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Abstract 

Aminoacyl-tRNA synthetases are critical for accurate genetic translation, at tac hing amino acids to their corresponding transfer RNA molecules. 
Alan yl-tRNA synthetase (AlaR S) often misactiv ates Ser or Gly instead of Ala, which is detrimental unless corrected by its editing functions. 
T he parado x of misactiv ating larger Ser b y AlaR S w as considered ine vitable due to its inherent design, sharing an essential acidic residue 
to accommodate the activated adenylated intermediates from both cognate and non-cognate amino acids. Here we show a groundbreaking 
disco v ery where a single-point mutation, L219M, in AlaRS from Methylomonas sp. DH-1, effectively eliminates Ser misactivation. Str uct ural 
analysis of the pre-activation state unveiled that the flexibility of Val204 is the key to preventing Ser binding in AlaRS 

L219M . This research elucidates 
the amino acid discrimination mechanism in AlaRS, independent of editing domain. R emarkably, the AlaR S 

L219M mutation w as initially identified 
as a causal mutation enhancing lactate tolerance in a strain de v eloped through adaptiv e laboratory e v olution. We sho w ed that AlaR S 

L219M also 
eliminates the enzyme’s inherent lactyltransferase activity, suggesting that the lactate tolerance observed might result from pre v enting e x cessiv e 
protein lactylation under lactate stress. This opens possibilities for developing high-fidelity and lactylation-deficient AlaRS mutants across various 
organisms, facilitating studies on their potential benefits in different physiological scenarios. 
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ntroduction 

minoacyl-tRNA synthetases (AARSs) play a crucial role in
he translation of genetic information by attaching specific
mino acids to their corresponding transfer RNA (tRNA)
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form an aminoacyl-adenylate, releasing pyrophosphate; sec-
ond, the activated amino acid is transferred to the 3 
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corresponding tRNA, releasing AMP. Most living cells con-
tain a set of 20 AARSs, with each AARS dedicated to a specific
amino acid [ 1 ]. 

The accuracy of tRNA aminoacylation is critical for the pre-
cise expression of the genetic code. To avoid mischarging, ap-
proximately half of all AARSs possess an editing mechanism,
which involves both pre-transfer and post-transfer editing
steps [ 2 , 3 ]. Pre-transfer editing encompasses the hydrolysis
of the misactivated amino acid prior to its attachment to the
tRNA molecule. On the other hand, post-transfer editing is the
process of hydrolyzing a mischarged tRNA at the editing site
[ 2 , 4 , 5 ]. Alanyl-tRNA synthetase (AlaRS) often misactivates
Gly or Ser instead of its cognate amino acid, Ala [ 6 ]. The para-
dox of misactivating Ser, which is larger than Ala, has been
elucidated by examining the shared binding pattern among
Ala and the non-cognate amino acid moieties of aminoacyl-
adenylates after the activation step [ 7 , 8 ]. The structural study
of Esc heric hia coli AlaRS complexed with an intermediate
(alanyl-adenylate) or intermediate analogs (Ala-SA, 5 

′ - O -( N -
( l -alanyl)-sulfamoyl) adenosine; Ser-SA; and Gly-SA) revealed
that the α-amino groups of their amino acid moieties each en-
gage in interactions with a conserved acidic residue, Asp235,
within the binding pocket. This acidic residue also participates
in an interaction with the hydroxyl group of seryl moiety and
contributes to the tight binding of Ser-SA to the active site.
It makes a substantial challenge for AlaRS, as it lacks suffi-
cient accuracy in intermediate discrimination after the activa-
tion step [ 8 ]. As a result, post-transfer editing becomes crucial
for correcting the mis-aminoacylation errors. The editing pro-
cess is facilitated through the editing domain within AlaRS,
as well as AlaXp, a trans-acting factor that exists as an in-
dependent protein. AlaXps exhibit homology to the editing
domain of AlaRS and are conserved throughout all three do-
mains of life [ 2 , 9–11 ]. Editing-defective AlaRS has been asso-
ciated with numerous disease conditions, including cerebellar
Purkinje cell loss, ataxia, and cardiomyopathy in mice, peri-
natal or infantile cardiomyopathy in human, and changes in
phenotype such as slow growth in E. coli and attenuated heat
shock response in yeast [ 12–17 ]. These findings indicate that
even a slight increase in mischarging can adversely affect cel-
lular function. Toxicity resulting from an editing defect in
AlaRS appears to be more problematic with Ser than with Gly
[ 12 , 14 , 15 ]. 

Methane, obtained from natural gas and biogas, is an abun-
dant and inexpensive carbon source. It is also a potent green-
house gas with a high global warming potential [ 18 ]. There-
fore, there is a growing interest in utilizing methane as a next-
generation feedstock. Methanotrophs, which utilize methane
as a carbon and energy source, are promising hosts for the
bioconversion of methane into value-added chemicals [ 19–
23 ]. In a previous study, we engineered a methanotrophic bac-
terium Methylomonas sp. DH-1 to produce lactic acid from
methane [ 19 ]. The inhibitory effects of lactate pose a chal-
lenge in achieving high-level lactate production. Therefore,
we improved lactate production by using a lactate-tolerant
strain, JHM80, generated through adaptive laboratory evo-
lution (ALE) [ 19 ]. 

In this study, we subjected JHM80 to additional rounds of
ALE, resulting in a JHM102 strain with enhanced lactate tol-
erance. By conducting whole-genome sequencing of JHM102,
we identified a mutation, L219M, in AlaRS that is responsible
for the enhanced lactate tolerance observed in this strain. Bio-

chemical and structural studies have shown that this mutant 
enhances fidelity by decreasing the misactivation of Ser. This 
is the first discovery of an AlaRS mutant capable of distin- 
guishing the incorrect substrate Ser during the activation step 

without relying on the editing domain. This achievement was 
previously supposed impossible due to the inherent design of 
AlaRS. 

Interestingly, recent findings reveal that AlaRS also func- 
tions as a lactate sensor and lactyltransferase, mediating 
global Lys lactylation across various species, from prokary- 
otes to mammals [ 24–26 ]. We discovered that the high-fidelity 
L219M mutation in AlaRS prevents not only Ser activation 

but also lactate activation, potentially eliminates global lysine 
lactylation under lactate stress conditions, thereby enhancing 
lactate tolerance. 

Materials and methods 

Strains and culture conditions 

All strains used in this study are listed in Supplementary 
Table S1 . Strains were derived from Methylomonas sp. DH- 
1 (KCTC13004BP) and cultured in nitrate mineral salts 
(NMS) medium [0.49 g / l MgSO 4 , 1.0 g / l KNO 3 , 0.23 g / l
CaCl 2 ·2H 2 O , 3.8 mg / l Fe–ED TA (ethylenediaminetetraacetic 
acid), 0.5 mg / l Na 2 MoO 4 , 10 μM CuSO 4 ·5H 2 O, with the 
addition of 1000 × trace element solution, 100 × vitamin 

stock solution, and 100 × phosphate stock solution]. Detailed 

recipes of these solutions are provided in Supplementary 
Table S2 . Strains were grown in 3 ml NMS medium sup- 
plemented with 20% (v / v) methane in a 30-ml serum bot- 
tle capped with a butyl rubber stopper or in 12.5 ml NMS 
medium in a 125 ml baffled flask sealed with rubber type 
screw cap at 30 

◦C with shaking at 170 rpm [ 19 ]. 

Genetic manipulation of Methylomonas sp. DH-1 

Plasmids and primers used in this study are listed in 

Supplementary Tables S3 and S4 . Plasmids for introduc- 
ing mutations to AlaRS of DH-1 or JHM80 were gener- 
ated based on the pIns plasmid [ 19 ]. DNA cassettes contain- 
ing [ alaRS –aspK ] and [ alaRS L219M –aspK ] were amplified by 
PCR from the genomic DNA of Methylomonas sp. DH-1 

wild type and strain JHM102, respectively. Each cassette in- 
cluded the region from 1 kb upstream of the alaRS gene to 

1 kb downstream of aspK (AYM39_07160). These fragments 
were sequentially cloned into the NotI / BcuI and ApaI / SacI 
sites of pIns vector, resulting in the constructs pIns-alaRS 
and pIns-alaRS L219M . The plasmids pIns-alaRS L219F and pIns- 
alaRS L219A were generated from pIns-alaRS using PCR-based 

site-directed mutagenesis. Gene substitutions in DH-1 and 

JHM80 strains were performed as previously described [ 19 ]. 

Adaptive laboratory evolution 

To improve the lactate tolerance of JHM80, cells were adapted 

to lactate by gradually increasing the concentrations of lactic 
acid in NMS media from 8 to 10.2 g / l during growth. The 
pH of the NMS medium containing lactic acid was adjusted 

to 6.8 with NaOH. 

