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ABSTRACT

Homochirality of the cellular proteome is attributed
to the L-chiral bias of the translation apparatus.
The chiral specificity of enzymes was elegantly ex-
plained using the ‘four-location’ model by Koshland
two decades ago. In accordance with the model, it
was envisaged and noted that some aminoacyl-tRNA
synthetases (aaRS) that charge larger amino acids
are porous to D-amino acids. However, a recent study
showed that alanyl-tRNA synthetase (AlaRS) can
mischarge D-alanine and that its editing domain, but
not the universally present D-aminoacyl-tRNA deacy-
lase (DTD), is responsible for correcting the chirality-
based error. Here, using in vitro and in vivo data cou-
pled with structural analysis, we show that AlaRS
catalytic site is a strict D-chiral rejection system and
therefore does not activate D-alanine. It obviates the
need for AlaRS editing domain to be active against D-
Ala-tRNAA2 and we show that it is indeed the case as
it only corrects L-serine and glycine mischarging. We
further provide direct biochemical evidence showing
activity of DTD on smaller D-aa-tRNAs that corrobo-
rates with the L-chiral rejection mode of action pro-
posed earlier. Overall, while removing anomalies in
the fundamental recognition mechanisms, the cur-
rent study further substantiates how chiral fidelity is
perpetuated during protein biosynthesis.

INTRODUCTION

Biological macromolecules are homochiral, which is essen-
tially due to the use of homochiral building blocks (1).
The chiral specificity of enzymes towards their substrate
was explained by using the ‘four-location” model proposed
by Koshland. According to this model, which is a modifi-
cation of the ‘three-point attachment (TPA)” model, three
points of attachment and the direction of entry of the lig-
and are required for selecting chiral entities based on in-
sights from high resolution isocitrate dehydrogenase struc-
tures (2). In the context of translation apparatus, it is well
known that there is an absolute bias against the usage of D-
amino acids to perpetuate homochirality during synthesis
of proteins, universally across the tree of life (3). Aminoacyl-
tRINA synthetases (aaRS) are a specialized class of enzymes
that dictate the genetic code by preferentially pairing spe-
cific L-amino acids onto their corresponding tRNAs and
thereby contributing significantly to proteome homochiral-
ity (3). However, aaRSs are known to commit errors oc-
casionally by charging a wrong amino acid on a cognate
tRNA (amino acid misselection), and rarely, charging a cor-
rect amino acid on the non-cognate tRNA (tRNA miss-
election) (4-10). Amino acid misselection is of two types:
charging (i) a non-cognate L-amino acid or (ii) a D-amino
acid (11). Ten out of the 20 aaR Ss are equipped with proof-
reading domains to avoid the substitution of non-cognate
L-amino acids (except AlaRS editing domain, which can
act on achiral glycine also) (10). In case of non-cognate D-
amino acids, in vivo studies on Escherichia coli and Saccha-
romyces cerevisiae have shown that chiral errors are com-
mitted by only a few aaRSs such as aspartyl-tRNA syn-
thetase (AspRS), phenylalanyl-tRNA synthetase (PheRS),
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tyrosyl-tRNA synthetase (TyrRS) and tryptophanyl-tRNA
synthetase (TrpRS) as envisaged by Koshland’s ‘four-
location’ model (2,12). Unlike the L-amino acid misselec-
tion, these erroncously formed D-aminoacyl-tRNAs are
not proofread by their respective editing domains but by
a specialized chiral proofreader called D-aminoacyl-tRNA
deacylase (DTD) (13,14).

Extensive genetic and biochemical studies have shown
that DTD is selective towards mischarged D-amino acids
but not L-amino acids (12,15,16). The structural basis of
such absolute chiral specificity of DTD was deciphered by
solving the crystal structure of DTD in complex with D-
aminoacyl-tRNA analogue. DTD achieves such specificity
by employing an invariant cross-subunit Gly-cisPro mo-
tif, which captures the chiral centre of the incoming D-
amino acid by interacting with the amino group and the
B-carbon (15). The side chain of the D-amino acid pro-
trudes out from the active site pocket, which provides the
basis of how a single enzyme, DTD, can act on multiple D-
amino acids with varying side chains attached to tRNAs.
Interestingly, this mode of operation allows DTD to act on
achiral glycine, which is advantageous for avoiding the mis-
translation of Ala codons (17). Such a discrimination profile
can be explained only by the L-chiral rejection mechanism
of DTD (16). However, the cognate Gly-tRNASYY escapes
DTD action due to the presence of an anti-determinant
in the acceptor arm of tRNASY, whereas the non-cognate
Gly-tRNAA®R possesses a positive determinant at the same
position (N73) that enable its proofreading. Thus, DTD em-
ploys a discriminator base based sorting of cognate and
non-cognate species of Gly-tRNAs for proofreading (18).
However, the activity of DTD was not tested on the tRNAs
charged with smaller side-chain D-amino acids such as ala-
nine, which is necessary to establish the L-chiral rejection
mode of substrate discrimination across the entire spectrum
of amino acid sizes.

