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ABSTRACT

The DNA sequence and studies on the expression of the NUC1 gene from
Saccharomyces cerevisiae are presented. The NUC1 locus is Tocated in the
distal portion of the Teft arm of Chromosome X and encodes the major nuclease
found in mitochondria. The inferred amino acid sequence of NUC1 predicts that
the nuclease is basic, rich in prolines, of average hydrophobicity, and has a
mo]ecular weight for the primary translation product of 37,209 daltons. NUC1
is very poorly expressed, consistent with the codon usage bias determined from
the DNA sequence and our previous determination of the number of enzyme
molecules per cell. Mapping of the 5' terminus of the NUC1 mRNA reveals that
the mRNA has a long 400 base untranslated lTeader in which are found three open
reading frames, each initiated by an AUG. The possibility that these upstream
gpen reading frames contribute to the poor expression of the NUC1 gene is

iscussed.

INTRODUCTION

In yeast more than 50% of all cellular nuclease activity is due to a
single enzyme located in mitochondria (1,2). This enzyme has both RNase and
DNase activity, is bound to the mitochondrial inner membrane, and is encoded
in the nucleus (3). In vitro the enzyme lacks site specificity for
mitochondrial RNAs or DNA. In the accompanying report (4) we demonstrate that
disruption of NUC1, the gene encoding this nuclease, produces a strain with no
detectable mitochondrial DNase activity and little nonspecific RNase activity.
Despite the absence of nuclease activity in this strain, mitochondrial
function appears to be normal since the strain is rhot. Moreover, a strain
with 20-40 times the normal level of mitochondrial nuclease is also
phenotypically rhot.

Although the amount of enzymatic activity in the mitochondria of a
wild-type yeast strain is prodigious, the number of enzyme molecules in the
mitochondria is low, possibly as few as 100-300 per cell (3). This level does
not vary more than two fold comparing cells grown in fermentable versus
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nonfermentable carbon sources, cells in logarithmic versus stationary phase,
or rho* versus rho- cells (3).

Similar potent DNase and RNase activities have been observed in other
eukaryotes (5,6), although only an enzyme from Neurospora crassa has been
completely purified (7). A partially purified enzyme preparation from beef
heart mitochondria has also recently been characterized (8,9). In both
species, it appears that the characterized enzymes are at least responsible
for the majority of all mitochondrial nuclease activity and may possibly be
the only nonspecific nucleases present, as we have shown in yeast (3,4).

These observations suggest that the presence of a mitochondrial
DNase/RNase may be widespread in eukaryotes. Although the function of this
enzyme remains obscure, particularly since our yeast mutant lacking nuclease
is phenotypically rhot (3,4), the mitochondrial location and activity of this
class of enzymes appears to have been conserved during evolution. Here we
present the nucleotide sequence of the gene (NUCl) for mitochondrial
DNase/RNase from yeast and an analysis of its expression. These data show

that the gene is very poorly expressed, consistent with its codon usage bias
and our previous detemmination of the amount of enzyme in mitochondria.

