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The yeast Saccharomyces cerevisiae possesses two distinct glycyl-tRNA synthetase (GlyRS) genes: GRS1 and GRS2. GRS1 is dually func-
tional, encoding both cytoplasmic and mitochondrial activities, while GRS2 is dysfunctional and not required for growth. The protein
products of these two genes, GlyRS1 and GlyRS2, are much alike but are distinguished by an insertion peptide of GlyRS1, which is ab-
sent from GlyRS2 and other eukaryotic homologues. We show that deletion or mutation of the insertion peptide modestly impaired
the enzyme’s catalytic efficiency in vitro (with a 2- to 3-fold increase in Km and a 5- to 8-fold decrease in kcat). Consistently, GRS2 can be
conveniently converted to a functional gene via codon optimization, and the insertion peptide is dispensable for protein stability and
the rescue activity of GRS1 at 30°C in vivo. A phylogenetic analysis further showed that GRS1 and GRS2 are paralogues that arose from
a gene duplication event relatively recently, with GRS1 being the predecessor. These results indicate that GlyRS2 is an active enzyme
essentially resembling the insertion peptide-deleted form of GlyRS1. Our study suggests that the insertion peptide represents a novel
auxiliary domain, which facilitates both productive docking and catalysis of cognate tRNAs.

Faithful decoding of mRNA depends on accurate aminoacyla-
tion of tRNA by aminoacyl-tRNA synthetases (aaRSs) and a

specific readout of the codons by tRNAs. aaRSs are a group of
structurally diverse enzymes, each of which catalyzes the ligation
of a specific amino acid to its cognate tRNA. The resultant amino-
acyl-tRNA is then delivered to ribosomes for protein translation.
Typically, a full complement of aaRSs consists of 20 different en-
zymes in prokaryotes, one for each amino acid (1–4). In contrast,
eukaryotes, such as yeast, contain two distinct sets of aaRSs, one
localized to the cytoplasm and the other to mitochondria. With
the exception of yeast glutaminyl-tRNA synthetase, which is dis-
tributed in both the cytoplasm and mitochondria (5), each set
recognizes and aminoacylates cognate tRNAs within its respective
cellular compartment and is sequestered from isoacceptors con-
fined in other compartments. However, four Saccharomyces
cerevisiae genes, ALA1 (which encodes alanyl-tRNA synthetase)
(6, 7), GRS1 (which encodes glycyl-tRNA synthetase [GlyRS]) (8),
HTS1 (which encodes histidyl-tRNA synthetase) (9), and VAS1
(which encodes valyl-tRNA synthetase) (10), specify both mito-
chondrial and cytoplasmic activities. This dually functional fea-
ture was found to be conserved in homologues of these genes in
almost all yeast species studied (7, 11, 12).

Nearly all yeast cytoplasmic aaRSs possess an N- or C-terminal
polypeptide extension (typically 80 to 200 amino acids long),
known as an appended domain, which is absent from their pro-
karyotic counterparts (13). Many of these domains are rich in
lysine residues and are involved in nonspecific tRNA binding, ex-
amples of which include glutaminyl-tRNA (14), arginyl-tRNA
(15), and valyl-tRNA (16) synthetases. These domains act in cis as
an auxiliary tRNA-binding domain and enhance the tRNA-bind-
ing affinity of the enzymes (17). In contrast, appended domains of
some yeast cytoplasmic aaRSs participate in specific protein-protein
interactions, examples of which include glutamyl-, methionyl-, and
seryl-tRNA synthetases. Glutamyl- and methionyl-tRNA synthetases
form a ternary complex with Arc1p, a nonspecific tRNA-binding
protein encoded by ARC1, through their N-terminal appended do-
mains (18), while seryl-tRNA synthetase forms a binary complex with
the peroxisome biogenesis-related factor, Pex21p, through its C-ter-

minal appended domain (19). These interactions were also shown to
enhance tRNA binding and aminoacylation activities of the associ-
ated enzymes. In addition, Arc1p acts as a cytosolic sorting platform
to regulate the subcellular distributions of glutamyl- and methionyl-
tRNA synthetases (20).

