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ABSTRACT
The SEC13 gene was originally identified by temperaturesensitive mutations that block all protein
transport from the ER to the Golgi. We have found that at a permissive temperature for growth, the
secl3-1 mutation selectively Mocks transport of the nitrogen-regulated amino acid permease, Gaplp,
from the Golgi to the plasma membrane, but does notaEfect the activity of constitutive permeases such
as Hiplp, Canlp, or Lyplp. Different alleles of SEC13 exhibit different relative effects on protein
transport from the ER to the Golgi, or on Gaplp activity, indicating distinct requirements for SEC13
function at two different stepsin the secretory pathway.Three new genes, LST4, LST7, and LSTB, were
identified that are also required for amino acid permease transport from the Golgi to the cell surface.
Mutations in LST4 and LST7 reduce theactivity of the nitrogen-regulated permeases
Gaplp and Put4p,
whereas mutations in LST8 impair the activities of a broader set of amino acid permeases. The LST8
gene encodes a protein composed of WD-repeats and has a close human homologue. The LST7 gene
encodes a novel protein. Together, these data indicate thatSECl3, LST4, LST7, and LST8 function in
the regulated delivery of Gaplp to the cell surface, perhaps as components of a post-Golgi secretoryvesicle coat.

T

HE Saccharomyces cerevZSiae genomeencodes

19
members of the amino acid permease family (AND& 1995, Saccharomyces Genome Database; CHERRY
et
al. 1997). The amino acid permeases can be divided
into two classes according to their functionand regulation (COOPER1982). One class of permeaseis active for
transport of specific amino acids or chemically related
sets of amino acids in conditions of nitrogen excess
(OLIVERA
et al. 1993). This class of permease, which is
thought to transport amino acids for use in protein
synthesis, is exemplified by the histidine permease,
Hiplp (TANAKA
and FINK1985), the basic amino acid
permease, Canlp (GRENSONet al. 1966; HOFFMAN
1985), and thelysine permease, Lyplp (SYRCHOVA and
CHEVALLIER
1993). In contrast, the general amino
acid
permease, Gaplp, which can transport all amino acids
(GRENSON
et al. 1970; JAUNIAUX and GRENSON
1990),
and the proline permease,Put4p (LASKO and BRANDRISS 1981; VANDENBOL
et al. 1989), exhibit verylow
activity under conditions of nitrogen excess. The activities of these permeases are induced as much as 1000fold by growth on poor nitrogen
sources, and therefore
they are thought to take up amino acids primarily for
useas a source of nitrogen (GRENSONet al. 1970;
COURCHESNE
and MAGASANIK 1983;ROBERG
et al. 1997).
The regulation of Gaplp as a function of the nitrogen
source available in the growth medium has been extenCurrespunding author: Chris Kaiser, Department of Biology, Room
68-533,Massachusetts Institute of Technology, 77 MassachusettsAve.,
Cambridge, MA 02139. E-mail: ckaiser@mit.edu
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sively studied (GRENSON
1992; MAGASANIK 1992). TWO
transcription factors, Gln3p and Nillp/Gatlp, are
positive activators of GAPl transcription (STANBROUGH
and
MAGASANIK 1995; COFFMAN
et al. 1996). On urea medium, GAPl transcription is activated by both Gln3p
and Nillp, whereas on glutamate medium, transcription is activated by only Gln3p. (In the S288C genetic
background used here, GAPl transcription is activated
by both Gln3p and Nillp on
ammonia mediumas well.)
Nitrogen regulation is exerted through the action of
Ure2p, which inhibits Gln3p in cells grown on glutamine (BLINDER
et al. 1996). A corresponding negative
regulator of Nillp has not yet been identified. Gaplp
activity is also regulated posttranslationally, as can be
seen by comparison of cells grownon glutamate to cells
grown on either urea or ammonia. Although, Gaplp
protein levels are similar in all three nitrogen sources,
Gaplp permease activity is 100-fold loweron glutamate
than on urea or ammonia medium (STANBROUGH
and
MAGASANIK 1995; ROBERG
et al. 1997). We have investigated this posttranslational regulation of Gaplp activity
by evaluating the intracellular location of Gaplp protein in cells grown on different nitrogen sources. We
found that in cells grown on either ammonia or urea
medium, Gaplp is transported from the Golgi to the
plasma membrane, whereas in cells grownon glutamate
medium Gaplp is transported from the Golgi to the
vacuole (ROBERG
et al. 1997). Thus, the regulation of
Gaplp permease activity isa direct consequenceof regulated protein sorting in the late secretory pathway.
In this article we characterize genes thatare required
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for the regulated transport of Gaplp from the Golgi
to the plasma membrane. These genes were identified
through a screen for mutations that exhibit syntheticlethal interactions with allelesofE C 1 3 , a gene thatwas
originally characterized as acting in the formation of
ER-teGolgi transport vesicles (NOVICK
et al. 1981; K."
SER and SCHEKMAN 1990) and that encodes a component of the COP11ER vesicle coat (PRYERet al. 1993;
BARLOWEet al. 1994). Although the original purpose of
the synthetic-lethal screen was to identify new factors
involved in vesicle formation at the ER, three of the
nine LST (lethal with _sec-ihirteen) genes were found to
encode enzymes required for either serineor threonine
synthesis. We were able to trace the underlying cause
of this synthetic lethality with secl3-1 to an unanticipated role of SeclSp in aminoacid uptake. In particular, we found that certain
alleles ofSEC13 prevent transport of Gaplp from the Golgi to theplasma membrane.
Furthermore, we found that three of the other LST
genes, LST4, LST7, and LST8, appear to have a function
similar to that of SEC13 in the trafficking of Gaplp
and Put4p to the plasma membrane. Together, these
findings have opened the way to study the genetic control of nitrogen-regulated transport of amino acid permeases in the late secretory pathway.
MATERIALS ANDMETHODS
Strains, media, and microbiological techniques: All of the
yeast strains listed in Table 1 are of the S288C genetic background. S288C strains carry a recessive allele at the PER1
locus and therefore express high levels of Gaplp and Put4p
and MApermeases when grown on ammonia (COURCHESNE
GASANIK 1983). Rich medium W D ) and minimal medium
(SD) were prepared according to W S E R et al. (1994). Nitrogen free media(SFD) was prepared as for SD, but ammonium
sulfate was omitted. Genetic manipulations were performed
according to the protocols described in KAISER et al. (1994).
Yeast strains were transformed by the LiOAc transformation
procedure ( I T 0 et al. 1983). For tetrad analysis, diploids were
sporulated in 1% potassium acetate. In crosses to evaluate
genetic linkage or synthetic-lethal interactions, from 12 to 24
tetrads were analyzed.
Plasmids and DNA manipulations: The plasmid, pKRl, is
the vector pRS316 (SIKORSKI
and HEITER1989) carrying the
SEC13 gene. pKR4is the vector pRS315 carrying both the
SEC13 and ADE3 genes. pPL257 is the vector pRS316 with the
GAP1 gene tagged with the HA1 epitope (LJUNGDAHL
et al.
1992).
p52-7 and p52-11 were isolated from a genomic library in
pCT3 (THOMPSON
et al. 1993) as clones that complemented
kt7. pSBl9 and pSB20 carry the 3.0-kb B a d 1 fragment from
p52-11 inserted in opposite orientations intothe vector
pRS316. The vector for integration at the LST7locus (pSB25)
was constructed by inserting into the polylinker of pRS305
both the 1 .&kb ECzg"mH1 fragment from pSB20, which contains sequences immediately 3'of the LST7gene, and the 0.9kb BamHI-Nsil fragment from pSB19,which contains sequences immediately 5' ofLST7. These fragments are oriented such that when pSB25 is linearized by cleavage at the
BamHI site, homologous recombination with the chromosome will replace the genomic LST7 gene bypRS305sequences.