Whole-genome sequencing 

Genomic DNAs of JHM80 and JHM102 were isolated using 
a bacteria genomic DNA extraction kit (iNtRON Biotechnol- 
ogy, Republic of Korea). DNA libraries were generated by 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf462#supplementary-data
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf462#supplementary-data


Dual inhibition of serine mischarging and lactylation activity in AlaRS 3 

u  

q  

D  

p

C
a

P  

s  

r  

b  

p  

a
a  

2  

2  

b  

i  

t  

d  

0  

p  

F  

y  

g

A

T  

s  

p  

t  

D  

s  

S  

f  

c  

w  

c
w  

7
 

a  

e  

c  

K  

p  

U  

T  

w  

A  

A  

A  

a  

A  

t  

1  

m  

t  

p  

p  

L  

T  

f

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/53/11/gkaf462/8158037 by Ew

ha W
om

ans U
niv. Library  - (IN

AC
TIVE) user on 13 August 2025
sing a TruSeq Nano DNA LT Kit (Illumina, USA) and se-
uenced using PE 2 × 300-MiSeq (Illumina, USA). Mutated
NA sequences in JHM80 and JHM102 were analyzed as
reviously described [ 27 ]. 

loning, expression, and purification for 
minoacylation assay 

lasmids for the expression of alaRS in E. coli were con-
tructed in pET-28b(+) vector (Novagen, USA). The open
eading frame (ORF) of alaRS and its variants were amplified
y PCR from pIns-alaR S, pIns-alaR S L219M , pIns-alaR S L219F , or
Ins-alaRS L219A using primers containing BamHI / NotI sites
nd ligated into pET -28b(+). pET -28b(+)-AlaRS V204A L219M 

nd pET-28b(+)-AlaRS V204L L219M were generated from pET-
8b(+)-AlaR S L219M , and pET-28b(+)-AlaR S V204A and pET-
8b(+)-AlaRS V204L were generated from pET-28b(+)-AlaRS
y PCR-based mutagenesis. The plasmids were transformed
nto E. coli Rosetta-gami2(DE3)pLysS (Novagen, USA), and
he cells were grown at 37 

◦C. One millimolar isopropyl β-
 -1-thiogalactopyranoside (IPTG) was added at an OD 600 of
.6–0.7 and further grown for 4 h at 30 

◦C. Proteins were
urified from cell extracts by using Ni-NTA resin (Thermo
isher Scientific, USA). The elute was dialyzed against the dial-
sis buffer [50 mM Tris (pH 7.5), 150 mM NaCl, 15% (v / v)
lycerol]. 

minoacylation assay and lactylation assay 

he in vitro AlaRS activity assay was performed to mea-
ure the amount of reacted amino acids by detecting the
yrophosphate (PPi) released during ATP hydrolysis in
he amino acid activation step. tRNA 

Ala of Methylomonas
H-1 was prepared by in vitro transcription using Tran-

criptAid T7 High Yield Transcription Kit (Thermo Fisher
cientific, USA). PCR amplification of tRNA 

Ala was per-
ormed from genomic DNA of DH-1 with forward primer
ontaining T7 promoter sequence. tRNA 

Ala was extracted
ith phenol (pH 4.7):chloroform and the aqueous phase

ontaining tRNA 

Ala was precipitated with ethanol. tRNA 

Ala 

as folded before the aminoacylation assay by heating at
0 

◦C for 10 min followed by addition of 10 mM of MgCl 2
nd slow cooling in room temperature for 5 min [ 28 ]. The
nzyme assay was conducted in an aminoacylation buffer
omposed of 30 mM HEPES (pH adjusted to pH 7.5 with
OH), 140 mM NaCl, 30 mM KCl, 40 mM MgCl 2 , sup-
lemented with 1 mM dithiothreitol (DTT), 200 μM ATP, 2
 / ml inorganic pyrophosphatase, and 100 μg / ml enzyme.
he enzyme concentration corresponded to 1.01 μM for
ild-type AlaR S, AlaR S L219M , AlaR S L219F , AlaR S L219A ,
laR S V204A L219M , AlaR S V204L L219M , AlaR S V204A , and
laRS V204L , and 2.06 μM for wild-type AlaRS 429 and
laRS 429 

L219M . Amino acids such as Ala, Ser, Gly, or Pro were
dded at varying concentrations along with 8 μM tRNA 

Ala ;
la and Ser were also tested in the absence of tRNA. Reac-

ions were carried out in a 96-well plate at 37 

◦C. Aliquots of
0 μl were collected at 0, 5, 10, 15, 20, and 25 min, and im-
ediately quenched with ice-cold 10 mM EDTA to terminate

he reaction. Samples were kept at 0 

◦C thereafter. To quantify
hosphate released from PPi by the action of inorganic
yrophosphatase, 100 μl of BIOMOL 

® Green reagent (Enzo
ife Sciences, USA) was added to each time-point sample.
hese samples were then incubated at room temperature
or 20 min before the absorbance was measured at 620 nm  
[ 28 , 29 ]. The initial reaction velocity was determined by
calculating the slope of the substrate conversion over time.
For AlaR S L219F , AlaR S L219A , and AlaR S V204L L219M , the PPi
release rate was measured at the 15-min mark, as the reaction
remained linear for up to 30 min. A plot of reaction velocity
versus substrate concentration was generated to illustrate
their relationship. Kinetic parameters ( K m 

and k cat ) were
calculated using the Michaelis–Menten equation, with curve
fitting performed using the Curve Fitting Toolbox 3.5.13 in
MATLAB R2021a. All assays were conducted in triplicate to
ensure reproducibility. 

The lactylation assay was carried out using 100 μg / ml of
wild-type AlaR S and AlaR S L219M in an aminoacylation buffer
containing 1 mM DTT, 200 μM ATP, 2 U / ml inorganic py-
rophosphatase, and 10 mM lactate (pH adjusted to 7.5 with
NaOH) [ 24 ]. Reaction mixtures were incubated at 37 

◦C for
15 min, and then quenched by the addition of ice-cold 10 mM
EDTA and kept at 0 

◦C. Subsequently, 100 μl of BIOMOL 

®

Green reagent was added to each sample, followed by a 20-
min incubation at room temperature before measuring ab-
sorbance at 620 nm. 

Cloning, expression, and purification for 
crystallography 

The Methylomonas sp. DH-1 gene encoding residues 1–429 of
AlaR S (AlaR S 429 ) was synthesized to have the in-frame non-
cleavable C-terminal His6-tag (inserted between the XbaI and
XhoI sites of the pET28b(+) vector. The L219M mutant of
AlaR S (AlaR S 429 

L219M ) was generated by site-directed muta-
genesis using the wild-type gene as a template. After gene in-
sertion, expression vectors were transformed into E. coli strain
BL21 (DE3). The transformants were grown in Luria–Bertani
media containing 50 μg / ml kanamycin at 37 

◦C, and 1 mM
IPTG was added at an OD 600 of 0.6–0.7. After 4-h induc-
tion at 37 

◦C, the cells were harvested, resuspended in a buffer
containing 20 mM Tris (pH 8.0), 500 mM NaCl, and 2 mM
β-mercaptoethanol, and disrupted by sonication. The crude
lysate was centrifugated at 15 000 × g for 40 min. The re-
sulting supernatant was loaded onto a Ni-NTA column (GE
Healthcare, USA). The eluted fractions by 250 mM imidazole
containing AlaRS were applied to the Q Sepharose ® Fast Flow
column (GE Healthcare) equilibrated with A buffer [20 mM
Tris (pH 8.0) and 2 mM β-mercaptoethanol]. The elution was
performed using a linear gradient of 0–1.0 M NaCl in A buffer.
The fractions containing AlaRS were finally loaded onto a
Superdex 

® 200 16 / 600 column (GE Healthcare) equilibrated
with a buffer consisting of 20 mM Tris (pH 8.0), 500 mM
NaCl, and 2 mM β-mercaptoethanol. The elute from gel fil-
tration was dialyzed and concentrated to ∼17 mg / ml in 5 mM
Tris (pH 8.0), 50 mM NaCl, and 2 mM β-mercaptoethanol for
crystallization. 

