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MODS, a gene responsible for the modification of A37 to isopentenyl A37 of both cytosolic and mitochondrial
tRNAs, encodes two isozymes. Initiation of translation at the first AUG of the MOD5 open reading frame
generates A2-isopentenyl pyrophosphate:tRNA isopentanyl transferase I (IPPT-I), which is located predomi-
nantly, but not exclusively, in the mitochondria. Initiation of translation at a second AUG generates IPPT-H,
which modifies cytoplasmic tRNA. IPPT-II is unable to target to mitochondria. The N-terminal sequence
present in IPPT-I and absent in IPPT-II is therefore necessary for mitochondrial targeting. In these studies,
we fused MOD5 sequences encoding N-terminal regions to genes encoding passenger proteins, pseudomature
COXIV and dihydrofolate reductase, and studied the ability of these chimeric proteins to be imported into
mitochondria both in vivo and in vitro. We found that the sequences necessary for mitochondrial import, amino
acids 1 to 11, are not sufficient for efficient mitochondrial targeting and that at least some of the amino acids
shared by IPPT-I and IPPT-II comprise part of the mitochondrial targeting information. We used indirect
immunofluorescence and cell fractionation to locate the MOD5 isozymes in yeast. IPPT-I was found in two
subcellular compartments: mitochondria and the cytosol. We also found that IPPT-II had two subcellular
locations: nuclei and the cytosol. The nuclear location of this protein is surprising because the
A37-Asopentenyl A37 modification had been predicted to occur in the cytoplasm. MOD5 is one of the first genes
reported to encode isozymes found in three subcellular compartments.

The Saccharomyces cerevisiae MOD5 gene encodes an en-
zyme that catalyzes the modification of tRNA at A37, one base
3' of the anticodon, to generate isopentenyl adenosine (i6A).
This enzyme, A2-isopentenyl pyrophosphate:tRNA isopentenyl
transferase (IPPT), is responsible for the modification of both
mitochondrial and cytoplasmic tRNAs (8, 33) and is found in
mitochondria as well as mitochondrion-depleted cell extracts
(18). Thus, the MOD5 gene encodes proteins found in more
than one subcellular compartment.
There are now many examples of other eukaryotic genes

that code for proteins found in more than one subcellular
location (reviewed in reference 34; see references cited in
reference 18). Members of this family are found in higher
eukaryotes as well as fungi and encode a wide variety of
activities in addition to those involved in tRNA biosynthesis.
We are interested in elucidating the mechanisms that are
responsible for directing such gene products to their correct
cellular compartments.
Our previous studies showed that MOD5 encodes two

proteins which differ at their amino termini (18, 35, 44). They
are produced by initiation of translation at two alternative
in-frame AUGs located at codons 1 and 12, respectively (18).
Initiation at the first AUG generates an N-terminally extended
isozyme called IPPT-I, and initiation at the second AUG
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generates an isozyme, IPPT-II, lacking the first 11 amino acids
(aa) of the open reading frame (ORF). Alternative translation
initiation at these AUGs is dictated, at least in part, by a
translational readthrough of the first AUG of the ORF (44).
The results of studies employing in vitro mutagenesis of

codons 1 and 12 of the MOD5 gene showed that a substantial
portion of IPPT-I is found in mitochondria and is responsible
for mitochondrial tRNA modification. IPPT-II, in contrast,
does not localize to mitochondria and plays no role in mito-
chondrial tRNA modification in vivo (18). These studies
showed that the first 11 aa unique to IPPT-I are necessary for
mitochondrial targeting. However, they did not address
whether the 11 aa comprise the entire targeting signal or
whether peptide sequences shared by IPPT-I and IPPT-II play
a role in mitochondrial targeting. One purpose of the studies
described here was to define the regions of IPPT sufficient for
mitochondrial targeting.
Another goal of our research was to determine the intracel-

lular locations of the IPPT isozymes in yeast cells. Previously,
assaying tRNA modification and subcellular fractionation of
cell extracts, we found that not all of IPPT-I was delivered to
mitochondria and that a functional pool of this activity was
able to modify cytosolic tRNAs (18). Thus, IPPT-I appeared to
be in at least two subcellular compartments. Our current
studies using indirect immunofluorescence show that IPPT-I is
found in mitochondria and the cytosol.
We expected to find IPPT-II in the cytosol. Although the

modification of many nucleosides of tRNA occurs in the
nucleus concurrent with other pre-tRNA processing steps (36),
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FIG. 1. Construction of hybrid genes. (A) Nucleotide sequence of 5' end of the MODS gene. All inserts containing MODS start from the SnaBl
restriction site located 5' of the mRNA start sites (large arrows). The first and second AUG codons of the ORF are boxed. The new DNA
sequences of each of the mutants and the resulting introduced restriction sites are given above the original sequence. (B) Schematic representation
of the hybrid genes. Different-length MODS N-terminal coding regions (open box) were fused in frame to the region encoding aa 20 to 155 of
COXIV or the entire DHFR-coding region (shaded boxes). (C) DNA sequences of fusion junctions.