p57-2 and p57-6 were isolated from a genomic library in
phYES (ELLEDGEet al. 1991) as clones that complemented
kt8. The 1.6-kb XhoI fragment from p57-2 that carries the
LST8 coding sequence was inserted into pRS316 to generate
pKR16 and into pRS305 to generate pKR22. The genomic
sequences in pKR16 also contain a portion of the SZSl gene.
To eliminate the possible involvementof SZSl in the complementation of kt8, pKR60 was constructed by insertion of a 1.7kb PCR product, containing only the LST8gene with flanking
noncoding DNA, into pRS316 at the KpnI and XhoI sites. p576 was the template and the PCR primers were 5'-GGC TCG
AGT ATT TTG TCG CGC AAG TAG G3' and 5'-GGG GTA
CCG TCT CCT TGA CCA TTA TTA G3'. A deletion of the
chromosomal LST8 gene was constructed by one-step gene
disruption using a DNA segment generated by PCR (LORENZ
et al. 1995). The DNA segment usedto
generate the
kt8A::LrRA3gene disruption was constructed using the URA3
gene from pRS316 as a template and PCR primers containing
sequences that flank the LST8 coding sequence: 5' CTC GAA
CTACCTTGGCAAGGAGlTTGTGCTGACAGTGGT
TGC TGT GCG GTA TlT CACACC G 3' and 5' CTA T'IT
TGTCGCGCAACTAGCTAAACC
TTT CGTCTACAC
GAA ACA GAT TGT ACT GAG AGT GCA C 3'.
Synthetic-lethalscreen: Mutations that are lethal when
combined with secl3-1 were isolated by a colony-sectoring
assay in isogenic strainsof opposite mating types. Cultures of
CKY423 and CKY424 were irradiated with a germicidal W
lamp at a dose that gave 10% cell survival and were plated
onto solid YPD medium to give 150 colonies per plate. Mutants that required the presence of the plasmid pKR4, which
carries the SEC13 gene, were identified as solid red, nonsectoring colonies after 5 days of growth at 24". The classof
nonsectoring mutants we sought required pKR4 because of
the wild-type SEC13, and were identified as those mutants that
could sector when transformed with a plasmid bearing SEC13
(pKRl), but could not sector when transformed with vector
alone (pRS316).Complementation tests among nonsectoring
mutants were performed by mating mutants isolated from
CKY423with those isolated from CKY424 and then testing
the resulting diploid colonies for their ability to sector. The
largest complementation group was found to consist of lossof-function alleles of the SEC13 gene itself as demonstrated
by a linkage test wherethe mutants were crossed to isogenic
wild-type SEC13 strains (CUY563 and CUY564). For most tetrads in these crosses, all four ascospores received a copy of
the plasmid pKR4 allowing segregation of the nonsectoring
trait to be scored. For tetrads where all four spores received
pKR4, two spores gave rise to solidred, nonsectoring colonies
and two spores gave riseto sectoring colonies, indicating tight
linkage of the nonsectoring trait to the SEC13 locus. For the
other complementation groups the nonsectoring trait was not
linked to SEC13 as judged by crosses to CUY563 or CUY564
where these mutants gave a two-gene segregation pattern for
the nonsectoring phenotype. In these crosses, tetrads with
either two, one, or no nonsectoring segregants were found
among the tetrads where all four ascospores received a copy
of the plasmid pKR4. The genes thus defined were designated
LSTfor lethal with sec-@&mz.All kt mutant strains were backcrossed twice to parental strains.
kt secl3-1 double mutants carrying the pKR4 plasmid were
converted to kt single mutants by integration of a wild-type
copy of SEC13 at the secl3-1 locus using the plasmid p1312
(PRYERet al. 1993). The integration of a wild-typecopyof
SEC13 restored the ability of these strains to form white sectors, and the ability of cells derived from white sectorsgrow
to
at 36" confirmed the presence of a wild-type copy of SEC13.
We were not able to construct a kt9 single mutant because
of the poor growth of kt9 strains. To test for synthetic-lethal
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TABLE 1
Yeast Strains
Strain
CUY563
CUY564
P L ~ M
cKY45

cmo
c m 4
CKY58
CKY78
CKY348
CKY423
CKY424
cKY435
CKY436
cKY437
CKY438
cKY439
CKY440
CKY441
CKY442
cKY443
cKY444
cKY445
CKY446
cKY447
CKY448
cKY449
CKY450
CKY451
CKY452
cKY453
cKY455
CKY465
CKY466
CKY480
CKY524
CKY525
CKY526
CKY527
CKY528
CKY529
CKY530
CKY531
CKY532
cKY533
cKY534

or reference
MA% ade2-101
ade3-24

h2-3.112 ura3-52
HUFFAKER
T.
(Cornell University)
T. HUFFAKER (Cornel1 University)
MATa ade2-101 ade3-24 h 2 3 , 1 1 2 ura3-52
LJUNGDAHL
et al. (1992)
MATa ade2-101 ade3-24 h2-3,112 lysZA201 ura3-52 gaplAI::LEU2
shr3A1::URA3[pPL257]
Kaiser lab collection
MATa secl3-1 his4-619 ura3-52
Kaiser lab collection
MATa sec16-2 his4619 ura3-52
Kaiser lab collection
MATa secl7-1 his4619 ura3-52
Kaiser lab collection
MATa sed 8-1 his461 9 ura3-52
Kaiser lab collection
MATa sec23-1 his4619 ura3-52
Kaiser lab collection
MATa/a h 2 - 3 / h 2 - 3 ura3-52/ura3-52
Kaiser lab collection
MATa secl3-1 ade2-101 ade3-24 h2-3,112 ura3-52[pKR4]
Kaiser lab collection
MATa secl3-1 ade2-101 ade3-24 h2-3,112 ura3-52 [ p U 4 ]
Kaiser lab collection
MATa ktl-1 secl3-l::SEC13,VRA3 ade2-101 ade3-24 h2-3,112 ura3-52
Kaiser lab collection
MATa kt2-1 secl3-l::SECl3,URA3 ade2-101 ade3-24 h2-3,112 ura3-5
MA Ta kt3-1 secl 3-1 ::SECl3, URA3 ade2-101 ade3-24h2-3, I1
2 ura3-52
Kaiser lab collection
Kaiser lab collection
MATa kt4-1 secl3-1::SEC13,LIRA3 ade2-101 ade324 h2-3,112 ura3-52
Kaiser lab collection
MATa kt5-1 secl3-l::SECl3,LIRA3 ade2-101 &3-24 h2-3,112 ura3-52
Kaiser lab collection
MATa kt61 secl3-1 ::SECl3,,3 ade.2-101 ade3-24
h2-3,112 ura3-52
Kaiser lab collection
MA Ta kt 7-1 secl3-1::SEC13,LIRA3 ade2-101 ade3-24 h2-3,112 ura3-52
MATa kt8-1 secl3-1 ::SEC13,LIRA3 ade2-101 ade3-24 h2-3,112 ura3-52
Kaiser lab collection
MATa prototroph
This study
MATa secl3-l
This study
MATa h.2gaplA1 ::LEU2
This study
This study
MA Ta ura3 shr3 ::URA3
MATa secl 2-4
This study
MATa sec16-2
This study
MATa sec23-1
This study
MATa sec3l-1
This study
MATa sec13-4
This study
MA Ta sec13-5
This study
MA Ta secl 3-7
This study
MATa secl3-1 pt@ZA::TRPI
This study
MATa Eeu2-3,112 ura3-52 gaplA1 ::LEUZ[pPL257]
This study
MATa secl3-1 h2-3,112 ura3-52 gaplAl ::LEU2[pPL257]
This study
MATa secl3-A1 ade.2-101 ade3-24 h2-3,112 ura3-52[pKRl]
This study
MATa kt41
This study
M T a kt7-1
This study
MATa kt8-l
This study
MATa k t 4 1 h 2 3 , 1 1 2ura3-52 gaplA1 ::LEU2[pPL257]
This study
MATa kt7-1 h2-3,112 ura3-52 gaplAl ::LEU2[pPL257]
This study
MATa kt8-1 h2-3,112 ura3-52 gap1A 1 ::LEU2[pPL257]
This study
MATa kt4-1 P@lZA::TRPl
This study
MATa kt7-1 p$12A::TRpl
This study
MATa kt8-1 pePl2A::TRPl
This study
M A n g a p l A l ::LEU2 pepl2A::TRPl
This study
MATa shr3::URA3 pepl2A::TRPl
This study

interactions between kt mutations and mutations in SEC
genes, kt mutants CKY435 (lstl-I), CKY436 (lst2-1), CKY437
(kt3-1), CKY438 ( k t 4 1 ) , CKY439 (lst5-1), CKY440 ( k t d l ) ,
CKY441 (kt7-1),and CKY442 (lst8-1) were crossed to the sec
mutants CKY39 (seclZ), CKY45 ( s e c l l l ) , CKY50 (sec16-2),
cI(y78 (sec23-1), and CW450 (sec3l-1). At least 12 tetrads
were evaluated for each cross and lethal interaction between
bt and sec mutations was indicated in tetrad analysis that gave
-25% inviable spores on YPD medium at 24". Most of the kt
mutations did not confer a phenotype that could readily be
followed through a cross. Therefore, in cases where synthetic
lethality was evident, the inviability of a given kt sec double
mutant was based on the finding that lethality segregated as