Alanyl-tRNA synthetase (AlaRS) charges alanine on
tRNAAR and presents an interesting paradigm of mischarg-
ing smaller glycine and larger serine compared to its cognate
amino acid (19). The mistranslation of alanine to glycine
and serine is effectively prevented by employing both cis-
and trans-editing domains including DTD that decouples
erroneously attached Gly on tRNAA® (17,20). Very re-
cently, it was shown that AlaRS also mischarges D-alanine
on tRNAAR apart from glycine and L-serine, which is proof-
read by the AlaRS cis-editing domain and surprisingly not
by DTD (21). These results deviate from previous works on
multiple counts viz. the ‘four-location’ model of Koshland,
in vivo studies in yeast and bacteria showing lack of growth
defects in D-alanine enriched media, and the mechanis-
tic model of DTD’s function proposed earlier (2,12,15,16).
Considering the disagreement between the results of Rybak
etal., NAR, 2019 with multiple earlier works, it is imperative
that the results are thoroughly evaluated to aid in making
any conclusion on the fundamental mechanisms involved in
protein biosynthesis and chiral proofreading.

Here, by using in vitro and in vivo experiments, our
study unequivocally demonstrates that the L-chiral rejec-
tion mechanism of DTD holds true even on the smallest
side chain proteogenic amino acid substrate, i.e. D/L-Ala-
tRNAA®R a5 well. Based on the analysis of the available

AlaRS structures in the Protein Data Bank (PDB) (22),
we show that D-alanine is sterically excluded from the ac-
tive site and hence cannot be charged by AlaRS. Our stud-
ies further show that the cis-editing domain of AlaRS is
inactive on D-Ala-tRNAA" thus disproving all the major
claims made in the previous work (21) and clears the serious
anomalies ensued on the most fundamental reaction mech-
anisms that ensure chiral fidelity of the cellular aminoacyl-
tRNA pool. Overall, the work experimentally substantiates
the design principles governed by Koshland’s ‘four-location’
model to explain the size-based disparity in activation of D-
amino acids by aaRSs and the universality of L-chiral rejec-
tion based chiral proofreading by DTD.

MATERIALS AND METHODS
Cloning, expression and purification

DTD genes with C-terminal 6x-His tag from E. coli (Ec),
S. cerevisiae (Sc), Danio rerio (Dr) and Mus musculus
(Mm) were cloned in pET28b (Novagen) expression vec-
tor. Similarly, N-terminal 6x- His tagged EcAlaRS (wild-
type), EcAlaRS C666A mutant and 7tAlaRS genes were
also cloned in pET28b vector. C-terminal 6x His tag T
thermophilus (Tt) DTD is cloned in pTRC99 vector. The
vectors carrying genes were first confirmed by Sanger se-
quencing (Eurofins Genomics, India) and then transformed
in E. coli BL-21(DE3) expression cells for IPTG induction-
based protein overexpression (17). 7tDTD was expressed
in Terrific Broth (TB) under IPTG induction. All the His-
tagged proteins were purified from cell lysate of respective
overexpression strain using immobilised metal affinity chro-
matography (Ni-NTA) in buffer containing 50 mM Tris (pH
8), 150 mM sodium chloride, 5% Glycerol and 5 mM (-
mercaptoethanol. Proteins were eluted by gradient elution
between 10 mM to 250 mM imidazole. Obtained fractions
were further purified using size exclusion chromatography
in buffer containing 150 mM NaCl, 50 mM Tris (pH 7.5).
The purified and concentrated proteins were stored in -20°C
in buffer containing 150 mM NaCl, 100 mM Tris (pH 7.5)
and 50% glycerol for biochemical assays. All the steps after
expression were carried out on ice or 4°C.

Biochemical assays

EctRNAA®R was generated by in vitro-transcription using
MEGAshortscript T7 Transcription Kit (Thermo Fisher
Scientific, USA). Transcribed tRNA was 3’ end radiola-
belled with [a-*?P]-ATP (BRIT-Jonaki, India) using E. coli
CCA adding enzyme. L-alanine was charged onto 3’ radi-
olabelled EctRNAAR (10 wM) in a reaction mix contain-
ing ATP (2 mM), B-mercaptoethanol (5 mM), L-alanine
(100 mM) and EcAlaRS-WT (500 nM) (23). Alternatively,
D-Ala-tRNAA® was generated by two strategies, 1) by
EcAlaRS-WT with the same aminoacylation procedure
used for L-Ala-tRNAA™ and 2) Flexizyme-based charging
method described in the following section (24). All the dea-
cylation assays were carried out as reported earlier (15,16).
In brief, all the aminoacylated substrates (2 wM) were in-
cubated with 20 mM Tris pH 7.2, 5 mM MgCl,, 5 mM
DTT and 0.2 mg/ml BSA along with 10 pM to 1n.M DTD
or 100 nM of EcAlaRS-WT/C666A mutant or 500 nM of



TtAlaRS. Time course studies were performed by aliquot-
ing 0.8 pl of the deacylation mix for each time point (2, 5,
10 and 15 minutes) and followed by S1 nuclease digestion.
The incubated samples were then fractionated in Thin Layer
Chromatography (TLC) and the proportion of aminoacyla-
tion in the samples were estimated after phosphor imaging
the TLC exposed storage phosphor screen (Typhoon FLA
9000 biomolecular imager, GE Healthcare). All the aminoa-
cylation and deacylation reactions were carried out in 37°C.
EctRNAA was used throughout the study.

