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Mitochondrial leucyl-tRNA synthetase (LeuRS) in the yeast Saccha-
romyces cerevisiae provides two essential functions. In addition to
aminoacylation, LeuRS functions in RNA splicing. The details of
how it came to act in splicing are not known. Here we show that
Mycobacterium tuberculosis and human mitochondrial LeuRSs can
substitute in splicing for the S. cerevisiae mitochondrial LeuRS.
Mutations of yeast mitochondrial LeuRS that had previously been
shown to abolish splicing activity also eliminate splicing by the M.
tuberculosis enzyme. These results suggest the role of LeuRS in
splicing in yeast mitochondria results from features of the enzyme
that are broadly conserved in evolution. These features are not
likely to be designed for splicing per se, but instead have been
adopted in yeast for that purpose.

minoacyl-tRNA synthetases are a family of essential en-

zymes (1). Prokaryotes typically contain up to 20 different
tRNA synthetases, whose primary function is to establish the
genetic code in the first step of protein synthesis. Eukaryotes
have distinct sets of nuclear-encoded cytoplasmic and mitochon-
drial enzymes. Each enzyme activates and covalently links a
single amino acid to its cognate tRNA that bears the anticodon
triplet for that amino acid. However, many tRNA synthetases
have been recruited and adapted to perform other cellular
functions (2). Among these functions is facilitation of the
self-splicing mechanism of group I introns.

In yeast mitochondria, leucyl-tRNA synthetase (LeuRS or
NAM2p) acts as an intron-specific splicing factor to aid in the
excision of two closely related group I introns (3-6). These
include the bl4 and al4a introns that respectively interrupt
mRNA encoding the essential respiratory proteins, cytochrome
b and subunit I of cytochrome oxidase. Two other organisms
(Neurospora crassa and Podospora anserina) depend on a mito-
chondrial tyrosyl-tRNA synthetase (TyrRS or CYT-18p) for a
critical role in RNA splicing (7, 8). CYT-18p uses its existing
tRNA binding domains (9) as well as a unique N-terminal
domain that is not found in other tyrosine enzymes (8, 10). This
idiosyncratic N-terminal splicing element is conspicuously ab-
sent in yeast mitochondrial LeuRS. Also, the yeast LeuRS-
dependent splicing reaction requires a second protein [a matu-
rase (5, 11)], whereas the N. crassa splicing reaction solely
depends on CYT-18p (9).

The question we addressed was whether the novel splicing
activity of yeast mitochondrial LeuRS resulted from a common
feature shared by other LeuRSs that are not known to be active
in splicing of pre-mRNA. If so, LeuRSs from other organisms
might substitute in splicing for the yeast mitochondrial enzyme.
Alternatively, the novel splicing activity could have resulted from
an idiosyncratic modification of specific motifs that were de-
signed for another purpose (such as aminoacylation of tRNA).
Were this the case it is doubtful that leucine enzymes that lacked
these modifications would be adequate surrogates for the yeast
enzyme.

To test these ideas, we created a null allele of the gene
encoding yeast mitochondrial LeuRS. We then attempted to

rescue the respiration deficiency of this null strain with trans-
genes for LeuRS from two widely separated organisms, Homo
sapiens and M. tuberculosis. These leucine enzymes are thought
to have no role in splicing in human mitochondria or M.
tuberculosis, respectively. Thus, the use in yeast of genes for these
two enzymes enabled us to test specifically whether determinants
broadly conserved in evolution were adopted in yeast for splic-
ing. Alternatively, the failure of either the human mitochondrial
or M. tuberculosis enzymes to rescue the null allele would be
consistent with alterations specific to the yeast mitochondrial
enzyme being responsible for the splicing activity.

Materials and Methods

Cloning, Expression, and Purification of M. tuberculosis LeuRS. M.
tuberculosis (Erdman H37Rv) genomic DNA (a gift from P.
Brennan, Colorado State University, Fort Collins) was combined
with degenerate primers and 7aq polymerase for amplification
by PCR. A gel-purified 440-bp PCR product was cloned into
plasmid pT7Blue(R) (Novagen). The M. tuberculosis DNA insert
was isolated by restriction digestion with BamHI and Ndel and
radiolabeled by using the Random Primer DNA Labeling Kit
(Boehringer Mannheim).