a two-gene trait (most tetrads giving a segregation pattern of
1:3for lethality) and the secmutation was always present in the
inviable spores as inferred from the genotype of the surviving
spore-clones.The following tetrad classes werefound in cases
of synthetic lethality: two viable spores that are both Set+;
three viable spores, two of which are Sec+ and one that is
Sec-; and four viable spores, two of which are Sec' and two
are Sec-.
Apsays for amino acid uptake: Strains to be assayed were
cultured in SD medium to1.6 X 10' cells/ml. Cellswere
collected by filtration on 0.45
nitrocellulosefilters (Millipore Corporation, Bedford, MA) and suspended in SFD m e
dium. Cell density was adjusted according to the amino acid
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and strain being assayed so that the rate of u take was linear
during the assay. To initiate the assay, [' C]-ra&olabeled
amino acid was added to a final concentration of 4 p ~At.
3 h e c intervals five samples of 100 p1 were removed and cells
were collected by filtration through a no. 30 glass fiber filter
(Schleicherand Schuell, Keene, NH)
and washed with chilled
water. The intracellular labeled amino acid was determined
by liquid scintillation counting. The velocity of uptake for a
given amino acid and strain was determined for two independent samples. The specific activities of the amino acids used
were 312 mCi/mmol for histidine, 125 mCi/mmol for arginine, lysine, proline, serine and threonine, and 57.7 mCi/
mmol for citrulline. Labeled amino acids were obtained from
Amersham (Arlington Heights, IL), NEN Dupont (Boston,
MA) and Moravek Biochemicals, Inc. (Brea, CA).
Isolation of the secl3-7 allele: The alleles secl3-1, sec13-4,
and sec13-5, which have been described previously, were all
identified as temperature-sensitive secretion mutations
(PRYERet al. 1993). In an effort to identify newclassesof
SEC13 mutations, we designed a screen for new SECl3 alleles
that gave resistance to L-2-azetidinecarboxylic acid.The pKR4
plasmid, which carries a wild-type copy of SEC13, was mutagenized by treatment withhydroxylamine and then transformed into Escherichia cola to generate a mutant library (KAISER et al. 1994). The mutagenized plasmids were introduced
into CKY480 (ura3, h 2 , secl3A [pKRl]) by a plasmid shuffle
(BOEKEet al. 1987). Mitotic segregants that had lost pKRl
were selected by replica plating the transformants on SD medium supplemented with 5-flouro-orotic acid. The resulting
strains, whose only copy of
the SEC13 gene was on a mutagenized pKR4 plasmid, were then replicaplatedto SD plates
containing 50 mg/liter L-2-azetidinecarboxylic acid (Sigma,
St. Louis, MO) to screen for resistance. The SEC13 alleles on
plasmids that conferred L-2-azetidinecarboxylicacid-resistance were sequenced using the Sequenase protocol (USB,
Cleveland, OH) and synthetic oligonucleotide primers. The
secl3-7 allele, thus identified, has a single G to A transition
that changes Cys2, to Tyr. The sec13-7 allele was introduced
into its normal chromosomal locus by two-step gene replacement (ROTHSTEIN
1991).First, plasmid pRS306,bearing secl37,was integrated at the SEC13 locus by cleavage of plasmid
DNA with Ea@. CKY453 (secl3-7) was then generated by excision of the integrated plasmid by homologous recombination
as selected by growth on 5-fluoreorotic acid. Recombinants
that harbored the sec13-7 allele (rather than SECl3) were
identified by their resistance to L-2-azetidinecarboxylic acid.
Plate assay for resistance to toxic amino acid analogues:
Different strains were cultured overnight in SD medium at
24" and were harvested by centrifugation while in exponential
growth. Cell concentration was measured by light scattering
and a fixed number of cells were spotted onto solid SD medium containing a given amino acid analogue. Growthwas
scored after incubation for 2-4 days at 24". The analogue
concentrations were as follows: 50 mg/liter L-2-azetidinecarboxylic acid, 225 mg/liter 2-aminoethyl-~-cysteine,250 mg/
liter 4aza-DL-leucine, 10mg/liter &zhloreD,L-alanine,1 mg/
liter L-canavanine,30 mg/liter D,L-ethionine,or 40 mg/liter p
fluoro-D,L-phenylalanine.All analogues werepurchased from
Sigma. The extent of growth was also dependent on the density of plated cells. The plated cell densitiesin cells per mm2
for each analogue were as follows: 1.8 X lo3 (L-2-azetidinecar5.4 X 10'
boxylic acid), 5.4 X loz (2-aminoethyl-~-cysteine),
(4aza-DL-leucine), 1.8X io3 (@-chlorc-D,L-alanine), 7.2X 10'
(I;canavanine),5.4 X IO2 (ethionine), 5.4 X lo2 (pfluoroD,L-phenylalanine).
Invertase assays: To assay for invertase secretion, cells were
grown exponentially in YPD medium at 24" and then transfered to YEP medium with 0.1% glucose at 24" for 2 hr. Cells

B

were converted to spheroplasts by digestion with lyticase and
the invertase activity in the spheroplasts (intracellular) and
spheroplast supernatant (extracellular) fractions determined
as described previously (HONGet al. 1996). For each strain,
duplicate assays on different cultures were performed. All
strains assayed had the same total invertase activity and expressed the same fraction of extracellular enzyme (90%).
Western blotting: Proteins were resolvedby SDSPAGE and
Western blotting was performed using standard methods
(L"ML1
1970; -OW
and LANE 1988). Antibodies were
used asfollows:anti-HA
antibody, 12CA5, (BabCO, Richmond, C A ) at 1:lOOO dilution; rabbit anti-Sec6lp at 1:lOOO
dilution; rabbit anti-Pmalp (gift of A. CHANG) at
1:500 dilution; and HRFkoupled sheep anti-rabbit and HRP-coupled
sheep anti-mouse (both Amersham) at 1:10,000 dilution.
Blots were developed by chemiluminescence using the ECL
kit (Amersham).
Cell fractionationand equilibrium density centrifugation:
Cell organelles were fractionated
on equilibrium density gradients as has been described previously (KOLLINGand HOLLENB
ERG 1994; ROBERG
et al. 1997). Cells were grown exponentially,
collected by centrifugation,and disrupted by rigorous vortexing
withglass beads in 500 pl ofSTElO [lo% (w/w) sucrose, 10
mM Tris-HC1 (pH 7.6), 10 mM EDTA] with protease inhibitors
[ l mM PMSF, 0.5 mg/ml leupeptin, 0.7 mg/ml pepstatin A
(Boeringer MannheimBiochemicals, Indianapolis, IN)]. After
lysis, 1 ml STElO was added and the extract was centrifUged at
the cleared
300 X g for 2 min to clear cell debris. Some of
extracts (0.3 ml)werelayered onto a 5 ml, 20-60% linear
sucrose gradient in TE buffer. Gradients were centrifuged at
100,000 X gfor 18 hr at 4". Fractions of 300 pl were collected
from the top of the gradient and GDPase activity was assayed
by standard methods (ABEIJON et al. 1989). Proteinwas precipitated by adding deoxycholate to 0.015% and trichloroacetic
acid to 7.2%. Proteinwas pelleted and reprecipitated with ace
tone. Protein pellets were dried and suspended in 2 X sample
bufFer [4% sodium dodecyl sulfate, 0.1M Tris-HC1 (pH 6.8), 4
mM EDTA, 20% glycerol, 2%
2-mercaptoethanol, 0.02% bromophenol blue]. GaplpHA, Pmalp, and Sec6lp were detected
by Western blotting and quantified using a ScanJet 4C (Hewlett
Packard, Boise, ID)and IPLab Gel software (Molecular Dynamics, Sunnyale, CA).
Immunofluorescencemicroscopy GaplpHA and Kar2p
were localized by indirect immunofluorescence of fixed cells
using methods described previously (PRINGLE
et al. 1991;ROE
ERG et al. 1997). Strains were grownin SD medium toa density
of 3 X lo6 cells/ml. After fixation in 3.7% formaldehyde for
1 hr, cells were pelletedby centrifugation, washed in 100 mM
potassium phosphate (pH 7.2), and spheroplasted by digestion of the cell wallwithlyticase. Antibodies were used at
the following dilutions: 12CA.5 monoclonal antibody, l/5000
(BAbCO, Richmond, CA); anti-Kar2ppoly-clonalantibody,
1:lOOO (a gift from M. ROSE,Princeton University, NJ);FITG
coupled goat anti-mouse IgG, 1/200 (Boehringer Mannheim
Biochemicals); rhodamine-coupled donkey anti-rabbit IgG,
1/200 (Amersham Life Science Inc.). Samples were viewed
with a Zeiss axioscope equipped for epifluorescence (Carl
Zeiss, Thomwood, NY), and images were recorded with Kodak T-Max 400 film (Eastman Kodak Go.,Rochester NY).
Cloning of U T 7 and UT& The LST7and LST8genes were
cloned by complementation of the kt7 secl3-1 and kt8 secl31 synthetic-lethal phenotypes by screening for plasmids that
could restore colony sectoring to mutant strainscarrying
pKR4. Plasmids identified by this screen were shown to complement both the kt secl3-1 synthetic lethality and the L-2azetidinecarboxylic acid-resistance phenotype. Complementing clones were subcloned into pRS316 (SIKORSKI
and HEITER
1989), and the minimal complementing region was deter-
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mined. For LST7
two plasmids were isolatedthat were capable
of rescuing the Ist7phenotypes. The minimal complementing
region was defined by generating a nested seriesof deletions
(HENIKOFF 1984). These clones were then used to sequence
both strands using the Sequenase protocol (USB, Cleveland,
OH). For L.ST8, a minimal, 1.6kb region of overlap wasfound
in the eight complementing library clones. DNA sequence
obtained from this region revealed thatit carried a segment
of chromosome XNwith the complete OW, YNL006w (The
Saccharomyces Genome Database, CHERRYet al. 1997). The
fragment also contained the first 70 codons of the neighboring geneSZSl (LUKEet al. 1991). To eliminate the possibility that complementationwas due to the truncatedSZSl gene,
a fragment containingYNLOO6wand the flanking non-coding
DNA, but without SISl, was generated using PCR. This fragment in the centromere vector pRS316 complemented the
kt8 phenotypes.
RESULTS