MATERIALS AND METHODS
DNA Sequencing

DNA sequencing was performed by the chemical method of Maxam and Gilbert
(10). Restriction fragments were labeled (11) either by a fill in reaction
for the 3' end or by end labeling the 5' end with T4 polynucleotide kinase and
[y-32P]ATP after dephosphorylation with calf intestinal alkaline phosphatase.
When necessary, labeled restriction fragments were isolated by gel
electrophoresis and electroelution (12). All enzymes were purchased from New
England Biolabs (Beverly, MA) and isotope from ICN (Irvine, CA).
Northern Blots
RNA preparation. Total cellular RNA was prepared from spheroplasts by the
guanidine-HC1/CsCl method (13). Alternatively, spheroplasts were lysed in
100mM NaCl, 10mM Tris-HC1, pH 8.0, 10mM EDTA, 0.5% SDS at 65°C, extracted with
phenol/chloroform (1:1), and RNA precipitated from total nucleic acid at 4°C
for 24 hr after the addition of LiCl to 2M (14).
Preparation of poly(A)*-enriched RNA. A poly(A)*-enriched RNA fraction was
prepared from total cellular RNA (isolated by the guanidine-HC1/CsC1 method)
by oligo(dT) cellulose column chromatography as described by Maniatis, et al.
(11) with LiC1 substituted for NaCl, except that the 0.1M salt wash was
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omitted. A1l RNA still bound to the column after extensive washing with
loading buffer was eluted with 10mM Tris-HC1, pH 7.5, 1mM EDTA, 0.05% SDS.
DNA probes. Double stranded DNA probes were labeled by random oligomer
priming, using either electroeluted (12) restriction fragments or restriction
fragments excised from low-melt agarose gels (15,16).
Gels, blotting, and hybridization. RNAs were electrophoresed through gels
containing 1.5% agarose and 2.2M formaldehyde (11). Gels were blotted
overnight in 20X SSPE (3.0M NaCl, 0.2M NaHpPOs, 0.02M EDTA, pH 7.4) to either
nitrocellulose or charged nylon membranes. The membranes were air dried,
baked at 80°C for 2 hr, prehybridized at 42°C for 24-36 hr in 50% formamide,
5X SSPE, 1-10X Denhardt's solution (1X: 0.02% (w/v) each of Ficoll,
polyvinylpyrrolidone, and bovine serum albumin), 200-400 ug/ml sonicated,
denatured herring sperm DNA, and hybridized to probes in a fresh aliquot of
the same solution for 36-48 hrs. After hybridization, membranes were washed
twice for 15 minutes in 5X SSPE at 42°C, once in 1X SSPE, 0.1% SDS at 42°C for
30 min, and either once in 1X SSPE, 0.1% SDS at room temperature for 15
minutes or in 0.1X SSPE, 0.1% SDS at 55°C for 1 hr, depending upon the
experimental protocol. Membranes were blotted dry and autoradiographed with
Kodak XAR-5 film and Dupont Cronex Lightning Plus screens.
Nuclease S1 Mapping of the mRNA 5' Ends

A 5' end-labeled probe, preparatively electroeluted from an 8%

polyacrylamide urea denaturing gel, was coprecipitated with an excess of
poly(A)*-enriched RNA prepared from a strain overproducing NUCL mRNA. The
pellet was dissolved in a microcentrifuge tube in 30 ul s1 hybridization
buffer (40mM 1,4- piperazinediethanesulfonic acid, pH 6.4, 1mM EDTA, 0.4M
NaCl, 80% (v/v) formamide), incubated at 72°C for 15 min, and then the tube
was immediately transferred to a water bath at 50°C. Hybridization was
continued as the temperature was decreased in 5°C increments to room
temperature over 3 hrs and the tube was then placed on ice. A 10-fold excess
(300u1) of ice cold S1 buffer (0.28M NaCl, 0.05M NaOAc, pH 5.2, 4.5mM ZnSO04,
20 ug/ml tRNA) containing 0-100 units of nuclease S1 was then added, and the
tube incubated at room temperature for 1 hr. Reactions were placed on ice and
stopped by the addition of 50 ul 4M NH40Ac, 0.1M EDTA. The reactions were
extracted once with phenol/chloroform (1:1), 20 ug tRNA carrier was added, and
then the reactions were precipitated with an equal volume of isopropanol at
-70°C. Pellets were dissolved in formamide load buffer (11), heated to 90°C
for 10 min, and the sample was electrophoresed through an acrylamide urea
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sequencing gel (11) next to the Maxam-Gilbert sequencing reactions of the
probe fragment.
Data Analysis

DNA sequences were analyzed using the Compugene DNALYSIS computer
programs. The protein sequence derived from the NUC1 gene was compared to the
Protein Identification Resource protein data base (17). The FASTP and ALIGN
computer programs were used to determine homologies (18-21). Analysis of the
derived amino acid sequence for hydrophobicity was accomplished using the
values of Kyte and Doolittle (22). The hydrophobic moment was calculated
according to Eisenberg et al. (23,24).

