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ABSTRACT

SOL1, the founding member of the S. cerevisiae SOL family, was previously identified as a multi-copy
suppressor of the losI defect in tRNA-mediated nonsense suppression. Here we report that the four-
member SOL family is not essential and that individual family members appear to have distinct functions.
SOL1-SOL4are homologous to genes encoding 6-phosphogluconolactonase (6Pgl) involved in the pentose
phosphate pathway. Both Sol3p and Sol4p affect this activity. However, Sol4p does not act as a losI multi-
copy suppressor. In contrast, neither Sollp nor Sol2p, both of which correct the losI defect in nonsense
suppression, possess detectable 6Pgl activity. Rather, Sollp and Sol2p appear to function in tRNA nuclear
export as soll and sol2 mutants possess elevated levels of nuclear tRNA. Members of the Sol protein family
appear to have different subcellular distributions. Thus, Sol3p and Sol4p likely function in carbohydrate
metabolism, while Sollp and Sol2p appear to have roles in tRNA function and nuclear export, thereby
defining an unusual protein family whose individual members are biochemically distinct and spatially

dispersed.

UKARYOTIC precursor-tRNAs (pre-tRNA) differ
from their mature counterparts by possession of
extrasequences located at the 5" and 3’ extremities and,
for many tRNA families, by the presence of an intron.
Pre-tRNAs also lack numerous nucleoside modifications
that are present on mature tRNAs and the post-tran-
scriptionally added CCA nucleotides located at the 3’
terminus. Most of the steps of pre-tRNA processing oc-
cur in the nucleus, usually in an ordered pathway (Hop-
PER and PH1zicky 2003). In yeast, but not in all eukary-
otes, removal of introns generally follows end processing
(O’ConNoRr and PEEBLES 1991). Although for Xenopus
and humans tRNAs are exported to the cytosol after
intron removal (HoprPeEr and PHizicky 2003), there
is recent surprising evidence that budding yeast tRNA
splicing endonuclease is located on the cytosolic surface
of mitochondria (HUH et al. 2003; YosHIHISA et al. 2003).
If pre-tRNA splicing indeed occurs in the cytosol rather
than in the nucleus in yeast, it could explain why alter-
ations of many, but not all, of the nuclear export ma-
chinery components cause defects in pre-tRNA splicing
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(HoprPER et al. 1978, 1980; KADOWAKI et al. 1993; SHARMA
et al. 1996; Simos et al. 1996).

Export of small RNAs from the nucleus to the cytosol
often requires a small GTPase, Ran, its regulators, and
members of the Ran-binding importin-f family (GORr-
LICH and KuTay 1999). Importin- family members, in
addition to binding to Ran, interact with nuclear pore
complex components and cargo and shuttle between
the nucleus and cytosol. A large body of literature (ArTS
et al. 1998a,b; HELLMUTH et al. 1998; KUTAY et al. 1998;
SARKAR and HopPER 1998; LirowsKy et al. 1999) docu-
ments that the vertebrate importin8 family member,
exportin-t, and its yeast homolog, Loslp, serve to export
tRNAs from the nucleus to the cytosol. Both human
exportin-t and Saccharomyces cerevisiae Loslp have been
shown to bind tRNA in a Ran-GTP-dependent mecha-
nism (ARTS et al. 1998a; HELLMUTH et al. 1998; KuTay
et al. 1998) and depletion of either results in nuclear
accumulation of tRNAs (ARTS ef al. 1998b; SARKAR and
Hoprper 1998). In yeast, deletion of LOSI also causes
accumulation of intron-containing pre-tRNAs (HopPPER
et al. 1980; Simos et al. 1996). Because LOSI is an unes-
sential gene (HURT et al. 1987), tRNA nuclear export
in yeast must proceed via at least two pathways. Recent
data suggest that parallel tRNA nuclear export pathways
also exist in plants and vertebrates (BOHNSACK el al.
2002; CALADO et al. 2002; L1 and CHEN 2003).

We previously isolated multi-copy suppressors of S.
cerevisiae losI mutants and identified three members of
the S. cerevisiae SOL gene family, SOL1, SOL2, and SOL3.
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Cells containing individual or any combination of SOLI,
SOL2, and SOL3 deletions are viable (SHEN et al. 1996).
SOL1, the founding member, is an efficient multi-copy
suppressor of the loss of nonsense suppression defect
of losI mutants. SOL2 also acts as a losI suppressor, but
to a lesser extent than SOLI. In contrast, SOL3 is a
very weak multi-copy suppressor of los/ mutations. Our
previous studies of the Sol proteins did not provide a
mechanism by which they acted as multi-copy suppres-
sors of losl (SHEN et al. 1996).

The yeast genome contains numerous other examples
of reiterated genes, thought to result from genome du-
plication (WoLFE and SHIELDS 1997; LANGKJAER e! al.
2003). Although most reiterated genes such as those
encoding ribosomal proteins and histones are present
in the yeast genome in two copies, reiterations are pres-
ent in more than two copies (DOLINSKI el al. 2003;
http:/www.yeastgenome.org). For example, there are
three copies of the genes encoding glyceraldehyde-
3-phosphate dehydrogenase (TDHI1, TDH?2, and TDH3)
and four genes encoding alcohol dehydrogenase
(ADH1, ADH2, ADH3, and ADH#%), tubulin family mem-
bers (TUBI, TUB2, TUB3, and TUB4), and actin and
actin-related proteins (ACTI, ARPI, ARP2, and ARP3).
In each of these cases the family members perform
related biochemical activities, often in the same subcel-
lular compartment. Here we report that the SOL gene
family appears to be an unusual category of reiterated
yeast genes.