three lines of evidence led to the prediction that the modifi-
cation of A37 to i6A37 in yeast cells would be catalyzed in the
cytosol. First, in yeast cells, the rnal-I mutation prevents
intron excision and causes the accumulation of intron-contain-
ing pre-tRNAs (20) which do not contain i6A even though
other modifications are present (27). However, it is not clear
that an intron-containing pre-tRNA could serve as a substrate
for i6A transferase. Second, when yeast pre-tRNATYr was
processed in Xenopus oocytes, i6A modification followed in-
tron removal and could be detected only on mature cytosolic
tRNAs (36). Finally when mature tRNAs lacking i6A are
injected into Xenopus oocytes, they can acquire this modifica-
tion in the cytosol (19). These findings indicated that the order
of the late events of tRNA processing is intron removal
followed by tRNA export to the cytosol and by modification of
A to i6A. We were therefore surprised to discover that IPPT-II
is located in the nucleus as well as in the cytosol.

MATERIALS AND METHODS
Strains, media, and growth conditions. S. cerevisiae strains

used were MD14A (MATTa SUP7 canl-100 ade2-1 his5-2
leu2-3,112 lysl-l lys2-1 trpl ura3-1 modS-1 [18]), MT-8 (deriv-
ative of MD14A containing the mod5::TRP1 disruption [18]),
WD1 (MATTa leu2 his3 ura3 coxIV::LEU2 [13]), D273-1OB
(47), and BJ2168 (MA4Ta leu2 trpl ura3-52 prbl-1122 pep4-3
prcl-407 gal2 [25]).

Yeast strains were maintained on YEPD medium or syn-
thetic medium (22) lacking the appropriate nutritional ingre-
dient. To determine growth rate, cells were inoculated into
liquid synthetic medium lacking uracil and containing 3%
(wt/wt) glycerol and 2% (wt/wt) lactic acid as carbon sources.
To prepare cell fractions, yeast cells were grown on YEP-
galactose (1% yeast extract, 2% peptone, 2% galactose) me-
dium supplemented with 100 ,ug of adenine and uracil per ml.
To prepare mitochondria to be used for in vitro import studies,

cells were grown on synthetic medium containing lactate as the
carbon source.
The Escherichia coli strains used were RR1 (F- pro leu thi

lacY Strr rK- mK- hsdR hsdM endof) and MC1066 (leuB trpC
pyrF::Tn5 rK- MK- araT lacXZY rpsL). Yeast strains were
transformed by using the alkali metal protocol of Ito et al. (24).

Plasmids and plasmid constructions. Plasmids containing
wild-type (MODS) or mutant alleles with alterations of the first
(mod5-MJ), second (mod5-M2), or first and second (modS-Ml,
M2) ATGs inserted in low-copy-number (YCf5O) or multicopy
(YEp24 and pJDB207) vectors have been described previously
(18). pMC4 encodes the precursor form of cytochrome oxidase
subunit IV (COXIV) regulated by the yeast ADHI promoter
(23). Plasmid pMSS encodes a pseudomature form of COXIV
(pm COXIV) lacking the first 19 amino acids and is also
regulated by theADHI promoter (23). YCpADH1-mod5-M2-
COXIV and YCpADH1-mod5-M1-COXIV, which code for
fusion proteins containing MOD5 aa 1 to 156 and 12 to 156,
respectively, fused to COXIV have been described previously
(18).

Hybrid genes were constructed by a multistep procedure.
Oligonucleotide mutagenesis (29) was used to introduce re-
striction sites at codons 11 and 12, 21 and 22, 32 and 33, and 46
and 47 (Fig. 1A). The oligonucleotides used were 5'-GGTT
GCTTIAAATATllCTAA-3', 5'-GTGATTGCTGATATCA
CAGGAGTA-3', 5'-GTTGTCCATGGAATTGGCA-3', and
5'-TATCAATTCGGTACCTATGCAGGTA-3', respectively.
The mutant DNAs were digested with restriction enzymes to
generate fragments with one end at the SnaBl site (Fig. 1A)
upstream of the MODS gene and the other at the mutagenized
codon. The fragments were placed in-frame into the coding
sequences of pm COXIV or mouse dihydrofolate reductase
(DHFR) (Fig. 1B). The vectors used to generate these fusions
were G18, a centromere-containing yeast shuttle vector that
possesses the coding region for mature COXIV preceded by a
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polylinker and the yeast ADHI promoter (46), and pDS512, a
vector that replicates in E. coli and contains the mouse DHFR
sequence preceded by a polylinker region and the PN25 X 10
promoter (45). The plasmids containing MOD5-COXIV fu-
sion sequences are referred to as 1-11 MOD5-COXIV, 1-21
MOD5-COXIV, 1-32 MOD5-COXIV, and 1-46 MOD5-
COXIV and encode, respectively, MOD5 aa 1 to 11, I to 21, 1
to 32, and 1 to 46 fused to COXIV. Those containing MOD5-
DHFR fusion sequences are referred to as 1-11 MOD5-
DHFR, 1-21 MOD5-DHFR, 1-32 MOD5-DHFR, and 1-46
MOD5-DHFR. Note that each fusion junction joins the
MOD5 sequence to an arginine of the passenger protein (Fig.
1C). All constructions were verified by DNA sequencing.
For in vitro transcription-translation reactions, the fusion

