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PMR1, a Ca2 -adenosine triphosphatase (ATPase) homologue in the yeast Saccharomyces
cerevisiae localizes to a novel Golgi-like organelle. Consistent with a Golgi localization, the
bulk of PMR1 comigrates with Golgi markers in subcellular fractionation experiments, and
staining of PMR1 by indirect immunofluorescence reveals a punctate pattern resembling
Golgi staining in yeast. However, PMR1 shows only partial colocalization with known
Golgi markers, KEX2 and SEC7, in double-label immunofluorescence experiments. The
effect of PMR1 on Golgi function is indicated by pleiotropic defects in various Golgi pro-
cesses in pmrl mutants, including impaired proteolytic processing of pro-oa factor and
incomplete outer chain glycosylation of invertase. Consistent with the proposed role of
PMR1 as a Ca2` pump, these defects are reversed by the addition of millimolar levels of
extracellular Ca2+, suggesting that Ca2+ disposition is essential to normal Golgi function.
Absence of PMR1 function partially suppresses the temperature-sensitive growth defects
of several sec mutants, and overexpression of PMR1 restricts the growth of others. Some
of these interactions are modulated by changes in external Ca21 concentrations. These
results imply a global role for Ca2+ in the proper function of components governing transit
and processing through the secretory pathway.

INTRODUCTION
The organelles of the secretory pathway play a critical
role in the control of cellular Ca2". In addition to their
function in sorting, post-translational modification, and
transit of secreted, vacuolar, and lysosomal proteins,
many of these membrane-bound compartments also
serve as intracellular Ca2" reservoirs. The endoplasmic
reticulum (ER)1 contains high levels of Ca2" (Somlyo et
al., 1985) that are released during inositol-1,4,5-tris-
phosphate (IP3)-mediated signal transduction (Streb et
al., 1984). The Ca2+ content of the Golgi and down-
stream secretory vesicles in some cell types is substantial
(Roos, 1988). Whether organelles of the secretory path-
way utilize Ca2+ gradients for aspects of secretion or
whether these compartments act simply as storehouses
for Ca2+ is not clear.

Ca2+ is known to affect diverse functions within the
secretory pathway. Ca21 influx across the plasma mem-

'Abbreviations used: CPY, carboxypeptidase Y; ER, endoplasmic
reticulum; GDPase, guanosinediphosphatase; PM, plasma membrane;
SR, sarcoplasmic reticulum.
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brane or release from intracellular stores triggers the
exocytosis of secretory granules in many cell types
(Burgoyne, 1987), a late step in regulated secretion. A
critical Ca2" concentration is required for ER to Golgi
(Beckers and Balch, 1989; Baker et al., 1990), inter-Golgi
(Schwaninger et al., 1991), and post-Golgi in vitro
transport reactions in some cell types (deCurtis and Si-
mons, 1988). Perturbation of lumenal Ca2" concentra-
tions in the ER have been suggested to influence the
retention of resident lumenal proteins (Booth and Koch,
1989), affect protein folding (Lodish and Kong, 1990),
promote protein degradation (Wileman et al., 1991), and
regulate the association of immunoglobulin heavy chain
binding protein (BiP) with misfolded proteins (Suzuki
et al., 1991). Within trans-Golgi compartments and se-
cretory granules, Ca2" is thought to participate in con-
centration and packaging of components by catalyzing
the aggregation of secretogranins (for review, see Hutt-
ner et al., 1991).