Crystallization, data collection, and structure 

determination 

The microbatch crystallization method was employed to grow
crystals under oil [ 30 , 31 ]. Crystals of AlaRS 429 were obtained
at 22 

◦C by mixing 1 μl of protein solution with an equivalent
volume of a mother liquor consisting of 16% polyethylene
glycol (PEG) 3350, 2% (v / v) Tacsimate™ (pH 5.0), and 100
mM sodium citrate tribasic dihydrate (pH 5.0). AlaRS 429 

L219M

was crystallized in the same way with a mother liquor of
16% (w / v) PEG 3350, 50 mM citric acid, and 50 mM
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bis-tris propane (pH 5.0). When the substrates were soaked
into the crystals of AlaRS, the resulting F o –F c omit map
(green) contoured at 4 σ at the active site revealed variations
depending on the substrate concentration and soaking time.
We attempted to collect X-ray diffraction data from as many
crystals as possible under various conditions. Ultimately, we
successfully obtained two diffraction datasets after soaking
times of 6 h (AlaRS 429 ) and 10 min (AlaRS 429 

L219M ) at room
temperature in the same precipitant solution supplemented
with 25 mM ATP and 25 mM Ala. For data collection, crys-
tals were frozen after a brief soak in a cryoprotectant so-
lution containing 20% ethylene glycol (AlaRS 429 ) and 20%
glycerol (AlaRS 429 

L219M ) in the same precipitant solution. A
1.90-Å resolution dataset of AlaRS 429 in complex with ATP
and Ala and a 2.18-Å resolution dataset of AlaRS 429 

L219M

in complex with ATP and Ala were collected from a flash-
cooled crystal at 100 K at beamline 5C of Pohang Light
Source, Republic of Korea ( Supplementary Table S5 ). Both
datasets were integrated and scaled with X-ray detector soft-
ware (XDS). Crystals of both proteins belonged to the space
group P 2 1 with cell parameters (AlaR S 429 / AlaR S 429 

L219M ) of
a = 78.23 / 78.84 Å, b = 55.59 / 56.57 Å, c = 125.72 / 125.63
Å, and β = 102.1 / 102.3 

◦ corresponding to two monomers
in an asymmetric unit. Molecular replacement was performed
with PHASER using the structure of E. coli AlaRS (PDB code:
3hy1) as a search model. Solutions from PHASER were manu-
ally manipulated by COOT and refined by PHENIX [ 32 , 33 ].
Several rounds of refinements and manual refitting gave rise
to final models of AlaRS 429 ( R / R free = 0.1983 / 0.2298) and
AlaRS 429 

L219M ( R / R free = 0.2013 / 0.2336) ( Supplementary 
Table S5 ). The final models of two AlaRS 429 molecules con-
tain residues 1–425, while those of AlaRS 429 

L219M consist
of residues 1–70 and 74–425 (chain A) and residues 1–71
and 74–425 (chain B). The Ramachandran plots indicate
that 97.40% (AlaRS 429 ) and 97.13% (AlaRS 429 

L219M ) of non-
glycine residues are in the most favored regions, and all others
are in the additionally allowed regions. 

Results 

L219M mutation in AlaRS is responsible for the 

lactate tolerance in Methylomonas sp. DH-1 

To produce lactic acid from methane, we previously developed
a lactate-tolerant strain, JHM80, through ALE of a methan-
otroph, Methylomonas sp. DH-1 [ 19 ]. While JHM80 was able
to tolerate up to 8 g / l lactate, we enhanced lactate toler-
ance further by subjecting JHM80 to another round of ALE.
JHM80 cells were grown in media containing gradually in-
creasing lactate concentrations over 32 days, resulting in the
development of JHM102 strain. This new strain could toler-
ate up to 10 g / l lactate in a medium neutralized to pH 6.8,
whereas JHM80 could not survive under the same conditions
(Fig. 1 A). Through whole-genome sequencing of the JHM80
and JHM102 strains, we discovered a single-point mutation
C655A in the alaRS gene of JHM102. This mutation led to
the L219M substitution in the catalytic domain of AlaRS that
consists of an N-terminal catalytic domain for aminoacyla-
tion, a tRNA recognition domain, an editing domain, and
a C-Ala domain (Fig. 1 F) [ 9 , 34 ]. To validate the effect of
L219M mutation on lactate tolerance, we introduced the mu-
tation into JHM80 and wild-type DH-1 strains. The intro-

L219M 
duction of alaRS mutation led to an increase in lactate 
tolerance in both strain backgrounds, even though they had 

different levels of lactate tolerance initially (Fig. 1 B and D).
The JHM80 AlaRS L219M mutant strain demonstrated the abil- 
ity to survive in the presence of 10 g / l lactate, like JHM102 

(Fig. 1 B). Likewise, the DH-1 AlaRS L219M mutant could sur- 
vive in the presence of 1 g / l lactate, whereas the DH-1 wild- 
type strain, which experienced growth inhibition at concen- 
trations as low as 0.15 g / l lactate [ 19 ], could not survive un- 
der the same conditions (Fig. 1 D). In the control NMS media,
all tested strains showed similar growth, indicating that the 
alaRS L219M mutation specifically affects the cell growth in the 
presence of lactate (Fig. 1 C and E). 

L219M mutation in AlaRS enhances both the 

activity and fidelity of the enzyme 

Given that the L219M mutation is located within the catalytic 
domain of AlaRS, we hypothesized that this mutation may 
impact the aminoacylation activity of the enzyme. To explore 
this possibility, we conducted an in vitro aminoacylation assay 
in the presence of tRNA 

Ala to compare the enzymatic activi- 
ties of wild-type AlaRS and AlaRS L219M . This assay measures 
PPi released during the amino acid activation step, serving as 
an indicator of aminoacylation activity (Fig. 2 A). 

We evaluated a range of substrates, including Ala (the cog- 
nate substrate), Ser and Gly (non-cognate substrates), and 

Pro (used as a negative control). When Ala was used as a 
substrate, AlaRS L219M exhibited an increase in k cat / K m 

com- 
pared with the wild-type AlaRS, indicating enhanced cat- 
alytic efficiency toward Ala (Fig. 2 B and Table 1 ). Wild-type 
AlaRS also demonstrated activity toward the non-cognate 
substrates Ser and Gly, although with significantly reduced 

catalytic efficiencies—only 0.2%–0.5% of the efficiency ob- 
served with Ala (Fig. 2 B and Table 1 ). Interestingly, however,
the AlaRS L219M mutant demonstrated no activity toward Ser 
except at extremely high substrate concentrations, while its 
activity toward Gly remained comparable to that of the wild 

type (Fig. 2 B and Table 1 ). No enzymatic activity was observed 

for either AlaRS or AlaRS L219M when Pro was used as a sub- 
strate (Fig. 2 B). 

Although the L219M mutation resides within the catalytic 
domain, we sought to determine whether the reduced reactiv- 
ity of AlaRS L219M toward Ser was affected by the enzyme’s 
editing activity. To investigate this, we conducted assays us- 
ing truncated variants, AlaRS 429 and AlaRS 429 

L219M , which 

consist of residues 1–429 and lack the editing domain (Fig.
1 F). AlaRS 429 retained activity toward both Ala and Ser, sim- 
ilar to the full-length wild-type AlaRS ( Supplementary Fig. 
S1 and Table 1 ). In contrast, AlaRS 429 

L219M displayed a sim- 
ilar activity profile to its full-length counterpart, showing en- 
hanced activity toward Ala and no detectable activity to- 
ward Ser when compared to AlaRS 429 ( Supplementary Fig. 
S1 and Table 1 ). These results suggest that AlaRS L219M can 

discriminate against Ser during the aminoacylation step, inde- 
pendently of the editing domain. 

The aminoacylation assay we used measures PPi release 
during amino acid activation. However, the overall reaction 

rate can also be influenced by the subsequent aminoacyl trans- 
fer to tRNA, since release of aminoacyl-tRNA from the en- 
zyme is necessary for new catalytic cycles to begin (Fig. 2 A).
To specifically assess the contribution of the amino acid acti- 
vation step, we conducted the assay in the absence of tRNA,
thereby eliminating any effects from the aminoacyl transfer 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf462#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf462#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf462#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf462#supplementary-data
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Figure 1. AlaRS L219M increases lactate tolerance in Methylomonas sp. JHM80 and DH-1. Growth curves of the indicated strains cultured in NMS media 
cont aining lact ate ( A , B , D ) and in control NMS media ( C , E ). Twent y percent (v / v) methane was used as the carbon source in all conditions. Error bars 
represent standard deviation (SD) from three biological replicates. ( F ) Schematic illustration of AlaRS protein domains highlighting the position of Leu219. 
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rocess. In the absence of tRNA, the rate of PPi release de-
reased for both wild-type AlaRS and the AlaRS L219M mu-
ant when reacting with Ala, but increased when reacting with
er, relative to reactions performed in the presence of tRNA
Fig. 2 C and Table 1 ). This shift may reflect more efficient re-
ease of the aminoacyl adenylate intermediate from the non-
ognate substrate (Ser) in the absence of the aminoacyl trans-
er step. Despite these changes in reaction rates, the overall
rend remained consistent: AlaRS L219M showed higher activity
oward Ala and significantly reduced activity toward Ser com-
ared to the wild-type enzyme (Fig. 2 C and Table 1 ). These re-
ults clearly demonstrate that the enhanced substrate discrim-
nation conferred by the L219M mutation occurs at the amino
cid activation step, rather than during aminoacyl transfer. 

To validate the enhanced fidelity of AlaRS L219M in discrim-
nating against Ser, we investigated the effect of elevated Ser
oncentrations, which could be toxic to the cells partly by in-
reasing the likelihood of Ser misincorporation during transla-
ion. DH-1 strains expressing either AlaRS WT and AlaRS L219M 

howed similar growth rate on standard NMS media (Fig.
 D). However, upon exposure to 50 mM Ser, both strains ex-
erienced growth inhibition. Notably, the DH-1 AlaRS L219M 
 

mutant strain demonstrated higher tolerance compared to the
wild-type strain (Fig. 2 D). This finding supports the conclu-
sion that AlaRS L219M reduces Ser mischarging to tRNA 

Ala ,
thereby enhancing translational accuracy. 