We revisited the function of the SOL genes because:
(1) completion of the S. cerevisiae genome sequence
uncovered a fourth family member, SOL4 (FEROLI et al.
1997; TETTELIN el al. 1997); (2) fluorescence in situ
hybridization (FISH) methods to assess intracellular lo-
cation of tRNAs in yeast have been developed (SARKAR
and HoppEr 1998); and (3) an enzyme activity in the
pentose phosphate pathway for bacterial, protozoan,
and human Sollp (Sollp/DevB/Pgl) homologs has
been uncovered (COLLARD et al. 1999; DUFFIEUX et al.
2000; HAGER et al. 2000; CLARKE et al. 2001). Our new
studies show that Sollp and Sol2p function in tRNA
nuclear export, which accounts for their effects on
tRNA-mediated nonsense suppression. Unlike Sollp
and Sol2p, the other two members of this family, Sol3p
and Sol4p, affect 6-phosphogluconolactonase (6Pgl; EC
3.1.1.31) activity. Moreover, the various Sol proteins
appear to have different subcellular distributions. Thus,
the SOL family may provide a new paradigm of a protein
family whose individual members are both spatially dis-
persed and biochemically distinct.

MATERIALS AND METHODS

Plasmids and constructs: Plasmids WS37 (referred to as
pRSSOL1), WS80 (pRSSOL2), and WS92 (pRSSOL3) with
genomic SOLI, SOL2, and SOL3 regions inserted into vector
pRS426 were previously described (SHEN et al. 1996). YCp-
SOLI-ET contains SOLI tagged at the C terminus with a HA

epitope (Sollp-HA) inserted into the low-copy vector YCp50.
WS64 (referred to as pRSSOLI-ET) contains the same con-
struct in vector pRS426 (SHEN et al. 1996).

A genomic region containing SOL4 was obtained by PCR
amplification wusing primers SOL45 (TGTGTGGGGCCC
GTTCAAGAATGG) and SOL43 (CTTCCATGCAGCTGGCCC
GAAGC). The template was genomic DNA from strain W303.
The PCR product was gel purified, cut with Poull and Apal,
trimmed with T4 DNA polymerase, and ligated into Smal-
cut pRS426 to generate plasmids pWCS39A (referred to as
PRSSOL4) and pWCS39B containing opposite orientations of
the SOL4 gene. GST-tagged versions of SOLI (pGST-SOL1),
SOL2 (pGST-SOL2), and SOL4 (pGST-SOL4) in plasmid pYEX
4T-1 were obtained from the arrayed GST-ORF collection gen-
erated by Phizicky and colleagues (MARTZEN et al. 1999).

Yeast strains: We used the following published yeast strains:
X2316-3C (MATo LOSI SUP4 ade2-1 canl-100 lys1-1 his5-2 trp5-
48 ura3-1; HoPPER et al. 1980); 201-1-6 (MATwa losl-1 SUP4
ade2-1 canl-100 lys1-1 his5-2 trp5-48 ura3-1; HOPPER et al. 1980);
SS700 (MATw los1::kan SUP4 ade2-1 canl-100 lysI-1 his5-2 trp5-48
ura3-1; FENG and HoppPeRr 2002); YD05055 (MATa losl::kanMX4
his3A1 leu2A0 met15A0 ura3A0; WINZELER et al. 1999); WCS2
(MATo LOSI SUP4 ade2-1 canl-100 lysl-1 his5-2 trp5-48 ura3-1
sol1::URA3; SHEN el al. 1996); WCS7 (MATo LOSI SUP4 ade2-1
canl-100 lysI-1 his5-2 trp5-48 ura3-1 sol2::URA3; SHEN el al. 1996);
WCS9 (MATwa LOSI SUP4 ade2-1 canl-100 lysi-1 his5-2 trp5-48
wura3-1 soll::ura3 sol2::URA3; SHEN et al. 1996); WCS18 (MATw
LOS1 SUP4 ade2-1 canl-100 lysI-1 his5-2 trp5-48 wra3-1 soll::ura3
sol2::ura3 sol3::URA3; SHEN el al. 1996); W303 (MATx ade2-1
wra3-1 his3-1,115 trpl-1 leu2-3,112).

Strains MLW104 (MATo LOSI SUP4 ade2-1 canl-100 lysi-1
his5-2 trp5-48 wra3-1 sold::hph’) and MLWI114 (MATo LOSI
SUP4 ade2-1 canl-100 lysI-1 his5-2 trp5-48 wra3-1 soll::ura3
sol2::ura3 sol3::URA3 sold::hph’) were constructed by replacing
SOL4 with a sol4::hph’ cassette by one-step gene disruption
(GULDENER et. al. 1996) in X2316-3C and WCSI8, respectively.
The plasmid pAG32 (GoLDSTEIN and McCuUSKER 1999) con-
taining the hph" cassette was used as a template, and the
sol4::hph’ cassette was created by PCR amplification using oligo-
nucleotide primers WHIT15 (CGTATACTGATCGCTTGCCT
TCGCAAGGGATGGAAATCCCAGGTCGACGGATCCCCGG)
and WHIT16 (CTGGGTTTATGCTTCGGGAGTAAGCTCCAAC
ATACGCTGGTGGATCTGATATCATCGA). The resulting strains
were confirmed by Southern blot analysis and PCR using pri-
mers WHITI9 (GATCGCTTGCCTTCGCAAGGGATGG) and
WHIT20 (CTGGGTTTATGCTTCGGGAGTAAGC). MLWI115
(MATo LOS1 SUP4 ade2-1 canl-100 lysi-1 his5-2 tp5-48 wra3-1
soll1::ura3 sol2::ura3 sol3::ura3 sold::hph') was derived from MLW114
by selecting for a wra3 variant by growth on 5-fluoroortic acid.