RESULTS AND DISCUSSION

The yeast chromosomal DNA contained in the YEpl3 derivative pUZ2,
described in the preceeding report (4), was used to sequence the NUC1 gene.
In that report, we demonstrated that pUZ2 probably contained both NUC1 coding
sequences and upstream sequences necessary for NUCl expression because of the
following observations. Transformation of wild-type yeast by pUZ2 yielded
nuclease overproducing transformants. Homologous recombination of yeast
chromosomal DNA and a gene fragment from pUZ2 containing an inserted copy of
the LEU2 gene eliminated NUC1 expression. The strategy used to sequence both
strands of the NUC1 gene from this plasmid is shown in Fig. 1, and the DNA
sequence of the gene is presented in Fig. 2.

Starting at nucleotide +1 of the sequence is an ATG which initiates a
single long open reading frame (ORF) extending to a TGA stop codon beginning
at nucleotide +988. Including the other two possible reading frames on this
strand and the three on the opposite strand no other open reading frame is of
sufficient length to encode the nuclease. In the preceeding report (4) we
showed that disruption of the chromosomal NUCl allele at a unique BamHI site
by insertion of LEU2 on a BglII cartridge led to the loss of the mitochondrial
nuclease. Fig. 1 shows that the BamHI site is in the long ORF, suggesting the
ORF encodes the nuclease. Transforming a yeast strain (4) with a plasmid
containing the ORF plus upstream sequences yields progeny with higher than
normal levels of nuclease (described in more detail below), also indicating
that this ORF encodes nuclease.

The predicted translation product of the NUC1 gene sequence is a protein
of 37,209 molecular weight. The apparent molecular weight of the
mitochondrial nuclease is 38,000 daltons as determined by SDS-PAGE (3).
Assuming that the mitochondrial signal sequence of the enzyme is of average
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Fig. 1. Restriction map and strategy for sequencing the NUC1 gene. The middle
portion of the figure displays the restriction map of the gene. The arrows in
the lower portion indicate the lengths and directions of the sequences
determined from end labeled restriction fragments by the Maxam-Gilbert method.
The solid shading indicates the ORF corresponding to the NUC1 coding region,
the dappled shading highlights the small ORFs included in the NUC1 mRNA.
Aligned with and above the restriction map, the location of the NUC1 mRNA is
indicated. The 5' ends of the message were determined by S1 protection
mapping (Fig. 7) using the restriction fragment shown at the bottom of the
figure (labeled end indicated). The 3' end of the NUC1 mRNA was determined by
Northern mapping (Fig. 6).

size (3-5 kilodaltons) and is cleaved, the measured molecular weight appears
to be a few thousand daltons greater than the gene sequence would predict.
Considering that molecular weight estimations by SDS-PAGE of membrane bound
proteins are often somewhat inaccurate (25), this discrepancy seems slight.
Taken together these data show that the long ORF contains the NUC1 coding
sequences.

The amino acid composition of the protein predicted from the NUC1 DNA
sequence indicates that the nuclease is basic (50 Lys+Arg+His vs 36 Glu+Asp)
and rich in proline residues (8.8 mole percent) relative to the amino acid
composition of an average protein (26). The proline residues are not
clustered but rather are scattered throughout the protein. Only three
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Fig. 2. Nucleotide sequence of the NUC1 gene. The nucleotide sequence of the
nontranscribed strand of the NUCl gene is displayed. The amino acid sequences
inferred from the DNA sequence for the four ORFs in the NUC1 message are shown
below the sequence. Arrows indicate the presence of the 5' ends of the NUC1
mRNA as determined by S1 protection experiments (Fig. 7). The putative TATA
box is underlined.

methionines are found in the NUC1 protein, including the initiating one.

