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ABSTRACT The yeast nuclear gene MSDI coding for
mitochondrial aspartyl-tRNA synthetase has been cloned and
sequenced. The identity of the gene is confirmed by the
following evidence. (i) The primary structure of the protein
derived from the gene sequence is similar to that of the yeast
cytoplasmic aspartyl-tRNA synthetase. (ii) In situ disruption of
MSDI in a respiratory-competent haploid strain of yeast in-
duces a pleiotropic phenotype consistent with a lesion in
mitochondrial protein synthesis. (ii) Mitochondria from a
mutant with a disrupted chromosomal copy of MSDI are
unable to acylate mitochondrial aspartyl-tRNA. The primary
structures of the cytoplasmic and mitochondrial aspartyl-tRNA
synthetases are similar to the yeast cytoplasmic lysyl-tRNA
synthetase, suggesting that the two types of synthetases may
have a common evolutionary origin. Searches of the current
protein banks also have revealed a high degree of sequence
similarity of the lysyl-tRNA synthetase to the product of the
Escherichia coli herC gene and to the partial sequence of a
protein encoded by an unidentified reading frame located
adjacent to the E. coli frdA gene. Based on the sequence
similarities and the map positions of the herC andfrdA loci, we
propose herC to be the structural gene of the constitutively
expressed lysyl-tRNA synthetase ofE. coli and the unidentified
reading frame to be the structural gene of the heat-inducible
lysyl-tRNA synthetase.

Most components of the mitochondrial protein synthetic
machinery of yeast are encoded in nuclear genes and are
imported into the matrix compartment where they engage in
translating a small number of endogenous mRNAs. The
exceptions are the tRNAs, the two ribosomal RNAs, and a
single ribosomal protein, all of whose genes are located in
mitochondrial DNA (1). To enlarge our current understand-
ing of how the mitochondrial and other translational systems
have diverged to accommodate the idiosyncracies of their
respective genetic contexts, we have taken advantage of a
collection of nuclear respiratory-defective nuclear gene mu-
tants (pet) of Saccharomyces cerevisiae to clone and char-
acterize the genes for mitochondrial aminoacyl-tRNA syn-
thetases, ribosomal proteins, and various protein factors
involved in chain initiation and elongation.
The aminoacyl-tRNA synthetase genes are of particular

interest. Some of the mitochondrial enzymes are encoded by
nuclear genes distinct from those coding for the corresponding
cytoplasmic enzymes (2-5). There are exceptions, however.
The histidyl- (6) and valyl-tRNA synthetase (7) genes code for
both the mitochondrial and cytoplasmic enzymes. The factors
determining whether a single synthetase can perform effi-
ciently in two different subcellular compartments are not clear
at present. Aminoacyl-tRNA synthetases are also of consid-
erable interest from the standpoint of the evolution of func-
tionally related enzymes. The present day diversity of the
aminoacyl-tRNA synthetase family may have arisen as a result
of duplication ofa smaller number ofgenes. Although primary

structure comparisons have revealed common sequence mo-
tifs among different bacterial and yeast synthetases, they are
confined to short domains (8-10). Recently, however, more
extensive sequence similarities have been noted among the
leucyl- valyl-, isoleucyl- and methionyl-tRNA synthetases,
suggesting that this group may share a common evolutionary
history (11, 12).

In this communication we report the properties of mutants
defective in the aspartyl-tRNA synthetase (EC 6.1.1.12) of
yeast mitochondria. The wild-type MSDI gene coding for the
mitochondrial aspartyl-tRNA synthetase has been cloned by
transformation of an msdl mutant. The amino acid sequence
similarities of the yeast mitochondrial and cytoplasmic as-
partyl-tRNA synthetases (13) and the recently described
cytoplasmic lysyl-tRNA synthetase (EC 6.1.1.6; ref. 14) are
sufficiently extensive to suggest a common evolutionary
origin. These enzymes, which acylate their cognate tRNA
substrates with polar amino acids, appear to comprise a
subgroup of synthetases likely to have evolved through an
early gene duplication event.