R. Young (Whitehead Institute, Cambridge, MA) kindly
provided the Agtll M. tuberculosis genomic library (12). Plaques
from the library were transferred to Gene Screen Hybridization
Transfer nylon membranes (DuPont) and probed by using the
LeuRS-encoding PCR fragment (107 cpm). Subsequent to wash-
ing and autoradiography, positive plaques were recovered fol-
lowed by isolation of the phage DNA. EcoRI digestion of one
(called pLEU10) of the eight isolated phage plasmids yielded
four fragments, which were cloned into plasmid pPBSKS* (Strat-
agene) for sequencing.

PCR was used to amplify the full-length gene from pLEU10
and to introduce Bg/II and Notl restriction sites as well as to
replace the GTG start codon with an ATG for optimal expres-
sion in Escherichia coli. The gene was cloned into plasmid
pGEX-4T-2 (Amersham Pharmacia), yielding plasmid pJZ1.201,
which was used to transform E. coli DH5a (GIBCO/BRL).
Mutant enzymes were generated by using the Stratagene
Quikchange Site-Directed Mutagenesis kit. Glutathione S-
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Table 1. Yeast strains used in this work

Strain Genotype Origin
W303 MATa ade2-1 ura3-1 his3-11,15 trp1A63 leu2-3,112 can1-100 E. Elion (24), Harvard
Medical School

QBY51 MATa adeé6 lys1 [p°] This work

QBY52 MATa adeé6 lys1 [p°] This work

QBY274 MAT« ade2-1 ura3-1 his3-11,15 trp1A63 leu2-3,112 can1-100 kar1A15 This work

QBY276 MATa ade2-1 ura3-1 his3-11,15 trp1A63 leu2-3,112 can1-100 This work
ms/TA::HIS3

QBY320 MATa ade2-1 ura3-1 his3-11,15 trp1A63 leu2-3,112 can1-100 This work
mslTA::HIS3 [p*] (pQB223)

HM402 MAT« ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 can1-100 C. Herbert (11),
nam2A::LEU2 [A introns] CNRS-Gif-sur-Yvette

HM410 MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 can1-100 C. Herbert (11),
nam2A::LEU2 [wt 777-3A%*] CNRS-Gif-sur-Yvette

HMA411 MAT« ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 can1-100 C. Herbert (11),
nam2A::LEU2 [box7 mutant (V328)7] CNRS-Gif-sur-Yvette

$912/50 MATa his4d NAM2-1 [p°] C. Herbert (11),

CNRS-Gif-sur-Yvette

CNRS, Centre National de la Recherche Scientifique.

*Strain 777-3A contains a cob gene with five introns including the bl4 intron (49).
The box7 mutant at site V328 is located in the ORF encoding the bl4 maturase and inactivates maturase function (50).

transferase fusion proteins were purified according to the com-
mercial protocol (Amersham Pharmacia) and tested for amino-
acylation activity (13).

Plasmid Constructs Used in Complementation Studies in the Mito-
chondrial LeuRS Deletion Strain. Plasmid pG59/T1 is derived from
a YEp13 library (14) and contains an 11-kbp genomic insert that
encodes the mitochondrial LeuRS gene (MSLI) (15). Restric-
tion digestions showed that the insert orientation was opposite
to the published orientation (15). When pG59/T1 was digested
to completion with Xbal and religated, the resulting pQB184 still
contained the full MSLI gene. Therefore, the smaller pQB184
was used interchangeably with pG59/T1 as a source of the MSL1
gene. A 2.8-kbp Scal/Spel fragment from pQB184 containing
the full MSLI gene was excised and ligated into the EcoRV/Spel
backbone of pBluescript SK* (Stratagene), generating plasmid
pQB185. A 2-kbp BstEIl segment deleting 75% of the MSLI
gene fragment (to give ms/A) was excised from pQB185. The
BstEII ends were filled in by using Klenow fragment and ligated
to “filled-in” BamHI ends of a 1.15-kbp HIS3 fragment within
plasmid YDp-H (16), thereby generating plasmid pQB187.
Plasmid pQB223 was constructed by ligating a 4.5-kbp Sphl/
Xbal fragment containing the MSLI gene from pG59/T1 to the
Sphl/Xbal backbone of plasmid YEplac195 (17).