Growth and suppression assays: To assess growth, yeast
strains were grown to saturation in liquid media that selects
for the plasmid of interest and then 10 pl of serial dilutions
of cells were spotted onto solid media and incubated for 3—4
days at the indicated temperatures. To assess nonsense sup-
pression of ade2-1, cells were either replica plated or spotted
to solid media containing reduced levels of adenine and incu-
bated 2—-4 days at the indicated temperatures. Cells with wild-
type levels of nonsense suppression gave rise to white colonies,
whereas cells defective in nonsense suppression gave rise to
pink or red colonies.

Measurement of 6-phosphogluconolactonase activity: 6Pgl
activity was assayed as previously described (COLLARD et al.
1999). Protein extracts were prepared at 4° in 50 mm Tris-
HCI (pH 7.5), 5 mm EDTA, 1 mm DTT containing protease
inhibitors (5 pg/ml leupeptin, pepstatin, and aprotinin and
0.5 mM PMSF) utilizing glass beads. The activity assay follows
the production of NADPH by the dehydrogenases that flank
the phosphogluconolactonase in a coupled reaction. Glucose-
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6-phosphate dehydrogenase (EC 1.1.1.49) converts glucose-
6-phosphate and NADP* to NADPH and 6-phosphoglu-
cono-1,5-lactone, the substrate for 6Pgl, which converts this
molecule to 6-phosphogluconate. 6-Phosphogluconate dehydro-
genase (EC 1.1.1.44) then converts 6-phosphogluconate to ribu-
lose-5-phosphate with production of NADPH observed spectro-
photometrically. Assays were started by the addition of 2.5
units glucose-6-phosphate dehydrogenase (yeast, Sigma, St.
Louis) to 1 ml 25 mm HEPES, pH 7.1, 2 mm MgCl, 50 pum
glucose-6-phosphate (Sigma) 200 pm NADP* (Sigma). Ab-
sorbance at 340 nm was monitored for 8 min at room tempera-
ture at which time 1.5 units 6-phosphogluconate dehydroge-
nase and protein extract (50 ug) were added and the Az was
measured for an additional 10 min.

Immunofluorescence and fluorescence in situ hybridization:
Indirect immunofluorescence was carried out as previously
described (SHEN et al. 1993). Primary mouse monoclonal anti-
body 12CA5 against the HA epitope (Babco, lot L588b) was
used at 1:500 dilution to detect Sollp-HA. The cellular loca-
tion of both constitutive and induced levels of GST-tagged
Sol2p and Sol4p were detected employing anti-GST [Santa
Cruz, GST(12), lot A126] at a 1:500 dilution. Cells were in-
duced for 1 hr by addition of Cu,SO, to a final concentration
of 0.5 mm. Cy3-conjugated goat anti-mouse IgG (Jackson Im-
munoResearch Labs, West Grove, PA) was used at a 1:200
dilution to locate the primary antibody.

FISH was performed according to a modification of a pub-
lished procedure (FENG and Hopper 2002) using the pre-
viously described oligonucleotide probes to detect tRNAM,
tRNA"™, and poly(A)-containing RNAs (SARKAR and HOPPER
1998). The following modifications were incorporated: cells
were grown on defined media; all cultures were incubated at
37° for 2 hr prior to fixing; the slides were not placed in a
desiccator; prehybridization was conducted at 39° hybridiza-
tion proceeded at 43°% washes with 2X SSC were conducted
at 50°% and blocking and antibody incubation steps proceeded
for 2.5 hr.

Fluorescence images were observed using a Nikon Micro-
phot-FX microscope and were captured with a SenSys charge-
coupled device camera (Photometrics, Tucson, AZ) using
QED software (QED Imaging, Pittsburgh). Images were assem-
bled using Adobe Photoshop 5.0.

Bioinformatics: Sequence analysis was performed as pre-
viously described (Azap et al. 2001). BLAST searches were
conducted at the National Center for Biotechnology Informa-
tion BLAST server (ALtscHUL et al. 1997) and CLUSTAL X
(THOMPSON et al. 1997) was utilized to generate alignments.
Amino acid residues were color coded on the basis of the
BLOSUM 62 scoring matrix (HENIKOFF and HENIKOFF 1992)
and background shading reflects the percentage of identity/
similarity within a column of the alignment. The dendrogram
in Figure 1 was produced with the Draw N-] Tree and NJplot
options of CLUSTAL X. Schematics were assembled on the
basis of alignment and structural information. Structures were
generated and viewed with Swiss-Pdb Viewer (Guex and Perrsca
1997).