Based on the conserved sequence motifs, quaternary structure,
and aminoacylation function, aaRSs can be divided into two
classes of 10 enzymes each (21, 22). Class I enzymes possess two
conserved signature sequences, HIGH and KMSKS, while class II
enzymes contain three conserved motifs, motifs 1, 2, and 3. In
addition, class I enzymes first couple amino acids to the 2=-OH of
the terminal adenylate residue of tRNA before transferring it to
the 3=-OH, while class II enzymes directly couple it to the 3=-OH.
Normally, orthologous enzymes that couple the same amino acid
to isoaccepting tRNAs share high sequence similarities in their
catalytic core domains and are grouped into the same class (I or
II), which indicates that they shared a common ancestor. How-
ever, there are two exceptions to this rule: lysyl-tRNA synthetase
and GlyRS. In the case of lysyl-tRNA synthetase, both class I- and
II-type enzymes were found (23), while in the case of GlyRS, two
oligomeric forms were identified: an �2�2 heterotetramer and an
�2 homodimer (24, 25). Despite both forms of GlyRS containing a
class II-defining architecture, they dramatically differ in size and
sequence (26). As a result, they are believed to have evolved from
different origins (27). To date, �2�2-type enzymes have been
found only in bacteria and chloroplasts, while �2-type enzymes
have been recovered from all three domains of life.

The yeast Saccharomyces cerevisiae possesses two distinct nu-
clear GlyRS genes, GRS1 and GRS2. GRS1 encodes both cytoplas-
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mic and mitochondrial forms of GlyRS through alternative initi-
ation of translation (8, 28), while GRS2 is defective in gene
expression and dispensable for survival (29–31). GlyRS1 (encoded
by GRS1) lacks an apparent N- or C-terminal appended domain
but carries a lysine-rich insertion peptide, which is absent from
GlyRS2 (encoded by GRS2) and other eukaryotic relatives (30). To
provide further insights into the origin and function of this inser-
tion peptide, various approaches were taken to characterize these
two homologous genes.

MATERIALS AND METHODS
Plasmid construction. Cloning of the wild-type (WT) GRS1 gene into
pADH (a high-copy-number yeast shuttle vector with a constitutive ADH
promoter, followed by multiple cloning sites and a short sequence coding
for a His6 tag) or pRS315 (a low-copy-number yeast shuttle vector) fol-
lowed a previously described protocol (30). To delete the insertion pep-
tide (amino acid residues 126 to 158) from GlyRS1, DNA sequences flank-
ing the insertion peptide of GRS1 were amplified by a PCR as two

fragments, an EagI-SpeI fragment (containing bp �75 to �375) and a
SpeI-SalI fragment (containing bp �475 to �2001). These two fragments
were sequentially cloned into pADH, yielding GRS1(�IP) (pWYH184).
Deletion of the K motif (amino acid residues 145 to 151) followed a sim-
ilar strategy. Cloning of GRS1 mutants into pRS315 followed a similar
protocol, except that the 5= end was at position �300 instead.

To enhance the protein expression of GRS2, a codon-optimized GRS2
variant [here designated GRS2(CO)] was in vitro synthesized by Genscript
USA (Piscataway, NJ) using a set of codons preferable for S. cerevisiae. To
fuse the insertion peptide coding sequence of GRS1 into the correspond-
ing position in GRS2(CO), a SpeI site was first created in GRS2(CO) be-
tween bp �369 and �370, resulting in GRS2(CO)-SpeI. The DNA se-
quence encoding the insertion peptide (bp �376 to �474) was amplified
by PCR as a SpeI-SpeI fragment and cloned into the SpeI site of
GRS2(CO)-SpeI, resulting in GRS2(CO)(IP) (pWYH167). To mutate the
K motif of GRS1, the insertion peptide (a PCR-amplified SpeI-SpeI
fragment) was cloned into pBluescript II KS(�/�) (Agilent, Santa
Clara, CA), and the resultant construct was used as the template for
mutagenesis. Mutagenesis was carried out according to standard pro-

FIG 1 Insertion peptide of yeast GlyRS1. (A) Predicted three-dimensional structures of yeast GlyRS1 and GlyRS2. Left, GlyRS1; right, GlyRS2 (orange)
superimposed onto GlyRS1 (blue). For distinction, the insertion peptide (IP), K motif (KM), anticodon-binding domain (ABD), and class II-defining motifs are
highlighted in red, green, black, and magenta, respectively, in the GlyRS1 structure (left). (B) Relative positions of the functional domains of GlyRS1 and GlyRS2.
The insertion peptide (IP) consists of the N-terminal amino acid residues 126 to 158. (C) Alignment of the insertion peptide of yeast GlyRS1s.
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tocols provided by the manufacturer (Stratagene, La Jolla, CA). After
mutagenesis, the SpeI-SpeI fragment was retrieved from the plasmid
and inserted into the SpeI site of GRS1(�IP), resulting in various
GRS1(KMM) constructs. The K motif was mutated from KKKRKKK to
SGSGSGT, SEEEEET, and SAAAAAT in GRS1(KMM1), GRS1(KMM2),
and GRS1(KMM3), respectively.