The presequence from the cytochrome oxidase IV gene (18,
19) was used to construct mitochondrial import vectors pQB111
and pQB136, which also contained a constitutive ADHI pro-
moter (20). Plasmid pQB154 bearing the MetRS gene from M.
tuberculosis was made by cloning the 1.7-kbp BamHI fragment
from plasmid pSLM101 (21) into the BamHI site of pQB111,
and then as a HindIll/Kpnl fragment into the LEU2" vector
YEplac181 (ref. 17; F.H., X.S., P.S., and S.A.M., unpublished
work). Removal of the MetRS-specific sequence (BamHI frag-
ment) from pQB154 yielded plasmid pQB153, which was used as
the vector control.

The pC3-Mtb plasmid was engineered by PCR amplification of
the M. tuberculosis LeuRS gene from plasmid pLEU10 using
Vent DNA polymerase (New England Biolabs) and 5" and 3’
primers that introduced, respectively, Xbal and Bg/II sites. The
PCR product was restriction digested and the gene was inserted
into pQB153 that had been cleaved with Xbal and BamHI.
Primers that contained 5’ Xbal and 3’ BamHI sites were
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designed to amplify human mitochondrial LeuRS by reverse
transcription (RT)-PCR using the published sequence (22).
Template mRNA (a gift from S. Ferrington, Harvard University,
Cambridge, MA) was isolated from a human blood cell line K562
(RA6) using PolyATract Systems III (Promega). The PCR
product was digested (with appropriate restriction enzymes) and
inserted into the Xbal and BamHI site of plasmid pQB153 to
yield plasmid pC3-Hs.

The LEU2 marker of the pC3-Mtb plasmid series encoding
wild-type and mutant M. tuberculosis LeuRS genes was swapped
with a TRPI marker to carry out complementation experiments
in yeast strains that contained different variants of the mito-
chondrial genome (11). Specifically, pC3-Mtb was cleaved with
Scal and Nil followed by gel purification to separate the 5.3-kbp
fragment encoding the LeuRS gene from the 3.2-kbp fragment
containing the LEU2 marker. The TRP1 gene was excised from
YEplacl12 (17) by restriction digestion with Scal and Niil,
yielding a 2.5-kb fragment and cloned into these same restriction
sites (of the 5.3-kbp fragment) from pC3-Mtb, thus yielding
plasmid pSBR-Mtb/Trp.

Yeast Strains and Media. Standard methods for yeast propagation
and transformation were used (23). Table 1 lists the yeast strains
that were used in this work and their genotypes. Yeast strains
that contained wild-type (HM410) and mutant (HM402 and
HM411) mitochondrial genomes as well as plasmids contain-
ing the wild-type yeast mitochondrial LeuRS (NAM2;
YCpGMCO074) and G240S suppressor mutant (NAM2-1;
YCpGMCO075) were provided by C. Herbert (Centre National de
la Recherche Scientifique, Gif-sur-Yvette, France) and used
exactly as described in previous experiments (11). Strains EY699
(which is equivalent to W303 MATa ade2-1 ura3-1 his3-11,15
trpl A63 leu2-3,112 canl-100) and EY722 (which is equivalent to
W303 MAT«a ade2-1 ura3-1 his3-11,15 trpl-1 leu2-3,112 canl-
100) were obtained from E. Elion (Harvard Medical School,
Boston, MA; ref. 24). Strains CH1271 (MATa ade6 lysl) and
CH1272 (MATa ade6 lysl) were a gift from C. Holm (University
of California, San Diego) and used for mating-type testing.
Strains QBY51 and QBY52 were obtained, respectively, by
growing strains CH1271 and CH1272 in the presence of ethidium
bromide (25 pg/ml) and screening for rho® colonies (25). Strain
QBY274 (KarlAl5) was generated by transforming strain
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EY722 with 10 ug of Bglll-restricted plasmid pMR1593 (26).
Transformants were purified twice on 5-fluoroorotic acid plates
to select for Ura  recombinants, and their genotypes were
verified by Southern hybridizations.

