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ABSTRACT. Previous studies showed that ye&#tS1lencodes both the cytoplasmic and mitochondrial
forms of valyl-tRNA synthetase (ValRS), using alternative transcription and translation. The ValRS isoforms
have identical polypeptide sequences, except for a 46-amino acid leader peptide that functions as a
mitochondrial targeting signal. Although the two forms of the enzyme exhibit indistinguishable tRNA
specificities in vitro, they cannot substitute for each other in vivo because of their different localizations.
Here we show that the 46-residue leader sequence can be divided into two nonoverlapping peptides, each
of which retains the ability to target the enzyme into mitochondria. The engineered proteins (with truncated
leader sequences) are dual-targeted, rescuing both the cytoplasmic and mitochondrial defeetslof a
knockout strain. Thus, in addition to alternative splicing and alternative translation initiation as mechanisms
by which a single gene can encode cytoplasmic and mitochondrial activities, the inherent characteristics
of a single polypeptide may enable it to be distributed simultaneously between two cellular compartments.
This mechanism may explain how certain other single gen&aatharomyces cersiae provide dual
functions.

In prokaryotes, there are typically 20 aminoacyl-tRNA parts of mature proteins. The most common and best studied
synthetases (aaRSspne for each amino acidl{-4). In are the N-terminal signal sequences. These transit peptides
eukaryotes, protein synthesis occurs not only in cytoplasm are highly variable in length (around 260 amino acid
but also in organelles such as mitochondria (and chloroplastsresidues) and sequend®.(So far, no conserved sequences
in plants) 6). Except in some algae, all aaRSs are encoded or structural motifs have been identified for these N-terminal
by nuclear genes and imported post-translationally into their presequences. Common features include being rich in hy-
respective compartments. The compartmentalization of thedroxylated and basic residues, being deficient in acidic
protein synthesis machinery within the cytoplasm and residues, and the propensity to form an amphipathielix
organelles of eukaryotes leads to isoaccepting tRNA speciesin membrane-like environmentg)( The amphipathic nature
that are distinguished by their nucleotide sequences, subcelof these signals is believed to play an important role in
lular locations, and enzyme specificities. Thus, eukaryotes specific recognition by the mitochondrial receptors.

such as yeast commonly have two genes encoding distinct |, contrast to most tRNA synthetases, t&accharomyces
proteins for the same aminoacylation activity, with one cergisiae genesHIS1 (8) and VAS1(9), encode both the
protein localized to the cytoplasm and the other to the itgchondrial and cytosolic forms (valyl- and histidyl-tRNA
mitochondria. Each enzyme aminoacylates the Isoacceplinggynihetases, respectively). Distinct mMRNAs are produced

tRNAs within its respective cell compartment but is S€qUes- ¢rym each of these genes. The mMRNAs of these genes encode
tered from the isoacceptors localized in other compartments.qq ajternative in-frame initiation codons. The mitochondrial

Precursor forms of nuclear-encoded mitochondrial proteins ¢4 of the enzyme is translated from the first initiation AUG
harbc_>r targeting and sorting S|gr_1als that guide th_em_ to various .54on on the “long” message, while the cytosolic form is
locations within the mitochondrion. These transit signals are ;.o nclated from the second in-frame AUG codon on the
present as cleavable amino-terminal signal sequences or asgp,q ¢ message (Figure 1). As a consequence, the mito-
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Ficure 1: Alternative transcription and translation ¥AS1 Two
major transcripts are derived froMAS1 the only gene inS.
cerevisiaeencoding ValRS. The longer message uses the first AUG
codon (AUG) to initiate the translation of the mitochondrial form
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complementation assays. For clonMgS1linto a high-copy
number yeast shuttle vector (pADH) with a constitutMeH
promoter, a forward primer with aBad site (located 6 bp
upstream of th& ASlopen reading frame) was paired with
the aforementioned reverse primer (with ¥hd site) to
amplify the open reading frame 9fAS1 The PCR fragments
were subsequently digested wiag and Xhd and then
cloned into pADH for expression and complementation
assays. Note that pADH is a derivative of pQB169 (Cubist
Pharmaceuticals, Inc., Lexington, MA), with the addition of
an Ead site and anXhd site into the preexisting multiple
cloning site and of a short sequence encoding a six-His tag
immediately following thexhd site. Various point mutations,
such as M1A (ATG to GCGE) and M47A (ATGY to

of ValRS, while the shorter message uses the second AUG codonGCG"), were subsequently introduced into appropriate