MATERIALS AND METHODS
Strains. E234 and E206 are noncomplementing respiratory-

defective mutants assigned to the pet complementation group
G94. Both mutants were obtained by mutagenesis of the
respiratory-competent haploid strain S. cerevisiae D273-
lOB/Al with ethyl methanesulfonate (15). The genotypes and
origins of other wild-type and mutant strains are described in
Table 1.

Cloning ofMSDI. The msdl mutant E234/L1 was grown in
10 ml of medium containing 2% galactose, 1% yeast extract,
2% peptone (YPGal medium) and transformed by the proce-
dure of Beggs (19) with 5 ,ug of a recombinant plasmid library
consisting of partial Sau3A fragments (5-15 kb) of nuclear
DNA of S. cerevisiae D273-1OB/A1 ligated to the BamHI
cloning site of the yeast/Escherichia coli shuttle vector
YEp13 (20).

Aminoacylation Assays. The parental respiratory-compe-
tent haploid strain W303-1B and the mutant strain W303-
VMSD1 containing the disrupted allele MSD1::URA3 were
grown to stationary phase in YPGal medium, and mitochon-
dria were isolated by the procedure of Faye et al. (21) except
that Zymolase 20,000 (Miles) instead of Glusulase was used
for conversion of cells to spheroplasts. Mitochondria were
lysed by addition of a 20% (wt/vol) solution of potassium
cholate (pH 7.5) to a final concentration of 0.5% and centri-
fuged at 105,000 x ga, for 30 min. The supernatant was
dialyzed for several hours against 10 mM Tris chloride, pH
7.5/0.1 mM EDTA and used as a source of mitochondrial
aminoacyl-tRNA synthetases. Total mitochondrial tRNAs
were extracted and purified from wild-type yeast mitochon-
dria and were acylated with a mixture of [3H]aspartic acid
(200 mCi/mmol, Amersham; 1 Ci = 37 GBq) and [3H]serine
(150 mCi/mmol, Amersham). The acylated products were
analyzed by reverse-phase chromatography on RPC-5 (22)
under previously described conditions (23).

Miscellaneous Procedures. Standard procedures were used
for plasmid amplification in E. coli, digestion of DNA with
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Table 1. Genotypes and sources of S. cerevisiae strains

Strain Genotype Source
D273-1OB/A1 a,p+,met6 Ref. 16
CB11 a,p',adel Ref. 17
W303-1B a,p',ade2-1,his3-11,15,leu2-3, R. Rothstein*

112,ura3-1,trpl-l,canl-100
LL20 a,p',leu2-3,112,his3-11,15 Ref. 18
E234 a,p'met6,msdJ-J This study
E206 a,p met6,msdl This study
aE234 a,p'adeJ,msdJ-J E234 x CB11
E234/L1 a,p'Ieu2-3,112,msd1-1 aE234 x LL20
W303VMSD1 a,pP,ade2-1,his3-11,J5,Ieu2-3, This study

112,ura3-1,trpl-l,canl-100,
MSDI::URA3

*Department of Human Genetics, Columbia University, New York.

restriction endonucleases, isolation and ligation of DNA
fragments, 5'-end-labeling ofDNA, and nick-translation (24).
The procedures for Southern hybridizations and preparation
of yeast nuclear DNA have been described (25). The chem-
ical derivatization method of Maxam and Gilbert (26) was
used for DNA sequencing. All of the sequences were ob-
tained from single-stranded DNA restriction fragments la-
beled at the 5' end with [y-32P]ATP (-3000 Ci/mmol; ICN).

RESULTS
Phenotype of msdl Mutants. E234 and E206 are indepen-

dent isolates in a large collection of pet mutants selected for
lack ofgrowth on the nonfermentable substrate glycerol. The
two mutants do not complement one another but are com-
plemented by a p0 tester (respiratory-deficient mutant of
yeast lacking mitochondrial DNA), indicating that each has a
recessive mutation in a nuclear gene necessary for oxidative
metabolism. The mutant mitochondria are deficient in cy-
tochromes a, a3, and b. This phenotype is usually displayed
by pet mutants impaired in mitochondrial protein synthesis
(2-5, 11). A defect in translation was confirmed by the
inability of E234 to incorporate [35S]methionine into mito-
chondrial translation products in the presence of cyclohexi-
mide (data not shown).