We have previously shown that the mitochondrial nuclease is bound to the
inner membrane and, as isolated, is a dimer requiring non-ionic detergents for
solubility and activity (3). The hydrophobicity plot of the predicted amino
acid sequence (Fig. 3), however, indicates that overall the protein is of only
average hydrophobicity; it contains two potential regions that have a higher
than average probability of potential membrane interactions. The first region
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Fig. 3. Hydropathy plot for predicted amino acid sequence of NUCl. The
hydropathy index was calculated according to Kyte and Doolittle (22) using a
window of 9 amino acid residues.

encompasses the first 25 amino-terminal amino acids and probably serves as a
mitochondrial targeting sequence (27). Such sequences have been shown to be
enriched for Arg, Leu, and Ser, have few Asp, Glu, Val, and Ile, and many of
these sequences form amphiphilic helices (28). Although the amino acid
composition of the first 25 residues of NUC1 fits that pattern (11 Arg+Leut+Ser
vs 2 AsptVal+Ile), calculations of the hydrophobic moment using the rules
described by Eisenberg (23,24) and von Heinje (28) do not suggest that the
amino teminal residues form an amphiphilic helix. As Fig. 4 shows, the
potential NUC1 signal sequence lacks the pronounced peak of hydrophobicity at
an inter-residue angle of 90°-105° characteristic of amphiphilic helices;
rather it has shallow maxima at 80° and 180° which make such a conformation
unlikely (28).

The second region of elevated hydrophobicity in the protein occurs
between amino acid residues 245 and 259 near the carboxy terminus.
Calculations show that this sequence may serve as a membrane spanning region
if paired with another like itself (23,24). Since the enzyme appears to be a
homodimer by sedimentation analysis (3), such a dimer may be anchored in the
membrane by that hydrophobic region and, if so, that the carboxy terminus of
the enzyme may extend into the mitochondrial inter-membrane space.

The codon usage in the NUCl gene is presented in Table I and calculation
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Fig. 4. Hydrophobic moment of the first 30 amino acid residues of NUC1 vs the
inter-residue angle. The hydrophobic moment was caluclated according to
Eisenberg et al. (23,24) for inter-residue angles between 60° and 180°.

of the bias in codon usage predicts that NUCl is poorly expressed. The codon
adaptation index for NUC1 is 0.139 which is among the lowest observed for
sequenced yeast genes (29). This index has been shown to correlate well with
the level of gene expression in yeast, in which highly expressed genes have
indices > 0.5 whereas lowly expressed ones (e.g. regulatory genes) have

Table I
Codon Usage in NUC1

T C A G
T 13 5 10 4 T
6 4 3 2 C
6 4 0 1 A
10 2 0 2 G
C 3 12 5 0 T
2 3 2 1 C
3 12 10 1 A
3 2 3 0 G
A 9 6 14 5 T
4 2 6 0 C
5 3 17 9 A
3 4 9 6 G
G 5 8 12 8 T
4 3 5 4 C
7 7 12 3 A
3 4 7 2 G
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Fig. 5. Expression of NUC1 relative to TRP1. Total cellular RNAs of a
nucTease overproducing strain or a wild-type strain were electrophoresed
through a gel containing 1.5% agarose and 2.2M formaldehyde, blotted to
nitrocellulose, and hybr1dlzed to NUC1 or TRP1 probes (see Methods). NUCl
message is not detectable in wild-type strains using an amount of total
cellular RNA sufficient to see TRP1 sequences (compare lanes 2 and 4).
However, a nuclease overproducing transformant gives a NUC1 signal (arrow) at
a blotted Tevel of RNA much lower than that needed to detect NUC1 message in a
wild-type strain (compare lanes 1 and 3). Lane 1: 24 ug RNA from a nuclease
overproducing transformant, NUC1 probe; Lane 2: 32 ug RNA from a wild-type
strain, NUC1 probe; Lane 3: 128 pg wild-type RNA, NUC1 probe; Lane 4: 32 ug
wild- type e RNA, TRP1 probe; Lane 5: RNA standards, molecular weights top to
bottom: 4.4 kb ~2.37 kb, 1.37 kb, 0.24 kb. The NUCl probe is the 210 bp Pstl
fragment of the NUC1 ORF plctured as probe 2 in Fig. 6. The TRP1 probe is a
1.45 kb EcoRI fragment containing the entire TRP1 gene. Due to large amounts
of total cellular RNAs blotted and the lTow stringencies of the washes of this
Northern, additional bands not related to NUC1 mRNA are observed.

indices close to 0.1 (29). Previously we reported that the number of enzyme
molecules per cell was low, possibly as few as 100 (3) which is consistent
with that prediction.