Construction of Null Strain. Although a disruption of the yeast
mitochondrial MSLI gene (W303A MSLI) has been described
(15), a new null strain QBY276, which has a more extensive
deletion of the MSLI ORF, and contains a HIS3 selectable
marker instead of the LEU2 marker, was constructed. For this
purpose, plasmid pQB187 was digested with Sall and Xbal to
remove the ms/A-containing insert and then the insert was used
to transform strain EY699 (24) by the one-step gene disruption
method (27). Twelve transformants were purified on complete
minimal medium that lacked histidine [SC-His (23)]. Genomic
DNA from these transformants was digested with PstI and
analyzed by Southern hybridization using a 2.4-kbp PstI probe
(from pQBI185) that is internal to the MSLI gene and spans the
BstEIl segment that was deleted in the pQB187 ms/A construct.
Using this probe, the unmodified strain showed a 2.4-kb hybrid-
ization signal whereas the desired ms/A::HIS3 allele gave a faint
hybridization signal at 1.4 kb (less intense because of sharing only
a 280-bp complementary DNA sequence with the probe). Strain
QBY320 [QBY276 (pQB223) p*] was generated by transforma-
tion of the null strain QBY276 (AMSLI) with a maintenance
plasmid pQB223 that harbors the MSLI gene and a URA3
marker. A Ura™ transformant was purified and mated with strain
QBY274 in a standard cytoduction procedure to generate a p*
derivative (26). Cytoductants were micromanipulated on rich
glucose medium (yeast extract/peptone/dextrose) and allowed
to form colonies; the colonies were later purified on complete
minimal medium that lacked histidine and uracil and contained
glycerol to select for rho* derivatives of QBY276 (pQB223).

Complementation of Yeast Mitochondrial LeuRS Deletion Strain. Plas-
mids pC3-Mtb, pC3-Hs, and pQB184 (each of which contains a
LEU? selectable marker) were used to transform strain QBY320
[msl1A::HIS3 p*(pQB223)]. Six Leu™® transformants for each
plasmid were isolated. Cells harboring both the maintenance
plasmid pQB223 (URA3 marker) and transformed plasmid with
LEU2 marker were grown on S-fluoroorotic acid medium to
select for loss of pQB223. Ura- segregants then were tested for
growth on glycerol medium to determine complementation.
Because QBY320 also contains an ade2 mutation, cells with
intact or restored mitochondrial function develop a red pigment
that also can be used as a qualitative indicator (28). Subsequent
to selection on 5-fluoroorotic acid medium, growth of the msl1
deletion strain (QBY320) on glycerol medium was tested to
ensure dependence on the presence of a heterologous enzyme.
Single colonies complemented by pC3-Mtb or pC3-Hs were
grown nonselectively in rich medium (yeast extract/peptone/
dextrose) to induce low-frequency loss of the LEU2-bearing
plasmids. Colonies were diluted and plated at 300 colonies/plate
to verify that those that were leucine auxotrophs (having lost
the LEU2-bearing plasmid) were unable to grow on glycerol
medium.

RT-PCR Analysis. Yeast cells (QBY320) that had lost the mainte-
nance plasmid pQB223, but contained pC3-Mtb (wild type or
mutant) or pQB184 were grown in medium containing 0.05%
glucose, 1% glycerol, and 1% ethanol to an optical density (600
nM) of 1.5. Total RNA was isolated from the yeast mitochondria
(29). The RNA was denatured for 1 min at 90°C, and primers
targeting the B4 and B5 exons were annealed at 48°C for 45 min.
RT was carried out by using avian myeloblastosis virus-RT
(Promega) at 37°C for 1 h. The cDNA was denatured and
amplified by PCR (30 cycles: 94°C, 1 min; 50°C, 1 min; 72°C, 2
min). Controls carried out in the absence of RT yielded no PCR
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Fig. 1. Genes encoding M. tuberculosis or human mitochondrial LeuRSs

rescue a respiration-deficient yeast strain that contains a null allele of the gene
encoding mitochondrial LeuRS. Strain QBY320 was transformed with plasmids
expressing LeuRS originating from M. tuberculosis (pC3-Mtb), human mito-
chondria (pC3-Hs), and yeast mitochondria (pQB184), as well as a vector only
control (pQB153). Four Leu* transformants from each were purified on 5-fluo-
roorotic acid to remove the maintenance plasmid and then were tested for
complementation of the MSLT null strain on glycerol medium as described in
Materials and Methods. Two sets of colonies for the parent (W303) and null
(QBY276) strain also were tested as controls. Dark colonies reflect red pig-
mentation because of an ade2 mutation (see Materials and Methods).

products, thus indicating that amplification was not caused by
DNA contaminants.