Aminoacylation titration assays with decreasing concen-
tration of amino acid were performed using serially diluted
amino acid substrates (L/D-alanine) from 100 mM to 100
nM in the reaction containing 500 nM of EcAlaRS WT or
editing defective C666A enzyme.

Flexizyme based aminoacylation

Flexizymes were generated through in vitro-transcription as
reported earlier (25). All the amino acid substrates were ac-
tivated by either CME (Cyanomethyl ester) or DBE (Dini-
tro benzyl ester). These activated amino acid substrates
were charged using enhanced Flexizyme (eFx) (for CME
activated substrate) and di-nitro flexizyme (dFx) (for DBE
activated substrate) based on the previous reports (25-28).
Briefly, flexizyme is mixed step wise with 3’ radiolabelled
tRNA, MgCl, and respective amino acid substrate and
then incubated for 12-14 h on ice. After incubation, all the
aminoacylated-tRNAAs were then subjected to ethanol
precipitation and the resultant pellets were washed twice
with 70% ethanol and 0.1% sodium acetate. Air-dried pel-
lets were resuspended in 5 mM sodium acetate (pH 4.5) and
used for further deacylations.

Viability assays

Viability assays were performed with both the MG1655 sin-
gle mutant AalaS (contains editing defective AlaRS) and
as well as double mutant AalaSAdtd (dtd gene deleted
strain containing editing defective AlaRS) in M9 minimal
agar as per the protocol described in Pawar er al (17).
Briefly, AalaS, Adtd, AalaSAdtd mutant strains of E. coli
MG1655 were inoculated in the minimal media containing
0.002% arabinose and 0.2% maltose, till the cultures reach
0.6 ODgg. The cultures were serially diluted from 10~! to
107> and 5 wl of each dilution was spotted on the agar
plates containing respective amino acids (L-serine (3 mM),
L-alanine (10, 50, 100 mM), D-alanine (10, 50, 100 mM),
L-tyrosine (6 mM) and D-tyrosine (6 mM)) along with the
above-mentioned concentration of arabinose and maltose.
Growth curve experiments were done with the same
strains which we utilised in the spot dilution assay, in M9
minimal liquid media containing 0.0002% of arabinose and
0.2% of maltose and supplemented with the amino acid of
interests (L-serine (3 mM), L-alanine (100 mM), D-alanine
(100 mM)) in the specified concentrations. Since D-tyrosine
is known to get turbid at higher concentration (>5 mM)
in the liquid culture (29), we used a mixture of D-amino
acids containing 3mm of D-tyrosine, 10 mM of D-aspartate
and 1.5 mM of D-tryptophan for the growth curve assay.
The secondary cultures were initiated with 1% of overnight
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grown culture and allowed to grow till 0.6 ODgyy. Grown
secondary cultures were utilised to initiate the tertiary cul-
tures with the initial ODggy of 0.06Cell density was mea-
sured at an interval of 2 h from the time of inoculation. All
the viability assays were done in triplicates

Mass spectrometry

Both L-Ala-tRNAA® and D-Ala-tRNAA® were generated
using EcAlaRS WT as above mentioned. The resultant
products were ethanol precipitated and digested using aque-
ous ammonia solution (25% of v/v NH4OH) at 70°C for 12
h. These samples were then dried and resuspended in 10%
methanol and 1% acetic acid. ESI-based mass spectrometry
analysis of the selected precursor ion was carried out ex-
actly as previously reported (30). Briefly, the samples were
subjected to Heated Electrospray Ionization (HESI) and
the spectra of the selected ions were analysed using Xcal-
ibur™ 4.0 software (Thermo Fisher Scientific, USA).

Structural analysis

Highest resolution structures of both HsAlaRS (PDB id:
4XEM, resolution-1.28A) and EcAlaRS (PDB id: 3HXU,
resolution-2.1A) bound with L-AlaSA (5’-O-(N-(L-alanyl)-
sulfamoyl adenosine) were selected from Protein Data Bank
(PDB) and used to model D-AlaSA in the active site. Py-
mol plugin ‘ProteinInteractionViewer’ was used with de-
fault parameters to visualize and represent the small and
bad overlaps in both of the AlaRS structures with L-AlaSA
and modelled D-AlaSA in the active site. MolProbity server
(http://molprobity.biochem.duke.edu/) was used to evaluate
the small, bad, and worse clashes/overlaps based on van
der Waals radii of the individual atom in the model (31).
It was also employed to confirm and quantify clashes in
AlaRS structures with D-AlaSA and L-AlaSA. From the
resultant clash score tables, values that were common in
both the structures were eliminated to obtain scores for
unique clashes ensued by modelling D-AlaSA in the active
site pocket.