Complementation assays for cytoplasmic GlyRS activity. The yeast
GRS1 knockout strain, RJT3/II-1, was previously described (29). Comple-
mentation assays for cytoplasmic GlyRS activity were carried out by in-
troducing a test plasmid carrying the gene of interest and a LEU2 marker
into RJT3/II-1, and the ability of the transformants to grow in the pres-
ence of 5-fluoroorotic acid (5-FOA) medium was determined. Starting
from a cell density of an A600 of 4.0, cell cultures were 5-fold serially
diluted, and 10-�l aliquots of each dilution were spotted onto the desig-
nated plates containing 5-FOA medium. Plates were incubated at 30°C for
3 to 5 days. The transformants evicted the maintenance plasmid with the
URA3 marker in the presence of 5-FOA medium and thus could not grow
on the selection medium unless a functional cytoplasmic GlyRS was en-
coded by the test plasmid.

Complementation assays for mitochondrial GlyRS activity. RJT3/
II-1 was cotransformed with a test plasmid (carrying a LEU2 marker) and
a second maintenance plasmid (carrying a TRP1 marker) that expressed
only the cytoplasmic form of GlyRS (due to a mutation in the initiator
codon of the mitochondrial form). In the presence of 5-FOA medium, the
first maintenance plasmid (carrying a URA3 marker) was evicted from the
cotransformants, while the second maintenance plasmid was retained.
Thus, all cotransformants survived 5-FOA selection, due to the presence
of the cytoplasmic GlyRS derived from the second maintenance plasmid.
The mitochondrial phenotypes of the cotransformants were further tested
on yeast extract-peptone-glycerol (YPG) plates at 30°C, with results doc-
umented on day 3 following plating. Because a yeast cell cannot survive on
glycerol without functional mitochondria, the cotransformants did not
grow on the YPG plates unless a functional mitochondrial GlyRS was
generated from the test plasmid.

Aminoacylation assay. Aminoacylation reactions were carried out at
25°C in a buffer containing 50 mM HEPES (pH 7.5), 50 mM KCl, 15 mM
MgCl2, 5 mM dithiothreitol, 10 mM ATP, 0.1 mg/ml bovine serum albu-
min (BSA), 100 �M unfractionated yeast tRNA (Boehringer Mannheim,
Germany), and 20 �M glycine (2 �M [3H]glycine; Moravek Biochemi-
cals, Brea, CA) (31, 32). The specific activity of [3H]glycine used was 35.0
Ci/mmol. Determination of active protein concentrations by active-site
titration followed a previously described protocol (33). Reactions were
quenched by spotting 10-�l aliquots of the reaction mixture onto What-
man filters (Maidstone, United Kingdom) soaked in 5% trichloroacetic
acid and 1 mM glycine. Filters were washed three times for 15 min each in
ice-cold 5% trichloroacetic acid before liquid scintillation counting. Data
were obtained from three independent experiments and averaged. Error
bars indicate �2 times the standard deviation.

Kinetic parameters for aminoacylation of tRNA by the purified en-
zymes were determined by directly fitting the data points to the Michaelis-
Menten equation. Initial rates of aminoacylation were determined at 25°C
with tRNAGly concentrations ranging from 1 to 20 �M and enzyme con-
centrations ranging from 4 to 200 nM. tRNA used for the assay was un-
fractionated yeast tRNA or in vitro-transcribed yeast tRNAn

Gly. Km values
of GlyRS variants for glycine were determined by an ATP-PPi exchange
assay (34).

Miscellaneous methods. Structure models of GlyRS1 (UniProt P38088)
and GlyRS2 (UniProt Q06817) were taken from the Swiss-Model repository
(35) and were prepared by superimposing to a crystal structure template of
human GlyRS (PDB-ID 2zt5) (36) using the PyMOL program (37). The deg-
radation assay and green fluorescence protein (GFP) assay followed previ-
ously described protocols (38). Western blotting used an anti-His6 tag anti-
body and followed a protocol described earlier (12). Purification of His6-
tagged GlyRS enzymes was as previously described (39). Circular dichroism
spectroscopy followed a protocol described earlier (40).

RESULTS
The insertion peptide folds into a discrete loop protruding from
the main body of GlyRS1. Yeast GlyRS1 and GlyRS2 are both
�2-type enzymes and share �64% identity. Comparison of the
predicted three-dimensional structures of these two proteins re-
vealed that they are superimposable in most parts of their struc-
tures, with the exception of an insertion peptide of 33 amino acid
residues (residues 126 to 158), which is present only in GlyRS1
(Fig. 1A). The catalytic domain, in particular the class II-defining
motifs, is highly conserved in these two homologous enzymes
(Fig. 1A and B) and in other �2-type GlyRS sequences (41). The
insertion peptide protrudes from the main body of the protein as
a discrete loop with two pairs of antiparallel �-pleated sheets in-
terspersed with random coils (Fig. 1A). Sequence alignment
among GlyRSs of various yeast species further showed that this
peptide is conserved in all yeast GlyRS1 sequences (Fig. 1C) but