Results

Complementation of Disrupted Yeast Mitochondrial Strains by Human
and M. tuberculosis LeuRS Genes. We first constructed a null allele
(AMSLI) of the gene for S. cerevisiae mitochondrial LeuRS
(MSL1I). The null strain (QBY320; Table 1) then was used to
investigate complementation by genes expressing LeuRS from
human mitochondria (pC3-Hs) and M. tuberculosis (pC3-Mtb).
Each LeuRS-encoding sequence was genetically fused at its N
terminus to a DNA fragment coding for a yeast mitochondrial
import sequence. Growth of the null strain QBY320 with each
of the transgenes was tested on glycerol and glucose medium
(Fig. 1). After 2 days at 30°C, strains containing pQB184,
pC3-Mtb, or pC3-Hs grew on glycerol medium. Thus, M. fuber-
culosis LeuRS and human mitochondrial LeuRS can substitute
for the yeast mitochondrial LeuRS.

The prokaryotic M. tuberculosis LeuRS presumably does not
function in splicing. Likewise human mitochondria DNA com-
pletely lacks introns (30), suggesting that human mitochondrial
LeuRS is not designed for splicing per se. The results in Fig. 1 are
in sharp contrast to TyrRS-dependent RNA splicing in N. crassa
mitochondria where tyrosine enzymes from E. coli and S.
cerevisiae cannot compensate for a missing N. crassa mitochon-
drial TyrRS (10).

Mutational Analysis of M. tuberculosis LeuRS in Group | Intron
Splicing. Li et al. (11) previously constructed a series of yeast
mitochondrial LeuRS mutants to dissect regions that impact
splicing versus aminoacylation activity. In particular, they tar-
geted a discrete domain called connective polypeptide 1 or CP1
[~200 aa (31, 32)], which interrupts the primary sequence of the
catalytic cores of class I tRNA synthetases. The CP1 domain
within the closely related Val- and Ile-tRNA synthetases con-
tains an active site for editing misactivated amino acids (33, 34).
Determinants for binding to the tRNA acceptor helix also are
encoded by CP1 (35-38). This inserted domain was the site of a
suppressor mutation that was selected to compensate for a
defective b4 maturase expressed from the bl4 intron (3, 4, 6).

The previous work also identified mutations in yeast mito-
chondrial LeuRS that abolished splicing activity, but retained
activity for aminoacylation. These included a point mutation in
CP1 distinct from the aforementioned suppressor mutation. In
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A. CP1

Mt-1 i PEQVEKTMOQERN|W|I|leg]R sTeaAVAL
Mt-2 WPEQVEKTMORNIN|W|[I|[G]RATGAVAL
ML WPEQVKTMOQERNDN|W|I|GIR S 5GATVL
Bs i PESIKDMOQERN|W|I|leg|]R sEcRHVH
Ec WPDTVETMOQRN|WII|IGIR SEGVETIT
Scm WPSNVEKQMOQEKNDN|W|I|GIES VGARELV
Nem WPERVLAMOQEKN|W|ILIGIK S KGATVK
Hsm EWYGIKGMOQAH|W|I|GIDCVGCHLD
Scc RQSGEGVTPOQE|Y|I|IGlIVKIEARLETF
Nee RSEGEGVLPQEIYITIAILKLEKVTEW
B. C-terminus —