constructs described above were digested with SnaBl and
HindlIl and were subcloned into the pGEM3 vector at the
SmaI and HindlIl sites downstream of the T7 promoter.

In vitro transcription-translation and import of proteins
into mitochondria. Plasmids were purified (28), and the DNAs
were linearized by digestion with HindlIl. The DNAs were
transcribed with T7 polymerase, and the mRNAs were capped
as specified by the manufacturer (Promega Corp.). The capped
RNAs were translated by using a rabbit reticulocyte system
(Promega Corp.) in the presence of 35S-labeled amino acids.
Mitochondria were isolated by the procedure of Daum et al.
(7). Protein concentration was estimated by a modification of
the method of Peterson (37). Mitochondria were incubated
with the radiolabeled proteins (17) in a total volume of 200 [l
containing 200 pLg of mitochondrial protein, 10 LI of transla-
tion mixture, 40 mM KCl, and, where indicated, 2 ,ug of
valinomycin per ml. The import reaction was carried out for 30
min at 30°C. For digestion of externally located polypeptides,
proteinase K was added to 250 ,ug/ml, and the mixture was
incubated for 15 min at 0°C. The protease was inhibited with
phenylmethylsulfonyl fluoride. Mitochondria were reisolated
by centrifugation through a sucrose cushion (15), suspended in
10 RI of breaking buffer (7), and analyzed on a sodium dodecyl
sulfate (SDS)-12% polyacrylamide gel. For the protein stan-
dard, the equivalent of 2 RI of the entire translation mixture
was applied to the acrylamide gel.

Indirect immunofluorescence. Indirect immunofluorescence
experiments were carried out by modification of the proce-
dures of Kilmartin and Adams (26) and Pringle et al. (40). The
first variation involved diluting the poly-L-lysine stock solution
(Sigma Chemical Co.) 1:10 in water, which results in a signif-
icant reduction of background fluorescence. Subsequently we
have totally eliminated use of poly-L-lysine. Second, the fixa-
tion time with formaldehyde was reduced from 2 h to 20 or 30
min. The MOD5 antigen was detected by an affinity-purified
MOD5-specific antibody (18) in a 1:5 dilution. A 1:150 dilution
of a fluorescein isothiocyanate-conjugated goat anti-rabbit
antibody (Jackson Laboratory) was used as the secondary
antibody. Cells were viewed with a Nikon Microphoto fluores-
cence microscope and a Nikon Plan Apo 60 x objective.

Cell fractionation and Western blot (immunoblot) analysis.
Cell fractionation and subsequent protein blot analyses were
performed as described by Shen et al. (42). To detect Mod5p,
the blots were incubated overnight with MOD5 antibody at a
1:300 dilution. The secondary antibody was an alkaline phos-
phatase-conjugated goat anti-rabbit antibody (Jackson Im-
muno Research Laboratories, Inc.) used at a 1:7,500 dilution
for 2 to 4 h. Rnalp was detected by using anti-Rnalp serum
6142 (21) overnight at a dilution of 1:100,000. A horseradish
peroxidase-linked donkey anti-rabbit antibody (1:7,500 2 to 4
h) was the secondary antibody. Antibody was detected by using
an enhanced chemiluminescence kit (Amersham). To detect

TABLE 1. In vivo complementation of coxIV::LEU2 disruption by
MOD5-COXIV fusion genesa

MODS
Plasmid coding COXIV cod- Generation

sequence ing sequence time (h)
(aa)

1-11 MOD5-COXIV 1-11 pm COXIV 13
1-21 MOD5-COXIV 1-21 pm COXIV 4.5
1-32 MOD5-COXIV 1-32 pm COXIV 12.5
1-46 MOD5-COXIV 1-46 pm COXIV 4.5
YCpADHI-mod5- 1-156 pm COXIV 5.5
M2-COXIV

YCpADH1-mod5- 12-156 pm COXIV No growth
M1-COXIV

pMC4 COXIV 4.5
pMSS pm COXIV No growth

a Growth on glycerol-lactate liquid medium at 30°C was monitored by
spectroscopy (A60)).