FIG 2 Functional assays of GRS1 variants. (A) Comparison of yeast cytoplasmic
and mitochondrial tRNAGly isoacceptors. Secondary structures of tRNAsGly are
shown in cloverleaf form. Nucleotides and base pairs that were shown to be im-
portant for recognition by GlyRS are boxed. (B) Summary of the constructs and
their rescue activities. Constructs bearing wild-type or mutant GRS1 genes were
transformed into a grs1� strain of Saccharomyces cerevisiae, and the ability of
the transformants to grow on 5-FOA and YPG media was tested. The symbols �
and � indicate positive and negative complementation, respectively. Mit, mito-
chondrial; Cyt, cytoplasmic. (C) Rescue of cytoplasmic GlyRS activity. (D) Rescue
of mitochondrial GlyRS activity. (E) Western blotting. Top, GlyRS; bottom, phos-
phoglycerate kinase (PGK) (as a loading control). Indicated at the bottom of the
Western blots are the amounts of protein extracts loaded into the gels. Numbers 1
to 7 (circled) in panels C to E represent the constructs shown in panel B. GlyRS and
PGK were probed with an anti-His6 tag antibody and an anti-PGK antibody,
respectively.
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absent from GlyRS2. This peptide is particularly enriched in lysine
residues, which make up �25% of its amino acid composition.
Notably, a lysine-rich cluster, KKKRKKK (here designated the K
motif), is strictly conserved in the insertion peptide of all yeast
GlyRS1 sequences (Fig. 1C) and was predicted to be folded into a
�-pleated sheet close to the apex of the loop (Fig. 1A).

The insertion peptide is dispensable for the rescue activity of
GRS1 in vivo. The identity elements of tRNAGly include the dis-
criminator base (N73), the first 3 bp of the acceptor stem (1:72,
2:71, and 3:70), and C35 and C36 in the anticodon loop (3). De-
spite the fact that the yeast mitochondrion-encoded tRNAGly,
tRNAm

Gly, possesses an acceptor stem that appreciably diverges
from that of its cytosolic counterpart, tRNAn

Gly (nucleus-encoded
tRNAGly) (Fig. 2A), GlyRS1 can efficiently recognize both tRNAGly

isoacceptors (8). To investigate whether the insertion peptide or
the K motif is essential for recognition of these isoaccepting

tRNAs, various deletions and mutations were introduced into the
insertion peptide or the K motif therein, and the ability of the
resultant constructs to rescue growth defects of a grs1� strain of S.
cerevisiae on 5-FOA and YPG media was assayed.

Figure 2 shows that deletion or mutation of the insertion pep-
tide or the K motif had little effect on the enzyme’s ability to
restore the growth phenotypes of the knockout strain on both
5-FOA and YPG media, suggesting that the insertion peptide is
dispensable for the enzyme’s rescue activities in vivo [compare
GRS1, GRS1(�IP), GRS1(�KM), GRS1(KMM1), GRS1(KMM2),
and GRS1(KMM3) in Fig. 2B, C, and D]. GRS1(KMM1),
GRS1(KMM2), and GRS1(KMM3) bear different mutations in the
K motif. Western blotting using an anti-His6 tag antibody showed
that all of the GRS1 constructs used were well expressed in cells
(Fig. 2E), regardless of whether they contain mutations in the
insertion peptide.

FIG 3 Degradation and stability assays for GlyRS1 variants. (A) Cycloheximide chase assay. Transformants harboring various GRS1 constructs were grown in
a raffinose-containing medium to a cell density of an A600 of �1.0 and then induced with galactose for 2 h before the addition of cycloheximide. Cells were
harvested at various time periods following treatment with cycloheximide and lysed. T0, T0.5, T1, T2, T4, T8, and T16 denote 0, 0.5, 1, 2, 4, 8, and 16 h postinduction,
respectively. PGK served as a loading control for each assay. Quantitative data for relative levels of GlyRSs are shown in a separate diagram below the Western
blots. (B) The melting curves of the WT and mutant GlyRS1 enzymes. The melting curves of GlyRS1 and its mutants were determined via circular dichroism
spectroscopy at 222 nm. The final concentration of the proteins was 2.4 �M. Spectra were recorded from 10°C to 80°C in a 1-mm-path-length cell on a Jasco J-810
spectropolarimeter using a scan speed of 50 nm per min, a time constant of 1 s, and a bandwidth of 1 nm. Three scans were accumulated and averaged for each
protein tested.
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Deletion or mutation of the insertion peptide has little effect
on the protein stability of GlyRS1 at 30°C. To test whether dele-
tion or mutation of the insertion peptide impairs the protein sta-
bility of GlyRS1, a cycloheximide (CHX) chase assay was carried
out. GRS1, GRS1(�IP), GRS1(�KM), and GRS1(KMM1) were
cloned into pGAL1, a high-copy-number yeast shuttle vector with
an inducible GAL1 promoter and a short sequence coding for a
His6 tag. Constructs bearing these GRS1 variants were trans-
formed into INVSc1, and cultures of the transformants were in-
duced with galactose for 2 h, followed by the addition of CHX to