Studies on the expression of NUC1 show directly that the steady state
Tevel of the mRNA is also low. In either total RNA or poly(A)*-enriched RNA
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prepared from a wild-type strain the level of NUC1 mRNA is barely detectable
in a Northern analysis, using an amount of RNA in which URA3 or TRP1
transcripts are easily detected (Fig. 5). Indeed, in order to map the 5' and
3' limits of the NUCL mRNA we used RNA prepared from a strain in which the
entire NUC1 gene was present on a multicopy plasmid. As shown in the
preceeding report (4), this strain has 20-40 times more NUCl protein and
enzymatic activity in its mitochondria. The Northern analysis in Fig. 5
demonstrates that the steady state level of NUC1 mRNA in that overproducing
strain is at least 25 fold greater than that found in a wild-type strain.
Furthermore, the size of NUCL mRNA in the overproducer is identical to that
seen in the wild-type, although larger transcripts containing NUC1 sequences
are also present in the transformed strain. Therefore, the increased enzyme
levels in the overproducer are probably due to the elevated level of NUC1l mRNA.
In addition, the relative amount of NUCl mRNA in either the overproducer or a
wild-type strain is not significantly affected by the carbon source (galactose
vs glucose) used for growing the yeast (data not shown). This is also in
agreenent with our previous findings that the enzyme level within mitochondria
varies less than two-fold comparing glucose vs galactose grown yeast cells
(3).

Transcripts larger than the NUC1 mRNA are present in the Northern
analysis of Fig. 5 due to the large amounts of total cellular RNAs blotted and
the Tow stringency of the washes used to maxiimize the NUC1 signal, especially
for wild-type RNA. These larger transcript signals include nonspecific
hybridization to ribosomal RNA (seen in all blotted RNAs with all probes) and
additional bands hybridizing to NUC1 region probes, but which are not NUC1
message (see below).

The location of transcriptional initiation of NUC1 was suggested by our
previous results demonstrating that transformation of yeast by a plasmid
(pUZ3, see Fig. 2 of the preceeding report, ref. 4) containing a 5.2 kb
genomic insert starting from the XholIl site at nucleotide -22 (Fig. 1) and
extending beyond the NUC1 ORF failed to increase nuclease levels, whereas
transformation by a plasmid (pUZ2) containing the same sequences plus 1.5 kb
of DNA upstream of this Xholl site led to a marked elevation in nuclease
levels (4). This indicates that although both plasmids contain NUCl coding
sequences only the latter plasmid contains the NUC1 promoter region and can
produce functional transcripts of NUC1 in transformants.

To locate the termini of the NUC1 mRNA we first localized their
approximate positions by mapping the transcript for homology to restriction
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Fig. 6. Localization of NUCl mRNA 5' and 3' ends: Northern Mapping. A
poly(A)*-enriched RNA fraction from a NUC1 overproducing transformant was
electrophoresed through gels containing 1.5% agarose and 2.2M formaldehyde and
blotted to charged nylon membranes (see Methods). DNA fragments spanning the
NUC1 ORF region were labeled by random oligomer priming and hybridized to
individual Tanes of the Northern blots (lower portion of figure). The
location of the NUC1 signal is indicated by the arrow. A schematic
representation of the NUC1 region is displayed above the blots. The locations
of the DNA probes relative to this region are indicated and numbered to
correspond to the lanes in the lower portion of the figure. A + above the
probe indicates hybridization to NUCl1 message, a - indicates no hybridization.
The position of the NUC1 message Ts displayed, as determined from the pattern
of hybridization. Because probe 1 does not hybridize to NUC1 mRNAs, but
probes 4 and 5 do, the 5' end of the NUC1 message must be Tocated downstream
of the Hhal site defined by the 3' end of probe 1. The lack of hybridization
of probes 8 and 9 indicate the 3' end of NUCl message (indicated by the
interrupted portion of the line) is between the end of the large ORF and the
FokI site defined by the 5' end of probe 8. Lane 1: BglII-Hhal probe, 3' end
at nt -408 (Fig. 2); Lane 2: PstI-PstI probe, nt +215 to nt +425; Lane 4:
Bg111-Dral probe, 3' end at nt -355, Lane 5: BglII-Ndel probe, 3' end at nt
-189; Lane 7: PstI-PstI probe, 5' end at nt +425; Lane 8: FokI-PstI probe, 5'
end at nt +1136; Lane 9: HaellI-Pstl probe, 5' end at nt +1210; Lanes 3,6,10:
RNA standards. Probes 1,4,5,7,8, and 9 extend beyond the limits of the NUC1
region displayed.