Noplp, we used mouse monoclonal antibody A66 (a gift from
A. Caplan, Chapel Hill, N.C.) at overnight 1:10,000 dilution
and horseradish peroxidase-linked sheep anti-mouse antibody
(1:7,500, 2 to 4 h) followed by chemiluminescence detection.

RESULTS

The first 11 aa of IPPT-I are not sufficient for efficient
mitochondrial import. A simple model that could account for
the fact that IPPT-I but not IPPT-II localizes to mitochondria
would be that the 11-aa N-terminal extension of IPPT-I
provides the information that is necessary and sufficient for
mitochondrial targeting. Our previous studies showed that
these amino acids are necessary for protein import, but they
did not address whether they are sufficient (18). Our strategy to
determine which amino acids of IPPT-I provide mitochondrial
targeting information was to examine the ability of N-terminal
regions to function as a surrogate targeting sequence for
proteins unable to be imported into the mitochondria.
We used the system devised by Hurt et al. (23) to study

mitochondrial import in vivo. Briefly, yeast cells require mito-
chondrial COXIV to grow on nonfermentable carbon sources.
A strain with a disrupted chromosomal COXIV gene
(coxIV::LEU2) and a plasmid encoding a form of COXIV (pm
COXIV) lacking mitochondrial targeting sequences is unable
to grow on media containing glycerol and lactate as carbon
sources. The same strain will grow on these media if the
plasmid contains an in-frame mitochondrial targeting se-

quence fused to the beginning of the pm COXIV ORF.
We previously showed that a gene containing codons 1 to

156 of MOD5 fused in-frame to pm COXIV and expressed
under the control of the yeast ADH1 promoter was able to
complement the coxIJV::LEU2 mutation, since a strain with this
construct has nearly the same generation time (-5 h) on media
containing glycerol and lactate as the carbon sources as does a

strain with a wild-type COXIV gene (18). In contrast, plasmids
lacking the COXIV mitochondrial targeting sequence (pMSS)
or lacking the first 11 codons of MODS (YCpADH1-mod5-
M1-COXIV) are unable to complement the coxIV::LEU2
allele (Table 1).

In these studies, we generated new hybrid genes that contain
MODS codons 1 to 11, I to 21, 1 to 32, and 1 to 46 fused with
pm COXIV (Fig. 1). These fusions, designated 1-11 MOD5-
COXIV, 1-21 MOD5-COXIV, 1-32 MOD5-COXIV, and 1-46
MOD5-COXIV, were tested for the ability to complement
coxIV::LEU2 (Table 1). A plasmid containing only the first 11
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aa of MODS, 1-11 MOD5-COXIV, is unable to provide the
information for full complementation of coxlV::LEU2, since
strain WD1 with this plasmid grows very slowly, with a
generation time of 13 h. In contrast, a plasmid containing the
first 21 or 46 codons of MOD5 provides the information for
complete complementation of coxIV::LEU2; WD1 cells con-
taining plasmids 1-21 MOD5-COXIV and 1-46 MODS-
COXIV grow with a generation time of 4.5 h and are indistin-
guishable from strains harboring a plasmid with the wild-type
COXIV gene (pMC4) or a fusion of codons 1 to 156 of MODS
fused to pm COXIV (YCpADH1-MOD5-COXIV).
A simple interpretation of these data would be that amino

acids 1 to 21 provide information needed for efficient mito-
chondrial targeting. However, the phenotype of cells contain-
ing 1-32 MOD5-COXIV complicated this simple interpreta-
tion because WD1 cells containing this plasmid grow at the
same slow rate as did cells harboring 1-11 MOD5-COXIV.
Therefore, it also seemed feasible that both 1-11 MOD5-
COXIV and 1-32 MOD5-COXIV chimeric proteins possessed
efficient mitochondrial targeting information, but that the
hybrid fusion proteins had altered enzymatic activity.
To distinguish between these two interpretations, we studied

the ability of the hybrid proteins to be imported into mitochon-
dria in vitro. We also fused the same N-terminal regions of
MOD5 to a second passenger protein, DHFR. We were
thereby able to investigate whether amino-terminal sequences
derived from MOD5 direct passenger proteins into mitochon-
dria in vitro with the same relative efficiencies as they do in vivo
and whether import in vitro is independent of the passenger
protein used.