terminate protein synthesis. Cells were harvested at various time
points following CHX treatment and prepared for Western blot
analyses using an anti-His6 tag antibody. As shown in Fig. 3A, the
WT enzyme was quite stable, and its protein level remained almost
constant throughout the time period tested (up to 16 h). A similar
scenario was observed for the mutants, suggesting that deletion or
mutation of the insertion peptide did not perturb the overall fold-
ing or stability of GlyRS1. This outcome is not unexpected, con-
sidering the fact that this peptide protrudes from the main body of
the protein as a discrete loop (Fig. 1A).

FIG 4 Functional assays of GRS2 variants. Constructs bearing GRS2 or its derivatives were transformed into a grs1� strain of Saccharomyces cerevisiae, and the ability of
the transformants to grow on 5-FOA and YPG media was tested. (A) Summary of the constructs and their rescue activities. Mit, mitochondrial; Cyt, cytoplasmic; MTS,
mitochondrial targeting signal; IP, insertion peptide; GRS2(CO), a codon-optimized GRS2. (B) Rescue of cytoplasmic GlyRS activity. (C) Rescue of mitochondrial GlyRS
activity. (D) Western blotting. Top, GlyRS; bottom, PGK (as a loading control). (E) Relative protein levels of GlyRS1, GlyRS2, and GlyRS2(CO). (F) Fluorescence
microscopy. MitoTracker and 4=,6-diamidino-2-phenylindole (DAPI) were used to label mitochondria and nuclei, respectively. Indicated at the bottom of the Western
blots are the amounts of protein extracts loaded into the gels. Numbers 1 to 8 (circled) in panels B to E represent constructs shown in panel A.
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To investigate whether the deletion or mutation affects the
protein folding of GlyRS1 in vitro, the melting curves of GlyRS1
and its derivatives were determined via circular dichroism (CD)
spectroscopy at 222 nm. As shown in Fig. 3B, all GlyRS1 variants
tested possessed a molar ellipticity (	) similar to that of the WT
enzyme at 30°C or a lower temperature. At 30°C, the GlyRS1 pro-
tein contained �35% �-helix and �18% �-sheet as estimated by
the K2D3 software (42). Thus, the deletion or mutation did not
significantly alter the conformation of GlyRS1 at 30°C, which is
largely consistent with the finding of the cycloheximide chase as-
say shown in Fig. 3A. However, the deletion mutants GlyRS1(�IP)
and GlyRS1(�KM) appeared to have a melting temperature
slightly lower than that of the WT enzyme. The melting curves of
these two enzymes slightly shifted to the left (�5°C) relative to
that of their WT counterpart. As for GlyRS2, it had a melting
temperature �5°C higher than that of GlyRS1. This result suggests
that deletion of the insertion peptide did not alter the enzyme’s
conformation at a temperature below 30°C but did impair its sta-
bility at a higher temperature.

GRS2 can be converted into a functional gene via codon op-
timization. Since the main difference between GlyRS1 and
GlyRS2 is the insertion peptide, we then asked whether GRS2 can
be converted to a functional gene by fusing the insertion peptide
coding sequence of GRS1 at its matching position. Given that the
native GRS2 gene is very poor at both transcription and transla-
tion (30, 31), a constitutive ADH promoter and a codon-opti-
mized GRS2 variant [here designated GRS2(CO)] were used in-
stead to improve the expression efficiency. For this purpose,
GRS2(CO) was first in vitro synthesized using a set of codons pref-
erable for S. cerevisiae and then cloned into pADH. Unexpectedly,
GRS2(CO) per se rescued the growth defect of the GRS1 knockout
strain on 5-FOA medium with an appreciably high efficiency. On
the other hand, fusion of the insertion peptide coding sequence to
GRS2(CO), resulting in GRS2(CO)(IP), did not further enhance
its efficiency (compare pWYH166 and pWYH167 in Fig. 4). As
a matter of fact, GRS2(CO)(IP) could barely support the
growth of the strain with the null allele on 5-FOA medium.
Perhaps, fusion of the insertion peptide somehow destabilizes
the protein structure of GlyRS2. In addition, fusion of a se-
quence encoding a mitochondrion-targeted signal (MTS) 5= to