RESULTS

The S. cerevisiae SOL family is unessential: Previously
we identified SOLI as a multi-copy suppressor of the
defect in tRNA-mediated nonsense suppression of los]
mutations (SHEN et al. 1996). At that time we also identi-
fied, isolated, and tested two additional members of the
SOL gene family. Sol2p has the highest similarity to

Sollp (84%; Figure 1A), whereas Sol3p has 56% similar-
ity to Sollp. The level of multi-copy suppression of
losI mutants correlated with the similarity to Sollp (i.e.,
SOL1>S80L1.2>>>S0L3; SHEN et al. 1996). Since then
the genome sequence of S. cerevisiaehas been completed
and one additional member of the SOL gene family was
discovered (SOL4). SOL4is located on the right arm of
chromosome VII (YGR248w; FErROLI et al. 1997; TET-
TELIN ¢f al. 1997) between CPD1and MGAI and encodes
a protein with 36% identity and 54% similarity to Sollp,
but Sol4p is more similar to Sol3p, sharing 49% identity
and 70% similarity (Figure 1A).

SOL4 was cloned by PCR from strain W303 and the
sequence proved to be identical to that from strain
S288C (TETTELIN et al. 1997; Saccharomyces Genome
Database, http:/www.yeastgenome.org/). When pro-
vided on multi-copy plasmids pWCS39A or pWCS39B
to strain SS700 (relevant genotype losI::kan’), SOL4 did
not confer nonsense suppression activity (not shown),
nor did it correct the slow growth at 37° phenotype of
los] mutant cells (FENG and HoppPEr 2002; Figure 2A;
Table 1). SOL4 was disrupted/deleted with a Aph drug
resistance cassette in strain X2316-3C (relevant geno-
type: LOSI),yielding strain MLW104 (relevant genotype
sol4::hph’). Whereas deletion of SOLI in a LOSI back-
ground causes a reduction in tRNA-mediated nonsense
suppression, deletion of SOL4in strain X2316-3C results
in no observable effect upon nonsense suppression (Fig-
ure 2B; Table 1). SOL4, like SOL3, appears to have little
effect upon tRNA function unlike SOLI and SOL2. The
data indicate that individual members of the SOL family
may have different functions.

SOL4 was also deleted from strain WCS18 (relevant
genotype: LOSI soll::ura3 sol2::ura3 sol3::URA3), which
lacks SOLI, SOL2, and SOL3. Deletion of the entire
SOL family (MLWI114 or its ura3 derivative, MLW115)
resulted in viable cells showing that this family is unes-
sential. Cells containing the quadruple soll-sol4 deletion
do not appear to be significantly less efficient in non-
sense suppression than cells with the soll sol2 double
deletion (Figure 2B).

Sol3p and Sol4p possess 6Pgl activity, but Sollp and
Sol2p do not: S. cerevisiae Sol proteins are part of the
large conserved Sol/DevB/Pgl protein family. The Sol/
DevB/Pgl family is related to another protein family,
Naglp/oscillin/glucose 6-phosphate deaminase /NagB,
at the sequence and structural level (Figure 1). Members
of the Nag family, NagB from Escherichia coli and oscil-
lin/GNP1 from Homo sapiens, have been studied in detail
and catalytic and allosteric site residues have been iden-
tified (RUDINO-PINERA et al. 2002; ARREOLA et al. 2003).
A crystal structure of one member of the Sol family,
TmaDevB (Figure 1), from the bacteria Thermotoga mari-
tima has been determined (1PBT; Kim et al. 2003). Al-
though the overall structures of the Sol and Nag pro-
teins are very similar (Figure 1C) and several of the
catalytic residues are conserved between these two fami-
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F1GURE 2.—Growth and suppression assays. (A)
Ability of multi-copy SOLI and multi-copy SOL4
to suppresses the losI growth defect. LOSI and
losI::kan’ cells containing pRS426, pRSSOLI, or

B PRSSOL4 were grown to saturation, serially di-
luted, and aliquots were spotted onto solid media
LOS1 lacking uracil and incubated at 23°, 34°, or 37°

for 3 days. (B) Effect of deletion of SOL genes
upon tRNA-mediated ade2-I nonsense suppres-
sion at various temperatures. Strains were patched
onto YEPD and then replicate plated onto defined
media lacking adenine and incubated at the indi-
cated temperatures for 3 days.

LOSI soll::URA3
LOSI sold::hph"

LOSI soll:urad sol2::URA3

LOSI soll::ura3 sol2::ural
sol3::URA3 sold::hph”

lies, there are also significant differences in other cata-
lytic residues and a region of the Nag proteins known
as the active site lid is completely different in the Sol
proteins (Figure 1B; compare HsOscl residues 162-182
and ScSollp residues 225-238; RUDINO-PINERA et al.
2002; ARREOLA et al. 2003).

Sol family members are present in most eukaryotes
(>150 in the full alignment) and a large number of
eubacteria (Figure 1). Nag proteins are present in a
majority of eukaryotes, but appear to be absent from
plants and Saccharomycetes (except Candida), the very
organisms that possess multiple genes for the Sol pro-
teins. Eubacteria lacking SOL (devB/ pgl) genes usually
have a nagB gene, whereas other eubacteria contain
genes for both. Vertebrates as well as a few single-cell
eukaryotes have an additional form of the Sol/DevB/
Pgl family, a fusion protein containing a Sol/Pgl domain
as well as a glucose 6-phosphate dehydrogenase (G6PD)

domain (Figure 1A, HsH6PD and Pf6PGL; SHEN et al.
1996; CoLLARD et al. 1999; CLARKE et al. 2001). A few
eubacteria also have additional homologs of this fam-
ily. E. coli has genes for agal (putative galactosamine
6-phosphate isomerase), and yieK, a member of this
family with no known function. No members of the Sol/
DevB/Pgl family are found in Archaea.

