose possible
use of the DTD2 lines in crop improvement.

Weaknesses:

(a) Data obtained from a single aminoacyl-tRNA (D-Tyr-tRNATyr) have been generalized to
imply that what is relevant to this model substrate is true for all other D-aa-tRNAs (term
modified aa-tRNAs has been used synonymously with the modified Tyr-tRNATyr). This is not
a risk-free extrapolation. For example, the authors see that DTD2 removes modified D-Tyr
from tRNATyr in a chain-length dependent manner of the modifier. Why do the authors
believe that the length of the amino acid side chain will not matter in the activity of DTD2?
(b) While the use of EFTu supports that the ternary complex formation by the elongation
factor can resist modifications of L-Tyr-tRNATyr by the aldehydes or other agents, in the
context of the present work on the role of DTD2 in plants, one would want to see the data
using eEFlalpha. This is particularly relevant because there are likely to be differences in the
way EFTu and eEFlalpha may protect aminoacyl-tRNAs (for example see description in the
latter half of the article by Wolfson and Knight 2005, FEBS Letters 579, 3467-3472).

Reviewer #2 (Public Review):

In bacteria and mammals, metabolically generated aldehydes become toxic at high
concentrations because they irreversibly modify the free amino group of various essential
biological macromolecules. However, these aldehydes can be present in extremely high
amounts in archaea and plants without causing major toxic side effects. This fact suggests
that archaea and plants have evolved specialized mechanisms to prevent the harmful effects
of aldehyde accumulation.

In this study, the authors show that the plant enzyme DTD2, originating from archaea,
functions as a D-aminoacyl-tRNA deacylase. This enzyme effectively removes stable D-
aminoacyl adducts from tRNAs, enabling these molecules to be recycled for translation.
Furthermore, they demonstrate that DTD2 serves as a broad detoxifier for various aldehydes
in vivo, extending its function beyond acetaldehyde, as previously believed. Notably, the
absence of DTD2 makes plants more susceptible to reactive aldehydes, while its
overexpression offers protection against them. These findings underscore the physiological
significance of this enzyme.

*Author Response

We are grateful to the reviewers for their positive feedback with their comments and
suggestions on the manuscript. Reviewer 1 has indicated two weaknesses and Reviewer 2 has
none. With this provisional reply, we address the two concerns of the Reviewer 1:
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1. Data obtained from a single aminoacyl-tRNA (D-Tyr-tRNATyr) have been generalized to
imply that what is relevant to this model substrate is true for all other D-aa-tRNAs. This is
not a risk-free extrapolation. Why do the authors believe that the length of the amino
acid side chain will not matter in the activity of DTD2?

We thank the reviewer for bringing up this important point. We wish to clarify that only a
few of the aminoacyl-tRNA synthetases are known to charge D-amino acids and only D-Leu
(Yeast), D-Asp (Bacteria, Yeast), D-Tyr (Bacteria, Cyanobacteria, Yeast) and D-Trp (Bacteria)
show toxicity in vivo in the absence of known DTD (Soutourina J. et al., JBC, 2000; Soutourina
0. et al,, JBC, 2004; Wydau S. et al., JBC, 2009). D-Tyr-tRNATyr is used as a model substrate to
test the DTD activity in the field because of the conserved toxicity of D-Tyr in various
organisms. DTD2 has been shown to recycle D-Asp-tRNAAsp and D-Tyr-tRNATyr with the
same efficiency both in vitro and in vivo (Wydau S. et al., NAR, 2007). Moreover, we have
previously shown that it recycles acetaldehyde-modified D-Phe-tRNAPhe and D-Tyr-tRNATyr
in vitro (Mazeed M. et al., Science Advances, 2021). We have earlier shown that DTD1, another
conserved chiral proofreader across bacteria and eukaryotes, acts via a side chain
independent mechanism (Ahmad S. et al., eLife, 2013). Considering the action on multiple side
chains with different chemistry and size, it can be proposed with reasonable confidence that
DTD2 also operates based on a side chain independent manner.

1. While the use of EFTu supports that the ternary complex formation by the elongation
factor can resist modifications of L-Tyr-tRNATyr by the aldehydes or other agents, in the
context of the present work on the role of DTD2 in plants, one would want to see the data
using eEF1alpha. This is particularly relevant because there are likely to be differences in
the way EFTu and eEF1alpha may protect aminoacyl-tRNAs (for example see description
in the latter half of the article by Wolfson and Knight 2005, FEBS Letters 579, 3467-3472).

We thank the reviewer for bringing another important point. We analysed the aa-tRNA
bound elongation factor structures from both bacteria (PDB id: 1TTT) and mammal (PDB id:
5LZS) and found that the amino acid binding site is highly conserved where side chain of
amino acid is projected outside. Modelling of D-amino acid in the same site shows serious
clashes, indicating D-chiral rejection during aa-tRNA binding by elongation factor. In
addition, the amino group of amino acid is tightly selected by the main chain atoms of
elongation factor thereby lacking a space for aldehydes to enter and then modify the L-aa-
tRNAs and Gly-tRNAs. Minor differences near the amino acid side chain binding site (as
indicated in Wolfson and Knight, FEBS Letters, 2005) might induce the amino acid specific
binding differences. However, those changes will have no influence when the D-chiral amino
acid enters the pocket, as the whole side chain would clash with the active site. We will
present a sequence and structural conservation analysis to clarify this important point in our
revised manuscript. Overall, our structural analysis suggests a conserved mode of aa-tRNA
selection by elongation factor across life forms and therefore, our biochemical results with
bacterial elongation factor Tu (EF-Tu) reflect the protective role of elongation factor in
general across species.

In our revised manuscript, we will provide a thorough point-by-point response to the above
as well as all the specific reviewer comments. We also intend to include new analysis with
updated data that would address the key questions raised by the reviewers.
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