(AUG*) to initiate the translation of the cytoplasmic form. Note
that the longer message contains both AUG codons (At

AUG*), while the shorter message contains only the second AUG

codon (AUGY). The 138 bp DNA segment between the two initiator

AUG codons encodes a 46-residue leader peptide that functions a

a mitochondrial targeting signal.

valyl-tRNA synthetase 1(1), as well as forNeurosporra

sequences following standard protocols.
For cloning mitochondrial ValRS derivatives with partial
N-terminal deletions into pRS315, &fdd site was inserted

at the first initiation codon (AT of the wild-type gene,

yielding VAS 1'%, Various DNA fragments containing base
pairs 31550, 61-550, and 106550 (encoding peptides
containing amino acid residues-1183, 21-183, and 34

crassavalyl-tRNA synthetasel?2). In these instances, one 183 respectively) were independently amplifiedNe —
nuclear gene encodes two distinct proteins, one of which ggp fragments by PCR usingASM7A as a template&sn
targets the cytoplasm and the other mitochondria. The mech-is g native restriction site IFAS). The PCR fragments were
anism by which these single nuclear genes can target proteing;;st digested withNdd and Bsmi and then used to re-

to two cellular compartments has not been established.

place the corresponding fragment WAS19  vyielding

Here we investigated the possibility that one gene could VASF1-10MLUMATA \/AGP1-20M2LMATA g\ AS PL-33M34MATA
encode both mitochondrial and cytoplasmic enzymes by a oy construction of ASMUI21-46MA7A 5 DNA sequence con-

mechanism not previously described. In particular, we

taining base pairs-300 to 60 (relative to the AT&nitiation

wondered whether a single tRNA synthetase, translated fromcqgon) ofVAS1was amplified by PCR as afag—Ndd

a single AUG initiation codon, could divide between the
cytosol and mitochondria. This possibility could occur if the
“signal sequence” was inefficient and did not completely
target the protein to the mitochondria. Our interest in this

possibility came from the desire to understand more com-

pletely the versatility of single proteins and the diversity of

fragment and then used to replace the corresponding fragment
in VASP1-46M47 (see below). The expression of these
constructs was analyzed by a Western blot method (data not
shown). For construction &fASEF1~46M47in pRS315, a DNA
fragment containing base pairs 13850 (encoding amino
acid residues 47183) was amplified by PCR as a&dd —

mechanisms for sorting proteins among cell compartments. gspj fragment using wild-typ&/AS1as a template and then
In addition, we think that new mechanisms are at least a yge( to replace the corresponding fragmenvAs1ide,

formal possibility to be considered with systems such as the Complementation Assays for the Cytoplasmic Function of
single genes encoding both forms of the above-mentioned\/png1 A diploid yeast strain that has\#AS1deletion in one

A. thalianaand other tRNA synthetases (suctagereisiae
glycyl-tRNA synthetase) 13) where the mechanism for

of the two sets of chromosomes was purchased from
Research Genetics (Huntsville, AL). A haplaids1knock-

targeting and sorting has not been established. For these, srain, designated CW1, was derived from this heterozy-

purposes, we chosB. cereisiae ValRS and attempted to

gous diploid strain following standard protocols. Briefly, a

create enzyme constructs that enabled both the cytoplasmlqo\,\,_coon number yeast shuttle vector pRS316 (withRA3

and mitochondrial activities to arise from a protein translated
from a single (rather than two) AUG initiation codon.