Acylation assays suggested that the block in protein syn-
thesis might be caused by a mutation in the mitochondrial
aspartyl-tRNA synthetase (data not shown). However, the
results were not clear. Extracts of E234 mitochondria were
able to charge the aspartyl-tRNA, albeit not as efficiently as
wild-type extracts. This is probably a consequence of the high
concentrations of substrates used in the in vitro assays, which
can compensate for mutations affecting changes in the Km of
the mutant enzyme for the amino acid, tRNA, or ATP (2, 4).
To ascertain if G94 mutants have mutations in the mitochon-
drial aspartyl-tRNA synthetase gene, the gene was cloned and
characterized as detailed in the following sections.

Cloning and Sequence* of the MSD1 Gene. E234/L1, an
msdl mutant with a Ieu2 marker, was transformed with a
plasmid library of wild-type yeast DNA cloned in the LEU2-
bearing shuttle vector YEp13 (20). Two respiratory-competent
clones were obtained, one of which was also complemented
for the leucine auxotrophy (E234/L1/T1). The respiratory-
competent phenotype of E234/L1/T1 was ascertained by
segregation tests to be a function of an autonomously repli-
cating plasmid. The complementing plasmid (pG94/T1) was
isolated from the yeast transformant and amplified in E. coli.
The restriction map of pG94/T1 indicated the presence of a
10.7-kilobase (kb) nuclear DNA insert (Fig. 1).

*The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M26020).
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FIG. 1. Restriction maps of pG94/T1 and of derivative plasmids.
The locations of the Sph I (S), EcoRI (E), and HindIII (H) sites in the
10.7-kb insert of pG94/T1 are indicated. The reading frame corre-
sponding to MSDI is depicted by the solid bar. The different regions
cloned in the shuttle vector YEp351 are indicated by the lines above
the map. Complementation of the respiratory deficiency of E234/L1
is indicated by the plus sign, and lack of complementation, by the
minus signs.

To localize the gene, different regions of the pG94/T1
insert were transferred to the shuttle vector YEp351 (27), and
the derivative plasmids were tested for their ability to restore
growth of E234/L1 on glycerol. The results of these trans-
formations are summarized in Fig. 1. The smallest plasmid
capable of complementing E234/L1 (pG94/ST4) had a 2.4-kb
DNA fragment defined by the Sph I site and the end of the
pG94/T1 insert. Further dissection of this region resulted in
loss of complementation. The inability of either pG94/ST7 or
pG94/ST8 to complement the pet mutant suggested that the
gene spans the two closely spaced HindIII sites ofpG94/ST4.
The DNA sequence of the insert in pG94/ST4 and the 5'

flanking sequence present in pG94/ST3 were determined by
the method of Maxam and Gilbert (26). All of the restriction
sites used for 5'-end-labeling were crossed from adjacent
sites, and most of the sequence was verified from the
complementary strands. Analysis of the sequence disclosed
a single long open reading frame initiated by an ATG codon
41 nucleotides downstream of the Sph I site. The reading
frame is 1974 nucleotides long and ends with an opal termi-
nator. The predicted protein consists of 658 amino acids and
has a calculated molecular weight of 75,472. The amino-
terminal 17 residues are rich in basic and hydroxylated amino
acids suggestive of a mitochondrial import signal.
The alignment of the amino acid sequence deduced from

MSDI with the sequence of the yeast cytoplasmic aspartyl-
tRNA synthetase shown in Fig. 2 was obtained by the
MFALGO program (30). The two proteins share 21% identical
amino acid residues. Regions with substantially greater se-
quence conservation are located in the middle (residues
150-286 of the mitochondrial enzymes and residues 233-365
of the cytoplasmic enzymes) and at the carboxyl-terminal
(residues 545-625 in the mitochondrial enzymes and residues
471-548 in the cytoplasmic enzymes) parts of the protein
where there are 29% and 30% identical residues, respec-
tively. The sequence similarity indicates that the two proteins
are homologous and suggests that MSDI is the structural
gene for the yeast mitochondrial aspartyl-tRNA synthetase.
In spite of their homology, the two yeast aspartyl-tRNA
synthetases have diverged significantly as evidenced by the
numerous gaps needed to align the two sequences.