Hybrid MOD5-COXIV and MOD5-DHFR sequences were
transferred to the pGEM3 vector downstream of the T7
promoter, and these sequences were transcribed by T7 poly-
merase and translated in vitro, using a reticulocyte lysate
system (see Materials and Methods). 1-11 MOD5-COXIV and
1-156 mod5-M2-COXIV generate a single protein in the
reticulocyte lysate (lanes 1 in Fig. 2, IA and VA). Constructs
containing MODS codons 1 to 21, 1 to 32, and 1 to 46 all
possess an ATG at codon 12 that is the initiation of translation
site of IPPT-II. Translation of the 1-21 and 1-32 constructs in
the reticulocyte lysate generates two proteins, the faster mi-
grating of which presumably arises from initiation at the
internal AUG (Fig. 2, II and III, lanes 1). Translation of the
1-46 constructs presumably also generates two proteins, but
these are not resolved (Fig. 2, IV, lanes 1) by polyacrylamide
gel electrophoresis. The possibility that there are two proteins
comigrating, one of which lacks mitochondrial targeting infor-
mation, presents difficulties in assessing the efficiency of mito-
chondrial import (see below).

Radiolabeled proteins were tested for the ability to be
imported into yeast mitochondria in vitro, using the procedure
described by Daum et al. (7). For each construct, we assessed
the ability of the fusion protein to associate with mitochondria
in the presence and absence of a mitochondrial potential (Fig.
2; compare lanes 2 and 3) and determined whether proteins
were imported into mitochondria by resistance to protease
(Fig. 2, lanes 4) and sensitivity to the combination of valino-
mycin and protease (Fig. 2, lanes 5). For those constructs in
which proteins initiating at the first and second AUGs are
resolved, an estimate of the amount of protein imported into
mitochondria can be assessed by comparing the quantity of
protein generated in vitro (lanes 1 in Fig. 2 show 20% of the
translation products) with the amount of protein that is
protease resistant (Fig. 2, lanes 4).

In general, the in vitro import of DHFR chimeric proteins
was more efficient than for the cognate COXIV chimeric

A B
1 2 3 4 5 1 2 3 4 5

IV

FIG. 2. In vitro import of MOD5 fusion proteins into yeast mito-
chondria. The MOD5-COXIV (A) and MOD5-DHFR (B) fusion
proteins were,synthesized in vitro in the presence of [15 ]methionine.
Isolated yeast mitochondria were added to the translation mix, and the
reaction mixture was incubated at 30'C for 30 mm Mitochondria were
enriched by centrifugation. The mitochondrial proteins were resolved
on a 12% polyacrylamide-SDS gel. The dried gel was exposed to
photographic film. Lanes 1 contain 2 pAI of the translation mix prior to
the addition 'of mitochondria. Lanes 2 to 5 each contain the equivalent
of 10 ±LI of the translation mix and were treated as follows: lanes 2, no
treatment (import assay); lanes 3, addition of valinomycin (2 pLgIml) to
the reaction mixture (binding assay); lanes 4, import assay followed by
treatment with proteinase K (25 ptgIml); lanes 5, binding assay
followed by treatment with proteinase K. Shown are results for fusions
that possess MODS codons 1 to 11 (I), 1 to 21 (H), 1 to 32 (MI), 1 to
46 (IV), and 1 to 156 (V). The arrow points to the MOD' fusion
protein that presumably initiates translation at the first AUG.

proteins (compare Fig. 2A and B). We did not detect import of
proteins containing the first 11 aa of MOD5 fused to pm
COXIV, and we detected a very low level (<2%) of import
when the same 11 aa were fused to DHFR (Fig. 2, IA and TB).
Thus, the first 11 aa which are necessary for mitochondrial
import do not supply information to allow full complementa-
tion of coxWV::LEU2 in vivo or to target efficiently either of two
passenger proteins to mitochondria in vitro.

Proteins containing the first 21 aa of MODS showed passen-
ger-specific mitochondrial import. 1-21 MOD5-COXIV hybrid
proteins were not imported, (Fig. 2, IIA), whereas -30% of
the 1-21 MOD5-DHFR hybrid proteins were imported (Fig. 2,
TIB). Constructs containing MODS codons 1 to 32 generated
fusion proteins were imported regardless of the passenger
protein (Fig. 2, III). Although the 1-32 MOD5-COXIV chi-
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meric protein failed to fully complement coxIV::LEU2 in vivo,
it is imported in vitro at least as well as and probably better
than proteins containing aa 1 to 21 of MOD5. Constructs
containing MODS codons 1 to 46 generated fusion proteins
that were imported quite efficiently (Fig. 2, IV) and indistin-
guishable from a construct containing MODS codons 1 to 156
(Fig. 2, V).
The simplest explanation of these data is that the first 11 aa

of MOD5 are not sufficient to target Mod5p to mitochondria
either in vivo or in vitro but that the first 21 aa are sufficient for
import. The inability of 1-32 MOD5-COXIV proteins to fully
complement coxIV::LEU2 probably results from low enzymatic
activity of this particular fusion protein. Whether 1-46 MOD5-
COXIV is imported more readily than 1-21 MOD5-COXIV in
vivo like it is in vitro cannot be determined because in both
cases, sufficient hybrid protein is imported to fully complement
the coxIV::LEU2 mutation.