EXPERIMENTAL PROCEDURES

Construction of Various VAS1 ConstrucGloning of
VAS1 from the yeastS. cereisiae followed standard
protocols. For cloning/AS1linto a low-copy number yeast
shuttle vector pRS315L4), a pair of oligonucleotides with
an Ead site and anXhd site, respectively, were employed
to amplify theVAS1gene (using yeast genomic DNA as a
template) via PCR. The “forward” primer with &wad site
was located 300 bp upstream of tMAS1open reading
frame, while the “reverse” primer with akhd site was

marker) containing wild-typ®AS1was transformed into the
VASImutated diploid strain (a/, his301/his301, leu2-
O0/leu240, Ovas¥VAST met15810/MET15 lys2010/LYS2
ura3-00/ura3-10) prior to sporulation and tetrad dissection
to maintain the growth ability of the resultimgras1haploid
strain. Complementation assays for the cytoplasmic function
of plasmid-bornevASland its derivatives with th€EU2
marker were tested by introducing into CW1 the second
plasmid and determining the ability of the transformants to
grow in the presence of 5-fluoroorotic acid (5-FOA). The
cultures were incubated at 3@ for 3—5 days or until
colonies appeared. The transformants evicted the mainte-
nance plasmid with th&JRA3 marker in the presence of

located immediately upstream of the stop codon. The 3.6 5-FOA. Thus, only an enzyme with the cytoplasmic ValRS

kb PCR fragments were subsequently digested il
and Xhd prior to cloning into pRS315 for expression and

activity encoded by the second plasmid (with thEU2
marker) could rescue the growth defect.
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Complementation Assays for the Mitochondrial Function wt VASI/pRS315
of VAS1Because/ASlis bifunctional, assay of mitochon-
drial ValRS activity for constructs that already expressed a
functional cytoplasmic ValRS could be done by testing the
transformants on YPG (yeast extract/peptone/glycerol) plates yasii4papi—»
following 5-FOA selections. However, assay of mitochon-
drial ValRS activity for constructs that did not encode a
functional cytoplasmic ValRS required an additional plasmid
to provide the essential, cytoplasmic ValRS activity (after pasmapapH—»
eviction of the original maintenance plasmid on 5-FOA
plates). To be consistent, assays for mitochondrial ValRS
were carried out for all the constructs, regardless of whether
these constructs expressed a functional cytoplasmic ValRS,
by cotransforming CW1 with a second maintenance plasmid
that expressed a functional cytoplasmic ValRS but was
defective in mitochondrial ValRS activity. (In this report, B
VASMA or VASTP146M47 cloned into pRS313 was used as
the second, cytoplasm-only, maintenance construct.)

Briefly, CW1 was cotransformed with the test plasmid V45/"'*/pADH—»
(with a LEU2 marker) and the second maintenance plasmid
(with a HIS3 marker). The first maintenance plasmid with
the URA3 marker was evicted from the cotransformants,
while the second maintenance plasmid with EH&3 marker
was stably retained in the presence of 5-FOA. As a result,
all cotransformants survived 5-FOA selections, due to the
presence of the cytoplasmic ValRS derived from the second
maintenance plasmid. The cotransformants were further
tested on YPG plates for their mitochondrial phenotypes. A Ficure 2: Complementation of theas1knockout strain CW1 by
yeast cell cannot survive on glycerol without functional the two forms of ValRS. Complementation of the cytoplasmic

. : . .. and mitochondrial phenotypes of thasl knockout strain was
mitochondria. Because the second maintenance plasmlql’;‘hown by the ability to lose the maintenance plasmid and grow

encoded only the cytoplasmic form of ValRS, the cotrans- on 5.FOA and YPG plates, respectively. (A) Complementation
formants could not grow on YPG plates unless a functional assays on a 5-FOA plate. (B) Complementation assays on a YPG

mitochondrial ValRS was encoded by the test plasmid. plate.