Isolation of mutations synthetically lethal withsecl31: The original objective of this work was to find new
genes whose functions were related to that of SEC13.
For this purpose, we sought mutations that would exhibit synthetic-lethal interactions with secl3-1 in a colony sectoring assay. The yeast strains CKY423 and
CKY424 carry chromosomal ade2, a&3, and secl3-1 alleles and wild-type copies of the ADE3 and SEC13 genes
on the plasmid pKR4. Colonies of these strains accumulate a red pigment because of the ade2 mutation, but
spontaneous loss of pKR4 produces ade2 a h 3 segregants that formwhite sectors within a red colony (KOSHLAND et al. 1985). After mutagenesis ofCKY423 and
CKY424, we sought mutations that would be lethal in
combination with secl3-1. Such mutations could be
identified by colonies that could not form white sectors,
because loss of pKR4 woulduncover the lethal genetic
interaction. CKY423 and CKY424 were mutagenized by
UV irradiation and 78,000 colonies were screened to
identify 139 solid red, nonsectoring colonies. To distinguish mutants that failed to sector because of a dependency on the wild-type SEC13 gene from those that
failed to sector for other reasons, such as gene conversion of ade3, a second plasmid carrying a wild-type copy
of SEC13 was introduced into each mutant. When provided with this additional copy of the SEC13 gene, 57
of the mutants regained theability to sector, indicating
they carried mutations that prevented sectoring only
because they required a wild-type copy of SEC13.
For allof the mutants, the nonsectoring
trait was
found to be recessive in tests of diploids produced by
mating to secl3-l parental strains (CKY423 or CKY424).
These diploids were sporulated and tetrad analysis revealed that formost tetrads all four ascospores received
pKR4 allowing the segregation pattern of the nonsectoring trait to be determined. For five of the mutants,
the nonsectoring phenotype required more than
one
mutation and these strains were not studied further.
For
the remaining52 mutants, the nonsectoring phenotype
segregated 2:2 (in tetradswhere all four spores received

TABLE 2

U T genes

Gene
LSTl
LST2
LST3
LST4
LSTS
LSTG
LST7
LSTS
LST9

No. of alleles
Synthetic
lethal
interactions

11
6
4

5
5
1
1
1
1

secl2, secl3, secl6, sec23, sec31
sed3
sed3
sed3
secl3

secl3, sed& sec31
secl3
sed3
s e d3

pKR4), showing that this phenotype was due to a single
mutation. These mutants were placed into 11 complementationgroups using colony sectoring of heteroallelic diploids as the criterion for complementation.
For the largest complementation group, the nonsectoring phenotype was found to be completely linked to
SECI3, indicating that this group most likely consisted
of secl3 null mutants (see MATERIALS AND METHODS).
To test for thepresence of mutations in genes that were
already known to show synthetic-lethalinteractions with
secl3-1, plasmids carrying the SEC12, SEC16, and SEC23
genes were tested for their ability to complement the
nonsectoring phenotype. By this test, one complementation group with two members was identified as SECl6.
We designated the remaining complementationgroups
LST for lethal with Zec-Jhirteen. (Table 2).
To begin to characterize the properties of the kt mutations, we integrated a wild-type copy of SEC13 at the
secl3-1 locus to produce a set of SEC13 kt strains. Based
on previous experience with synthetic-lethal interactions in the secretory pathway (KAISER and SCHEKMAN
1990), we expected that kt mutations that interfered
with ER-to-Golgi transport would be lethal with most,
if not with all, of the mutations in the COPII genes
involved in vesicle budding. To test for synthetic-lethal
interactions, kt mutants were crossed to secl2,secl6,
sec23, and sec31 mutants. Mutations in LSTl were lethal
when combined with mutations in SEC12, SEC16,
SEC23, and SEC31, and mutations in LSTG were lethal
with mutations in SEC16 and SEC31 (Table 2). We are
currently investigating the potential roles of the LSTl
and LST6 gene productsin vesicle formation at the ER.
The remaining LSTgenes did not show synthetic lethal
interactions with COPII mutations other than secl3-1.
This specificity of interaction suggested that the synthetic-lethal interactions that we had detected for these
genes with secl3-1 stemmed from an aspect of SEC13
function that was not sharedby the other COPII genes.
LST3, LSTS and LSD are SER2, TIIR4 and HOM6:
To initiate an investigation of the LSTgenes that interacted only with SEC13, we cloned LSTS by complementation of the cold sensitivity that we had observed to
be a property of kt5 mutations. Three complementing
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clones with overlapping restriction maps were isolated.
Sequence analysis revealed that the clones contained
THR4, the gene for threonine
synthetase (AAS and ROCNES 1990; RAMOS and CALDERON 1994). We found that
all five k t 5 mutants required threonine forgrowth and
failed to complement a thr4 mutation for growth on
minimal medium.Furthermore,a
cross between a
known thr4 mutant and asecl3-1 mutant confirmed that
the secl3-1 thr4 double mutantswere inviable.Together
these results confirm that k t 5 mutations are in fact alleles of THR4.
By testing all of the kt complementation groups for
theiramino acid requirements, we foundthat kt9
strains required both threonine
and methionine for
growth. Complementation tests showed that kt9 mutations are alleles of HOM6, a gene required for both
the threonine and methionine
biosynthetic pathways
(ULANE and OGUR 1972). Similarly, k t 3 strains required
serine for growth and complementation testswith
known mutations in theserine biosynthetic pathway
revealed that k t 3 mutations were alleles of SER2 (DE
ROBICHON-SZULMAJSTER
et al. 1966).
SECl3 is required for the activity
of a subset of
amino
acid permeases:The lethality of secl3-1 with amino acid
auxotrophic mutations indicated apossible connection
to the proper function of amino acid permeases, because a combinedfailure both to synthesize and to take
up a particular amino acid would prevent growth
(GRENSON
1966; GRENSON
et al. 1970). An effect of
secl3-1 on amino acid uptake was confirmed by assays
for the rate of uptake of [14C]threonine and [14C]serine. The rate of threonine uptake in a secl3-1 mutant
at 24" was 50-fold lower than that of an isogenic wildtype strain, and the rate of serine uptake was 30-fold
lower (Figure 1).
Because S. cerevisiae possesses many amino acid permeases with overlappingsubstrate specificities, we
sought to determine moreprecisely which permeases
were affected by secl3-1. The general aminoacid permease, Gaplp, which can transport most amino acids,
can be specifically assayed by uptake of [ 14C]citrulline
(GRENSON
et al. 1970;JAUNIAUX and GRENSON
1990).
The rate of citrulline uptake for a secl3-1 strain was
50-fold lower than for a wild-type strain, demonstrating that Gaplp activity was severely compromised by
the secl3-1 mutation (Figure 1). We next examined
the activity of the proline permease Put4p. The rate
of ['4C]proline uptake was 20-fold lower in a secl31 strain than in wild type. Because proline can be
transported by both Put4p and Gaplp,we compared
proline uptake in secl3-1 and g a p l A mutant strains.
Only a small fraction of the reduction in proline uptake in the secl3-1 mutant could be attributed toloss
of Gaplp function indicating that both Put4p and
Gaplp are severely impaired by the secl3-1 mutation
(Figure 1) .
Transport of other labeled amino acids were similarly