GRS2(CO) or GRS2(CO)(IP) failed to confer positive mito-
chondrial activity to either of the two constructs on YPG me-
dium (see pWYH186 and pWYH187 in Fig. 4). To provide
direct evidence that the MTS used actually guided GlyRS2(CO)
to mitochondria, cellular distributions of two GFP fusion con-
structs, GRS2(CO)-GFP and MTS-GRS2(CO)-GFP, were analyzed
by fluorescence microscopy. MitoTracker and 4=,6-diamidino-2-
phenylindole (DAPI) were used to label mitochondria and nuclei,
respectively. Figure 4F shows that MTS-GlyRS2(CO) was indeed lo-
calized in mitochondria, while GlyRS2(CO) was restricted in the cy-
toplasm.

Western blotting using an anti-His6 tag antibody showed that
all of the GRS2 constructs used were properly expressed in the
knockout strain, but their expression levels were much lower than
that of GRS1 (Fig. 4D). To get more quantitative data, protein
extracts of GRS1 and GRS2(CO) were 2-fold serially diluted before
being loaded into the gel. As shown in Fig. 4E, GRS2 had a protein
expression level �25-fold lower than that of GRS1 under the con-
ditions used (compare GRS1 and GRS2). However, the protein
expression level of GRS2 was modestly enhanced (by �3-fold) by
codon optimization [compare GRS2 and GRS2(CO)], which
might account for the positive rescue activity of GRS2(CO) on
5-FOA medium. As suspected, fusion of the insertion peptide cod-
ing sequence to GRS2(CO) slightly reduced its protein expression
level [compare GRS2(CO) and GRS2(CO)(IP) in Fig. 4D]. Taking
into account the fact that GRS2(CO)(IP) had a protein expression
level almost equivalent to that of GRS2, it is possible that insertion
of the peptide to GlyRS2 somehow reduces its protein stability but
enhances its aminoacylation activity (Fig. 4B).

The insertion peptide facilitates both productive tRNA bind-
ing and catalysis in vitro. To examine whether the insertion
peptide contributes to the enzymatic activity of GlyRS1, ami-
noacylation activities of the WT and mutant GlyRS1 enzymes
were assayed in vitro. To this end, the WT and mutant GRS1
genes were cloned in pADH and then transformed into a yeast
strain, INVSc1. Recombinant His6-tagged GlyRS enzymes were
purified from the transformants to homogeneity using nickel-
nitrilotriacetic acid (Ni-NTA) column chromatography. As
shown in Fig. 5, deletion of the insertion peptide appreciably
reduced the enzyme’s aminoacylation activity (by �3-fold)
[compare GlyRS1 and GlyRS1(�IP)]. Moreover, deletion or
mutation of the K motif had a similar effect on aminoacylation
(with a 3- to 4-fold decrease) [see GlyRS1(�KM) and
GlyRS1(KMM1)], suggesting that the effect of the insertion
peptide on aminoacylation is probably mediated through the
positively charged K motif. On the other hand, the deletion or
mutation had no significant effect on the Km values of the
GlyRS1 variants for glycine (�135 �M) as determined by the
ATP-PPi exchange assay shown in Table 1, suggesting that

FIG 5 Aminoacylation assays for GlyRS variants. Aminoacylation activities of
the purified recombinant GlyRS enzymes were determined in vitro by measur-
ing relative amounts of [3H]glycine that were incorporated into tRNA using a
liquid scintillation counter. The final concentration of the enzymes used in the
reaction mixtures was 20 nM.

TABLE 1 Km values of GlyRS variants for Gly determined by the
ATP-PPi exchange

GlyRS
variant Gly Km (�M)

GlyRS1 135
GlyRS1(�IP) 145
GlyRS1(�KM) 140
GlyRS1(KMM1) 130
GlyRS2 145
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the insertion peptide contributes to tRNA binding or catalysis
rather than cognate amino acid binding. In addition, GlyRS2
had a Km value for glycine (�145 �M) very close to that of
GlyRS1.