Proc. Natl. Acad. Sci. USA 86 (1989)
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Disruption of MSDI. The reading frame coding for the
mitochondrial aspartyl-tRNA synthetase was disrupted with
the yeast URA3 gene to create the MSDI:: URA3 allele (Fig.
3). The one-step gene disruption procedure (31) was used to
substitute the MSDI:: URA3 mutant gene for the wild-type
gene in the respiratory-competent strain W303-1B. Respira-
tory-deficient, uracil-independent transformants were veri-
fied by back-crosses to aE234 to have acquired the mutant
allele. The respiratory-deficient transformants with muta-
tions allelic to msdl were not complemented by a p0 tester,
indicating that they had sustained mutations (deletions) in
mitochondrial DNA. The loss of wild-type mitochondrial
DNA has been shown (25) to be a secondary effect of tight

FIG. 2. Alignment of aspartyl- and

lysyl-tRNA synthetase sequences in sin-

gle-letter code. The proteins encoded by
MSDI (yeast mitochondrial aspartyl-
tRNA synthetase), APS [yeast cytoplas-
mic aspartyl-tRNA synthetase (13)],
KRSI [yeast cytoplasmic lysyl-tRNA
synthetase (14)], herC (28), and gX (29)
were aligned by the MFALGO program
(30) and further adjusted by eye for the

maximal number of identical or con-

served residues among the five se-

quences. Identical amino acids between
two or more sequences are boxed.

mutations in genes coding for components of the mitochon-
drial protein synthetic system.
More direct evidence for the presence of the MSDI:: URA3

allele in one of the respiratory-deficient transformants
(W303VMSD1) was obtained by analysis of its genomic DNA
by the Southern blot-hybridization technique (Fig. 3). A

probe containing the entire MSDI gene detected a 6.2-kb
fragment in the EcoRI digest of wild-type DNA. In the
mutant, the size of this band, 7.4 kb, is consistent with an
insertion of the 1.2-kb fragment with the URA3 gene at the
HindIII sites of MSDI. When wild-type DNA was digested
with Sph I and EcoRI, the probe detected a single band of 1.7
kb. This band consisted of two different fragments which

Proc. Natl. Acad. Sci. USA 86 (1989) 6025
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FIG. 4. Acylation of aspar-
tyl- and seryl-tRNAs by extracts
of wild-type and mutant mito-
chondria. Mitochondrial tRNAs
were acylated with a mixture of
[3H]aspartic acid and [3H]serine
in the presence of wild-type
(W303-1B) and mutant (W303-
VMSD1) mitochondrial extracts,
and the acylated products were
analyzed by chromatography on
RPC-5. The identity of the radio-
active peaks corresponding to
the cytoplasmic aspartyl- (cyt.
asp.), mitochondrial aspartyl-
(mit. asp.), cytoplasmic seryl-
(cyt. ser.), and mitochondrial
seryl-tRNA synthetases (mit.
ser.) were established in earlier
studies (G. Macino and A.T.,
unpublished data; compare ref.
23).

FIG. 3. Southern analysis of W303-1B and W303VMSD1 genomic
DNA. (Lower) Restriction maps of the wild-type strain W303-1B and
of the mutant W303VMSD1 transformed with the mutant allele
MSDI:: URA3. Only the locations of the Sph I (S), EcoRI (E), and
HindIII (H) sites are indicated. The MSDJ gene is depicted by the
solid bar, and the yeast URA3 gene is depicted by the open bar.
(Upper) Total nuclear DNAs purified from W303-1B and W303-
VMSD1 were digested with either EcoRI or a combination of Sph I
and EcoRI and separated by electrophoresis on a 1% agarose gel.
After transfer to nitrocellulose, the blot was hybridized with a
nick-translated fragment (probe) containing the entire sequence of
MSD1. Lanes: 1, EcoRI digest of DNA from W303-1B; 2, EcoRI
digest of DNA from W303VMSD1; 3, Sph I/EcoRI digest of DNA
from W303-1B; 4, Sph I/EcoRI digest of DNA from W303VMSD1.
The migrations of DNA standards are indicated in kilobases in the
right-hand margin.

were indistinguishable in this gel system: a 1.7-kb Sph
I-EcoRI fragment with the 5' end of the gene and a second
1.7-kb EcoRI fragment with the rest of the gene and 3'
flanking sequence. As predicted, insertion of the 1.2-kb
fragment with the URA3 gene at the HindIII site increased
the size of the Sph I-EcoRI fragment from 1.7 kb in wild type
to 2.9 kb in W303VMSD1.