Given that the L219M mutation alters substrate specificity,
we conducted further experiments to assess the effects of sub-
stituting Leu219 with either a smaller residue (Ala) or a larger
one (Phe). Aminoacylation assays revealed that AlaRS L219F ,
like AlaRS L219M , did not react with Ser, suggesting that the
L219F mutation similarly restricts Ser activation (Fig. 2 E
and Table 1 ). In contrast, AlaRS L219A retained reactivity to-
ward Ser, resembling the wild-type enzyme (Fig. 2 E and Table
1 ). These findings indicate that point mutations at position
219 of AlaRS can modulate both catalytic activity and sub-
strate specificity. 

Overall structure of AlaRS 

L219M in complex with 

both ATP and Ala 

To get structural explanation why the L219M mutation
prevents AlaRS from misactivating Ser to produce seryl-
adenylate, we determined the crystal structures of both the
wild-type and L219M mutant AlaRS proteins in complex with
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A

B

C D

E

Figure 2. AlaRS L219M mutation enhances both the activity and fidelity of the enzyme. ( A ) Schematic representation of enzymatic reactions catalyzed by 
AlaRS using either the cognate substrate Ala or the non-cognate substrate Ser. ( B ) PPi release assay evaluating the enzyme activity of wild-type AlaRS 
(AlaRS WT ) and the AlaRS L219M mutant in the presence of tRNA 

Ala and various amino acids. ( C ) PPi release assay of AlaRS and AlaRS L219M in the absence 
of tRNA using Ala or Ser as substrates. ( D ) Spotting assay comparing the growth of Methylomonas sp. DH-1 strains expressing AlaRS WT or AlaRS L219M 

on NMS minimal medium and NMS supplemented with 50 mM Ser. ( E ) PPi release assay of AlaRS L219F and AlaRS L219A in the presence of tRNA 

Ala with 
Ala or Ser. The AlaRS WT data shown for comparison correspond to panel (B). Error bars represent SD ( n = 3). 
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ATP and Ala ( Supplementary Table S5 ). The N-terminal frag-
ment of AlaRS corresponding to residues 1–429 was used
for successful crystallization. Their structures are referred to
as AlaRS 429 for the wild type and AlaRS 429 

L219M for the
L219M mutant. AlaR S 429 and AlaR S 429 

L219M consist of the
N-terminal nine-stranded β-sheet structure harboring the cat-
alytic site (residues 1–241) and the C-terminal α-helix bun-
dle (residues 242–429) responsible for tRNA recognition (Fig.
3 A). These domains are often collectively referred to as the
aminoacylation domain and contain the three signature mo-
tifs of class II AARSs, located at residues 4–20, 60–96, and
223–238, respectively [ 8 ]. Both structures are virtually identi-
cal to each other, with a root-mean-square deviation value of
0.242 Å for all C α atoms, indicating that the L219M mutation
has little structural effect (Fig. 3 B). Hereafter, the structure of
AlaRS 429 

L219M was employed to describe the binding modes
of ATP and Ala since electron density for Ala was clearer in
this structure. 

The presence of ATP and Ala in their intact forms indicates
that this structure depicts the conformational state before ac-
tivation. The closest structural homolog of AlaRS 429 

L219M ,
identified using the DALI server, is E. coli AlaRS [ 35 ]. Mul-
tiple crystal structures of E. coli AlaRS, both in its apo form
and in complex with intermediate analogs, have revealed
that the enzyme undergoes a distinct conformational change
from an “open” to a “closed” state. When the structure of
AlaRS 429 

L219M is superposed onto those of E. coli AlaRS
(Fig. 3 C), it was obvious that AlaRS 429 

L219M resembles the
open structure of the apo state rather than the closed struc-
ture depicting the conformational state after aminoacylation.
Therefore, it appears that the closed conformation is achieved
not on ligand binding but during / after the aminoacylation
reaction. 

The binding modes of ATP and Ala in AlaRS 429 
L219M 

and local structures around residue 219 in AlaRS 429 

and AlaRS 429 
L219M 

The active site cavity is situated on one face of the N-terminal
nine-stranded β-sheet, the other face of which is covered by α-
helices (Fig. 4 A). There are two representative interactions be-
tween ATP and the active site (Fig. 4 B). First, the adenine base
is stacked between Phe89 in motif 2 and Arg232 in motif 3,
which anchors ATP in the active site. Second, the α-phosphate
group forms electrostatic interactions with the guanidinium
side chain of Arg68 in motif 2, which contributes to stabi-
lizing negative charge accumulating at the α-phosphate dur-
ing aminoacylation reaction [ 36 , 37 ]. Ala is positioned in the
vicinity of the α-phosphate of ATP. The α-NH 3 

+ group of Ala
interacts with the α-phosphate group of ATP and its methyl
side chain forms hydrophobic contact with Val204 (Fig. 4 A
and B). 

Leu219 in AlaRS 429 and Met219 in AlaRS 429 
L219M are not

residues constituting the active site. Their C α atoms are ∼21.3
Å away from the phosphorus atom of the α-phosphate group
of ATP (Fig. 4 A). According to the superposed structures of
AlaR S 429 and AlaR S 429 

L219M , the side chains of Leu219 and
Met219 are situated in a hole formed by Pro167, Met206,
Glu209, Pro220, Ala221, Pro222, and Ser223 (in motif 3)
(Fig. 4 C). The only structural difference in the hole between
AlaR S 429 and AlaR S 429 

L219M is the rotamer change of Glu209,
which is since methionine has a linear side chain, but leucine

has a branched side chain. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf462#supplementary-data
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Figure 3. Overall str uct ure of Methylomonas sp. AlaRS 429 
L219M and str uct ural comparison among Methylomonas sp. AlaRS 429 , its L219M variant 

(AlaRS 429 
L219M ), and E. coli AlaRS. ( A ) Ribbon diagram of AlaRS 429 

L219M showing bound ATP and Ala as stick models. The catalytic domain is colored 
y ello w and the tRNA recognition domain green. The C α atoms of Met219 and Val204 are highlighted with red and green spheres, respectively. Motifs 1, 
2, and 3 are colored in gray, orange, and blue, respectively. ( B ) Str uct ural superposition of AlaRS 429 (purple) and AlaR S 429 

L219M (y ello w). ( C ) Superposition 
of AlaRS 429 

L219M with E. coli AlaRS in both the closed (cyan, PDB: 3HXU) and open (magenta, PDB code: 3HY1) conformations. The arrow indicates the 
∼11 Å conformational shift between the open and closed states of E. coli AlaRS. 
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Confirmation of the role of Val204 to discriminate 

Ala and Ser in AlaRS 

L219M 

The distance between the methyl side chain of Ala and Val204
is 3.4 Å, which suggests that if Ser were positioned in the
same space, the extra hydroxyl group of Ser would clash with
Val204 (Fig. 4 B). This perspective is consistent with experi-
mental findings indicating that AlaRS L219M did not use Ser as a
substrate (Fig. 2 A and Table 1 ). However, there is no difference
in the position of Val204 observed in the crystal structures of
both AlaRS 429 and AlaRS 429 

L219M (Fig. 4 C). This discrepancy
prompts the question of why the wild-type AlaRS can effec-
tively use Ser as a substrate, or in simpler terms, how Val204
in the wild type does not cause any steric hindrance with the
hydroxyl group of Ser. Leu219 in AlaRS 429 and Met219 in
AlaRS 429 

L219M contact with the C-terminal segment (residues
206–209) of the β7 strand harboring Val204 (Fig. 4 C), and
thus the amino acid identity at position 219 could affect the 
dynamic motion of Val204. The Val204 and Leu219 residues 
are conserved in AlaRS orthologs from bacteria to humans 
(Fig. 4 D). 

Crystallographically determined B -factors, which account 
for atom displacements due to thermal motion and confor- 
mational disorder, are widely recognized as valuable indica- 
tors for estimating protein structure flexibility [ 38–40 ]. Vari- 
ous factors, such as crystal packing interactions, data collec- 
tion temperatures, and refinement methodologies, can influ- 
ence the B -factors of proteins [ 39 ]. Crystals of AlaRS 429 and 

AlaRS 429 
L219M were isomorphous, their diffraction data were 

collected at 100 K, and their models were refined in the same 
way. Therefore, the B -factor comparison between AlaRS 429 

and AlaRS 429 
L219M provides information on the flexibility 

change of Val204 induced by the L219M point mutation.
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~21.3Å
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B

C

D

Figure 4. The binding modes of ATP and Ala and local str uct ure around Leu21 9 / Met21 9. ( A ) Surface representation of AlaRS 429 
L219M showing ATP, Ala, 

and Leu21 9 / Met21 9 as stic ks. A magenta dot ted line indicates the dist ance bet ween the phosphorus atom of the α-phosphate and the C α atoms of 
Leu21 9 / Met21 9. ( B ) Close-up view of the boxed region showing interactions between active site residues (yellow) and ATP / Ala ligands (white). Final 
2Fo–Fc electron density maps (blue) are contoured at 1 σ for ATP and Ala. Distances (Å) are labeled; green and red dotted lines represent polar and 
h y drophobic interactions, respectively. ( C ) Close-up view of the dotted boxed region showing the local str uct ure around Leu21 9 / Met21 9. Residues from 

AlaR S 429 and AlaR S 429 
L219M are sho wn as purple and y ello w sticks, respectiv ely. ( D ) Multiple sequence alignment of the β7 and β8 strands of AlaRS. 