assayed in both secl3-l and g a p l a mutants. The uptake
of arginine, lysine, and histidine were not specifically
affected by the secl3-1 mutation (the small effect on
lysine uptake could be attributed to the Gaplp defect)
(Figure 1).Furthermore, the effect of secl3-l on serine
uptake could be entirely attributed to the effect of secl31 on Gaplp. Theeffect of secl3-1 on threonine uptake
was about threefold greater than thatof g a p l A , indicating that athreonine-specific permease was also affected
in the secl3-1 mutant (the gene for threonine-specific
a
permease has not yet been defined). Based on these
results, the secl3-1 mutation did not appear to
affect
the activities of Canlp, Lyplp, or Hiplp. Additional
experiments assaying leucine and tryptophan uptake
demonstrated that activity ofthe permeases specific for
these amino acids were also not affected by the secl3-1
mutation (data not shown). These data indicated that
the effect of secl3-1 on amino acid uptake was specific
for Gaplp, Put4p, and a threonine permease.
Not all s e d 3 mutations affect permease function:All
of the known alleles of SEC13 had been identified by
temperature-sensitive mutations that blocked transport
of all proteins from the ER at the restrictive temperature. We developed a plate assay for new SEC13 alleles
that were specifically defective for permease function
using the toxic proline analogueL-2-azetidinecarboxylic
acid. Mutations in the PUT4 gene have previously been
found to confer resistance to this analogue (LPSKO and
BRANDRISS
1981). We found that secl3-1 mutants also
showed resistance to L-2-azetidinecarboxylicacidsas
would be expected from their greatly reduced rate of
proline uptake (see Figure 4). To generate new SEC13
alleles, a plasmid-borne copy of SEC13 was mutagenized
by hydroxylamine and introduced into a secl3A strain
by plasmid shuffling. Two isolates of secl3-1 and four
new s e d 3 alleles were identified by screening for transformants that could grow on plates containing L-2-azetidinecarboxylic acid (BICKEL1996).The new secl3 mutations were then introduced into the
chromosome by
two-step gene replacement to evaluate their effects on
permease function and on growth. All four of the new
s e d 3 mutants had greatly reduced Put4p and Gaplp
activities, and were at least partially temperature sensitive for growth. The least temperature-sensitive of the
new alleles (sec13-7) was characterized along with three
of the previously identified alleles (secl3-1, secl3-4, and
secl3-5).
To determinewhether the effect of s e d 3 mutations
on Gaplpactivity was allele-specific, citrulline uptake
was assayed in strainscarrying different alleles of secl3.
Strains carrying secl3-1, sec13-5, or secl3-7 alleles had
greatly reduced Gaplp activity at 24", whereas no defect in citrulline uptake was detected for the secl3-4
mutant (Figure 2). For each of thedifferent s e d 3
mutants, transport of the marker proteins invertase
and carboxypeptidase Y from the ERwas assayed at
different temperatures andwe found that thetemper-
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FIGURE
].-The activities of Gaplp, Put4p, and a threonine permease are reduced in a s P I - 1 2 1 mutant. Isogenic wild-type
(CKY443), sPI-13-I (CKY444) and ga/llA (CKY445) strains were grown exponentially in SD medium at 24". Cells wcrc harvested
by filtration and resuspended in SFD, and [l"C]-labeledamino acids were added to a final concentration of 4 p \ ~ .Aliquots of
cells were collected by filtration at 30-sec intervals overa period of 2.5 min. Imported amino acids were detected as t o t a l counts
associated with washed cell bodies. Relative rates of amino acid uptake are expressed as a perccntage o f wild-type uptake lor a
given amino acid. The absolute rates of amino acid uptake for wild-type cells were as follows: threonine, 1.5 5 0.04 pmol/min/
OD,axl;serine, 5.0 5 0.46 pmol/min/ODCdlll;citrulline, 33 2 0.37 pmol/min/ODlicx,;proline, 5.8 2 0.08 pmol/min/ODl;,l~l;
histidine, 1.6 2 0.01 pmol/min/ODl;oo;arginine, 35 5 0.05 pmol/min/OD,a,l; lysine, 55 5 2.0 pmol/min/ODli(HI.
ature at which a transportdefectappeared,corresponded closely to the temperature where growthwas
impaired (data not shown). We therefore have used
growth rate as a rough measure of ER-to-Golgi transport for each mutant.We compared each of thesee13
alleles for effects on both temperaturesensitivity a n d
G a p l p activity and found that the degree to
which
each of thesetwo properties was affected by the different alleleswas not correlated (Figure2 ) . For example,
although the sec13-7 mutation was slightly less restrictive for growth than sec13-4, secZ3-7caused more than
a 200-fold reduction in Gaplp activity, whereas secl34 had no effect on Gaplp activity. Moreover, Gaplp
activity for the secl3-4 mutant was found to be the
same as for wild type even at 34", a temperature close
to that restrictive for growth (data not shown). Thus,

FIGURE
2.-The effect of different SEC13 alleles o n growth
(CKY443), sei-121 (CKY444),
and Gaplp activity.Wildtype
SPI-13-4(CKY451), .s~cl?-5 (CKY452), sec13-7 (CKY453), and
~ ~ 1 3(CKY454)
-8
weregrown exponentially in SD medium
at 24" and wereassayed for Gaplp activity by the rate of
['"C]citrulline uptake as described in Figure 1. The strains
were also assayed for growth at different temperatures by spotting cells onto solid SD medium and incubating at the indicated temperature for 2 days.

the function of S K I 3 needed for Gaplp activity a n d
the essential function needed for
ER-to-Golgi transport appeared to be distinct.
COPII mutants other than s e d 3 do not compromise
Gaplp activity: Citrulline uptake was assayed in secl2,
secZ6, sec23 and see31 mutants. None of these mutations
significantly affected G a p l p activity at 24", a temperature permissive for growth of these mutants (Figure3 ) .
We have also found that all of the alleles of SECZ2,
SECZ6, SEC23, SEC24 and SEC31 in o u r strain collection
show the samesensitivity to L-2-azetidinecarboxvlic acid
as wild type, indicating the absence of
a defect in Put4p
activity. These findingsled to theconclusion that S K I 3
was unique among the
COPII genesin its selective effect
on Gaplp and Put4p function.However, we could not
exclude the possibility that different alleles of these

wild-type. secl3-1 sec12-4 sec16-2 sec23-I s e d / - 1

FIGURE
3.-Tests of
COPII mutations for their effects on
Gaplp activity. Gaplp activitywasassayed at the permissive
growth temperature of 24" in wild-type (CKY443), sPI-13-I
(CKY444), SPI-12-4 (CKY447), seclk2 (CKY448), s~c23-l
(CKY449). and sec31-1 (CKY450) strains. Gaplp activity was
determined by the rate of [l'C]citrulline uptake as described
for Figure 1.
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Analog:
wild-type s e d 3

lst4

lst7

lst8

gaplA shr3A

None
FIGURE 4.-Mutations
in SEC13 and LST4, LST7
and IST8 confer resistance to toxic amino acid
analogues. An equal number of wild-type (CKY443),
secl3-1 (CKY444), lst4-1
(CKY523, k/7-1 (CKY525),
lst8-1 (CKY526). RnplA
(CKY445).and shr3A cells
were spotted onto solid SD
medium containing toxic
amino acid analogues at
the concentration given in

L-azetidine-2-carboxylate
(proline)
Caza-D,Lleucine
(unknown)
pchloro-D,L-alanine
(threonine)
D,L-ethionine
(methionine)

MATERIALS AND METHODS.

Growth was scored after incubation for 2-4 daysat
24".

L-canavanine
(arginine)
2-aminoethyl-Lcysteine
(lysine)

p-fluoro-D,lphenylalanine
(tyrosine or phenylalanine)

COP11 genes, which have not yet been identified, could
cause defects in Gaplp and Put4p activity.
LST4, LST7, and U T 8 genes are required for the
activity of a subset of permeases: We considered the
possibility that some of the LST genes that were not
involved in amino acid synthesis might have an effect
on amino acid permeases. As a preliminary assay for
effects on permease function we used resistance to L-2azetidinecarboxylic acid to indicate a possible defect in
proline uptake. Mutants for all of the LSTcomplementation groups were tested for growth on medium containing L-2-azetidinecarboxylicacid, and ,514, lst7, and
kt8 mutants were found to be as resistant as secl3-I,
indicating that these mutants also had reduced Put4p
activity (Figure 4). In crosses to the secl3-1 parent
strains (CKY423 and CKY424) resistance to L-2-azetidinecarboxylic acid cosegregated with the nonsectoring
phenotype. Resistance to L-2-azetidinecarboxylicacid
was then used to follow these kt mutationsthrough
backcrosses to create a setof isogenic strains for further
phenotypic analyses.
To determine whether lst4-I, lst7-1, and lst8-1 mutations affected a similar set of permeases as secl3-I, we
tested the growth of these mutants on a variety of toxic
amino acid analogues (Figure4).Growth was compared
to that of wild-type, g a p l A and shr3A strains. SHR3 is
required for the transport of most of the amino acid
permeases out of the ER ( L ~ N G D A et
H al.
L 1992), and
we therefore expected theshr3A mutant to be resistant