Events governed by Ca2+ universally depend on a
steep Ca2+ gradient established across membranes, with
cytosolic Ca" lowered to submicromolar concentrations
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and the lumenal Ca2+ content of compartments elevated
to millimolar levels (Carafoli, 1987). This asymmetric
distribution is achieved in part by P-type Ca2+-pumping
adenosine triphosphatases (ATPases), which couple
ATP hydrolysis to the unidirectional removal of Ca21
from the cytosol (Carafoli, 1987). In mammalian cells,
three related classes of Ca2+-ATPases have been de-
fined, which differ slightly in their structural and bio-
chemical parameters: 1) plasma membrane Ca2+ pumps,
which are responsive to calmodulin and extrude Ca2+
out of the cell (for review, see Carafoli 1991); 2) sarco/
endoplasmic reticulum Ca2+-ATPases, which sequester
Ca2+ within intracellular compartments (MacLennan et
al., 1985; Gunteski-Hamblin et al., 1988; Burk et al.,
1989); and 3) a relatively uncharacterized third class of
presumed Ca2+-ATPase that displays features distinct
from plasma membrane and sarco/endoplasmic pumps,
expressed in many cell types (Gary Shull, unpublished
observations). We have previously identified a Ca2+-
ATPase homologue in the yeast Saccharomyces cerevisiae
called PMR1 (Rudolph et al., 1989), which belongs to
this third class of Ca2+-ATPases because its deduced
amino acid sequence demonstrates 50% identity with
thehuman gene (Gary Shull, unpublished observations).
In addition to the well-characterized Ca2+ pumps resi-
dent in the membranes of the sarco/endoplasmic retic-
ulum and the plasmalemma, Ca2+-uptake activity or
proteins antigenically related to Ca2+ pumps have been
localized to the Golgi apparatus (Virk et al., 1985), ly-
sosomes (Klemper, 1985), secretory granules (King et
al., 1988), endocytic compartments (Milne and Coukell,
1989) and calciosomes (Volpe et al., 1988). The genes
encoding these pumps have not been assigned nor are
the physiological functions of pumps within these di-
verse compartments known.
A genetic approach toward understanding the cellular

role of Ca2+-pumping ATPases enables direct obser-
vation of the in vivo consequences of perturbing Ca2+
sequestration in particular Ca2+ pools. The phenotypes
of pmrl mutant strains implicate a functional role for
this class of Ca2+-ATPase in secretory protein transport
and processing (Rudolph et al., 1989): strains carrying
a pmrl deletion secrete heterologous yeast/mammalian
secretory proteins normally retained internally in wild-
type strains, manifest a glycosylation defect, and sup-
press a cold-sensitive lesion in YPT1, a Golgi-associated
GTP binding protein involved in ER/Golgi transit (Se-
gev et al., 1988; Bacon et al., 1989; Baker et al., 1990).
Given the diversity of Ca2+-ATPases, the localization

of a particular pump could give important clues to its
cellular function. To determine the organelle that is al-
tered in pmrl strains and to clarify the physiology of
mutant phenotypes, we have localized the PMR1 gene
product. In this work, we show that the PMR1 protein
localizes in a Golgi-like distribution, and we pinpoint
pmrl-induced secretory dysfunction to the Golgi ap-
paratus.
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MATERIALS AND METHODS

Media and Strain Construction
Yeast growth in standard media (Difco, Detroit, MI), sporulation, tetrad
dissection, and strain maintenance were carried out as described in
Sherman et al., (1986). Synthetic low Ca21 media were prepared as

described previously (Rudolph et al., 1989). The Ca21 concentration
of YPD is estimated to be relatively low (- 180 iM, Ohya et al., 1984)
and was supplemented with CaCl2 where indicated. Strains were

transformed by the lithium acetate method (Ito et al., 1983). Most AA
series strains are derived from AA255, a strain equivalent to N170
(R. Young, M.I.T.). This strain arose as an ascospore from a cross

between DBY1826 (D. Botstein, Stanford U.) and JY380 (G. Fink).
ER/Golgi sec mutants (strains AA460, 465, 466, 468, 471, 473, 474,
476, 479, and 480) came from crosses between AA255 and RSY265-
282 series (Kaiser and Schekman, 1990). AA577, the strain harboring
an integrated PMR1 :HA fusion allele, was constructed by transforming
AA274 with the 8.1 kb Aat II fragment from pL149/N13 in a one-

step gene replacement experiment (Rothstein, 1983); transformants
were selected for growth on low Ca2" media. Leu- strains were those
in which pmrl-1 ::LEU2 had been replaced by PMRl ::HA as confirmed
by Southern blot analysis. AA577 was put through a cross to yield
isogenic sister spores carrying PMR1 ::HA, which were subsequently
mated to give the diploid AA662. AA662 was converted to isogenic
a/a and a/a diploids utilizing the galactose-inducible HO plasmid,
and the resultant strains were mated to form the tetraploid AA654,
harboring four copies of PMRI::HA. Table 1 contains a list of the
strains used in this work.