Residue numbers correspond to Methylomonas sp. DH-1 AlaRS. GenBank accession numbers: WP_197495997.1 ( Methylomonas sp. DH-1), 
WP_105477077.1 ( E. coli ), GHM91772.1 ( Saccharom y ces cere visiae ), WP_223968742.1 ( T hermus thermophilus ), WP_262119243.1 ( B acillus subtilis ), 
KAI2579449.1 ( Homo sapiens ), and WP_009990629.1 ( Sulfolobus solfataricus ). 
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nterestingly, the B -values of C α atoms of Val204 in AlaRS 429

nd AlaRS 429 
L219M are 19.96 and 26.68 Å2 , respectively, sug-

esting that Val204 is more flexible in AlaRS 429 
L219M than

n AlaRS 429 . To confirm the B -factor difference, normalized
 

′ -factors of Val204 in both proteins were calculated using
he following equation: B 

′ = ( B − 〈 B 〉 /σ ( B ), where 〈 B 〉 and
( B ) represent the average B -factor value of all C α atoms
nd the SD of the B -factors, respectively [ 39 ]. Consistently,
he C α atom of Val204 in AlaRS 429 

L219M has a higher B 

′ -
actor ( −0.85 Å2 ) than that in AlaRS 429 ( −1.14 Å2 ). Ac-
ording to the Lennard-Jones model, even small changes
n distance can lead to pronounced impacts on van der
Waals repulsive forces [ 41 , 42 ]. Given the higher B -factor
of Val204 in AlaRS 429 

L219M , there would be van der Waals
repulsion between Val204 and Ser in the active site. That
is, the more dynamic Val204 of AlaRS 429 

L219M invades the
space intended for the extra hydroxyl group of Ser, whereas
the relatively static Val204 in AlaRS 429 allows the bind-
ing of Ser without inducing clash with the hydroxyl group
(Fig. 5 A). 

Based on the results of structure determination and
analysis of B -factor value, the L219M mutation appears
to subtly increase the flexibility of the otherwise static
Val204, potentially hindering Ser access. To examine whether
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Figure 5. Influence of Val204 flexibility on substrate binding. ( A ) Schematic illustration of the van der Waals excluded volumes for Ala204, Val204, and 
Leu204. Ring diameters represent the van der Waals sizes of Ala (green), Val (red), and Leu (blue), while ring thickness reflects side chain flexibility, 
inferred from the B -factors of AlaR S WT and AlaR S L219M . ( B ) PPi release assa y f or AlaR S V204A L219M and AlaR S V204L L219M double mutants in the presence of 
tRNA 

Ala , using Ala and Ser as substrates. ( C ) PPi release assay of AlaRS V204A and AlaRS V204L single mutants under identical conditions. AlaRS WT data are 
sho wn f or comparison and cor respond to results in Fig. 2 B. Er ror bars represent SD (n = 3). 
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he Val204-mediated steric clash is critical in substrate
iscrimination, we introduced additional mutations at po-
ition 204 in the AlaRS L219M background—substituting Val
ith either a smaller residue (Ala) or a larger one (Leu).
e hypothesized that introducing a smaller residue at po-

ition 204 would create enough space to accommodate the
xtra hydroxyl group of Ser, thereby reducing substrate dis-
rimination (Fig. 5 A). In contrast, substituting with a larger
esidue was expected to introduce steric hindrance, poten-
ially blocking the binding of even smaller substrates like
la and Gly. The resulting double mutants AlaRS V204A L219M 

nd AlaRS V204L L219M were examined for their aminoacy-
ation activities toward Ala and Ser in vitro . Remarkably,
he additional V204A mutation acted as a suppressor of
he L219M effect, reducing activity toward Ala and restor-
ng activity toward Ser (Fig. 5 B and Table 1 ). Consistent
ith the role of Val204 in blocking the access of Ser,
laRS V204A L219M exhibited a higher k cat / K m 

value for Ser
ompared to the wild-type AlaRS (Fig. 5 B and Table 1 ). In
ontrast, the V204L mutation completely abolished the activ-
ty of AlaRS L219M toward Ser, Ala, and even Gly (Fig. 5 B, Table
 , and Supplementary Fig. S2 ). These results suggest that the
mall side chain of Ala at position 204, despite the increased
exibility introduced by the L219M mutation, is insufficient
o obstruct the extra hydroxyl group of Ser. Conversely, the
arger Leu side chain at position 204, when combined with
he enhanced flexibility from the L219M mutation, creates
teric hindrance that blocks access for all tested substrates
Fig. 5 A). 

To evaluate the individual effect of the Val204 muta-
ion, we also tested the enzymatic activities of AlaRS V204A 

nd AlaRS V204L toward Ala and Ser (Fig. 5 C and Table 1 ).
oth variants showed reduced k cat / K m 

values for Ala com-
ared to wild-type AlaRS, indicating that Val204 contributes
o the catalytic efficiency of the enzyme (Table 1 ). Regard-
ng Ser activity, AlaRS V204A exhibited higher k cat / K m 

values,
hile AlaRS V204L showed lower values relative to the wild-

ype AlaRS (Fig. 5 C and Table 1 ). These findings are con-
istent with previous results from the AlaRS V204A L219M and
laRS V204L L219M , reinforcing the idea that at position 204, an
la substitution facilitates Ser binding, whereas a Leu substi-

ution impedes it. 

laRS 

L219M mutation eliminates lactyltransferase 

ctivity 

o better understand how the AlaRS L219M mutation increase
actate tolerance, we compared proteomes of Methylomonas
p. DH-1 strains expressing either AlaRS WT or AlaRS L219M 

nder both normal and lactate stress conditions (0.15 g / l lac-
ate). Notable differences in proteomic profiles were observed
nder both conditions, indicating that alterations in AlaRS ac-
ivity and fidelity can affect overall protein expression patterns
 Supplementary Fig. S3A and B ). Although several proteins
howed differential expression between the DH-1 AlaRS WT 

nd DH-1 AlaRS L219M strains, no specific proteins could be
irectly linked to lactate tolerance. This suggests that the ob-
erved tolerance may result from qualitative shifts in proteome
omposition rather than changes in the abundance of individ-
al proteins. 
AlaRS has recently been identified as not only a tRNA syn-

hetase but also a lactate sensor and lactyltransferase, medi-
ting global lysine lactylation [ 24 ]. Analogous to amino acid
ctivation during tRNA aminoacylation, lactate, which struc-
turally resembles Ala, can be adenylated by AlaRS. This ac-
tivated intermediate can then be transferred to Lys residues
on target proteins (Fig. 6 A). Based on this, we hypothesized
that the lactate tolerance conferred by the AlaRS L219M mu-
tation might be linked to its altered lactylation activity. To
investigate this, we performed a lactylation assay that mea-
sures PPi release during lactate activation via ATP-dependent
adenylation. In the presence of 10 mM lactate, PPi release was
detected in reactions with AlaRS WT but not with AlaRS L219M

(Fig. 6 B). These findings suggest that AlaRS L219M has a dimin-
ished ability to activate lactate, similar its reduced reactivity
toward Ser. 

From a structural standpoint, the loss of lactyltransferase
activity in AlaRS L219M can likely be attributed to the increased
flexibility of Val204. Although Ala and lactate share sim-
ilar structures, their key difference lies in the presence of
an α-amino group ( α-NH 3 

+ ) in Ala, whereas lactate con-
tains a hydroxyl group (–OH) at the corresponding position
(Fig. 6 A). In the crystal structure of AlaRS 429 

L219M (Fig. 4 B),
the α-amino group of Ala forms a salt bridge with the α-
phosphate of ATP. However, the hydroxyl group of lactate
forms a hydrogen bond, which is generally weaker than an
ionic interaction [ 43 ]. This weaker interaction likely posi-
tions lactate slightly farther from the α-phosphate and closer
to Val204 (Fig. 6 C). Given this shift, the increased flexibil-
ity of Val204 in AlaRS L219M could result in a steric clash
with the methyl side chain of lactate, thereby impeding lactate
binding. Given the critical role of post-translational modifica-
tions in regulating protein function and the fact that lacty-
lation can impair protein activity, it is likely that the en-
hanced lactate tolerance conferred by AlaRS L219M arises from
preventing excessive protein lactylation under lactate stress.
This finding indicates that the enhanced substrate fidelity con-
ferred by the AlaRS L219M mutation extends beyond amino
acids to include lactate, thereby contributing to increased
cellular tolerance to high concentrations of both serine and
lactate. 