IO
to manytoxic amino acid analogues. Growth on the
following analogues was examined: 4aZa-DL-leUCine,
which appeared to be transported by Gaplp (Figure 4);
pchloro-D,r.-alanine, a threonine analogue (WIN
and
KOLIELL1971); D,L-ethionine, a methionine analogue
(SORSOLIel nl. 1964); L-canavanine,whichis
transported by the arginine permease, Canlp (GFENSON et
al. 1966; HOFFMAN1985); 2-aminoethyl-~-cysteine,
which is transported by the lysine permease, Lyplp
(GRENSON
1966); andpfluoro-D,L-phenylalanine,a possible tyrosine or phenylalanine analogue. The minimum concentration of each analogue in solid medium
needed to inhibit the growth of wild type was used for
growth tests. The p p l A mutant was only resistant to 4
aza-DL-leucine,whereas the shr3A mutant was resistant
to all of the analogues with the exception of p-chloroD,L-alanine (Figure 4). secl3-I, lst4-I, and lst7-I mutants
were resistant to 4aza-DL-leucine and L-2-azetidinecarboxylic acid, consistentwith a reduction in both Gaplp
and Put4p activities. In addition, secl3-1 was somewhat
resistant to p-chloro-D,L-alanine,consistent with the reduced rate of threonine uptake in secl3-1 mutants (Figure 1). Thelst8 mutant was resistant to a broader spectrum of analogues
that
included
4aza-DL-leucine,
L-2-azetidinecarboxylic acid, /?chloro-D,L-alanine, D,Lethionine, and L-canavanine.Based on these results,
lst8 appeared to reduce the activities of Gaplp, Put4p,
Canlp, a methionine permease, and a threonine permease. The secl3-I, lst4-I, lst7-1, and lst8-I mutations
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ity was >30-fold lower than for wildtype. The Lst4-I,
Lst7-I, and kt8-I mutants also exhibited defects in lysine

1

-

wild-type secl3

lst4

kt7

Is@

wild-type secl3

lst4

lst7

Is@

BaPIA

kt4

kt7

kt8

gapJA

-

wild-type secl3

FIGURE5.-The activities of Gaplpand Put4p are reduced
in &4, kt7, and kt8 mutants. Wild-type (CKY443), secl3-1
(CKY444), k14-I (CKY523), k17-I (CKY525), kt8-1 (CKY526),
and p p l A (CKY445) cells were grown exponentially in synthetic medium with ammonia as a nitrogen source at 24". The
rate of uptake of ["'CI-labeled amino acids was determined
as described for Figure 1 .

did not appear to
affect sensitivity to the lysine analogue
2-aminoethyl-~-cysteine or to pfluoro-D,L-phenylalanine.
The effects of the L~t4-I,kt7-I, and kt81 mutations
on theactivities ofGaplp, Put4, and Lyplpwere assayed
directly by measurement of uptake of [14C]-labeled
amino acids (Figure 5). Gaplp activity for kt4-I, kt7-I,
and kt8-I mutants was >300-fold lower, and Put4p activ-

uptake, but comparison to the reduced rate of lysine
uptake in a p p l A strain indicated that the defect
in
lysine uptake could be attributed to the reduced Gaplp
activity in these mutants. Together, the amino acid up
take studies and the tests for resistance to toxic amino
acid analogues indicated that SECl3, LSl'4, and LS7'7
were required for the activity of Gaplp and Put4p, and
that LS7'8 was required for the activity of a more extensive set of permeases.
To determine whether kt4, kt7, and kt8 mutations
cause general defects in secretion we evaluated both the
growth rate and thefunction of the secretory pathway in
these mutants. Tests for growth on plates indicated that
kt4-I, kt7-1, and Lst8-I mutants grew as well as wild type
at all temperatures. Quantitative growth assays in liquid
SD medium at 24", conditions under which the defects
in permease activity were observed, showed that the
doubling time of kt4-I, kt7-I, kt8-1 and wild-type strains
(CKY524,CKY525,CKY526,
and CKY443) were 180,
177, 197, and 179 min, respectively. Thus, the mutant
strains were not grossly defective in delivering new
membrane and protein to the
cell surface. A more specific assay of the function of the secretory pathway was
performed by comparison of intracellular and extracellular levels of the secreted enzyme invertase after a 2hr induction periodat 24" in0.1% glucose. Comparison
of kt4-I, kt7-I, kt8-I, and wild type (CKY524, CKY525,
CKY526, and CKY443) showed that all of the strains
expressed the same amount of extracellular invertase
activity (for all four strains 90%of the invertase activity
was in the extracellular fraction). Thus, the defect
in
permease activity caused by L~t4-I,L~t7-1,or kt8-I mutations did not appear to be an indirect consequence of
a general secretion defect.
The fact that sec13-1 and secI3-7 mutations cause a
defect in Gaplp andPut4p activity, but thesec13-4 mutation doesnot, suggested that there may be a corresponding specificity for the synthetic interactions with
Lst4, kt7, and kt8 mutations. To test for allele specificity
of the synthetic interactions, we crossed strains carrying
either secl3-I, sec13-4, or secl3-7 (CKY444, CKY451, or
CKY453) to strains carrying either L~t4-I,kt7-1, or LT~R
I (CKY524, CKY525,or CKY526). Ten tetrads were analyzed from each cross and the see13 mutations were
scored by temperature sensitivity and the kt mutations
were scored by resistance to L-2-azetidinecarboxylic
acid. Double mutants harboring either secl3-I or sec137and eitherkt4-I or lst7-I grew much more slowly than
thecorresponding single mutants and formed very
small colonies on YPD plates at 24". In contrast, double
mutants harboringsec13-4and either kf4-Ior k17-1grew
as well as wild type. Thus, the ability of a given see13
allele to cause a defect in Gaplp andPut4p activity was
correlated with its ability to cause a synthetic growth
defect when combined with either a kt4-1 or a kt7-1
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mutation. In the crosses involving the lst8-1 mutation,
all of the double mutants grew nearly as well as wild
type preventing a reliable comparison of the interactions with different secl3 alleles. Apparently, the sectoring assay that was used to identify the lst8-1 mutation
was more sensitive to subtle growth defects than the
growth of colonies on YPD plates.
Gaplp is absent from the plasma membranes oflst4,
lst7, and lst8 mutants We have found that transport
of Gaplp from the Golgi to the plasma membrane is
regulated according to nitrogen source (ROBERG
et al.
1997). Cellsgrown on ammonia have100-fold more
Gaplp activity than cellsgrown on glutamate even
though bothexpress similar amounts of Gaplp protein.
The difference in activity results from regulated sorting
of Gaplp in the
trans-Golgi: in cells grownon ammonia,
Gaplp is transported from the Golgi to the plasma
membrane, whereas in cellsgrown
on glutamate,
Gaplp is transported from the Golgi to the vacuole via
the prevacuolar compartment. We found that Gaplp
transport in secl3-1 mutants grown on ammonia resembles that ofwild-typecellsgrown
on glutamate, and
Gaplp is transported to the vacuole instead of to the
et al. 1997). Thesefindings
plasma membrane (ROBERG
indicated that SEC13 functions in the late secretory
pathway to permit nitrogen
regulated delivery ofGaplp
to the plasma membrane.
The defect in Gaplp activity in lst4-1, lst7-1, and lst81 mutants suggested that these genes might also be
required for proper sortingof Gaplp in the late secretory pathway.We evaluated the intracellular localization
of Gaplp in these mutants by cell fractionation. Strains
expressing as their onlycopyof
GAPl, anepitopetagged version of the gene (GaplpHA), were grown
on ammonia medium at 24". Crude cell lysates were
prepared fromthese cultures, and the membraneswere
fractionated on equilibrium density gradients. G a p l p
HA from wild-type cells fractionated in two peaks: one
of lower buoyant density that coincided with Sec6lp
(ER) and GDPase (Golgi), and the other that
coincided
with the plasma membrane ATPase (Pmalp). Gaplp
HA from lst4-1,lst7-1, and lst8-1 mutants was absent
from the plasma membrane fractions and was resolved
in a single peak that coincided with the ER and Golgi
fractions (Figure 6). This distribution of GaplpHA was
the same as that found previously for secl3-1 mutants
(ROBERG
et al. 1997).
By immunofluorescence microscopy of kt4-1, lst7-1,
and lst8-1 mutants, GaplpHA staining was mostly localized to punctate bodies at the cell periphery and little
staining was observed in the perinuclear region where
the ER marker Kar2p was located (Figure 7). This staining pattern was similar to that of both wild-type and
secl3-1 mutants. As a control, to visualize Gaplp located
in the ERwe examined a shr3A strain that had been
shown previouslyto retain GaplpHA in theER (LJUNG
DAHL et al. 1992). The shr3A strain gave a perinuclear