Acylation Activities of Wild-Type and Mutant Mitochon-
dria. Additional evidence that MSDI codes for mitochondrial
aspartyl-tRNA synthetase was obtained by testing the ability
of wild-type and W303VMSD1 mitochondria to acylate as-
partyl-tRNA. Aminoacyl-tRNA synthetases, extracted from
mitochondria of W303VMSD1 and from the parental respi-
ratory-competent strain W303-1B, were tested for their abil-
ity to charge the yeast mitochondrial aspartyl-tRNA and, as
a control, seryl-tRNA. The wild-type extract charged the
mitochondrial aspartyl-tRNA and a small amount of contam-
inating cytoplasmic aspartyl-tRNA (Fig. 4). Three other
radioactive peaks corresponding to the cytoplasmic seryl-
tRNA and to two mitochondrial seryl-tRNA isoacceptors
were also detected. The identical tRNA species, except for
the mitochondrial aspartyl-tRNA, were acylated by the ex-
tract obtained from the mutant mitochondria (Fig. 4).
Homology of Aspartyl- and Lysyl-tRNA Synthetases. A

three way comparison of the two aspartyl-tRNA synthetases
and the lysyl-tRNA synthetase showed the three enzymes to
have similar primary structures. Based on the alignments
shown in Fig. 2, 23% of the residues are identical in the
lysyl-tRNA synthetase and the cytoplasmic aspartyl-tRNA
synthetase, whereas only 14% of the residues are identical in

the lysyl-tRNA synthetase and the mitochondrial aspartyl-
tRNA synthetase. The largest number of positional identities
occur in the middle and carboxyl-terminal regions of the
proteins. In the two regions combined there are 26% identical
residues between the cytoplasmic aspartyl- and lysyl-tRNA
synthetases and 24% identical residues between the mito-
chondrial aspartyl-tRNA synthetase and the lysyl-tRNA syn-
thetase (Table 2). In addition, 28% of the amino-terminal 50
residues of the cytoplasmic aspartyl- and lysyl-tRNA syn-
thetases are identical. The sequence of the amino-terminal
regions of the lysyl-tRNA synthetase could not be aligned
with the mitochondrial aspartyl-tRNA synthetase sequence.
Sequence Similarity of the Yeast Lysyl-tRNA Synthetase and

Two Putative E. coli Gene Products. Searches of the current
protein sequence data bases revealed that the yeast aspartyl-
and lysyl-tRNA synthetases are homologous to two putative
E. coli proteins: the herC gene product and a protein encoded

Table 2. Amino acid identities in the yeast aspartyl- and
lysyl-tRNA synthetases and the proteins encoded by
the E. coli herC and gX genes

Mit Cyt Cyt
Asp Asp Lys HerC GX

Mit Asp 658 63 51 51 31
(30%o) (24%) (29%) (22%)

Cyt Asp 118 557 53 51 27
(21%) (26%) (26%) (20%)

Cyt Lys 75 128 591 130 38
(14%) (23%) (60%) (29%/o)

HerC 80 84 201 505 43
(16%) (17%) (39%Oo) (33%)

GX 33 27 37 45 152
(22%) (15%) (24%) (30%)

The entries on the diagonal refer to the number of residues in each
protein. Entries below the diagonal refer to the number of identical
residues over the entire lengths of the proteins based on the align-
ments in Fig. 2. Entries above the diagonal refer to the number of
identical residues in the two regions defined by residues 150 through
286 and 545 through 625 of the mitochondrial aspartyl-tRNA syn-
thetase (Mit Asp). In the case of the gX product (GX), only residues
150 through 286 have been analyzed because the sequence of the
carboxyl-terminal region is not available. The percentages have been
calculated on the basis of either total (below the diagonal) or the
number of residues in the two regions analyzed (above the diagonal).
Cyt Asp and Cyt Lys, cytoplasmic aspartyl- and lysyl-tRNA syn-
thetases.
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by an unidentified open reading frame designated gX. The
herC has been shown (28) to be part ofan operon that includes
the gene for the translational termination factor RF2 (32). The
yeast lysyl-tRNA synthetase and the protein encoded in herC
have 39% identical residues (Fig. 2 and Table 2). Although the
herC gene product and the yeast aspartyl-tRNA synthetases
also have similar sequences, the number of positional iden-
tities is lower (16-17%).