Detection of chiral compounds

To probe the chiral impurity in the amino acid supply, we
utilised Marfey’s reagent (Na-(2,4-dinitro-5-fluorophenyl)-
L-valinamide) to derivatise the D-alanine and L-alanine
reagents to separate and quantitate the D- and L-
enantiomeric levels in each of them by following the method
as previously mentioned (32). Briefly, amino acid dissolved
in autoclaved milliQ water was added with acetone, 1% of
Marfey’s solution prepared in acetone and aqueous sodium
bicarbonate. After incubating the mixture at 37°C for 90
min, the reaction was quenched with formic acid. The re-
sultant mixture was further diluted 10-fold with 1% acetone
and subjected to UPLC (Acuity H-Class UPLC connected
to Xevo TQ-S micro-MS system) with Agilent ZORBRAX
Eclipse Plus C18 (2.1 mm x 100 mm) reverse phase column.
Gradient elution was done using a mobile phase consisting
of solution A (ammonium acetate, pH 4.6) and solution B
(Acetone). A linear gradient from 20% to 80% of solution
B was developed in 10 min.
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RESULTS

AlaRS editing defective strain of bacteria is not sensitive to
D-alanine

Recently it has been shown in vitro that AlaRS charges D-
alanine on tRNAA"? and is proofread by the cis-editing
domain of AlaRS (21). In order to test these observations
physiologically, we hypothesized that bacterial stain with
AlaRS editing defective (AlaRSFP) gene would be sensi-
tive to excess D-alanine supplementation in growth me-
dia, while the wild type bacterial strain would be insensi-
tive to the same. To test this, we have used E. coli MG1655
strain with AlaRS gene deleted at the genomic level car-
rying a shelter plasmid bearing editing defective EcAlaRS
(T567F, S587W, C666F-AlaRSEP) gene under arabinose in-
ducible promoter (MG1655 AalaS P,.,::AlaRSEP) (17). As
expected, the MG 1655 AalaS Py, ::AlaRSEP strain was sen-
sitive to glycine and 6 mM L-serine supplementation, while
the growth of E. coli strain containing wild type AlaRS was
unperturbed (Figure 1A). Similarly, both the strains did not
show any growth defect on L and D-tyrosine supplementa-
tion (Supplementation Figure S1A). Surprisingly, MG1655
AalaS Pyap,::AlaRSFP had no growth defect upon supple-
mentation of excess D-alanine, ranging from of 10 to 100
mM, similar to that of the wild type strain (Figure 1B).
The spot dilution assay results were further confirmed by
growth curve assays with the same strains in the liquid me-
dia supplemented with respective concentration of amino
acids (Supplementary figure S1B and C). These results were
perplexing as to how AlaRS, which was earlier shown to
misacylate and edit both L-serine and D-alanine under in
vitro conditions (21), shows toxicity towards L-serine but
not to D-alanine in viability assays. These observations raise
the possibility of two scenarios: that there might be a redun-
dant proofreader for D-Ala-tRNA”® or D-alanine charg-
ing by AlaRS in vitro may not have any physiological rele-
vance.

DTD’s L-chiral rejection-based mechanism is amino acid size
independent

Lack of toxicity in MG1655 AalaS P,,::AlaRSEP strain
to D-alanine in our viability assays raised a possibility for
presence of a redundant proofreader for D-Ala-tRNAAIR
in the cells other than AlaRS editing domain. Based on
earlier studies on D-aminoacyl-tRNAs proofreading mod-
ules, the only possible redundant factor for editing D-Ala-
tRNAAR could be D-aminoacyl-tRNA deacylase (DTD)
(13,15). Insights from multiple ligand-bound crystal struc-
tures of DTD and its biochemical activity, led to the propo-
sition that DTD is a strict L-chiral rejection module (15—
17). Previous NMR and modelling studies clearly showed
that D-Ala-tRNAA® could be accommodated and acted
upon by DTD (16,33). D-alanine fits snugly in the active
site pocket of DTD when modelled based on the D-Tyr-
3AA that was captured in the co-crystal structure (PDB
id: 4NBI). Like any other D-amino acid, R group (methyl
group)/ CB of D-alanine makes a C-H...O hydrogen bond
with the carbonyl oxygen of Pro150 from the cross-subunit
Gly-cisPro motif. This further reinforces the fact that D-aa-
tRNAs are positioned in such a way that the side chain be-