Some of the SOL/devB/pgl homologs encode 6-phos-
phogluconolactonase activity (COLLARD et al. 1999; Du¥-
FIEUX el al. 2000; HAGER et al. 2000; CLARKE ef al. 2001).
6Pgl (EC 3.1.1.31) catalyzes the second step of the pen-
tose phosphate pathway, the conversion of 6-phospho-
gluconolactone to 6-phosphogluconate. We tested the
S. cerevisiae SOL family for 6Pgl activity, employing a
previously described assay that monitors production of
NADPH by the successive activity of the enzymes glucose
6-phosphate dehydrogenase, 6Pgl, and 6-phosphogluco-
nate dehydrogenase (COLLARD et al. 1999). Given the

F1GUrRe 1.—Comparison of Sol and Nag families. (A) Dendrogram showing similarities between selected members of the Sol
family and two members of the Nag family. Percentage of similarities to ScSollp (shown in black) and ScSol3p (shown in red)
are overlayed on the CLUSTAL X generated dendrogram (see MATERIALS AND METHODS). ScSollp, ScSol2p, ScSol3p, and
ScSoldp, S. cerevisiae Sol family members; CaSollp and CaSol3p, Candida albicans; SpSollp, Schizosaccharomyces pombe; Hs6PGL,
H. sapiens; Dm6PGL, Drosophila melanogaster; At6PGL1, Arabidopsis thaliana; Tb6PGL, Trypanosoma brucei; Pae6Pgl, Pseudomonas
aeruginosa; AnaDevB, Anabaena sp.; and TmaDevB, T. maritima. HsH6PD, H. sapiens, and Pf6PGL, Plasmodium falciparum, are two
members of this family that contain both 6Pgl and G6PD domains. HsOscl, human oscillin (GNP1, glucosamine-6-phosphate
deaminase), and EcNagB, E. coli, are two members of the Nag family. A schematic is also presented showing the relationships
between these two families. Helices are shown in red boxes and sheets are shown in blue boxes. Green boxes represent regions
of special importance to the catalytic activity of the Nag family (RUDINO-PINERA et al. 2002; ARREOLA el al. 2003). Protein lengths
are indicated to the right. (B) Alignment of Sol and Nag proteins. CLUSTAL X alignment of selected family members, beginning
with residue 91 of ScSollp. Other members are the same as in A. Color coding of amino acids is turned on when at least 10%
of the residues in a column are identical or similar on the basis of the BLOSUM 62 matrix. LIVM, blue; YFW, magenta; STAGC,
green; DE, red; KRQHN, brown; P, dark blue. Background shading reflects the percentage of identity/similarity within a column:
15-49%, light gray background; 50-74%, yellow background; >74%, yellow background with the consensus line underlined.
Similar residues that have higher conservation in the Nag family than in the Sol family are indicated by white type on a dark
gray background. Structural information is coded as above, helices are indicated on a red background, and sheets are indicated
on a blue background, while a green background represents regions of importance to catalytic activity. Catalytic residues in the
Nag family are indicated by asterisks. (C) Structural comparison of the Sol and Nag families. Shown are views of the same face
of TmaDevB (1PBT; Kim et al. 2003) and HsOscl (ARREOLA e al. 2003). Color coding is the same as in A and B. Structures were
generated from the crystallographic coordinates with Swiss-Pdb Viewer.
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TABLE 1

Summary of the functions and location of SOL gene family members

SOL1 SOL2 SOL3 SOL4
Multi-copy losI suppressor ++ + - -
Deletion causes defects in tRNA-mediated nonsense suppression ++ + —-/+ -
6Pgl activity in yeast extracts - - ++ ++
Subcellular location of encoded protein Nucleus and cytosol Cytosol ND Cytosol
Deletion causes nuclear tRNA accumulation + + ND -

++, strong; +, intermediate; —/+, weak; —, undetectable; ND, not determined.

anticipated redundancy of members of the Sol protein
family, our strategy was to assay cells possessing only a
single member of this family. Therefore we employed
strain MLW115 lacking all four members and supplied
this strain with each SOL gene individually via a multi-
copy vector.

Compared to the wild-type strain (X2316-3C) con-
taining the vector pRS426, the strain with the entire
SOL family deleted (MLW115) containing pRS426 had
very low, if any, 6Pgl activity. Cells containing multi-
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F1GUrRE 3.—6-Phosphogluconolactonase assay. Yeast glu-
cose-6-phosphate dehydrogenase was incubated with glucose-
6-phosphate and the production of NADPH was monitored
at 340 nm for 8 min. Cell extract (50 pg protein) and 1.5
units 6-phosphogluconate dehydrogenase were added to the
reaction mix and the absorbance at 340 nm was monitored
for an additional 10 min. Black open circles, strain MLW115
with vector pRS426; red solid circles, MLW115 + pRSSOLI;
green open triangles, MLWI115 + WS80 (pRSSOL2); dark-
blue solid triangles, MLW115 + WS92 (pRSSOLS3); orange
open squares, MLWI115 + pRSSOL4; gold open triangles,
MLWI115 + pGST-SOL4; purple solid squares, X2316-3C +
PRS426 vector; light-blue solid triangles, no extract. Note that
even though GST-SOL4 transcription is regulated by copper,
cells grown under noninducing conditions possess significant
activity.