IPPT-I is located in both mitochondria and cytosol, and
IPPT-II is located in both cytosol and nuclei. From previous
studies, we concluded that IPPT-I is located in a cellular
compartment in addition to the mitochondria because cells
containing a mutant MODS sequence that is unable to gener-
ate IPPT-II possess substantial levels of cytoplasmic tRNA i6A
modification and because not all of IPPT-I fractionates with
mitochondria (18). These studies, however, did not provide
information as to the subcellular location of the nonmitochon-
drial IPPT-I protein.
To obtain information regarding the subcellular locations of

both IPPT-I and IPPT-II, we used indirect immunofluores-
cence to study the location of MODS antigen in cells possess-
ing a wild-type MODS gene as well as those possessing
constructs able to generate only IPPT-I (mod5-M2) or only
IPPT-II (modS-Ml). We attempted to detect protein gener-
ated in roughly endogenous levels by using a single-copy vector
containing the MODS ORF regulated by the MODS promoter
sequence. However, we were unable to detect MODS antigen
with use of this vector, nor were we successful in visualizing
Mod5p when it was overproduced - 10-fold from plasmid
YEpMOD (not shown). We therefore used plasmids pJDB-
MODS, pJDBmod5-M2, pJDBmod5-M1, and pJDBmod5-
M1,M2, which have wild-type or mutant MODS sequences
inserted into vector pJDB207, which achieves high copy levels
in yeast cells (2, 18).

Figure 3 contains representative photographs of the results
of studies using the pJDB constructs. Figures 3A, C, E, and G
display the fluorescein isothiocyanate detection of the MOD5
immunoreactive complex; Fig. B, D, F, and H show 4',6-
diamidino-2-phenylindole staining of mitochondrial and nu-
clear DNA. Cells containing the MODS gene with mutations at
both the first and second ATGs (pJDBmod5-Ml,M2) cannot
generate either IPPT-I or IPPT-II. Expression of pJDBmod5-
M1,M2 (Fig. 3G and H) resulted in an undetectable level of
MODS antigen. In contrast, cells harboring a wild-type gene
produce elevated levels of both IPPT-I and IPPT-II. For these
cells (Fig. 3A and B), the MODS antigen was spread through-
out the cells, obscuring the detection of individual organelles.

Cells possessing pJDBmod5-M2 showed, as expected, anti-
gen located in mitochondria. In addition, some of the antigen
was found throughout the cytosol (Fig. 3E and F). These
results are consistent with our previous data and suggest that
the nonmitochondrial IPPT-I is located throughout the cytosol.
Thus, it appears that IPPT-I has two subcellular locations:
mitochondria and cytosol.
The studies of the indirect immunofluorescence localization

of IPPT-II generated an unexpected result. We found that cells
possessing pJDBmod5-M1 had a very strong MODS signal in

the nucleus as well as detectable levels of Mod5p in the cytosol
(Fig. 3C and D). We were surprised to find Mod5p in nuclei
because the modification of A37 to i6A37 on tRNA had been
reported to occur not in nuclei but rather in the cytoplasm (19,
27, 36).
To confirm the nuclear location of IPPT-II, we partitioned

cell extracts into subcellular fractions (42). The location of
Mod5p was monitored by protein blot analysis following
electrophoretic separation of proteins in various subcellular
fractions. We could readily detect Mod5p in total extracts, the
organelle-depleted cytoplasmic fraction, and the nuclear-en-
riched fraction of cells harboring pJDBMOD5 (not shown).
We could also detect Mod5p in total, cytosol, and nuclear
fractions of yeast strain BJ2168 (25), which has the relevant
genotype MODS prbl-1122 pep4-3 prcl-407. However, we
found that there was some mitochondrial contamination in the
nuclear fraction, and we could not eliminate the possibility that
the Mod5p antigen in the nuclear fraction was from mitochon-
drial IPPT-I (not shown). We therefore used yeast strain MT-8
(relevant genotype, mod5::TRPJ), which was transformed with
a low-copy-number centromere-containing vector that contains
the modS-MJ allele (18). Thus, in this strain, only IPPT-II is
generated, and it is roughly in endogenous levels. The quantity
of Mod5p in MT-8 cells is smaller than the quantity in BJ2168
cells, probably because of proteolytic degradation of Mod5p
during fractionation. Nevertheless, we could detect the antigen
in total, cytosol, and nuclear fractions (Fig. 4A). The identity of
the nuclear fraction was confirmed because Noplp, a nucleolar
protein (1), was found in total extracts and the nuclear-
enriched fraction but there was very little of this protein in the
organelle-depleted cytosol fraction (Fig. 4B). We used anti-
Rnalp to confirm that the nuclear fraction was relatively free
of cytosol. Rnalp, a cytosolic protein (21), was found in total
extracts and in the cytosol-enriched fraction, but it was barely
detected in the nuclear-enriched fraction (Fig. 4C).
The immunofluorescence and cell fractionation studies show