fragments derived from either the 5' or 3' portions of the gene (Fig. 6).
Note that in this Northern analysis we detect the NUC1 mRNA but the additional
larger molecular weight bands observed in Fig. 5 are absent, although in both
analyses the same NUC1 probe was used (compare Fig. 6, lane 2 with Fig. 5,
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lanes 1-3). The Northern blots in Fig. 6 were washed at high stringency and
employed poly(A)*-enriched RNA in contrast to the Northern blot of Fig. 5
which was washed at lTow stringency and used whole cell RNA. Therefore, the
larger bands seen in Fig. 5 are not specific to the NUC1 gene. Two larger
molecular weight bands visualized with NUC1l region probes are also present in
some lanes of the Northern analysis of Fig. 6. These two bands are artifacts
arising from the procedures used to generate the probes.

The Northern analysis indicated that the 5' terminus of the NUC1 mRNA was
located between the Hhal and Dral sites (Fig. 2) found at nucleotides -411 and
-337, respectively, and that the 3' terminus is located upstream of the FokI
site at nucleotide +1123. This mapping data predicts that the NUC1 mRNA
should be no Tonger than approximately 1.5 kb, which agrees well with the
measured size of 1.35 kb (Fig. 5), assuming that no introns are present within
the gene. We find no evidence for the presence of introns in NUCl since the
sequences GTATCT and TACTAAC, which have been shown to act as 5' splice site
and branch site, respectively, in yeast nuclear mRNA introns (30), are absent
from the NUC1 region.

The 5' terminus of NUC1 mRNA was mapped by an S1 protection experiment
(Fig. 7). This analysis showed that the 5' terminus is slightly
heterogeneous, typical of yeast mRNAs (31), and that the 5' termmini map to the
region between nucleotides -420 to -405 (Fig. 2). The S1 experiment described
in Fig. 7 utilized a probe whose 5' end was approximately 230 nucleotides
upstream from the initiating AUG of the NUC1 mRNA. To rule out that we might
therefore have missed transcripts beginning within those 230 nucleotides we
also performed an Sl protection experiment using as a probe a 1.6 kb Ncil
fragment in which the labeled 5' end is 176 nucleotides into the NUC1 reading
frame. With this probe only one S1 protected fragment of about 600
nucleotides was observed (data not shown) indicating that the major detectable
5' termini of the NUC1 mRNA map to the region around nucleotide -410. The
results of the S1 analysis were confirmed by an analysis of cDNA's synthesized
using an oligonucleotide primer homologous to the mRNA sequences located from
nucleotides -249 to -231. The major primer extension products were a pair of
bands approximately 165-170 nucleotides in length (data not shown). This
analysis places the 5' termini of the major NUC1 mRNAs to the vicinity of
nucleotides -395 to -400, in close agreement with the Sl protection analysis.