copy plasmids with functional SOLI or SOL2 genes do
not possess any greater 6Pgl activity than cells containing
the vector only (Figure 3). In contrast, cells containing
multi-copy plasmids with SOL3 or SOL4 provided activity
beyond wild-type levels (Figure 3; Table 1). Thus, as
expected, members of the Sol protein family appear to
encode 6Pgl activity; however, unexpectedly Sollp and
Sol2p do not provide cells with 6Pgl activity.

The Sol family members have different subcellular dis-
tributions: As phosphogluconolactonase catalysis should
occur in the cytosol, we anticipated that Sol3p and Sol4p
would be cytoplasmic proteins. If suppression of the
los1::kan’ phenotype by multi-copy Sollp and Sol2p occurs
by altering tRNA biogenesis, then one might anticipate
that these two proteins would be located in the nucleus.
We determined the cellular location of functional tagged
versions of these proteins employing indirect immuno-
fluorescence and cell fractionation.

Amino-terminal GST-tagged versions of Sol2p and
Sol4p obtained from the arrayed collection of GST-
tagged yeast genes (MARTZEN et al. 1999) were active as
assessed by the multi-copy losI suppression assay for
Sol2p (not shown) or the coupled 6Pgl assay for Sol4p
(Figure 3) and each gave rise to only full-length protein
as detected by Western analysis using anti-GST antibody
(notshown). A GST-tagged version of Sol3p appeared to
be proteolytically cleaved as assessed by Western analysis
(not shown) and therefore its location was not studied.
Gene expression of the GST-tagged constructs is induc-
ible by copper. In the absence of copper, cells con-
taining pGST-SOL2 and pGST-SOL4 express low levels
ofa cytosolic, apparently nuclear-excluded, signal recog-
nized by anti-GST (Figure 4). The cytosolic signals are
significantly increased in cell cultures induced by copper
addition (Figure 4). Thus, as anticipated, Sol4p appears
to be a cytosolic protein; surprisingly, Sol2p also appears
to be cytosolic.

The amino-terminal GST-tagged Sollp was not func-
tional. Therefore, we employed a previously constructed
functional version of Sollp (SHEN et al. 1996) tagged at
the carboxyl terminus with the HA epitope that generates
fullength protein to study localization. Wild-type cells
containing SOLI-HA on a centromere-containing vector
(YCpSOLI-ET) had no detectable signal using anti-HA
(Figure 4). In contrast, cells containing a multi-copy vector
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pGST-SOL2 unind pGST-SOL2 ind pGST-SOL4 unind pGST-SOL4 ind YCpSOLI1-ET
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FiGUure 4.—Indirect immunofluorescence location of Sol proteins. Strain SS700 containing pGST-SOL2 or pGST-SOLA4, either
uninduced (unind) or induced for 1 hr by addition of Cu,SO, to a final concentration of 0.5 mm (ind), YCpSOLI-ET, or
pRSSOLI-ET. (Top) Cells were incubated with mouse anti-GST at a dilution of 1:500 or with mouse anti-HA at a dilution of
1:500; Cy3 anti-mouse antibody was used as secondary antibody. (Bottom) The overlay of DNA staining via DAPI and Cy3 detection

of the mouse antibodies.

harboring the SOLI-HA construct (pRSSOLI-ET) pro-
duced a protein with a predominant, but not exclusive,
nuclear location (Figure 4). Employing cell fraction-
ation procedures followed by Western analysis, we were
able to assess the distribution of Sollp-HA encoded by
YCpSOLI-ET. In agreement with the immunofluores-
cence results, Sollp-HA was detected primarily in the
nuclear fraction (not shown). Sollp, Sol2p, and Sol4p
had the same subcellular distributions in losI mutant
and wild-type cells (not shown).

A recent genome-wide project reported Soll-GFP,
Sol3-GFP, and Sol4-GFP to be located in the nucleus
and the cytosol, whereas Sol2-GFP was reported to be
nuclear excluded (Hun et al. 2003). One possible reason
that the data for Sol4p are not in complete agreement
could be construct functionality as it is unknown whether
the GFP-tagged SOL constructs are active. Alternatively,
protein expression levels might account for the differ-
ences as Hun et al. (2003) studied integrated genes
with endogenous regulation whereas our studies utilized
multi-copy plasmids.

In sum, our data show that there is a significant nu-
clear pool of Sollp under the conditions in which it
acts as a los] suppressor. In contrast, the other members
of the family that are poorer suppressors (i.e., Sol2p)
or that lack detectable suppressor activity (i.e., Sol4p)
appear to reside primarily in the cytosol (Table 1).

Sollp, but not Sol4p, functions in tRNA nuclear ex-
port: Previously we employed in vivo labeling proce-
dures to assess whether Sollp suppresses losI defects by
affecting tRNA biogenesis. No effects by Sollp overex-
pression or by soll and sol2 deletion upon tRNA process-
ing or accumulation were detected (SHEN et al. 1996). To
readdress how the Soll and Sol2 proteins affect tRNA-
mediated nonsense suppression, we assessed whether
these proteins affect the distribution of tRNAs between
the nucleus and the cytosol employing FISH.