4— VASIMYTA/pRS31S

(il «— 1/ AS/M 1 A[pRS315

wt VASI/pADH

wt VAST/pRS315

4 VASIMYAPRS3 1S

VASIMATA D ADH—p +— VASIMIAPRS3IS

wt VAS1/pADH

RESULTS plasmids 9). We were motivated to ask whether a dual
targeted ValRS could be designed without changing its
Strategy for Studying Differential Localization of the VAS1 expression level. To accomplish this objective, the efficiency
Gene ProductsAlthough the two forms of the yeast valine  of mitochondrial import was manipulated such that only a
enzyme share most of the same polypeptide sequencesraction of the preproteins was imported into the mitochon-
(Figure 1), the mitochondrial enzyme cannot substitute for dria with the rest remaining in the cytoplasm. To this end,
its cytoplasmic counterpart in vivo, and vice verSp These  various truncations were independently introduced into the
observations suggest that the compartmentalization of theN-terminal transit peptide of the mitochondrial ValRS
ValRS isozymes is efficient. Both enzyme forms are ad- precursor to impair its import efficiency. Many of these
dressed to their respective compartments, i.e., the cytoplasmryncations removed the first initiation codon (AUG). The
and mitochondria. Cytoplasmic aaRSs are essential for theresulting constructs were tested for their ability to rescue
survival of the cell under any condition, while the mito-  the yasideleted allele. To preclude the possible interference
chondrial enzymes are essential only when the mitochondrialcaused by the cytoplasmic form of ValRS, a missense
function is required, such as growth on a medium containing mutation that changed the ATGcodon to a GC& codon
glycerol (a nonfermenting carbohydrate) as the sole carbon(Met-47 to Ala-47) was introduced. As a consequence, none
source. These properties were used to test a particular aaR®f the native ATG initiators, ATG and ATG7, were
for its cytoplasmic and mitochondrial functions. available. To initiate the translation of these deletion mutants,
Engineering a Dual Targeted ValRS Proteiss shown an ATG codon was independently introduced at the begin-
in Figure 2, the cytoplasmic form of ValRS (encoded by ning of each new open reading frame (Figure 3A).
VASMA), when expressed from a low-copy number plasmid ~ As shown in panels B and C of Figure 3, deletion of the
vector pRS315, could rescue the growth defect afaal 10 N-terminal amino acid residues had no discernible effect
knockout strain on a 5-FOA plate (Figure 2A). In contrast, on its complementation activity. The truncated protein
it could not restore the growth phenotype of the knockout (VASPL10MI1VMATA hehaved as a mitochondrial enzyme
strain on a YPG plate (Figure 2B). Thus, the cytoplasmic (Figure 3C). Deletion of the 20 N-terminal amino acid
ValRS, when expressed at low levels, could not substitute residues yielded an enzym@ASP1-20M21M47A) that could
for its mitochondrial counterpart. This result is consistent complement the cytoplasmic as well as the mitochondrial
with previous observations, in which the ValRS isozymes defects of aaslknockout strainVASF1-20M2UM47Arescued
were expressed from the yeast chromosomes rather tharthe growth phenotypes of the knockout on both 5-FOA and
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M21 M4TA
VASTA 1-20M21M4TA —# + +
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Ficure 3: Complementation of theaslknockout strain CW1 by AS1mutants with a truncated mitochondrial targeting signal. CW1 was
transformed with the various mutants\@AS1and then tested for its growth phenotypes. (A) A schematic summary dABdconstructs

and their complementation activities. (B) Complementation assays on a 5-FOA plate. (C) Complementation assays on a YPG plate. Construction
of the VAS1mutants with a truncated mitochondrial targeting signal is as described in Experimental Procedures. For clarification, the
initiation methionines (M1 and M47) of the cytoplasmic and mitochondrial forms of ValRS as well as their corresponding mutations (M1A
and M47A, respectively) are indicated. Dashed lines denote deleted portions of the segment encoding the leader peptide of the mitochondrial
form of ValRS. All theVAS1constructs in the assay used a nati®&®S1promoter for transcription. M11, M21, and M34 denote ATG

codons artificially introduced intt/ AS F1-10M1UMATA \/AS P1-20/M2LIMATA gnd VAS P1-33/M34IMATA regpectively.