that IPPT-II, like IPPT-I, has two subcellular locations: nuclei
and cytosol. Thus, while only IPPT-I appears to be targeted to
mitochondria and only IPPT-II appears to be targeted to
nuclei, the cytoplasm has significant contributions from both
isozymes. The locations of the isozymes within yeast and the
mapping of regions necessary for efficient mitochondrial tar-
geting are summarized in Fig. 5.

DISCUSSION

Mitochondrial targeting of IPPT-I. Most genes that code for
proteins destined to mitochondria encode an amino-terminal
sequence that is necessary and sufficient for mitochondrial
location (reviewed in references 38 and 39). The studies of
TRM1 and HTS1, genes that also encode enzymes found in
more than one compartment, indicate that this category of
proteins might employ a variation on the mechanism of
mitochondrial import. For both TRM1 and HTS1, the N-
terminal extension of the mitochondrial protein is not suffi-
cient to bring a surrogate protein into mitochondria (6, 13).
For TRMI, endogenous levels of protein lacking the N-
terminal extension can be imported into mitochondria (12),
but for HTS1, only overexpressed levels of the protein lacking
the extension provide detectable levels of mitochondrially
located protein (6). Thus, for both TRM1 and HTS1, mitochon-
drial targeting information resides in a portion of the protein
that is shared by the two isozymes. The amino-terminal
extensions somehow provide information that increases the
efficiency of mitochondrial import. Our studies show that as for
TRM1 and HTS1, the amino-terminal extension of the mito-
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FIG. 3. Indirect immunofluorescence to determine the intracellular localization of IPPT isozymes. An affinity-purified anti-MOD5 antibody was
used to detect the location of the MOD5 isozymes. (A, C, E, and G) Fluorescein isothiocyanate detection of MOD5 immunoreactive complexes;
(B, D, F, and H) 4',6-diamidino-2-phenylindole (DAPI) staining of nuclear and mitochondrial DNA. (A and B) Yeast strain MT-8 harboring
pJDBMOD5; (C and D) cells harboring pJDBmod5-M1; (E and F) cells harboring pJDBmod5-M2; (G and H) cells harboring pJDBmod5-M1,M2.
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FIG. 4. Location of IPPT-II in subcellular fractions by immunode-
tection of proteins resolved on an SDS-10% polyacrylamide gel. Lane
1 in each panel contains <3 ,ug of protein from MT-8 cells harboring
the high-copy-number MODS plasmid, pJDBMOD5, prepared as
described by Slusher et al. (44). Lanes 2 to 4 contain protein from
MT-8 cells harboring a low-copy-number plasmid, YCfmod5-M1,
encoding IPPT-II. Cell fractions were prepared as described by Shen et
al. (42). Lanes 2 contain 40 j±g of total extracts; lanes 3 contain 40 ,ug
of organelle-depleted cytoplasmic enriched fractions; and lanes 4
contain 15 pRg of nuclear enriched fractions. (A) Detection of IPPT-II
by chromogenic procedures; (B) detection of Noplp by chemilumines-
cence; (C) detection of Rnalp by chemiluminescence. Arrows point to
the particular proteins. Conditions for immunodetection are given in
Materials and Methods.

chondrial isozyme, IPPT-I, is not sufficient for efficient mito-
chondrial import. However, the situation for MODS more
closely resembles that for HTS1 than TRM1, because for both,
N-terminal peptides are necessary for mitochondrial import at
least for endogenous levels of protein.
Of interest is the explanation for the functional cytoplasmic