Discussion 

It has been proposed that the Ser misactivation is an unavoid-
able occurrence within the nature-designed catalytic mecha-
nisms of AlaRS across all domains of life [ 12 , 14 , 34 ]. A previ-
ous structural study of E. coli AlaRS complexed with either the
reaction intermediate alanyl-adenylate or intermediate analog
(Ala-S A, Ser-S A, and Gly-S A) revealed that all three ligands
bind within the active site through favorable interactions be-
tween the α-amino group of the amino acid moiety and the
carboxylate side chain of Asp235 (corresponding to Asp225
in DH-1 AlaRS) [ 8 ]. Notably, in the case of Ser-SA, both the
side chain hydroxyl group and the α-amino group of the seryl
moiety interact with Asp235, contributing to the strong bind-
ing of Ser-SA within the active site. As a result, once an amino
acid—whether Ala or Ser—enters the active site and forms
these stabilizing interactions, the activation reaction proceeds
to generate the corresponding aminoacyl-adenylate. At this
stage, the enzyme is no longer able to discriminate between
the correct and incorrect substrates. If this is the case, the gen-
eration of Ser-tRNA 

Ala , which leads to the misincorporation
of Ser in place of Ala during protein synthesis, is inevitable
once Ser binds to the active site of AlaRS. Therefore, to pre-
vent mistranslation caused by the Ser misactivation, it is essen-
tial to eliminate the mischarged Ser-tRNA 

Ala molecules either

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf462#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf462#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf462#supplementary-data
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by the editing domain within AlaRS or by a separate editing
protein such as AlaXP [ 10 ]. 

In this study, we provided evidence that the AlaRS L219M mu-
tation, originally identified as the key mutation conferring lac-
tate tolerance in the methanotrophic bacterium JHM102, en-
hances the fidelity of AlaRS by effectively preventing Ser mis-
activation. While the enzyme activity assay used in this study,
which measures PPi release during the amino acid activation
step, does not yield precise kinetic parameters for the acti-
vation reaction alone, it reflects the overall catalytic process
of AlaRS, including activation, transfer, and editing, particu-
larly when non-cognate substrates are involved. Remarkably,
AlaRS L219M exhibited no detectable activity toward Ser in the
absence of the editing domain or tRNA, indicating that this
variant is capable of discriminating against Ser at the activa-
tion step. Structural analysis of both wild-type and L219M
mutant AlaRS 429 further supports this hypothesis, revealing
that the L219M substitution may inhibit Ser binding by in-
creasing the flexibility of the neighboring residue, Val204.
This discovery marks a significant milestone, as the L219M 

substitution represents the first reported mutation that en- 
hances the fidelity of AlaRS, contrasting with the many pre- 
viously reported mutations leading to editing deficiencies [ 11 ,
14 ]. Furthermore, it is particularly noteworthy that this en- 
hanced fidelity is conferred by a single-point mutation within 

the aminoacylation domain, rather than the editing domain.
In a prior investigation, Asp235 of E. coli AlaRS, an essential 
residue involved in binding seryl-adenylate within the alanyl- 
adenylate binding pocket, was substituted with various amino 

acids. However, none of the substitutions enabled discrim- 
ination between alanyl-adenylate and seryl-adenylate, high- 
lighting the unique fidelity-enhancing effect of the L219M 

mutation [ 8 ]. 
Unlike the previous study determining the structures of the 

post-activation states [ 8 ], our structural studies about both 

AlaR S 429 and AlaR S 429 
L219M in complex with Ala and ATP 
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epicted, for the first time, a visualization of the spatial ar-
angement of both substrates prior to the activation reaction.
tructural analyses of the pre-reaction state revealed that the
219M mutation increases the flexibility of Val204. This en-
anced flexibility enables Val204 to function as a “molecu-
ar discriminator,” selectively blocking the binding of Ser to
he active site of AlaRS 429 

L219M while still permitting the ac-
ommodation of Ala. Confronting this simple mechanism pre-
enting the misactivation of Ser, we encounter an evolution-
ry puzzle: why has this specific point mutation not been nat-
rally selected over billions of years of AlaRS evolution? In
ther words, why have Leu219 and Val204 been conserved
n AlaRS orthologs? (Fig. 4 D). A highly plausible explana-
ion has already been proposed: the editing domain or pro-
eins likely emerged concurrently with the early development
f AlaRS [ 8 ]. If this is the case, the evolutionary pressure to
ntroduce the L219M mutation into AlaRS would be negligi-
le. As the L219M mutation does not prevent glycine misac-
ivation, the editing domain may still be necessary for precise
ranslation. Furthermore, since the L219M mutation abol-
shes the lactyltransferase activity of AlaRS, which is essen-
ial for lysine lactylation as post-translational modification
hat connects cellular metabolism to protein function, retain-
ng the editing machinery may have been more advantageous
han acquiring the L219M mutation [ 24–26 ]. In addition,
ARSs have diverse roles beyond amino acid–tRNA linkage.
or instance, cysteinyl-tRNA synthetases (CysRSs) function
s essential cysteine persulfide synthetases [ 44 ]. Likewise, mi-
ochondrial tyrosyl-tRNA synthetase (TyrRS) in Neurospora
rassa serves as a splicing factor for mitochondrial group I
ntrons, and human TyrRS undergoes proteolytic cleavage to
enerate fragments with cytokine activity [ 45–47 ]. Further-
ore, bacterial transfer–messenger RNA, fused with tRNA 

Ala 

nd mRNA encoding tag peptide, is charged by AlaRS to
articipate in trans -translation, facilitating the degradation of
ascent polypeptides from damaged mRNA [ 48 , 49 ]. Many
ARSs also form multienzyme complexes through interac-

ions with other AARSs and proteins [ 1 ]. This variety of func-
ions may provide the evolutionary advantage in maintaining
ther domains despite potential fidelity increases from simple
utations affecting the catalytic domain. 
It is intriguing that the AlaRS L219M mutation, which might

ave been impossible to design rationally, emerged sponta-
eously during ALE aimed at enhancing lactate tolerance.
emarkably, the isolation of this mutant was possible be-

ause of the dual functionality of AlaRS, serving both as an
lanyl-tRNA synthetase and as a lactyltransferase. The high-
delity AlaRS L219M mutation reduces the activation of both
er and lactate in its dual enzymatic roles. DH-1 strains ex-
ressing either wild-type AlaRS or the AlaRS L219M mutant dis-
layed distinct proteomic profiles under both normal and lac-
ate stress conditions. However, identifying specific proteins
irectly linked to lactate tolerance among the differentially
xpressed proteins proved challenging. Under lactate stress,
idespread protein lactylation may alter protein function,
otentially leading to growth inhibition. Therefore, the lac-
ate tolerance conferred by the AlaRS L219M mutant may stem
rom decreased lactylation of target proteins, rather than from
hanges in overall proteome composition due to enhanced
ranslational fidelity. Further in-depth studies are needed to
dentify the proteins lactylated by AlaRS and to determine
hich of them are critical in lactylation-dependent lactate

oxicity. 
The role of AlaRS as a lactyltransferase has only re-
cently been clarified, and the impact of lactylation has been
identified in a limited number of target proteins. The lacty-
lation process has been associated with lactate-induced tu-
morigenesis. For example, AlaRS-dependent lactylation of
p53 inhibits its DNA-binding activity, diminishing its tumor-
suppressive functions [ 24 ]. Additionally, lactylation by AlaRS
activates the YAP–TEAD1 complex within the Hippo signal-
ing pathway, promoting proliferation in gastric cancer cells
[ 25 ]. In another instance, intracellular hypoxia triggers the
lactylation of mitochondrial proteins such as PDHA1 in the
pyruvate dehydrogenase complex and carnitine palmitoyl-
transferase 2, leading to decreased oxidative phosphorylation
[ 26 ]. The high-fidelity AlaRS mutant identified in our study
could help elucidate the role of lactylation in various biologi-
cal processes. 

In conclusion, the spontaneous emergence of the
AlaRS L219M mutant not only reveals an elegant mecha-
nism of fidelity enhancement within the aminoacylation
domain but also provides a powerful tool to understand
the multifaceted roles of AlaRS—particularly its emerging
function as a lactyltransferase—in cellular physiology and
disease. 

A c kno wledg ements 

We thank the beamline staff at the Pohang Light Source (Re-
public of Korea) for their assistance with data collection. 

Author contributions : Wooyoung Park (Conceptualiza-
tion, Investigation, Visualization, Writing-original draft,
Writing-review & editing), Se-Young Son (Conceptualization,
Investigation, Visualization, Writing-original draft, Writing-
review & editing), Joonyeop Yi (Investigation, Visualiza-
tion, Writing-original draft), Seungwoo Cha (Investigation),
Hankyeol Moon (Investigation), Minyoung Kim (Investiga-
tion), Sangho Ji (Investigation), Wookyung Yu (Investigation),
Changmin Sung (Investigation), Sun-Shin Cha (Conceptu-
alization, Funding acquisition, Supervision, Writing-original
draft, Writing-review & editing), and Ji-Sook Hahn (Con-
ceptualization, Funding acquisition, Supervision, Writing-
original draft, Writing-review & editing). 

Supplementary data 

Supplementary data is available at NAR online. 

Conflict of interest 

None declared. 