To gain further insights into the effect of the insertion peptide
on aminoacylation, kinetic parameters for aminoacylation of
tRNAGly by GlyRS enzymes were subsequently determined using
unfractionated yeast tRNA as the substrate. As shown in Table 2,
the WT GlyRS1 enzyme had a Km value of 0.33 �M for tRNAGly

and a kcat value of 0.38 s�1. In contrast, the mutant enzymes,
including GlyRS1(�IP), GlyRS1(�KM), and GlyRS1(KMM1),
had Km values for tRNAGly ranging from 0.65 to 0.91 �M and kcat

values ranging from 0.05 to 0.08 s�1. Thus, deletion or mutation
of the insertion peptide or the K motif increased the enzyme’s Km

value for tRNAGly by 2- to 3-fold and decreased the enzyme’s kcat

value by 5- to 8-fold. Overall, the catalytic efficiency (kcat/Km) of
the glycine enzyme was reduced by 10- to 24-fold upon deletion or
mutation of the insertion peptide or the K motif. It is also noted
that GlyRS2, which inherently lacks the insertion peptide, pos-
sessed kinetic parameters comparable to those of GlyRS1(�IP).
These data suggest that the insertion peptide, while dispensable
for rescue activity and protein stability, plays a significant role in
both tRNA binding and catalysis, and this effect on aminoacyla-
tion appears to be mediated through the K motif.

To eliminate the effect of competition by noncognate tRNAs,
we next used in vitro-transcribed tRNAn

Gly as the substrate for
determination of the kinetic parameters. As shown in Table 2,
deletion of the insertion peptide increased the enzyme’s Km value
for tRNAn

Gly by 5-fold and decreased the enzyme’s kcat value by
2-fold. Overall, the catalytic efficiency (kcat/Km) of the glycine en-
zyme was reduced by �9-fold upon deletion of the insertion pep-
tide. These data reinforce the hypothesis that the insertion peptide
plays an important role in both tRNA binding and catalysis.

GRS1 and GRS2 arose from a gene duplication event. As
GRS2 of S. cerevisiae appreciably diverged from its GRS1 counter-
part, we analyzed the possible historical relationships between
GRS2 and its yeast homologues using the neighbor-joining (NJ)
method (43). To get a more-complete picture, representative �2-
dimeric GlyRS sequences from all three of the major branches of
life (Bacteria, Archaea, and Eukarya) were retrieved from data-
bases. Bias in the alignments of these sequences was minimized by
taking away all major extensions and insertions. Thus, the portion
used for analysis comprised only the core active site and the anti-
codon-binding domain, which accounts for �64% of the se-
quence of GlyRS2.

As shown in Fig. 6, all eukaryotic GlyRSs were clustered within
a monophyletic branch. In contrast, the archaeal and bacterial
sequences were clustered into two paraphyletic branches, with the

archaeal branch having higher affinity with the eukaryotic branch.
This result argues that all prevailing eukaryotic �2-dimeric GlyRS
genes originated from a eukaryotic source. Thus, yeast GRS1 and
GRS2 are paralogues that arose from a gene duplication event
relatively recently. Since the lysine-rich insertion peptide exists
only in yeast GlyRS1, it appears that this insert was added to the
enzyme after the yeast branch separated from other eukaryotic
branches. Moreover, it is likely that GlyRS2 once possessed this
insert, but the insert was later deleted during evolution.

DISCUSSION

The Thermus thermophilus GlyRS enzyme possesses an insertion
peptide located at a position analogous to that of the insertion
peptide of yeast GlyRS1. This peptide was predicted to interact
with the acceptor arm of its cognate tRNA (44). Consistent with
this hypothesis, deletion or mutation of the insertion peptide of
yeast GlyRS1 impairs its apparent affinity for tRNAGly and cata-
lytic rate (Table 2). Moreover, this effect of the insertion peptide
on aminoacylation appears to be mediated through its K motif.
However, even with such a low catalytic efficiency (5% relative to
that of the WT GlyRS1 enzyme), these mutants effectively rescued
growth defects of the knockout strain on both 5-FOA and YPG
media (Fig. 2). A similar scenario was previously observed in yeast
ALA1 (6, 12), GLN4 (16), and VAS1 (11, 45) genes, indicative of a
common feature of the ability to rescue a knockout strain with a
considerably low level of aaRS activity. It is noteworthy that the
fragment containing the amino acid residues 122 to 165 of GlyRS1
was previously considered to be the insertion peptide solely on the
basis of sequence alignment, but deletion of such a peptide con-
siderably destabilizes the protein structure of GlyRS1 (30). In con-
trast, the insertion peptide described here was predicted on the
basis of structure, and deletion of such a peptide had little effect on
protein stability at 30°C. It thus appears that the insertion peptide
specified here is more representative of its location and size.