Mt-1 ATPREKVIVVA--GER|LVNLVI--
Mt-2 ATPREKEVIVVA--GER|LVNLVI--
MI ATPREKEVIVVA--gGERlLIsLVI-
Bs KTIRKIIAVP--GEK|LIVNIVAN-
Ec VTVREVIYVP--GK|[LILNLVVG
Scm KFVMKFNVIS---FLFHK - - - -
Ncm VSKAKKVIVVERGGEK|LLNVVM- -
Hsm RSIKKSFLSPR-TA|LINFLVQD
Sce MKRAMPFISLLEK® QR|LIAN-EKPE
Ncc MKEKKAMPFVQALEKEKR|LIKDGEPAE
Fig. 2. Polypeptide sequence alignments of regions of LeuRS that contain

splicing-sensitive elements. (A) CP1 region. The conserved boxed G is the
location of the G288S splicing suppressor (3, 6). The conserved boxed W is the
location of the W286C substitution that abolishes splicing activity (11). (B)
C-terminal region. The two eukaryotic cytoplasmic enzymes contain a C-
terminal extension of approximately 75 residues that is not shown. Abbrevi-
ations: Mt-1, M. tuberculosis (reported herein); Mt-2, GenBank accession no.
2501027; M, M. leprae; Bs, B. subtilis; Ec, E. coli; Scm, S. cerevisiae mitochon-
drial; Ncm, N. crassa mitochondrial; Hsm, Homo sapiens mitochondrial; Scc, S.
cerevisiae-cytoplasmic; Ncc, N. crassa cytoplasmic.

addition, a deletion of 5 aa from the C terminus of the LeuRS
suppressor mutant (3, 6) eliminated splicing activity. In contrast,
this deletion protein complemented a yeast strain that contained
an intronless mitochondrial genome. The latter result showed
that the C-terminal deletion did not eliminate aminoacylation in
vivo.

An alignment of sequences of leucine enzymes from yeast,
Mycobacteria, E. coli, and human mitochondria show sequence
similarities in the C-terminal region and also in the region of CP1
that is important for splicing. This latter region is marked by a
conserved WIG tripeptide (Fig. 2). We introduced mutations
into M. tuberculosis LeuRS that were analogous to those that
selectively affected splicing activity in yeast LeuRS (11). These
mutations included a W286C substitution (that abolishes splicing
activity in yeast mitochondrial LeuRS) and the G288S suppres-
sor mutation that compensated for the absence of a fully active
maturase (3). Finally, the G288S suppressor substitution was
combined with a 5-aa C-terminal deletion (ACS) in M. tubercu-
losis LeuRS that would (by analogy with the previous work on the
yeast enzyme) be expected to eliminate splicing.

The M. tuberculosis wild type and G288S LeuRS comple-
mented the yeast null strain on glycerol medium (Fig. 3). In
contrast, the W286C LeuRS and G288SACS5 variant did not
complement. Thus, the phenotypes of mutations within the M.
tuberculosis enzymes are consistent with those seen with the
mutant yeast mitochondrial enzyme.

Complementation experiments using null strains with altered
mitochondrial genomes, which originally were used to test yeast
mitochondrial LeuRS mutants as described above (ref. 11; Table
1), were reproduced by using the M. tuberculosis LeuRS wild-
type and mutant genes (Fig. 4). As found for the QBY320 null
strain (Fig. 1), the wild-type M. tuberculosis LeuRS gene com-
plemented the HM410 null strain (contains a wild-type mito-
chondrial genome). However, and similar to the yeast mitochon-
drial LeuRS gene (11), the M. tuberculosis gene could not
compensate for a mitochondrial mutation that yields an inactive
maturase (HM411). The maturase mutation in the yeast null

13746 | www.pnas.org

Glucose
(-Leu)

Glycerol
(-Leu)

Vector only

Yeast mitochondria
M. tuberculosis (wild type)
M. tuberculosis (W286C)
M. tuberculosis (G288S)
M. tuberculosis (G288SACS)

Fig. 3. A W286C mutant or G288SAC5 deletion of M. tuberculosis LeuRS
abolishes complementation. Mutations were introduced into M. tuberculosis
LeuRS genes using pC3-Mtb and tested for complementation of null strain
QBY320. The G288S mutant and wild-type M. tuberculosis gene comple-
mented the null strain. Similar to previous studies using yeast mitochondrial
LeuRS (11), a W286C and a G288SAC5 mutation in the M. tuberculosis protein
did not complement strain QBY320 on glycerol medium. A vector only control
(pQB153) also was included. All strains grew on medium containing glucose
that does not require mitochondrial function.

strain HM411 was suppressed by an M. fuberculosis LeuRS
mutant (G288S), which is homologous to the G240S mutant
yeast mitochondrial LeuRS NAM2-1 suppressor.