Cells defective in Los1p have increased nuclear pools

of tRNAM*and tRNA™, but not of poly(A) RNA (SARKAR
and Horper 1998). If Sollp and/or Sol2p corrected
the losI phenotype via action of an alternative tRNA
nuclear export pathway, one might expect that los! cells
containing multi-copy SOLI would evidence reduced
tRNA nuclear pools compared to los! cells with vector
alone. Indeed, losI cells possessing multi-copy LOSI
have reduced tRNA nuclear pools (FENG and HopPPER
2002). Despite the prediction, no apparent changes in
nuclear levels of tRNAM" and tRNA™ in los! cells pos-
sessing multi-copy SOLI were observed (data not
shown). However, because FISH is primarily a qualita-
tive technique, we cannot rule out the possibility that
overexpression of SOLI causes a reduction of tRNA nu-
clear pools.

To address a possible role for the Sol proteins in
tRNA nuclear export in a different way, we performed
FISH analyses for LOSI cells possessing deletions of
individual and combinations of the SOL genes (Figure
5 and data not shown). Wild-type and sol4::hph" cells
possess very low levels of nuclear tRNAM®, whereas
soll::URA3 and sol2::URA3 (Figure 5, top two rows) and
soll::ura3 sol2::ura3 sol3::ura3 sol4::hph’ (not shown) pos-
sess significant tRNAM nuclear pools, comparable to
losI::kanMX4 cells (Figure 5, top two rows). Similarly,
wild-type and sol4::hph’ cells possess low, but detectable,
levels of nuclear tRNA™", and the levels are increased
in soll::URA3 and sol2::URA3 cells (Figure 5, bottom
two rows) as well as in cells missing all four SOL genes
(not shown). The data show that Sollp and Sol2p affect
tRNA nuclear export whereas Sol4p has no detectable
role in this process (Table 1).

DISCUSSION

Sollp-Sol4p—an unusual example of a protein family
whose individual members are biochemically distinct
and spatially dispersed: Here we show that the Sol pro-
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tein family is apparently involved in both tRNA nuclear
export and carbon metabolism. There is precedent for
individual proteins functioning in multiple biochemical
pathways. For example, some mitochondrial aminoacyl
tRNA synthetases function in group I pre-mRNA splic-
ing, in addition to bringing amino acids to the ribosome
during translation (see MYERs et al. 2002 for a recent
summary). Dual function of the aminoacyl synthetases
apparently involves the ability to fold/stabilize a tRNA-
like structure of the group I introns prior to RNA-medi-
ated catalysis. There are also numerous examples of
dinucleotide-dependent enzymes able to catalyze vari-
ous metabolic reactions (e.g., aconitase, glyceraldehyde-
3-phosphate dehydrogenase, and lactate dehydroge-
nase) that also possess the ability to bind nucleic acids
and to catalyze reactions involving nucleic acids (HEN-
TZE 1994; P1oL1 ef al. 2002). It has been proposed that
dinucleotide binding domains may also function in RNA
binding, allowing for dual activities of this class of pro-
teins (HENTZE 1994).

In contrast to the above examples, it appears that
individual Sol proteins do not possess multiple activities.
Rather there appears to be a division of labor among
family members. There is also precedent for individual
members of gene families to function in distinct, but
related, processes. The S. cerevisiae cytosolic Gall and
Gal3 proteins provide such an example. Gallp is a galac-
tokinase affecting galactose metabolism. Gal3p tethers
the negative transcription regulator, Gal80p, in the cyto-
sol, allowing the positive regulator, Gal4p, to recruit the
transcription complex to DNA in the nucleus (PENG and
HorpPer 2002). Both Gallp and Gal3p bind galactose;

sol4::hph"

losl::kanMX4

F1Gure 5.—Sollp and Sol2p
apparently function in the distri-
bution of tRNA between the nu-
cleus and the cytosol. Fluor-
escence n situ hybridization
analysis of tRNA location in wild-
type (X2316-3C), soll::URA3
(WCS2), sol2:URA3 (WCST7),
sold::hpk (MLW104), and los1::
kanMX4 (YD05055) mutant cells
as indicated. (First row) Hybrid-
ization employing probe for
tRNAY,  (Second row) The
same cells counterstained with
DAPI to detect DNA. (Third
row) Hybridization employing
probe for tRNA™. (Fourth row)
The same cells as in third row,
counterstained with DAPI.

however, Gal3p does not possess kinase activity (PLATT
et al. 2000 and references within). There are other exam-
ples of protein families in which the individual members
actin related processes in separate subcellular compart-
ments. For example, two different highly related human
oxidative demethylases act to repair alkylation damage
to DNA in the nucleus and RNA in the cytosol (Aas et
al. 2003) and thus present a protein family with one
member able to bind DNA in the nucleus and the other
member able to bind RNA in the cytosol.