Funding 

J.-S. Hahn was supported by National Research Foundation
of Korea (NRF) funded by the Ministry of Science and ICT
(MSIT) (2016M3D3A01913245 and RS-2024-00351458).
S.-S. Cha was supported by the NRF grants funded by
MSIT (RS-2022-NR070574 and RS-2022-NR070833). J.-S.
Hahn and S.-S. Cha were supported by the Bio&Medical
Technology Development Program of the NRF funded by
MSIT (RS-2024-00352229). This crystallization was per-
formed using the Mosquito Xtal3 (NFEC-2024-11-301159),
supported by Korea Basic Science Institute (National Facil-
ities and Equipment Center) grant funded by the MSIT 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf462#supplementary-data


14 Park et al . 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/53/11/gkaf462/8158037 by Ew

ha W
om

ans U
niv. Library  - (IN

AC
TIVE) user on 13 August 2025
(RS-2024-00401816). Open access funding was provided by
Seoul National University. 

Data availability 

The atomic coordinates and structure factors of the final mod-
els have been deposited in the Protein Data Bank ( www.
pdb.org ) with ID codes 9JC7 (the wild type) and 9JDN (the
L219M mutant). The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium
via the PRIDE partner repository with the dataset identifier
PXD044904 [ 50 ]. 

References 

1. Ibba M, Söll D. Aminoacyl-tRNA synthesis. Annu Rev Biochem 

2000; 69 :617–50. 
https:// doi.org/ 10.1146/ annurev.biochem.69.1.617 

2. Ling J, Reynolds N, Ibba M. Aminoacyl-tRNA synthesis and 
translational quality control. Annu Rev Microbiol 2009; 63 :61–78.
https:// doi.org/ 10.1146/ annurev.micro.091208.073210 

3. Baldwin AN, Berg P. Transfer ribonucleic acid-induced hydrolysis 
of valyladenylate bound to isoleucyl ribonucleic acid synthetase. J 
Biol Chem 1966; 241 :839–45. 
https:// doi.org/ 10.1016/ S0021- 9258(18)96841- 9 

4. Eldred EW, Schimmel PR. Rapid deacylation by isoleucyl transfer 
ribonucleic acid synthetase of isoleucine-specific transfer 
ribonucleic acid aminoacylated with valine. J Biol Chem 

1972; 247 :2961–3. 
https:// doi.org/ 10.1016/ S0021- 9258(19)45304- 0 

5. Yarus M. Phenylalanyl-tRNA synthetase and isoleucyl-tRNA 

Phe : a 
possible verification mechanism for aminoacyl-tRNA. Proc Natl 
Acad Sci USA 1972; 69 :1915–9. 
https:// doi.org/ 10.1073/ pnas.69.7.1915 

6. Tsui WC, Fersht AR. Probing the principles of amino acid selection
using the alanyl-tRNA synthetase from Esc heric hia coli . Nucleic 
Acids Res 1981; 9 :4627–37. https:// doi.org/ 10.1093/ nar/ 9.18.4627

7. Swairjo MA, Schimmel PR. Breaking sieve for steric exclusion of a 
noncognate amino acid from active site of a tRNA synthetase. 
Proc Natl Acad Sci USA 2005; 102 :988–93. 
https:// doi.org/ 10.1073/ pnas.0409024102 

8. Guo M, Chong YE, Shapiro R et al. Paradox of mistranslation of 
serine for alanine caused by AlaRS recognition dilemma. Nature 
2009; 462 :808–12. https:// doi.org/ 10.1038/ nature08612 

9. Guo M, Chong YE, Beebe K et al. The C-Ala domain brings 
together editing and aminoacylation functions on one tRNA. 
Science 2009; 325 :744–7. https:// doi.org/ 10.1126/ science.1174343 

10. Sokabe M, Okada A, Yao M et al. Molecular basis of alanine 
discrimination in editing site. Proc Natl Acad Sci USA 

2005; 102 :11669–74. https:// doi.org/ 10.1073/ pnas.0502119102 
11. Chong YE, Yang X-L, Schimmel P. Natural homolog of tRNA 

synthetase editing domain rescues conditional lethality caused by 
mistranslation. J Biol Chem 2008; 283 :30073–8. 
https:// doi.org/ 10.1074/ jbc.M805943200 

12. Lee JW, Beebe K, Nangle LA et al. Editing-defective tRNA 

synthetase causes protein misfolding and neurodegeneration. 
Nature 2006; 443 :50–5. https:// doi.org/ 10.1038/ nature05096 

13. Liu Y, Satz JS, Vo M-N et al. Deficiencies in tRNA synthetase 
editing activity cause cardioproteinopathy. Proc Natl Acad Sci 
USA 2014; 111 :17570–5. 
https:// doi.org/ 10.1073/ pnas.1420196111 

14. Beebe K, de Pouplana LR, Schimmel P. Elucidation of 
tRNA-dependent editing by a class II tRNA synthetase and 
significance for cell viability. EMBO J 2003; 22 :668–75. 
https:// doi.org/ 10.1093/ emboj/ cdg065 

15. Kelly P, Backes N, Mohler K et al. Alanyl-tRNA synthetase quality
control prevents global dysregulation of the Esc heric hia coli 
proteome. mBio 2019; 10 :e02921-19. 
https:// doi.org/ 10.1128/ mBio.02921-19 

16. Zhang H, Wu J, Lyu Z et al. Impact of alanyl-tRNA synthetase 
editing deficiency in yeast. Nucleic Acids Res 2021; 49 :9953–64. 
https:// doi.org/ 10.1093/ nar/ gkab766 

17. Götz A, Tyynismaa H, Euro L et al. Exome sequencing identifies 
mitochondrial alanyl-tRNA synthetase mutations in infantile 
mitochondrial cardiomyopathy. Am J Hum Genet 
2011; 88 :635–42. https:// doi.org/ 10.1016/ j.ajhg.2011.04.006 

18. Nisbet EG, Manning MR, Dlugokencky EJ et al. Very strong 
atmospheric methane growth in the 4 years 2014–2017: 
implications for the Paris Agreement. Global Biogeochem Cycles 
2019; 33 :318–42. https:// doi.org/ 10.1029/ 2018GB006009 

19. Lee JK, Kim S, Kim W et al. Efficient production of D-lactate from 

methane in a lactate-tolerant strain of Methylomonas sp. DH-1 
generated by adaptive laboratory evolution. Biotechnol Biofuels 
2019; 12 :234. https:// doi.org/ 10.1186/ s13068- 019- 1574- 9 

20. Hur DH, Nguyen TT, Kim D et al. Selective bio-oxidation of 
propane to acetone using methane-oxidizing Methylomonas sp. 
DH-1. J Ind Microbiol Biotechnol 2017; 44 :1097–105. 
https:// doi.org/ 10.1007/ s10295- 017- 1936- x 

21. Nguyen TT, Lee OK, Naizabekov S et al. Bioconversion of 
methane to cadaverine and lysine using an engineered type II 
methanotroph, Methylosinus trichosporium OB3b. Green Chem 

2020; 22 :7803–11. https:// doi.org/ 10.1039/ D0GC02232B 

22. Nguyen DTN, Lee OK, Hadiyati S et al. Metabolic engineering of 
the type I methanotroph Methylomonas sp. DH-1 for production 
of succinate from methane. Metab Eng 2019; 54 :170–9. 
https:// doi.org/ 10.1016/ j.ymben.2019.03.013 

23. Pham DN, Mai DHA, Nguyen AD et al. Development of an 
engineered methanotroph-based microbial platform for 
biocatalytic conversion of methane to phytohormone for 
sustainable agriculture. Chem Eng J 2022; 429 :132522. 
https:// doi.org/ 10.1016/ j.cej.2021.132522 

24. Zong Z, Xie F, Wang S et al. Alanyl-tRNA synthetase, AARS1, is a 
lactate sensor and lactyltransferase that lactylates p53 and 
contributes to tumorigenesis. Cell 2024; 187 :2375–92.e33. 
https:// doi.org/ 10.1016/ j.cell.2024.04.002 

25. Ju J, Zhang H, Lin M et al. The alanyl-tRNA synthetase AARS1 
moonlights as a lactyltransferase to promote YAP signaling in 
gastric cancer. J Clin Invest 2024; 134 :e174587. 
https:// doi.org/ 10.1172/ JCI174587 

26. Mao Y, Zhang J, Zhou Q et al. Hypoxia induces mitochondrial 
protein lactylation to limit oxidative phosphorylation. Cell Res 
2024; 34 :13–30. https:// doi.org/ 10.1038/ s41422- 023- 00864- 6 

27. Baek S-H, Kwon EY, Kim S-Y et al. GSF2 deletion increases lactic 
acid production by alleviating glucose repression in 
Saccharomyces cerevisiae . Sci Rep 2016; 6 :34812. 
https:// doi.org/ 10.1038/ srep34812 

28. Cestari I, Stuart K. A spectrophotometric assay for quantitative 
measurement of aminoacyl-tRNA synthetase activity. SLAS Discov 
2013; 18 :490–7. https:// doi.org/ 10.1177/ 1087057112465980 

29. Tsai P-C, Soong B-W, Mademan I et al. A recurrent WARS 
mutation is a novel cause of autosomal dominant distal hereditary 
motor neuropathy. Brain 2017; 140 :1252–66. 
https:// doi.org/ 10.1093/ brain/ awx058 

30. An YJ, Ahn B-E, Roe J-H et al. Crystallization and preliminary 
X-ray crystallographic analyses of Nur, a nickel-responsive 
transcription regulator from Streptomyces coelicolor . Acta 
Crystallogr Sect F Struct Biol Cryst Commun 
2008; 64 :130–2.https:// doi.org/ 10.1107/ s1744309108001760 

31. An YJ, Kim M-K, Song JM et al. Vapor batch crystallization and 
preliminary X-ray crystallographic analysis of a cold-active 
endo- β-1,4-glucanase that was produced through the cold 
temperature protein expression. Biodesign 2015; 3 :138–42.