yond CR atom is protruding outside the active site of DTD
(Figure 2A). However, the biochemical activity of DTD
was shown only on tRNAs charged with larger D-amino
acids like tyrosine, phenylalanine, aspartate and tryptophan
(11,15). Therefore, the activity of DTD on tRNAs charged
with smaller D-amino acids was only a logical extrapola-
tion. We checked whether DTD’s L-chiral rejection based
enantioselectivity is effective on smaller amino acid charged
tRNAs or not, experimentally, by performing in vitro
deacylation assays. We generated L-Ala-tRNAA®”, 1-Phe-
tRNAA2 D-Ala-tRNAA?, D-Phe-tRNAA®R | Gly-tRNAAR
and D-Ser-tRNAA® ysing flexizyme-based aminoacylation
system. The substrates were incubated with E. coli DTD
(EcDTD) and analysed for its ability to deacylate the
aminoacyl-tRNAs. As expected, DTD was inactive on both
L-Ala-tRNAAR (Figure 2B) and L-Phe-tRNAA"” (Figure
2C) but efficiently deacylated all tRNAs charged with D-
amino acids irrespective of the side chain size (Figure 2D,
E and G) and glycine (Figure 2F). To show the conserva-
tion of this activity across species, we also tested the D-
Ala-tRNAA®R deacylation activity of DTD from various or-
ganisms such as P. aeruginosa (PaDTD), D. melanogaster
(DmDTD), M. musculus (MmDTD) (Supplementary figure
S2). In line with the EcDTD, all DTDs tested were able to
deacylate D-Ala-tRNAA™ at 100 pM concentrations. Thus,
the above biochemical results experimentally substantiate
the side chain independent L-chiral amino acid rejection
mechanism of DTD. This observation contradicts the pre-
vious report that DTD cannot act on D-Ala-tRNAA2 (21),
thereby implying its possible role as a redundant proof-
reader for D-Ala-tRNAA! in the cells other than AlaRS
editing domain.

E. coli lacking both DTD and AlaRS editing activity is not
sensitive to D-alanine

Many trans-editing factors act in redundancy with the
aaRS borne cis-editing domains towards correction of
mischarged aa-tRNAs, which can obscure the physiologi-
cal impact of abrogation of the aaRS cis-editing domain
activity (6,17,34,35). Our viability assay with MG1655
AalaS P,.,::EcAlaRSFP upon supplementation of excess D-
alanine in growth medium did not lead to any growth de-
fect (Figure 1). Moreover, our biochemical data confirms
that DTD can effectively deacylate D-Ala-tRNAAR gen-
erated with the help of flexizyme (Figure 2D; Supplemen-
tary figure S2). To probe the possibility of DTD being a
redundant proofreader of D-alanine charged by AlaRS in
vivo, we employed MG1655 bacterial strains lacking dtd
gene (MG1655 Adtd), AlaRS editing defective (MG1655
AalaS Adtd P,.,::EcAlaRSFP — Double knockout edit-
ing defective (DKO-ED)) and AlaRS-wild type comple-
mented (MG1655 AalaS Adtd P,,::EcAlaRSWYT — DKO-
WT) background. As expected, all the three strains were
sensitive to D-tyrosine and the DKO-ED showed sensitivity
towards glycine and L-serine supplementation (Figure 3A).
In addition, the growth of the all the strain remains unper-
turbed even after supplementing with 100 mM D-alanine
in the media. However, high concentration of L-alanine
(50 mM and 100 mM) showed severe growth perturbation
as it is known to result in metabolic imbalance or growth
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Figure 1. D-alanine supplementation is not toxic to AlaRS editing defective bacterial strain. Spot dilution assay of E. coli wild type MG1655 strain and
E. coli MG1655 AalaS/para :: alaS (TM)-TS67F, S587W, C666F supplemented with (A) No amino acid, 20 mM glycine and 6 mM L-serine, (B) 10, 50
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MG1655 wild type and MG1655 AalaS/par, :: alaS TM strains.

defect (Figure 3B) (36). Similarly, growth curve assays with
DKO-ED strain in the presence of 100 mM D-alanine, did
not exhibit any cellular toxicity or reduced growth (Supple-
mentary figure S3A) in comparison with ADTD and DKO
complemented with wildtype EcAlaRS (Supplementary fig-
ure S3B and C). The absence of any toxicity towards D-
alanine in ADTD and DKO-ED strain raise the question
as to whether D-alanine charging by AlaRS is at all physi-
ologically relevant or is it just an in vitro artefact (21).

Aminoacylation domain of AlaRS operates by strict D-chiral
rejection mode

The Protein Data Bank has multiple entries of high-
resolution structures of AlaRS aminoacylation domain
with substrate analogue bound to the catalytic pocket.
These substrate analogue bound structures helped glean
mechanistic understanding at atomic level resolution of the
alanylation reaction carried out by AlaRS (10). We sought
to understand the structural basis of the in vitro D-alanine
charging by AlaRS reported in previous study (21). In order
to figure out how D-alanine fits in the aminoacylation site of
AlaRS, we choose the highest resolution (1.28 A) structure
of AlaRS catalytic domain complexed with L-AlaSA (‘5’-
O-(N-(L-alanyl)-sulfamoyl adenosine) (PDB ID: 4XEM-
HsAlaRS) (Figure 4A) from PDB and modelled D-AlaSA
in the active site. The model showed that D-alanine could
not fit inside the active site pocket of AlaRS aminoacyla-