staining pattern that was clearly different from that of
the lst4, lst7, and lst8 mutants (Figure 7). Thus, in lst4,
lst7, and lst8 mutants, most of GaplpHA appeared to
have exited the ER. The fact that little Gaplp staining
at the cell surface was detected even in wild-type cells
can be explained by the observation that in steady-state
only about one-third of Gaplp was located at the plasma
membrane of wild typeby cell fractionation (Figure 6).
A third criterion that we have developed to define
the step in Gaplp transport that is affected by secl3-1
is suppression by a pep12 deletion. PEP12 encodes a
putative t-SNARE required for protein trafficking from
the trans-Golgi to the prevacuolar compartment
(BECHERER
et al. 1996). The pep12A mutant blocks
transport of a number of different soluble and membrane proteins from the Golgi to the vacuole, but does
not greatly impair growth on ammonia medium. Although Gaplp is transported from the Golgi to the
vacuole in a secl3-1 mutant, a block in transport from
the Golgi to the prevacuolar compartment imposed by
pqb12A can restore Gaplp transport to the cell surface
(ROBERG
et al. 1997). We examined theability ofpep12A
to supress the defects of lst4-1,lst7-1, and lst8-1. The
pep12 deletion partially suppressed the defectin Gaplp
activity caused by all three mutations: lst4-1 pep12A double mutants had55-fold higher activity than lst4-1 single
mutants, lst7-1 pepl2A doublemutantshad
20-fold
higher activity than lst7-1 single mutants, and lst8-1
pepl2A doublemutantshad fourfold higher activity
than lst8-1 single mutants (Figure 8). The relative effect
of the pep12A mutation on lst4 and lst7 mutants was
similar to the effect on s e c l b l : in a secl3-1 pep12Adouble mutant Gaplp activity is 26-fold higher than in a
secl3-1 single mutant. The relatively poor suppression
of the lst8-1 mutation by pep12A could be a consequence of the relatively severe amino acid permease
defects that we have detected for the lst8-1 mutation.
The Gaplp defects of g a p l A and shr3A mutants were
not suppressed by the deletionof the PEP12gene, showing that suppression by pep12A was specific for mutations that affect Gaplp transport late in the secretory
pathway. These data, togetherwith the localization studies of Gaplp described above, implicate LST4, LST7,
and LST8 in theregulated transport of Gaplp from the
Golgi to the plasma membrane.
Isolation of the U T 7 gene: The LST7 gene was isolated by complementation of the lethal interaction of
k t 7 mutants with secl3-1 as detected by the colony sectoring assay. A genomic library constructed in the centromere vector pCT3 (THOMPSON
et al. 1993) was
screened for plasmids that would restore sectoring to
the nonsectoring lst7 strain CKY432. Two complementing plasmids (p52-7 and p52-11) with overlapping restriction maps were identified and were shown to also
complement the recessive L-2-azetidinecarboxylic acid
resistance of lst7 mutants. The plasmid pSB20, which
carries a 3.0-kb fragment from p52-11, was sufficient to
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is
not present in the plasma
membrane of kt#, lst7, and
kt8 mutants. Wild-type
(CKY465), kt41 (cKY5271,
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(CKY529) strains expressing GaplpHA were grown
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complement all ofthe phenotypes of bt7mutant strains.
Deletions within the insert from pSB20 defined a 1.25
kb segment that fully complemented the bt7mutation.
The fragment was sequenced and was found to contain
a single open reading frame encoding 246 amino acids.
Overall, the sequence of Lst7p is hydrophilic, without
an obvious signal sequence, transmembrane domains,
or other distinguishing characteristics.The U T 7 gene
corresponds to the open reading frame YGRO57c 1cated on chromosome VI1 (Saccharomyces GenomeDatabase, CHERRYet d . 1997).

5

io

Fractions

1'5

To demonstrate that YGRO57c corresponded to the
U T 7 locus, a deletion of the open reading frame was
constructed by subcloning DNA fragments that flank
YGRO57c into the integrating, LEU2vector pRS305.The
resulting plasmid (pSB25)was linearized within the insert at the B u d 1 site and transformed into a wild-type
diploid strain (CKY348). Plasmid integration results in
the replacement of LST7with pRS.305sequences. When
the heterozygous diploid was sporulated most tetrads
gave four viable sporeclones, indicating that the gene
was not essential for growth. Resistance to L-Pazetidi-
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Gapl p-HA

Gapl p-HA
Kar2p

1

Kar2p

lst4-I

lst7-I

necarboxylic acid segregated 2:2 in these tetrads and
showed complete linkage to LEU2. These Leu+, L-2azetidinecarboxylic acid-resistant segregants were in
turn crossed to a lst7mutant and L-2-azetidinecarboxylic
acid-resistance segregated 4:O, demonstrating complete
linkage of the cloned locus and LST7.
Isolation of the U T 8 gene: The LST8 gene was also
isolated by using colony sectoring to assay for complementation of the lethal interaction of lst8-1 mutants
with secl3-1. The nonsectoring kt8 strain CKY433was
transformed with a genomic library constructed in the
centromere vector pXYES (ELLEDGEet al. 1991). Eight
complementing plasmids that restored sectoringto the
lst8 strain were found to have overlapping restriction
maps. A 1.6-kb fragment covering the smallest region
3

single mutant

sec13

lst4

lst7

lst8

gap1

shr3

FIGURE8."Suppression of the Gaplp transport defect in
lst4, kt7, and kt8 mutants hy p$l2A. The following strains
were grown exponentially in SD medium at 24" and assayed
for Gaplp activity as described for Figure 1: wild
type
(455), ls14-I
(CKY443), secl3-1 (CKY444), secl3-1pqb12A
(CKY523), kt4-1 p$12A (CKY530), kt7-1 (CKY525), lst7-1
pq12A (CKY531), kt8-I (CKY526), lst8-1 p$12A (CKY532),
gnplA (CKY445),gapla pg12A (CKY533),shr3A (CKY446),
and shr3A pqb12A (CKY534).

I

FIGI~RF.7.--Gaplp localization in I d , .kt% and
kt8 mutants. Wild
type
(CKY465),shr3A (PLY1 34),
~ ~ 1 3 - (CKY466),
1
1.~14-1
(CKY527), k t 7-1 ( c w J 2 8 ) ,
and kt8-I (CKY529), each
expressingGaplp-HA
from a centromeric plasmid, were fixed with formaldehyde and incubated
with mouse anti-HAantihody and with rahhit antiKar2p antibodies to label
the ER. Fluorescent secondary antibodies were
fluoresceinconjugated
anti-mouse and rhodamine conjugated anti-rak
hit. Magnification, 3900X.

common to all eightgenomic inserts also complemented the lst8-I mutation. The DNA sequence of the
ends of this fragment was used to place the sequence
on the S. cerevisiae genomicsequence.Thissegment
contained a region of chromosome XIV with a single
complete open reading frame,YNLOO~W,
and a portion
of the SISl gene (LUKEet al. 1991). A 1.7-kb fragment
containing only the YNLOO6w open reading frame was
subcloned into pRS316. The resulting plasmid, pKR60,
was shown to complement lst8-I in the colony sectoring
assay and to complement theresistance to toxic amino
acid analogues exhibited by lst8-I.
Gene integration confirmed that this chromosomal
region indeed contained theLST8locus. An integrating
URA3 vector carrying YNLOO6w (pKR22) was used to
mark the chromosomal locus by integrative transformation into CKY423 (MATa secl3-I ade2-IO1 a(tP3-24 h 2 3, 112 ura3-52 [pKR4]). When the resulting strain was
crossed to the lst8-I secl3-I strain CKY432(MATa lst8I see1 3-1 a h 2 a h 3 h 2 - 3 , I I2 ura3-52 [ pKR41), all sectoring sporeclones were Ura' in 24 tetrads examined,
demonstrating tight linkage of YNLOOGw to LST8.
A search of the Genbank data base with the protein
sequence of U T 8 by the BLAST algorithm (http://
www.ncbi.nlm.nih.gov/BLAST/), revealed LST8 was
similar toproteinscontaining
WD-repeat sequences
(Figure 9A). The WD-repeat is characterized by a set
of conserved residues within a repeat length of -40
amino acid residues (VAN DER VOORN and PLOEGH
1992). The G protein 0, subunit contains six WD-repeats that fold into a cylindrical 0-propeller structure
(WALLet al. 1995; SONDEK
et al. 1996). Drawing analogy
to the PI subunit, we assume that Lst8p also has a 0propeller structure.
A search of the Genbank data base of expressed se-
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quence tags (dbEST) identified many humanand
mouse EST sequences with striking homology to LST8.
Four EST sequences derived from human cDNAs were
spliced together using ovelapping segments of DNA sequence identity to constructa composite human sequence that appearsto contain the full sequence of the
encoded protein (Figure 9B). The
yeast and human
proteins share47% amino acid identity over their entire
length and the regions of similarity were not restricted
to elements of the WD-repeats. The highdegree of
similarity between the yeast and human proteins indicates that they likely perform similar cellular functions.
The chromosomal I,ST8 gene was deleted by gene-replacement with a PCR generated fragment containing
the URA? gene flanked by 40 bp of sequences derived
from the ends of LST8. Transformation of the diploid
strain CKY348 with this fragment replaced one copy of
the I S T 8 gene with the URA3 gene. Tetrad analysis of
spores from this heterozygote showed inviability segregated 2 2 , and thatall surviving spores were Ura-, indicating that the marked replacement was lethal in haploids. Examination of the tetrad dissection plates revealed that the spores
carrying lsk%A::URA3 germinated
and formed microcolonies of 10-50 cells but could not
grow further.Thus,the
IST8 gene was essential for
growth.