These mapping studies show that the NUC1 mRNA has an unusually long 5'
Teader sequence of nearly 400 bases. Inspection of the DNA sequence 5' to the
transcriptional start sites shows that the nearest "TATA" sequence occurs some
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Fig. 7. Mapping of NUC1 mRNA 5' ends: S1 nuclease analysis. A 5' end labeled
NdeI fragment from the N NUC1 ORF region was hybridized to poly(A)* RNA from a
nuclease overproducing transformant and digested with 50-100 units of S1
nuclease (see Methodsg Nuclease resistant bands in the digests were
visualized by autoradiography after electrophoresis through an 8%
polyacrylamide-urea sequencing gel next to Maxam-Gilbert sequencing reactions
of the same Ndel fragment. Five fragments protected from the activity of Sl
can be observed (arrows) The two smallest fragments (large arrow) are the
most abundant spec1es. The locations of the 5' termini of NUC1 mRNA
calculated from the sizes of the fragments are indicated by arrows in Fig. 2.
Lanes 1-4: Maxam-Gilbert sequencing reactions of a 5' end labeled Ndel
fragment (the location of the Ndel site is displayed in Fig. 1); Lanes 5 and
6: Sl-protected fragments using poly(A)* RNA digested with either 100 units
or 50 units of nuclese S1, respectively. Lanes 7 and 8: tRNA control (no
poly(A)* RNA), digested with either 100 units or 50 units of nuclease S1,
respectively.

170 nucleotides upstream at nucleotide -576 at which begins a canonical TATAAA
sequence (Fig. 2). In yeast, as in other eukaryotes, such a sequence motif is
involved in mRNA start-site selection (32). Generally in yeast it is located
within 30-150 nucleotides from the point of transcriptional initiation (32).
Scanning the DNA sequence encoding the 5' leader of the NUC1 mRNA
reveals the presence of three open reading frames initiated by an ATG and
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terminated by a TAA for ORF1 and ORF2 and by a TAG for ORF3 (Figs. 1 and 2).
AUGs are usually not found in the untranslated leader region of most
eukaryotic mRNAs (33). When an AUG is introduced into yeast leader sequences
by mutation, substantial inhibition of translation is often observed (34). In
mammalian cells, such inhibition can be attenuated by an in phase termination
codon as well as the context of the AUG (39). The presence of these ORF's in
the NUC1 leader sequence may contribute to translational control of NUC1
expression. Recently, it has been shown that GCN4, which encodes a
transcriptional activator of amino acid biosynthetic genes in yeast (35),
contains four upstream AUG codons in the 5' leader sequence and that these
translational start signals are essential for translational repression of GCN4
(36,37). In the context of the scanning hypothesis for the initiation of
eukaryotic translation (38), upstream AUG codons are thought to inhibit mRNA
translation due to the inefficiency of reinitiation by eukaryotic ribosomes at
internal AUG codons (37). If so, then the three AUGs found in the Tong NUC1
leader may well impair translation of the nuclease gene sequences. This
hypothesis may explain our failure to detect the synthesis of nuclease in a
rabbit reticulocyte in vitro translation system primed with a saturating level
of poly(A)* mRNA isolated from the nuclease overproducer. We note, however,
that each of the ORF's in the NUC1 leader has a codon adaptation index (0.176,
0.171 and 0.244 for ORF1, ORF2, and ORF3, respectively) higher than that of
NUC1 itself (0.139). Given the Tow abundance of NUC1 mRNA and of NUC1 enzyme
in mitochondria, it may be that one or more of the encoded peptides specified
by those ORF's are functional, possibly in terms of regulating mitochondrial
nuclease function. As mentioned in the preceeding report (4) the
overproducing strain, in which the entire NUC1 gene plus flanking sequences is
present on a multicopy plasmid, is phenotypically normal despite 20-40 times
more nuclease in its mitochondria compared to a wild-type. If the ORF
peptides are stoichiometric to the nuclease then they may similarly be
increased in that strain. We are testing whether the upstream ORF's
contribute to regulation of the mitochondrial nuclease by constructing a NUC1
gene missing those sequences.

A search of a protein data base (17) for proteins homologous to the NUC1
gene product (and also to each of the leader ORF's) failed to detect any with
significant homology. Furthermore, Tow stringency hybridization of NUC1 gene
probes to yeast genomic blots indicated the absence of any other sequences in
yeast with homology to NUC1 (data not shown). Given the very similar
nucleases also present in the mitochondria of Neurospora and mammals, it is
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possible that sequences homologous to NUC1 may be found in their nuclear
genomes. Preliminary results, however, have failed to detect such sequences.
The location of the NUC1 gene in the yeast genome is on the distal portion of
the left amm of Chromosome X (M. Olson, personal communication).
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