tion site as CB of D-alanine had a serious clash with Cvy2
atom of V218 and C82 of Trpl76 (Figure 4B). Further-
more, we confirmed the clashes using MolProbity server
(http://molprobity.biochem.duke.edu/). With the bad clash
default overlap cut-off of 0.4A, the modelled D-AlaSA ex-
hibited severe clash with Val218 and Trp176 residues with
the highest clash score (Figure 4C). To test the universality
of the clashes, we repeated similar analysis with the high-
resolution structure of EcAlaRS (2.1A) with L-AlaSA in
the active site (PDB: 3HXU). Expectedly, same clashes were
observed when D-AlaSA was modelled in the active site
but not for L-AlaSA (Supplementary figure S4A and B).
MolProbity scores from D-AlaSA modelled EcAlaRS also
gave similar scores as that of HsAlaRS (PDB ID: 4XEM)
(Supplementary figure S4C). Moreover, the residues (va-
line and tryptophan) that are clashing with modelled D-
alanine are conserved across the species (Figure 4D). Inter-
estingly, Thermus thermophilus ( Tt) AlaRS, which is shown
to charge D-alanine by Rybak et al., NAR, 2019 is also
possess the invariant valine and tryptophan in the active
site pocket (Figure 4D). Structural modelling and align-
ment clearly suggest that AlaRS catalytic pocket has con-
served features responsible for rejecting D-alanine that sup-
ports the ‘four-location’ model proposed by Koshland. In
the case of AlaRS bound with L-AlaSA, the amino group of
L-alanine is fixed by the side chain of residue Asp236, car-
bonyl group is held by guanidinium group of Arg70 (10,19).
With this mode of selection of the amino acid, the residues
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Val218 and Trp176 sterically excludes CB of any D-amino
acid, thus serving as the third attachment point and the
fourth constraint is imposed by the orientation of amino
acid to form amino acyl-AMP intermediate and aminoacyl-
tRNA. Therefore, based on the structural insights from
multiple substrate analogue (data not shown) bound crys-
tal structures of AlaRS aminoacylation domain, D-alanine
cannot bind to AlaRS aminoacylation domain and hence
cannot be aminoacylated.

The species charged by AlaRS in D-alanylation reaction is a
contaminant

There exists a contradiction between the proposed AlaRS
aminoacylation of D-alanine in earlier work (21) and the
observed in vivo D-alanine toxicity data as well as struc-
tural insights from the substrate analogue bound AlaRS

aminoacylation domain. To resolve this, we probed the re-
ported aminoacylation of tRNAA® with D-alanine by edit-
ing defective C666A mutant of EcAlaRS. In our aminoacy-
lation reactions, along with L-alanine, L-serine, and glycine,
EcAlaRS C666A also charged D-alanine (albeit at a very
high concentration of 100 mM of amino acid) on tRNAAR,
We then tried deacylating the L-Ala/D-Ala aminoacy-
lated tRNAs by DTD and AlaRS. Interestingly, both L-
Ala-tRNAA®R and D-Ala-tRNAA® were not deacylated by
DTD and AlaRS (Figure 5A and B, respectively). Next,
we used L-Ala-tRNAA® and D-Ala-tRNAA® generated by
flexizyme as substrates for deacylation by AlaRS and DTD.
Unlike aaRSs, flexizyme do not possess features for sub-
strate specificity, therefore, this method allows aminoacy-
lation irrespective of the side chain chemistry or Ca chi-
rality (28). Surprisingly, AlaRS could not deacylate either
L- or D-Ala-tRNAA2 and D-Ser-tRNAA substrates gen-
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Figure4. AlaRS active site operates as a strict D-chiral rejection module. (A) L-AlaSA in the active site of the HsAlaRS catalytic domain (PDB id:4XEM).
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erated using flexizyme. However, flexizyme generated D-
Ala-tRNAA®R and D-Ser-tRNAA were deacylated by DTD
at 100 pM but not L-Ala-tRNAA® (Figure 5C and D;
Supplementary figure S5A). The above results clearly indi-
cate the possibility of some unknown contaminant in D-
alanine reagent being charged in aminoacylation reaction
with AlaRS. Yet another noteworthy observation is that

AlaRS was not able to edit the presumed AlaRS gener-
ated D-Ala-tRNAA! substrate as effectively as L-Ser/Gly-
tRNAA® (Figure 5B and supplementary figure S5B and C,
respectively). It is important to note that the earlier paper
(21) authors have used Thermus thermophilus DTD (77%)
and TtAlaRS. Though the residues responsible for the D-
alanine rejection is present in the active site of 7tAlaRS,
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we wanted to check the ability of the same and 7rDTD
to deacylate the D-Ala-tRNAA™ generated using flexizyme.
Similar to EcDTD, TtDTD was inactive against L-Ala-
tRNAA® but readily deacylated the flexizyme generated D-
Ala-tRNAA®R (Supplementary figure S6A and C, respec-
tively). Tt AlaRS efficiently deacylated L-Ser-tRNAA® but
was inert against D-Ala-tRNAA® (Supplementary figure
S6B and C, respectively). Taking the structural, biochem-
ical and in vivo experiments into account, it is evident that
AlaRS cannot charge or deacylate D-alanine. Hence, it is
most likely that the observed D-alanine aminoacylation
might be a contaminant, which is present in trace amount
in the D-alanine reagent.