DNA Manipulations and Plasmids
Most DNA manipulations were carried out as outlined in Maniatas
et al. (1982). Preparation of single-stranded DNA from phagemids
was performed according to Vieira and Messing (1987). Bacterial
transformation was carried out with the Hanahan procedure (1985).
The following is a description of plasmids used in this work.

1) pL129 is a multiple copy 2,u vector containing the 8.1-kb Aat II
fragment of the complete PMRI gene (Rudolph et al., 1989) cloned
into the Aat II site of YEp24.

2) pL144 is a trpE::PMRI fusion in which Escherichia coli trpE is
fused to the C-terminal 1.75-kb HindIII fragment of PMR1 (nucleotides
4592-6340 from published sequence, Rudolph et al. (1989), in the
vector pATH1 1 (Koemer et al., 1991).

3) pL148 was constructed from pUN80 (Elledge and Davis, 1988),
by placing Aat II linkers via blunt-end ligation into the Sma I site of
the pUN80 polylinker. This multipurpose shuttle plasmid served as

the URA3 marked CEN backbone for pL149 and pL149/N13. The
M13 origin also enabled the production of ssDNA as a template for
site-directed insertion mutagenesis (see below).

4) pL149 was constructed by ligating the 8.1-kb Aat II fragment
containing PMR1 into the Aat II site of pL148.

5) pL149/N13 contains the epitope-tagged derivative of PMR1::
HA in the pL148 backbone (see Epitope Tagging).

6) pL161, a 2,g plasmid bearing the PMRI ::HA fusion protein, was
made by cloning the 8.1-kb Aat II fragment from pL149/N13 into
the Aat II site of YEp24.

7) pYCpKX212 contains KEX2 expressed from the TDH3 promoter
in YCp5O (Redding et al., 1991).

Epitope Tagging
Epitope tagging was performed according to Kolodziej and Young
(1991) using site-directed insertion mutagenesis (Kunkel et al., 1987)
to introduce nucleotides encoding a nine amino acid epitope from the
influenza virus hemagglutinin protein, YPYDVPDYA (Wilson et al.,
1984) into PMR1. A synthetic 64-base oligo bearing 27 nucleotides
encoding the flu epitope, flanked on the 5' side by 17 bases and on

the 3' side by 20 bases of complementary PMR1 DNA (sequence
AAGATAAGATAATTATGTACCCATACGACGTTCCAGACTAC-
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GCTAGCGACAATCCATTTAATGC) was used to perform insertion
mutagenesis on single-stranded pL149 carrying the PMR1 gene. Suc-
cessful insertion was determined by screening plasmid DNAs for a
novel NheI restriction site created at the 3' PMR1::HA fusion joint,
and the mutagenesis was confirmed by DNA sequencing (Sanger et
al., 1977). The epitope was inserted directly after the amino terminal
ATG codon of PMR1 at position 2714 (numbering from Rudolph et
al., 1989).

Genetic Interaction of pmrl-l and PMR1 2,u with
sec Mutants
Suppression was analyzed by mating sec leu2 ura3 strains listed in
Table 1 to pmrl-l ::LEU2 and isogenic PMRI strains. Diploids were
sporulated, and the resulting ascospores from both experimental and
control crosses were dissected onto the same YPD plate at the per-
missive temperature, 24°C. Tetrads were replica plated to YPD, and
the replicas were incubated at 24, 28, 30, 32, 34, 36, 37, and 38°C.
Analysis of phenotypes in this range gave a broad window within
which suppression could be observed and permitted the unambiguous
assignment of sec mutant genotype by phenotypic testing at these
various temperatures. Plates were scored at 1, 2, and 3 d. Suppression
was evident in those pmrl X sec crosses, which gave 2:2, 3:1, and 4:
0 ascospore viability patterns, whereas only 2:2 viability patterns were
usually seen in control crosses to wild type under identical conditions.
Suppression was shown to be linked to pmrl-l ::LEU2 in further out-
crosses of the pmrl sec double mutants to sec single mutants and/or
wild-type strains. Isogenic sec and sec pmrl strains were constructed
by transforming pmrl sec double mutants (strains AA688, 691, 696,
697, 710, 716) with either PMR1 on a single-copy plasmid (pL149) or
a control plasmid (pUN80). Isogenic strains were scored for their ability
to grow at the nonpermissive temperature on YPD and SC-ura plates.
Suppression of pmrl sec6-4 and pmrl secl9-1 was clear on SC-ura
medium. Suppression of pmrl secl5-1 was weak on YPD plates and
was not evident on SC-ura.