The Sol family appears to differ from other protein
families with multiple functions in that Sol members
appear to be spatially dispersed and affect the biochemi-
cally distinct processes, tRNA nuclear exportand carbon
metabolism. Sollp, the best losI suppressor, has a pre-
dominant nuclear pool, whereas Sol3p and Sol4p, which
have little or no detectable effect upon losI suppression
or tRNA biogenesis, are located predominantly in the
cytosol (Hum et al. 2003; Figure 4). However, we did
not detect a nuclear pool for Sol2p even though it acts
as a multi-copy suppressor of los! (albeit less than Sollp)
and its deletion affects nonsense suppression (SHEN et al.
1996) and the distribution of tRNA between the nucleus
and the cytosol.

Although we do not know if Sol3p and Sol4p would
affect tRNA biogenesis if directed to the nucleus, it does
notappear that Sollp or Sol2p affect carbon metabolism
since cells containing either Sollp or Sol2p on multi-
copy vectors do not possess detectable 6Pgl activity in
cellular extracts. Whereas Sollp and Sol2p are clearly
homologous with Sol3p and Sol4p, they are only ~50%
similar in amino acid sequence, rendering it difficult
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to assign regions of Sollp and Sol2p that could function
in tRNA nuclear export. We are unaware of another
example of a protein family whose individual members
are spatially dispersed and function in distinct biochemi-
cal pathways; thus, the Sol proteins may define a new
type of protein family.

Role of Sollp and Sol2p in tRNA subcellular distribu-
tion: Deletion of SOLI and/or SOL2 causes defects in
tRNA-mediated nonsense suppression and accumula-
tion of tRNAs in the nucleus. The data indicate that
Sollp and Sol2p participate directly or indirectly in
tRNA nuclear export. Overexpressed Sollp or Sol2p
suppress, to varying extents, losI defects in tRNA-medi-
ated nonsense suppression, but have no detectable ef-
fect upon pre-tRNA splicing. That suppression is as ef-
fective in cells with losI null alleles as in cells with the
los1-1 point mutation likely means that Sollp and Sol2p
function in a pathway that operates in parallel to Loslp.
If Sollp and Sol2p serve a direct role in Loslp-indepen-
dent tRNA nuclear export, then the fact that cells miss-
ing both the Loslp export pathway and the Sollp/Sol2p
genes (i.e., los] soll sol2) are viable (SHEN et al. 1996)
could indicate that there are greater than two pathways
for exporting tRNAs from the nucleus in S. cerevisiae.

To date, several other gene products have been impli-
cated in Loslp-independent tRNA nuclear export.
These include Ccalp that adds the C, C, and A nucleo-
tides to the tRNA 3’ termini (FENG and HoprPER 2002),
aminoacyl-tRNA synthetases that catalyze addition of
amino acids to mature tRNA 3’ termini (LuND and
DAHLBERG 1998; SARKAR ef al. 1999; GROSSHANS et al.
2000; AzAD et al. 2001), the translation factor eEF1-A
(GrOssHANS et al. 2001), and tRNA modification pro-
teins such as Puslp (Smvmos et al. 1996). We do not know
whether Sollp and Sol2p function in the same pathways
as any of these other gene products or, indeed, whether
they function directly in the nuclear export process.

Alternatively, Sollp and Sol2p may serve a regulatory
role in tRNA nuclear export; for example, Sollp and
Sol2p could communicate cytosolic nutrient levels to
the tRNA biogenesis/nuclear export machinery, assur-
ing tRNA export only when growth conditions are ap-
propriate. There is precedent for such communication
involving amino acid availability. For example, Stplp,
which was identified by its role in tRNA biogenesis
(WANG and Horper 1988), actually functions in the
pathway that signals external amino acid availability to
the nucleus (ANDREASSON and LjuNGDAHL 2002). It is also
known that amino acid deprivation causes tRNA nuclear
accumulation, presumably via decreases in nuclear levels
of charged tRNAs (SARKAR ¢l al. 1999; GROSSHANS el al.
2000). Although a priori there was no expectation for a
connection between the pentose phosphate pathway
and tRNA biogenesis/nuclear export, it is feasible Sollp
and Sol2p interact with substrates or products of this
pathway and communicate carbon availability to the tRNA
biogenesis and/or nuclear export machinery, thereby

functioning analogously to amino acid sensing. One could
perhaps distinguish between direct vs. regulatory roles if
Sollp and Sol2p interactors were known. Unfortunately,
to date, neither the genome-wide two hybrid searches
(Urtz et al. 2000; http:/portal.curagen.com/) nor the
genome-wide copurification studies (GAVIN ¢ al. 2002; Ho
et al. 2002; http:/www.mdsp.com/yeast/) have identified
Sollp or Sol2p interactors.

Defects of genes in the Loslp-dependent pathway,
LOS1, RNAI (the Ran GAP), and PRP20 (the Ran GEF),
as well as defects of some of the nucleoporins cause
accumulation of intron-containing pre-tRNAs (HoprPER
et al. 1978, 1980; KADOWAKI et al. 1993; SHARMA el al.
1996; Simos et al. 1996), consistent with the recent re-
ports that pre-tRNA splicing may occur in the cytosol
(HuH et al. 2003; YosHIHISA ¢t al. 2003). Curiously, none
of the known components of the Loslp-independent
pathway(s) appears to affect pre-tRNA splicing. It is dif-
ficult to rectify nuclear accumulation of mature spliced
tRNAs with the idea that splicing occurs in the cytosol.
One feasible, but unorthodox, idea is that in cells with
defective Ccalp, tRNA charging enzymes, Sollp or
Sol2p, etc., there is retrograde movement of tRNA from
the cytosol to the nucleus.
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