32. Liebschner D, Afonine PV, Baker ML et al. Macromolecular 
structure determination using X-rays, neutrons and electrons: 
recent developments in Phenix. Acta Crystallogr D Struct Biol 
2019; 75 :861–77. https:// doi.org/ 10.1107/ S2059798319011471 

http://www.pdb.org
https://doi.org/10.1146/annurev.biochem.69.1.617
https://doi.org/10.1146/annurev.micro.091208.073210
https://doi.org/10.1016/S0021-9258(18)96841-9
https://doi.org/10.1016/S0021-9258(19)45304-0
https://doi.org/10.1073/pnas.69.7.1915
https://doi.org/10.1093/nar/9.18.4627
https://doi.org/10.1073/pnas.0409024102
https://doi.org/10.1038/nature08612
https://doi.org/10.1126/science.1174343
https://doi.org/10.1073/pnas.0502119102
https://doi.org/10.1074/jbc.M805943200
https://doi.org/10.1038/nature05096
https://doi.org/10.1073/pnas.1420196111
https://doi.org/10.1093/emboj/cdg065
https://doi.org/10.1128/mBio.02921-19
https://doi.org/10.1093/nar/gkab766
https://doi.org/10.1016/j.ajhg.2011.04.006
https://doi.org/10.1029/2018GB006009
https://doi.org/10.1186/s13068-019-1574-9
https://doi.org/10.1007/s10295-017-1936-x
https://doi.org/10.1039/D0GC02232B
https://doi.org/10.1016/j.ymben.2019.03.013
https://doi.org/10.1016/j.cej.2021.132522
https://doi.org/10.1016/j.cell.2024.04.002
https://doi.org/10.1172/JCI174587
https://doi.org/10.1038/s41422-023-00864-6
https://doi.org/10.1038/srep34812
https://doi.org/10.1177/1087057112465980
https://doi.org/10.1093/brain/awx058
https://doi.org/10.1107/s1744309108001760
https://doi.org/10.1107/S2059798319011471


Dual inhibition of serine mischarging and lactylation activity in AlaRS 15 

3

3

3

3

3

3

3

4

4

4

 

 

R
©
T
d

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/53/11/gkaf462/8
3. Emsley P, Lohkamp B, Scott WG et al. Features and development 
of Coot. Acta Crystallogr D Biol Crystallogr 2010; 66 :486–501. 
https:// doi.org/ 10.1107/ S0907444910007493 

4. Beebe K, Mock M, Merriman E et al. Distinct domains of tRNA 

synthetase recognize the same base pair. Nature 2008; 451 :90–3. 
https:// doi.org/ 10.1038/ nature06454 

5. Holm L, Rosenström P. Dali server: conservation mapping in 3D. 
Nucleic Acids Res 2010; 38 :W545–9. 
https:// doi.org/ 10.1093/ nar/ gkq366 

6. Arnez JG, Moras D. Structural and functional considerations of 
the aminoacylation reaction. Trends Biochem Sci 1997; 22 :211–6. 
https:// doi.org/ 10.1016/ S0968- 0004(97)01052- 9 

7. Davis MW, Buechter DD, Schimmel P. Functional dissection of a 
predicted class-defining motif in a class II tRNA synthetase of 
unknown structure. Biochemistry 1994; 33 :9904–11. 
https:// doi.org/ 10.1021/ bi00199a012 

8. Yuan Z, Zhao J, Wang Z-X. Flexibility analysis of enzyme active 
sites by crystallographic temperature factors. Protein Eng 
2003; 16 :109–14. https:// doi.org/ 10.1093/ proeng/ gzg014 

9. Cha S-S, An YJ. Crystal structure of EstSRT1, a family VIII 
carboxylesterase displaying hydrolytic activity toward oxyimino 
cephalosporins. Biochem Biophys Res Commun 
2016; 478 :818–24. https:// doi.org/ 10.1016/ j.bbrc.2016.08.031 

0. Sun Z, Liu Q, Qu G et al. Utility of B -factors in protein science: 
interpreting rigidity , flexibility , and internal motion and 
engineering thermostability. Chem Rev 2019; 119 :1626–65. 
https:// doi.org/ 10.1021/ acs.chemrev.8b00290 

1. Jones JE, Chapman S. On the determination of molecular fields. II. 
From the equation of state of a gas. Proc R Soc Lond A 

1924; 106 :463–77.
2. Pirani F, Brizi S, Roncaratti LF et al. Beyond the Lennard-Jones 

model: a simple and accurate potential function probed by high 
eceived: October 26, 2023. Revised: April 22, 2025. Editorial Decision: April 23, 2025. Accepted: M
The Author(s) 2025. Published by Oxford University Press on behalf of Nucleic Acids Research. 

his is an Open Access article distributed under the terms of the Creative Commons Attribution Lice
istribution, and reproduction in any medium, provided the original work is properly cited. 
resolution scattering data useful for molecular dynamics 
simulations. Phys Chem Chem Phys 2008; 10 :5489–503. 
https:// doi.org/ 10.1039/ b808524b 

43. Khudozhitkov AE, Neumann J, Niemann T et al. Hydrogen 
bonding between ions of like charge in ionic liquids characterized 
by NMR deuteron quadrupole coupling constants—comparison 
with salt bridges and molecular systems. Angew Chem Int Ed 
2019; 58 :17863–71. https:// doi.org/ 10.1002/ anie.201912476 

44. Akaike T, Ida T, Wei F-Y et al. Cysteinyl-tRNA synthetase governs
cysteine polysulfidation and mitochondrial bioenergetics. Nat 
Commun 2017; 8 :1177. 
https:// doi.org/ 10.1038/ s41467- 017- 01311- y 

45. Cherniack AD, Garriga G, Kittle JD et al. Function of Neurospora 
mitochondrial tyrosyl-tRNA synthetase in RNA splicing requires 
an idiosyncratic domain not found in other synthetases. Cell 
1990; 62 :745–55. https:// doi.org/ 10.1016/ 0092- 8674(90)90119- Y 

46. Paukstelis PJ, Chen J-H, Chase E et al. Structure of a tyrosyl-tRNA
synthetase splicing factor bound to a group I intron RNA. Nature 
2008; 451 :94–7. https:// doi.org/ 10.1038/ nature06413 

47. Wakasugi K, Schimmel P. Two distinct cytokines released from a 
human aminoacyl-tRNA synthetase. Science 1999; 284 :147–51. 
https:// doi.org/ 10.1126/ science.284.5411.147 

48. Keiler KC, Ramadoss NS. Bifunctional transfer–messenger RNA. 
Biochimie 2011; 93 :1993–7. 
https:// doi.org/ 10.1016/ j.biochi.2011.05.029 

49. Muto A, Ushida C, Himeno H. A bacterial RNA that functions as 
both a tRNA and an mRNA. Trends Biochem Sci 1998; 23 :25–9. 
https:// doi.org/ 10.1016/ S0968- 0004(97)01159- 6 

50. Perez-Riverol Y, Bai J, Bandla C et al. The PRIDE database 
resources in 2022: a hub for mass spectrometry-based proteomics 
evidences. Nucleic Acids Res 2022; 50 :D543–52. 
https:// doi.org/ 10.1093/ nar/ gkab1038 
ay 19, 2025 

nse (https: // creativecommons.org / licenses / by / 4.0 / ), which permits unrestricted reuse, 

158037 by Ew
ha W

om
ans U

niv. Library  - (IN
AC

TIVE) user on 13 August 2025

https://doi.org/10.1107/S0907444910007493
https://doi.org/10.1038/nature06454
https://doi.org/10.1093/nar/gkq366
https://doi.org/10.1016/S0968-0004(97)01052-9
https://doi.org/10.1021/bi00199a012
https://doi.org/10.1093/proeng/gzg014
https://doi.org/10.1016/j.bbrc.2016.08.031
https://doi.org/10.1021/acs.chemrev.8b00290
https://doi.org/10.1039/b808524b
https://doi.org/10.1002/anie.201912476
https://doi.org/10.1038/s41467-017-01311-y
https://doi.org/10.1016/0092-8674(90)90119-Y
https://doi.org/10.1038/nature06413
https://doi.org/10.1126/science.284.5411.147
https://doi.org/10.1016/j.biochi.2011.05.029
https://doi.org/10.1016/S0968-0004(97)01159-6
https://doi.org/10.1093/nar/gkab1038

	Graphical abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgements
	Supplementary data
	Conflict of interest
	Funding
	Data availability
	References