The M. tuberculosis deletion mutant G288SACS comple-
mented the null strain HM410, but in a temperature-sensitive

in
% g
w _—
-~ S £ %
T 9 & &
= = Y ¥
=4 & wn wn v
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- = £ £
@ = T = S
¥ %] - - -
- = = = =
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L _ . AZintron
- W HM410

28 °C |

wild type

' bl4 maturase

HM402
AZX intron

HM410
wild type
HM411

inactive
bI4 maturase

36 °C

Fig. 4. Complementation by the M. tuberculosis wild-type LeuRS, G288S
“suppressor,” and G288SAC5 deletion mutant of null strains that contain
mitochondrial genome variations. Null strains tested for complementation
included wild type that contained all 13 mitochondrial introns (HM410), an
intronless mitochondrial genome (HM402), and a single site mutation (V328;
HM411) that inactivates the bl4 maturase (ref. 11; Table 1). Each null strain
contained a deletion in the nam2 allele. The plates were incubated on glycerol
medium at either 28°C for 3 days or 36°C for 5 days exactly as described for
previous experiments with yeast mitochondrial LeuRS mutants (11).
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M.tb LRS (W286C)
M.tb LRS (G288SAC5)

=
3 E
E 2
= 4
= &
a =

M.tb LRS

1500 bp —» Unspliced
1000 bp » Intron
B4 - B5
2.50 bp- Spliced
primers —» Piodiiet

Fig.5. RT-PCR amplification of spliced B4-B5 exons. The first lane contains a
DNA ladder of markers (Stratagene). The second and third lanes, respectively,
represent RNA isolated from the yeast null strain (QBY320) that contained
plasmids expressing wild-type LeuRS from yeast and M. tuberculosis. The
unspliced and spliced B4-B5 exon products are indicated by respective bands
atabout 1.5 kbp and 250 bp. The fourth and fifth lanes, respectively, show that
the intron remains unspliced when genes containing either the W286C mu-
tant or G288SACS5 deletion of M. tuberculosis LeuRS are used in attempts to
complement the yeast null strain.

manner at 28°C and not at 36°C (Fig. 4), as found with the
corresponding yeast mitochondrial LeuRS mutant (11). Comple-
mentation activity by the M. tuberculosis LeuRS G288SACS
mutant was further investigated to determine whether it was
specifically deficient in the splicing function. A null strain that
completely lacked mitochondrial introns (HM402) was comple-
mented by M. tuberculosis G288SACS5 LeuRS at 36°C. Thus, the
M. tuberculosis LeuRS C-terminal truncation mutant sustained
translation, but not splicing at higher temperatures.

Complementation experiments also determined that the M.
tuberculosis mutant W286C did not rescue strains HM402,
HM410, or HM411 (data not shown). The same results were
found previously with the corresponding yeast mitochondrial
LeuRS mutant (11). The explanation for this result remains
unclear.

HM402 containing the M. tuberculosis mutant W286C or
G288SACS was further tested by crossing the null strain with a
rho® strain [S912/50 (ref. 11; Table 1)] that lacked a mitochon-
drial genome, but contained a wild-type yeast mitochondrial
LeuRS. Progeny from the mating test grew on glycerol medium,
supporting the conclusion that the mitochondrial genome was
intact in these progeny and therefore in HM402. Thus, the
mutations placed in the M. fuberculosis enzyme do not affect the
integrity of the mitochondrial genome. Instead, they affect its
ability to create functional mitochondria.

Analysis of Products of bl4 Intron Splicing. Primers targeting the B4
and BS exons that flank the bI4 intron as well as RNA isolated
from the yeast strains (QBY320) used in the complementation
assays were incorporated into RT-PCRs to test for spliced
products. Strains complemented by the wild-type yeast and M.
tuberculosis LeuRS contained a spliced B4-B5 product of about
250 bp as expected (Fig. 5). Consistent with previous results with
the yeast mitochondrial enzyme (11), strains that expressed the
W286C and G288SACS5 mutant M. tuberculosis leucine enzymes
failed toyield a spliced B4-B5 product. This result shows that the
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Fig. 6. Aminoacylation activity of M. tuberculosis wild-type and W286C
glutathione S-transferase-LeuRS. The aminoacylation assay was carried out by
using 50 nM LeuRS and 10 uM tRNALeY (E. coli), which was prepared by in vitro
transcription using T7 RNA polymerase (47). M. tuberculosis LeuRS wild type
(m); M. tuberculosis LeuRS W286C mutant (@).

mutant M. tuberculosis enzymes fail to support a specific RNA
splicing event. This, in turn, is what appears to prevent formation
of functional mitochondria.