E. coli has been reported to have two different genes for
lysyl-tRNA synthetase-lysS and lysU. The lysU gene lo-
cated at 92-93 min of the map codes for a heat-inducible
enzyme (33). The lysS gene at 62.1 min codes for the con-
stitutively expressed lysyl-tRNA synthetase (34). It is signif-
icant that herC has been located at 62 min (28, 32). Based on
the primary sequence similarity of the herC product and the
yeast lysyl-tRNA synthetase and the nearly identical map
locations of herC and lysS, we propose that herC is the
structural gene for the constitutive lysyl-tRNA synthetase of
E. coli.
The other protein sequence retrieved from the data base is

encoded by an open reading frame located at 94 min of the E.
coli map next to frdA (29). Only the amino-terminal coding
region of the reading frame has been sequenced. Of the 152
amino acid residues reported for this putative protein, 45
(30%) are identical to herC, 37 (24%) to the yeast lysyl-tRNA
synthetase, 27 (15%) to the yeast cytoplasmic aspartyl-tRNA
synthetase, and 33 (22%) to the yeast mitochondrial aspartyl-
tRNA synthetase (Table 2). This gene could encode either the
E. coli aspartyl-tRNA synthetase or the heat-inducible lysyl-
tRNA synthetase. The structural gene of the E. coli aspartyl-
tRNA synthetase has not been mapped. It may be significant
that the location of the unidentified gene (94 min) is not too
dissimilar from the location of the lysU gene (92-93 min).

DISCUSSION
Mutations in MSDI induce a respiratory-deficient phenotype
but are not lethal to yeast, indicating that the aspartyl-tRNA
synthetase encoded by this gene functions exclusively in
mitochondrial translation. Both the yeast mitochondrial and
cytoplasmic aspartyl-tRNA synthetases are homologous to
the recently described yeast cytoplasmic lysyl-tRNA synthe-
tase (14). The primary structure similarity ofthe two different
types of synthetases suggests that their respective genes may
have evolved from a common ancestral gene. According to
this evolutionary scenario of gene duplication and sequence
divergence, the precursor gene could have coded for another
synthetase capable of acylating both the lysyl- and aspartyl-
tRNAs. Alternatively, the ancestral synthetase may have
been capable of acylating only the lysyl-tRNA, the aspartyl-
tRNA, or a tRNA with acceptor specificity for some other
amino acid. Assuming the ancestral enzyme to have been
selective in its choice oftRNA substrate, a second inference
of a gene duplication event leading to the appearance of the
two or more types of synthetases is that proteins were
originally built from fewer amino acids. In the present
example, the prediction would be that either lysine or aspar-
tic acid was not part of the make up of earlier proteins.
Two E. coli proteins were found to be homologous to the

aspartyl- and lysyl-tRNA synthetases. It seems fairly certain
that the product of herC is the constitutively expressed
lysyl-tRNA synthetase of E. coli. The yeast lysyl-tRNA
synthetase and herC are 39% identical in overall sequence.
Furthermore, lysS, one of the two genes encoding lysyl-
tRNA synthetases of E. coli has the same map location as
herC (28).
The partial sequence of the protein encoded by the un-

identified reading frame adjacent to frdA also shares a large

number of amino acid identities with the lysyl-tRNA synthe-
tase. It is therefore likely that the product of this gene is the
heat-inducible lysyl-tRNA synthetase of E. coli (33). Inde-
pendent of its tRNA specificity, this protein is some 150-230
residues shorter at the amino-terminal end than the other four
aminoacyl-tRNA synthetases, suggesting that the core struc-
ture (35) involved in the acylation activity of both types of
synthetases resides in the carboxyl-terminal two-thirds of
their polypeptide chains. This conclusion is also supported by
the observation that the amino-terminal region is the least
well conserved in the five different sequences examined.
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