YPG plates, and the transformants appeared after growth forATG?! codon, are responsible for both the cytoplasmic and
3 days at 30C (Figure 3B,C). Further deletion to residues mitochondrial ValRS activities.
33 and 46 yielded truncated enzymgé\g 1 -33/M34/M47A gng These results showed that a truncated signal peptide is
VASTP1-46M47  respectively) that could no longer act as sufficient for directing a significant fraction of the preproteins
mitochondrial enzymes and rescued only the cytoplasmic into mitochondria. Whether the part of the signal peptide
defect of the knockout allele. It should be pointed out that a that was removed, containing N-terminal residue2Q@, also
mitochondrial ValRS enzyme without the leader peptide had mitochondrial targeting activity was next investigated.
(VASEL46M47) is jdentical to its cytoplasmic counterpart. Pursuant to this objective, an internal deletion construct
The bifunctional nature 0fAS1can be attributed to altern- ~ (VASMV/E21-46/M478) was made by removing part of the leader
ative transcription and translation, in which two initi- peptide (residues 2146) from the native mitochondrial
ators, ATG and ATG", serve as the translation start sites precursorVASIMB21-46M47A rescued both the cytoplasmic
for the mitochondrial and cytoplasmic enzymes, respec- and mitochondrial defects of theasl knockout (Figure
tively. To ensure that the primary translation product of 3B,C). Thus, the peptide containing N-terminal residues
VASP1-20M21/M47A s dual targeted and responsible for both 1—20 retains at least part of the mitochondrial targeting
the cytoplasmic and mitochondrial ValRS activities, we tested activity that is sufficient for directing the preproteins into
whether other potential translation initiators were present in the mitochondria.
addition to the artificially introduced initiator AT in Expression-Based Dual Targeting of the Wild-Type En-
VASP1-20M2UMa7A Mutation of the ATG! codon (Met-21) zyme.To further test our conclusions, the biological role of
to a GCG! codon (Ala-21) completely abolished the com- ValRS as a cytoplasmic or mitochondrial enzyme was
plementing activity ofVAS P1-20M2IAMA7A in hoth compart- manipulated by altering the expression level of the isozymes.
ments (Figure 3B,C), suggesting that the AT@Godon is To this end, the wild-typ&AS1gene (WtVAS), VASIMA
the sole translation initiation codon fMAS P1-20M21M47A and VASM47A were subsequently cloned into a high-copy
Thus, only primary translation products, initiated at the number plasmid (pADH) under the control of a constitutive
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Table 1. A Schematic Summary of tMAS1Constructs and Their or a leaderless form of mitochondrial ValRS did not permit
Complementation Activitiefs import (Figure 2B). In contrast, although deletion of the
leader peptide of COXVa (encoding the precursor form of
mitochondrial cytochrome& oxidase subunit Va) severely

complementing activity

construct vector/promoter eyt Mit impairs import of the protein, overexpression of a leaderless
WELVAST  pRS313VASIpromoter + + form of the enzyme overcomes the requirement for a signal
xﬁggm f :L peptide in mitochondrial import16). This observation
WtVAS1  pADH/ADH promoter + + suggests that COXVa contains a second, cryptic, internal
VASMIA + + targeting signal that normally does not play a significant role
VASM47A + +

in import but can become active in the absence of the primary
2 Plasmid pRS315 is a low-copy number yeast shuttle vector, while signal. However, there seems to be no alternative signal

PADH is a high-copy number yeast shuttle vector with a constitutive embedded in the internal sequence of ValRS.