To investigate the possibility that the aminoacylated spec-
imen in D-alanine aminoacylation reaction could be a con-
taminant, we titrated a range of amino acid (D-alanine)
concentrations lesser than the set concentration in the stan-
dard alanylation protocol (from 100 to 100 nM). Con-
sidering the contaminant in the D-alanine reagent is ex-
pected to be in trace amount, only a high amount of D-
alanine in the reaction will have optimal amount of the
contaminant for charging to happen. Indeed, upon reduc-
ing the concentration of D-alanine in the reaction with
EcAlaRS C666A, there was a clear reduction in forma-
tion of aminoacyl-tRNAA however reducing L-alanine in
aminoacylation reaction did not lead to reduction in forma-
tion of aminoacyl-tRNAAR as abruptly like in case of D-Ala
(Figure 5E). Compared to L-Ala, D-Ala could be charged
on tRNAAR only at 1000-fold excess amino acid concentra-
tion in the reaction. To probe the effect of AlaRS editing do-
main, we repeated the amino acid titration in aminoacyla-
tion reaction for both L-and D-alanine with EcAlaRS WT.
Remarkably, EcAlaRS WT enzyme could aminoacylate D-
alanine at around 1000-fold more concentration than L-Ala
(Supplementary Figure S7). The ~1000-fold excess concen-
tration of D-Ala required to get comparable aminoacyla-
tion to that of L-Ala by AlaRS raises the possibility of enan-
tiomeric contaminant L-alanine being the species charged
on tRNAA® in D-alanine aminoacylation reactions.

AlaRS charges enantiomeric contaminant L-alanine in D-
alanylation reaction

Based on the previous studies, AlaRS can charge L-serine,
glycine and non-proteogenic amino acids such as azetidine-
2-carboxylic acid (AZE) and BN-methylamino-L-alanine
(BMAA) apart from L-alanine (31,33,34). Among these, it
is known that AlaRS-editing domain can deacylate all the
above-mentioned amino acids but not its cognate L-alanine
and BMAA. To find out the nature of the contaminant
present in the D-alanine reagent which can be charged by
AlaRS catalytic domain, we performed mass spectrometry-
based analysis of D-alanine and L-alanine for the presence
of above-mentioned substrates. Interestingly, we could see a
single prominent peak corresponding to alanine in both the
samples whereas contaminant peaks were negligible (Sup-
plementary Figure S8A and B). To probe the identity of the
charged contaminant, we charged both L-alanine and D-
alanine with EcAlaRS-WT on EctRNA”® and subjected
the charged product to mass spectrometry. We observed
similar mass spectrum for both the samples with a single

predominant peak with m/z corresponding to alanine (Fig-
ure 6A). The mass spectra from both the sample suggests
identical species alanine being charged by AlaRS, but the
chirality of the charged alanine remain undetermined.

In order to identify the enantiomeric status of the alanine
charged onto tRNAA®, we utilised Marfey’s reagent which
helps in achieving enantio-separation and quantitation ow-
ing to the formation of diastereomers with different polar-
ity with D- and L-enantiomers (32,37). When the deriva-
tised D-alanine was subjected to reverse phase chromatog-
raphy, the chromatogram showed a prominent D-alanine
peak along with a comparatively smaller but observable
peak. The retention time of the smaller peak correspond
to that of L-alanine (Supplementary Figure S9A). To fur-
ther validate this observation, we increased the concentra-
tion of D-alanine by 1:1, 2:1, 5:1, 10:1 and 20:1 with Mar-
fey’s reagent in the reaction. Concomitantly, the smaller
peak gradually increased with the increasing D-alanine con-
centration in the reaction (Figure 6B). Notably, when the
same set of reactions were repeated using L-alanine, con-
versely a smaller peak corresponding the retention time
of D-alanine was observed (Supplementary Figure 9B).
These observations clearly indicate that the D-alanine sup-
ply contains trace amount of enantiomeric impurity and
vice versa. Relative quantification of the peaks suggests that
the enantiomeric impurity contributes to around 0.1% of
total derived amino acids. This result is also in line with
the reported enantiomeric excess (ee) of D-alanine supply
of 99% (Sigma-Aldrich). Ee of 99% denotes that <0.5% of
L-alanine contamination is always possible in the commer-
cially available D-alanine, which is in agreement with the
aminoacylation titrations, where ~1000-fold excess of D-
alanine was required to achieve comparable aminoacylation
with L-alanine (Figure SE). This also highlights the strict
chiral selective nature of the AlaRS aminoacylation site that
even a 0.1% L-alanine in the enantiomeric mixture can be
selected and charged onto tRNAA® leading to inadvertent
synthesis of cognate L-Ala-tRNAA® that does not get dea-
cylated by both AlaRS editing domain and DTD (Figure
5B). Moreover, using chirality non-discriminatory aminoa-
cylation system Flexizyme, we generated D-ala-tRNAAR
that is effectively deacylated by DTDs but not AlaRS (Fig-
ure 5D).