With the exception of two yeast species, Saccharomyces cerevi-
siae and Vanderwaltozyma polyspora, which contain a second
GlyRS homologue (GRS2), all other yeast species studied thus far
possess a single, dually functional GRS1 homologue (31). GRS2 is
poor at both transcription and translation, and thus, it cannot
substitute for GRS1 even under the control of a constitutive ADH
promoter (29, 30). As a result, this redundant gene was once
thought to be an evolutionary relic. Despite that, a recent report
argued that expression of GRS2 can be drastically induced by var-
ious stresses such as heat, alkali, hydrogen peroxide, and ethanol,
suggesting that it may have a purpose under certain special con-
ditions (31). Evidence supporting this hypothesis came from the
discovery that the purified recombinant GlyRS2 enzyme is fairly
active in vitro (30) (Fig. 5; Table 2). In addition, GRS2 can be

TABLE 2 Kinetic parameters for aminoacylation of yeast tRNAGly by GlyRS variants

GlyRS variant

Unfractionated yeast tRNA In vitro-transcribed yeast tRNAn
Gly

Km (�M) kcat (s�1) kcat/Km (M�1 s�1) Km (�M) kcat (s�1) kcat/Km (M�1 s�1)

GlyRS1 0.33 � 0.03 0.38 � 0.15 11.4 
 105 0.28 � 0.03 0.33 � 0.03 12.3 
 105

GlyRS1(�IP) 0.89 � 0.39 0.08 � 0.01 1.0 
 105 1.37 � 0.23 0.19 � 0.02 1.4 
 105

GlyRS1(�KM) 0.91 � 0.45 0.05 � 0.02 0.5 
 105 NDa ND ND
GlyRS1(KMM1) 0.65 � 0.13 0.08 � 0.03 1.2 
 105 ND ND ND
GlyRS2 0.53 � 0.08 0.10 � 0.02 1.8 
 105 0.73 � 0.27 0.15 � 0.03 2.2 
 105

a ND, not determined.

An Insertion Peptide of Yeast GlyRS

September 2013 Volume 33 Number 17 mcb.asm.org 3521

http://mcb.asm.org


conveniently converted to a functional copy by fusion to ARC1
(30) or via codon optimization (Fig. 4). More efforts are under
way to elucidate its tRNA specificity and bona fide biological func-
tions in vivo.

The major identity elements of tRNAGly reside on the discrim-
inator base (N73), the first 3 bp of the acceptor stem (1:72, 2:71,
and 3:70), and C35 and C36 in the anticodon loop (3). These
identity elements determine the efficiency of tRNAGly aminoacy-
lation by its cognate enzyme (46). The most striking difference
between bacterial and eukaryotic tRNAGly isoacceptors is the dis-
criminator base, which is nearly always a “U” in bacteria and an
“A” in eukaryotic cytoplasm. For example, in Escherichia coli, N73
is a U, while in Arabidopsis thaliana, N73 is a U in the mitochon-
drion-encoded tRNAGly and an A in nucleus-encoded cytosolic
tRNAsGly (47). Normally, tRNAGly bearing U73 is recognized by
an �2�2-heterotetrameric GlyRS enzyme, while tRNAGly bearing
A73 is recognized by an �2-homodimeric GlyRS enzyme (46).
However, the discovery that a homodimeric GlyRS enzyme from
Thermus thermophilus can efficiently recognize tRNAGly bearing
U73 destroys the once-tight relationship between the type of dis-
criminator base and the oligomeric structure of its cognate en-
zyme (46). Despite that, it was still amusing to find that both
yeast nucleus- and mitochondrion-encoded tRNAGly isoaccep-
tors possessed the same discriminator base, A73. Such an un-
usual feature might account for the dually functional pheno-
type of GRS1 (30, 31).

Escherichia coli glutaminyl-tRNA synthetase per se cannot sub-
stitute for its yeast homologue in vivo, but it can be converted into
a functional yeast enzyme when fused to a nonspecific tRNA-
binding domain, such as Arc1p or the appended domain of yeast
glutaminyl- or valyl-tRNA synthetase (16, 38, 48). Similarly, E. coli

valyl-tRNA synthetase can be converted to a functional yeast en-
zyme through a similar approach (45). In these instances, Arc1p
and the appended domains act in cis as an auxiliary tRNA-binding
domain to facilitate nonspecific tRNA binding of the enzyme. It
thus appears that acquiring such a domain is a prerequisite for
proper functioning of yeast cytoplasmic aaRSs. In that sense, re-
sults presented here are of particular interest. Our study suggests
that the relatively small insertion peptide of yeast GlyRS1 facili-
tates both productive docking and catalysis of cognate tRNAs (Ta-
ble 2). Conceivably, yeast aaRSs have acquired various auxiliary
domains during evolution to optimize their performance in
nonspecific tRNA binding (as in the cases of glutaminyl- and
valyl-tRNA synthetases), protein sorting (as in the cases of glu-
tamyl- and methionyl-tRNA synthetases), editing (as in the case of
mitochondrial leucyl-tRNA synthetase) (49), intron splicing (as in
the case of yeast mitochondrial leucyl-tRNA synthetase) (50), and
catalysis (as in the case of GlyRS1).
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