QQSGG
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TAA
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IWD6
LFN
VY

FKXIRF9.-LST8
enprocodesaWD-repeat
tein with a human homologue. (A) Aligned WDrepeats within 1,stXp cornparedtotheb'D-repeat
consensus sequence. Highlighted residues fit the
consensus as defined by
VAN DER VOORN and
PLOECH(1992). 4 represents any hydrophobic
amino acid. 6 represents
any noncharged
amino
acid. (E) Comparison of
Lst8p to a human homologue derived from expressed sequence tag sequences (ESTs). The human Lst8p homologue is
a composite of four EST
sequences
from
The
Washington UnivcrsityMerck ResearchProject:
amino acids 1-60, N99741;
amino
acids
61-188,
R1748.i; amino acids 189277, AA150.550; amino
acids 278-326, W74025.

DISCUSSION

The SEC13 gene encodes an essential component of
COPII-coated vesicles that bud from the ER, and temperature-sensitive alleles of SEC13 block ER-to-Golgi
transport of all known secretory proteins (NOVICKet al.
1981; KAISER and SCHEKMAN
1991; BARI.OM'Eet aZ. 1994).
This report describes a second unanticipated function
for SEC13 in the transport of particular amino acid
permeases from the Golgi to the plasma membrane. In
an effort to identify new genes involved in the budding
of COPII-coated vesicles, we designed a genetic screen
based on the expectation that enhancers of the defect
of the s ~ c l 3 - missense
l
mutation would lie in genes that
were themselves involved in ER-to-Golgi transport. This
screen revealed that .sec13-1 is lethal in combination
with auxotrophic mutations for serine or threonine
synthesis. Reexamination of secl3-I mutants at the permissive temperature of 24" showed thatthe activityof
Oaplp (citrulline uptake) and Put4p (proline uptake)
were dramatically reduced in these mutants. Gaplp in
turn is the chief means of cellular uptake of serine
and threonine from the extracellular medium,
and a
threonine auxotroph that also harbors a secl3-l mutation cannot grow, presumably because the cell can neither synthesize threonine, nor take up threonine effi-
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ciently. Assayof the rate of uptake of a number of
different amino acids demonstrated that the effect of
s e c l b l on permease activity isquite specific. The activitiesof Gaplp and Put4pareboth
greatly reduced,
whereas the activities of Canlp, Hiplp, Lyplp and the
leucine and tryptophan permeases are not significantly
affected.
The secl3-1 mutation can now be considered to exhibit two clearly distinguishable traits. At temperatures
above 32", secl3-1 mutants exhibit a lethal block in all
protein transport from the ER to the Golgi. At24",
secl3-1 mutants grow and secrete normally, but because
these mutants fail to transport Gaplp from the Golgi
to theplasma membrane they havemore than a 50-fold
reduction in Gaplp permease activity(ROBERGet al.
1997). We have investigated the relationship between
these two traits by comparing different SEC13 alleles.
We have examined the threepreviously isolated alleles,
secl3-1, sec13-4, and secl3-5 (PRYERet al. 1993), as well
as a new allele, secl3-7, isolated here by its effect on
Put4p activity. We have found that while a secl3-4 mutant does not have any effect on Gaplp activity even
when grown close to its restrictive temperature, an isogenic secl3-7mutant shows more than a 200-fold reduction in Gaplp activity 14" belowits restrictive temperature. These allelic differences provide strong evidence
that SEC13performs two genetically separable and independent functions in the early and late steps of the
secretory pathway.
We have also examined the LST genes, identified by
their synthetic-lethal interaction with secl3-1, for their
possible involvement in amino acid permease transport
to theplasma membrane. Mutations in LST4, LST7and
LST8 greatly reduced theactivities ofGaplp andPut4p.
Examination of the intracellular location of Gaplp in
kt#, kt7 and lst8 mutants revealed that, similar to the
case in secl3 mutants, Gaplp is transported out of the
ER, but is absent from the plasma membrane. Moreover, the effect of lst4, lst7, kt8, and s e d 3 mutants on
Gaplp activity can be partially suppressed by a pep12A
mutation, which produces a secondary block in transport from the Golgi to the prevacuolar compartment
(BECHERER
et al. 1996).The ability of pepl2A to partially
suppress these mutations is consistent with a defect in a
specific transport pathway from theGolgi to theplasma
membrane that can be overcome when the favored alternative pathway from the Golgi to the vacuole is
blocked (ROBERGet al. 1997).
We have recently found that transport of Gaplp to
the plasma membrane is regulated according to the
nitrogen source in the growth medium (ROBERGet al.
1997). In wild-type cells grown on ammonia or urea,
Gaplp is transported from the Golgi to the cell surface
and permease activity is high, whereas in cells grown
on glutamate, Gaplp is transported from the Golgi to
the vacuole and never reaches the cell surface. By several criteria, growth on glutamate as a nitrogen source

produces a similar effect on amino acid permeases as
mutations in SEC13, LST4, LST7, or LST8. For the mutants grown on ammonia, and for wild type grown on
glutamate, the effect on amino acid permeases shows
the same specificity. The two nitrogen-regulated permeases, Gaplp and Put4p, are greatly affected, but constitutive permeases such as Hiplp, Lyplp, and Canlp are
not affected. Moreover, the localization experiments
that we have performed on the mutants indicate that
the defect in Gaplp sorting takes place in the transGolgi, which is the same step in the secretory pathway
that appears to be regulated by nitrogen source.
What roles might SEC13, LST4, LST7, and LST8 play
in Gaplp transport to the plasma membrane? An attractive possibility, given the known function of SeclSp as
a COPII vesicle coat protein, is that these proteins may
be components of a post-Golgi vesiclecoat that is selective for transport of nitrogen-regulated permeases to
the cell surface. We have examined the possibility that
other genes required for COPII vesicle formation may
also act in Gaplp transport to the cell surface, but assay
of strains bearing mutationsin the COPII genes, SECl2,
SECl6, SEC23, and SEC31, revealed no discernible effect on Gaplp activity. Because special alleles would be
required to dissect function attwo steps of the secretory
pathway, the possibility remains that new alleles of
COPII genes could reveal involvement of these proteins
at steps late in the secretory pathway. It is not yet known
whether Gaplp and Put4p reach the cell surface in
a specialized nitrogen-regulated vesicle or whether a
constitutive class of secretory vesicle is used and loading
of the permeases into the vesicle is the step regulated
by nitrogen source. Examination of the molecular function of Secl3p, Lst4p, Lst7pand Lst8p in the late secretory pathwaymay allowthese possibilities to beresolved.
It is also possible that SEC13, LST4, LST7, and LST8
exert a less direct effect on permease sorting in the
trans-Golgi. Given that sec23, lst4, lst7, and kt8 mutants
produce a similar effect on Gaplp trafficking as does
growth on glutamate, it is possible that these genes are
components of a nitrogen response pathway. Since almost nothing isknownofhowyeast
cells sense and
respond to nitrogenavailability, the experimental tools
to test this possibility are not in hand. If the LST genes
are elements of the signal transduction pathway that
governs response to nitrogensource, further analysis of
the function of these genes should provide a new avenue for study of nitrogen regulation.
We know relatively little about the process of secretory vesicle formation at the trans-Golgi because none
of the secretion mutations have been demonstrated to
affect this step in the secretory pathway. Two distinct
classes of post-Golgi secretory vesicle have been identified that share a common machinery for fusion with
the plasma membrane but may have different requirements forbudding
from the Golgi (WAY
and
BRETSCHER
1995). Individual mutations that block the
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formation of only one class of vesicle may only give a
leaky secretion defect, and therefore would likely have
been overlooked in screens for tight secretion mutants.
The finding that null alleles of LST8, as well as secl31 kt4 and secl3-1 kt7 double mutants, are all inviable
suggests that all four genes may be involved in the transport of essential protein molecules from the Golgi to
the cell surface. Interestingly, the kt8 mutants isolated
here appear tohave reduced activity ofamino acid permeases in addition to Gaplp and Put4p, as indicated
by the mutant’s spectrum of resistance to toxic amino
acid analogues. Together these findings open thepossibility that the LST genes may participate in general
protein transport from the Golgi to the plasma membrane.
From previous work and from the gene cloning described here we know that both SEC13 and LST8 have
mammalian homologues that are sufficientlysimilar in
sequence as to suggest that the function of these gene
products will be conserved (SHAYWIT~
et al. 1995). Tissue expression patterns and localization studies of the
mammalian homologues of SeclSp and Lst8p should
give important clues to the process in mammalian cells
that corresponds to the trafficking of amino acid permeases in the trans-Golgi of yeast.
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