Taken together, it is evident that AlaRS cannot charge
or deacylate D-alanine and DTD can proofread small side
chain D-aa-tRNAs although some of them may not be
physiologically generated (Figure 7). Combining mass spec-
troscopy analysis of the charged species and derivatization
of the D-alanine followed by HPLC analysis concludes that
the observed aminoacylation is due to a trace amount of
enantiomeric L-alanine contaminant in D-alanine reagent.
Hence, DTD and AlaRS editing domain were not able to
deacylate it. Our results conclusively show that it is indeed
the aminoacylation site and not the editing site of AlaRS
that enforces enantiomeric fidelity.

DISCUSSION

Proofreading by aaRSs have been studied majorly from
the point of view of non-cognate L-amino acids charg-
ing by aminoacyl-tRNA synthetases. Several cis- as well
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as trans-editing domains have been characterized for their
mechanistic and functional basis of operation (34,38,39).
It is now well known that nearly ten aaRSs charge non-
cognate L-amino acids and proofreading functions are in-
voked to clear the errors generated using both double- and
triple-sieve models (39—43). However, in the context of op-
posite chiral D-amino acids, only the larger side chains
have been shown to be activated biochemically by tRNA
synthetases and this phenomenon could be explained by
Koshland’s ‘four-location’ model (2,12,14). Therefore, it
was puzzling to note from a recent work that AlaRS mis-
aminoacylates D-alanine (21). Our modelling and biochem-
ical work identifies the residues responsible for the L-
chiral selection mechanisms and shows that AlaRS does
not charge D-alanine as previously reported (Supplemen-
tary Figure S10A). AlaRS being one of the early synthetases
evolved an efficient mechanism which allows it to discrimi-
nate and exclude D-alanine from the active site. The high
enantio-specificity towards L-alanine permits it to effec-

tively select and activate even ~0.1% of L-alanine from the
D-alanine mixture.

The casualty of misinterpreting observation arising due
to the interference by trace amount of contaminant present
in reagent used in reaction is not new in the field. Classic ex-
amples of the presence of L-enantiomeric contamination in
the D-amino acids and its effect on experimental outcome
have been well documented in the case of D-aspartate and
D-lysine (12). Similar instances of contaminants were re-
ported and rectified in other studies (44-46). In this regard,
the present study emphasises that even a ~0.1% contami-
nation in the starting material, would lead to misinterpre-
tation and affects well defined mechanistic principles.

While showing D-alanine charging, the Rybak et al. study
also presented the first evidence of a cis-editing domain
of an aaRS to clear such a chiral error (21). It would im-
ply that the editing domain of AlaRS could remove oppo-
site chiral D-alanine in addition to non-cognate L-serine
and achiral glycine. Our experimental work unambiguously



demonstrated that the AlaRS editing module, while retain-
ing the long-established proofreading activity against L-
serine and glycine (10,47-50), does not possess any de-
tectable deacylase activity against D-alanine. The fact that
AlaRS editing domain being inactive against flexizyme gen-
erated D-Ala-tRNAAR is in line with the literature that
an aminoacyl-tRNA synthetase that charges D-amino acid
cannot deacylate it using its cis-editing domain (Supple-
mentary Figure S10B). As observed in the case of PheRS,
which mischarges D-phenylalanine and L-tyrosine, the edit-
ing domain can only deacylate L-tyrosine but not D-
phenylalanine (14). This is in accordance with the proposi-
tion that editing domains would have evolved to effectively
deacylate the mischarged, chemically similar, non-cognate
amino acids by aaRSs. It would be startling to identify a
cis-editing domain with an ability to clear both mischarged
non-cognate amino acid and D-form of amino acid, if at all
it exists, as this would have important implications for the
evolution of chiral fidelity in protein biosynthesis.

Earlier, we proposed based on the mechanistic mode of
action, DTD can carry out chiral proofreading of smaller
amino acids (16,33). Now with the direct experimental
proof of it acting on both smaller and larger D-amino acids,
it is highly likely that DTD will act on the entire range of D-
amino acids charged on tRNAs. The early translation ma-
chinery, which includes aaRSs, EF-Tu and the ribosome, in
a pre-LUCA era may not have been as specific for L-chiral
forms as the evolved ones that are present today. It is there-
fore tempting to propose that a DTD with its activity on the
entire spectrum of D-aa-tRNA would have been beneficial
in clearing the chiral mistakes thus enforcing homochiral-
ity during evolution of the protein biosynthetic machinery.
Also, as we begin to understand how the metabolite fluxes
are changing under different environmental conditions in
organisms, retaining activity towards the total range of D-
amino acids mischarged on tRNA may be beneficial and
this aspect of DTDs physiological role, particularly in eu-
karyotes, needs to be explored further.
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