Analysis of M. tuberculosis LeuRS Aminoacylation. We also ex-
pressed in E. coli the M. tuberculosis wild-type and W286C
mutant LeuRS as N-terminal fusions with glutathione S-
transferase (GST). Using glutathione affinity chromatography,
GST-LeuRS was purified to homogeneity. Although the W286C
mutant enzyme has no complementation or splicing activity in
vivo, it retained activity for aminoacylation (Fig. 6).

Discussion

Leucine enzymes from diverse origins can substitute for the yeast
mitochondrial LeuRS intron-specific splicing function. In con-
trast, N. crassa mitochondrial TyrRS, which contains a critical
peptide that is idiosyncratic to N. crassa and P. anserina (10),
promotes splicing of a diverse set of introns (39, 40). Amino-
acylation of tRNA™T in N. crassa also depends on this unique
peptide element, suggesting that it may have properties that
promote specific protein—-RNA interactions with both the group
I intron and N. crassa tRNAT™ (10, 41). RNA footprinting
analysis combined with tertiary structure models supports that
TyrRS interacts with a tRNA-like moiety in the group I intron
(42, 43).

Neither M. tuberculosis nor human mitochondrial LeuRSs
would be expected to have specifically adapted for a role in
splicing because both the prokaryote and human mitochondria
genome lack group I introns. Because the LeuRSs from widely
separated organisms can facilitate splicing in the mitochondria
of S. cerevisiae, it is likely that broadly conserved determinants
required for aminoacylation of tRNAL" have been recruited to
bind to the group I intron and enable splicing of the bl4 and al4«
introns within yeast mitochondria. Although it is possible that
LeuRS binds to the group I intron via a tRNA-like feature, it is
clear that interactions with the leucine enzyme have required
minimal, if any, special adaptations beyond its natural tRNA
binding properties.

The differences between LeuRS- and TyrRS-dependent splic-
ing functions are further highlighted when considering that the
two tRNA synthetases interact with group I introns having
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different structural features. CYT-18p interacts with group I
introns from all structural classes if they do not normally contain
the P5abc RNA domain or if the naturally occurring PSabc
domain is removed. The PSabc domain nucleates folding of the
group I intron RNA, but blocks TyrRS binding (45, 46). Al-
though CYT-18p substitutes for the PSabc RNA domain in some
introns, this may be only a part of the TyrRS function because
it contacts a much larger region of the catalytic core (45). The
major role of CYT-18p is to stabilize the overall group I fold
[presumably tRNA-like (42)], and it does this in essentially all
group I introns, even those that lack a PSabc domain. Signifi-
cantly, the bl4 and al4« introns whose splicing is aided by the
LeuRS contain at least part of the essential PSabc RNA domain
(44). Although it is clear that TyrRS and LeuRS interactions
with the group I intron differ, it is possible that similar to
CYT-18p, LeuRS also may hold a tRNA-like element in place to
help stabilize folding of the group I intron.

An appended domain is important for the splicing function of
N. crassa TyrRS. The absence of an apparent splicing-specific
domain within the leucine enzymes (6) may be compensated by
the P5abc RNA domain in the bl4 and al4a introns and,
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additionally or alternatively, by the required maturase protein in
S. cerevisiae. Although it remains unclear whether the maturase
and LeuRS interact via direct protein—protein interactions, we
have obtained evidence via yeast three-hybrid and RNA-
dependent two-hybrid analyses that LeuRS and bl4 maturase
each can bind directly and also simultaneously to the bl4 intron
(48). Thus, in a ternary complex with the RNA, these two protein
splicing partners would be in position to collaborate and regulate
the ribozyme’s inherent self-splicing activity.
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