ADH promoter. The yeastFUM1 gene appears to take a route different

from the ones described here, but with the same net result.
ADH (alcohol dehydrogenase) promoter. Each construct Wasg ;v1 encodes only one primary translation product that is

then tested for complementing activity. Both the cytoplasmic oqponsiple for both the cytoplasmic and mitochondrial
(VASI"4/pADH) and mitochondrial (AST*™/pADH) forms ¢ arase activities in vivol). The preproteins are appar-

of ValRS, when overexpressed, rescued the cytoplasmicenyy first targeted to the mitochondrial matrix, and then a
defect of the knockout strain. The transformants appearedg;gificant fraction of the processed proteins arrives back in
after growth for 2-3 days on a 5-FOA plate (Figure 2A). o cyioplasm. As a result, the mature forms of the

However, only the mitochondrial enzyme, but not the o qjasmic and mitochondrial fumarases have the identical
cytoplasmic enzyme, could rescue the mitochondrial defect . iacular size.

of thevasZlkdeleted allele. These transformants appeared after HIS1 (the gene encoding histidyl-tRNA synthetasg)and

growth for 2-3 days on a YPG plate (Figure 2B). VAS1(the gene encoding valyl-tRNA synthetasg)éncode

The most likely explanation for these results is that the s . ;
. . ; : both the cytoplasmic and mitochondrial enzymes by alterna-
mitochondrial transport machinery is somehow overloaded _. : T .
tive use of two in-frame translation initiators. This strategy

by the highly exprgssed preproteins, leading to reta_rdatlon is also used in yeast for other single genes that encode both
of at least a fraction of the precursor molecules in the

cytoplasm. Because ValRS cannot discriminate the tRNA cytoplasmic and mitochondrial fo.rms. Examples include at
) i . . . least three yeast tRNA-processing enzymes, encoded by
isoacceptors in the cytoplasm from those in mitochondria .

- .~ TRM1, MOD5, andCCA1 Each of these genes contains more
(10), the retarded precursor molecules can efficiently ami-

noacylate the cytosolic tRNA' species and sustain the than one in-phase ATG codon and encodes two or more

growth of the knockout strain on a FOA plate. In contrast, protein produ_cts dgstmed for d'St”?Ct _comp.artmerit%‘).(
\ : However, a single isoform can coexist in distinct organelles
the cytoplasmic enzyme, even when highly expressed, could S
. : 18, 19). For example, the majority of Ccalp-I, translated
not move across the mitochondrial membranes and thus coul

not rescue the growth phenotype of the knockout on a YPG rom trlllef f'rSJF m-frfrﬁg AT? codon,l IS |fn mléoph%ndrla, bu:
plate (Figure 2B). a small fraction of this isoform is also found in the cytosol.

. . , .. Thus, Ccalp-l may be the closest natural example to the
The results are summarized in Table 1. Consistent with . . . S
) . . strategy described here. Still, the main contribution to cyto-
these observations, when the mitochondrial enzyme was

expressed from a high-copy number plasmid (pRS425) undersm!C enzyme activity comes from Ccalp-Il and Ccalp-Ill,
. o which are initiated from ATG2 and ATG3.

the control of a nativ&/ AS1rather than a constitutivaDH . .

promoter, complementation for the cytoplasmic defect of the Thﬁ, Iﬁ$der Eelpt'de of \(aIRS dpﬁs not fO”T‘ thﬁ typ|_c?l

knockout allele was weak. Transformants only appeared after@MPhiphilic o-helix associated with some mitochondria

growth for 4-5 days on FOA plates (data not shown).

import sequence®). Either of two nonoverlapping pieces
of the 46-amino acid peptide promoted import to a level
DISCUSSION sufficient to allow growth on glycerol. At the same time,
. ) ) _ some protein was also distributed to the cytoplasm. Although
_Through artificial manipulations, a single gene productwas both nonoverlapping peptides are required to target the
distributed between two cell compartments in amounts pratein exclusively to mitochondria, each peptide indepen-
sufficient to allow cell growth on distinct media. As shown  yeny contained enough information to achieve at least some

in Figures 2 and 3, truncation of part of the leader peptide j,nort. Thus. these peptide sequences can direct the ap-
(.g., VAS I 20NZNATAand VAS 1246047 enabled the pegded protéin simul?anpeously t% two compartments. P
otherwise “monofunctional” mitochondrial precursors to act

in both compartments. Most likel}/AS P1-20/M21/MA7A gng ACKNOWLEDGMENT
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