pool of IPPT-I. Although vectors that overexpress MODS were
used for the immunofluorescence studies, it is unlikely that the
cytosolic location of IPPT-I is an artifact of this overexpression
because in endogenous levels, IPPT-I modifies cytoplasmic
tRNA (18). Most genes encoding mitochondrial proteins do
not have a cytoplasmic pool. In fact, there is a very close
coupling of translation and mitochondrial import in yeast cells
(15, 16). Mitochondrial targeting sequences are amphiphilic,
rich in basic and hydroxylated residues, and deficient in acidic
residues (reviewed in reference 48), and these peptides are
predicted to have high hydrophobic moments in the range of 8
to 10 ,uH (49). It is notable that many of the 5' ends of genes
encoding sorting enzymes depart from the consensus structure
of mitochondrial targeting sequences (3, 4, 13). In particular,
calculation (11) of the hydrophobic moment of the first 18
amino acids of IPPT-I predict that this peptide has a ,uH of
5.27, lower than those for most mitochondrial proteins (49).
This lower moment is due to the presence of lysines instead of
arginines in the amino terminus. Perhaps this departure from

consensus renders the mitochondrial targeting sequence of
IPPT-I inefficient, and therefore the presence of IPPT-I in the
cytosol is a consequence of inefficient mitochondrial targeting.
Alternatively, since tRNAs are predominant in the cytosol, it is
possible that newly synthesized IPPT-I encounters these
tRNAs and remains in the cytosol via association with tRNA.
In any case, it appears that the cytosolic IPPT-I would not be
one of those proteins reported to be imported cotranslationally
into mitochondria.

Nuclear targeting of IPPT-II. We show that IPPT is local-
ized to the cytoplasm, mitochondria, and nucleus. We are
aware of only one other example of a gene, CCA1, thought to
encode similarly distributed enzymes (5). The subcellular
distribution of IPPT isozymes is a remarkable result not only
because MODS is one of the first genes demonstrated to
encode isozymes sorted to three subcellular compartments but
also because nonmitochondrial i6A modification was thought
to occur in the cytoplasm. Interestingly, it appears that IPPT-
II, but not IPPT-I, is imported into the nucleus, even though
IPPT-I must also contain the nuclear targeting information. It
is conceivable that the extra N-terminal 11 aa of IPPT-I
contribute to the formation of some secondary structure that
masks the nuclear targeting sequence or in some other way
prevents import. A similar phenomenon is suspected to oper-
ate for the yeast TRM1 gene, which encodes tRNA modifica-
tion activities that are located in mitochondria and nuclei (14,
31). Cells producing the isozyme generated by translation of
the entire TRMI ORF (i.e., analogous to IPPT-I) have modi-
fied mitochondrial but not cytoplasmic tRNA, suggesting that
the larger protein is found exclusively in mitochondria. The
TRM1 isozyme generated by translation initiation at an inter-
nal AUG is located in nuclei and mitochondria. Thus, for both
MODS and TRMJ, the N-terminal extension appears to pre-
vent nuclear import.
We have not identified the MODS nuclear targeting se-

quence yet. However, inspection of the DNA sequence pro-
vides clues as to its location. MODS lacks a stretch of consec-
utive basic amino acids that is necessary and sufficient to target
proteins to nuclei in a wide variety of organisms, including
yeasts (reviewed in reference 43). However, the MODS ORF
does contain a sequence that matches the bipartite consensus
nuclear targeting sequence (9, 41). This 17-aa sequence is
located at residues 408 to 424 of the C-terminal region of the
MODS ORF (Fig. 5).
Of interest is the question of the biological function of the

nuclearly localized IPPT-II. It is feasible that IPPT-II possesses
an enzyme activity distinct from its role in tRNA modification
and that activity resides in nuclei. Although seemingly far
fetched, there are precedents for this. For example, mitochon-
drial tRNA synthetases of Neurospora crassa and S. cerevisiae
function in both aminoacylation and pre-mRNA splicing (re-
viewed in reference 30). Another intriguing possibility is that
the nuclear and cytosolic IPPT-II proteins modify distinct
subsets of tRNAs. Previous studies of the location of modifi-

Mitochondria Cytosol Nucleus

IPPT-I
1 408

12
IPPT-II 1-.

408_tjgm2

+ + _

_ + +

FIG. 5. Subcellular location of MOD5 isozymes. The lines depict the two forms of IPPT that differ at N termini. The open box indicates the
region sufficient for efficient targeting to mitochondria. The hatched box indicates an amino acid sequence that bears similarity to bipartite nuclear
localization signals. +, presence of the isozyme in a particular subcellular compartment; -, no isozyme was detected in the particular
compartment.
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cation of A37 to i6A37 assessed the modification of pre-tRNA
encoded by intron-containing tRNA genes. We showed that
IPPT-I that is localized in mitochondria and the cytosol is able
to modify cytosolic tRNATYr (18). Therefore, it would appear
that tRNATYr, which is encoded by an intron-containing gene,
can be modified in the cytosol, consistent with previous studies.
Possibly those tRNAs encoded by genes lacking introns are
modified in the nucleus. This proposal can be tested if we are
able to generate alleles of MOD5 that produce IPPT-II that is
located totally in the nucleus or the cytosol.
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