For examining the effects of PMR1 overexpression on sec mutants,
sec mutant strains (Table 1) were transformed with YEp24, pL149, and
pL129 plasmids. Two YEp24, two pL149, and two to four pL129 trans-
formants were analyzed for genetic interaction. For each set of sec strain
derivatives, equal numbers of logarithmically growing cells were serially
diluted into 96-well microtiter dishes, and cultures were transferred
onto SC-ura plates with a multipronged inoculator. The replicas were
incubated at 22, 28, 30, 32, 34, 36, 37, and 38°C, and phenotypes were
scored after 1, 2, and 3 d. For yptl-l (cs) strains, the permissive tem-
perature is 30°C. Derivative strains were transferred with a replica in-
oculator and incubated at 30, 28, 24, 22, 18, and 14°C.

Anti-TrpE::PMR1 Antibodies
A carboxy terminal fusion of PMR1 to E. coli trpE (pL144) encoding
a TrpE:: PMR1 fusion protein was induced in E. coli with indolacrylic
acid according to Koerner et al. (1991). Protein extracts for soluble
and insoluble fractions were prepared according to Spindler et al.
(1984). The TrpE:: PMR1 fusion protein was found primarily in the
insoluble fraction. Preparative amounts of the fusion protein were
purified by separating extracts through sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and obtaining the fusion
protein from gel slices as described by Davis and Fink (1990). Im-
munization and bleeding of mice were carried out according to Davis
and Fink (1990).

Protein Extracts
For immunoblot analysis of PMR1, protein extracts were prepared by
glass bead rupture in 10% trichloroacetic acid according to Ohashi et
al. (1982). The pellet was resuspended in 10-20 pI 100 mM
tris(hydroxymethyl)amino methane (Tris) base at 4°C and solubilized
in Laemmli's sample buffer (Laemmli, 1970) at 55-60°C for 5 min
before SDS-PAGE. Invertase extracts were prepared as described
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(Schauer et al., 1985). Endoglycosidase H treatment was carried out
according to Orlean et al. (1991).

SDS-PAGE, Western Blotting, and Quantitation of
Autoradiograms

Samples were resolved by SDS-PAGE using a modified Laemmli
system (Laemmli, 1970) in which SDS is omitted from the gel and
lower electrode buffer. For the analysis of electrophoretically resolved
35S-labeled proteins, gels were fixed, prepared for fluorography, and
exposed autoradiographically as described (Rothblatt et al., 1989).
Western blotting was carried out essentially as outlined by Johnson
et al. (1984) with the use of 0.05-0.2% Tween 20 for the detergent
phase in all buffers. Primary antibodies were used at the following
dilutions: anti-HA mouse monoclonal 12CA5, 1:50 (Field et al., 1988);
polyclonal mouse anti-TrpE:: PMR1 antisera, 1:250; guinea pig anti-
invertase antisera (the kind gift of Daphne Preuss, Stanford U.), 1:
2500; anti-PMA1 mouse monoclonal F10-9 from monoclonal super-
natants (kindly provided by John Teem), diluted 1:4 in phosphate-
buffered saline (PBS), 0.2% Tween 20; affinity purified anti-DPM1
rabbit antisera (kindly provided by Peter Orlean, U. Illinois, Urbana),
1:100; and rabbit anti-KAR2 antisera (the gift of Mark Rose, Princeton
U.), 1:5000. Washed blots carrying bound primary rabbit antibodies
were incubated 1-2 h with ["25I]-Protein A and washed as described
(Johnson et al., 1984). To visualize bound mouse antibodies, washed
blots with bound mouse antibodies were incubated 1-2 h with affinity-
purified rabbit anti-mouse IgG diluted 1:1000 (Jackson Immunore-
search, West Grove, PA), washed, and then incubated with [125I]_
Protein A and washed again. Filters were placed against preflashed
Kodak XAR 5 film and exposed at -70°C with an intensifying screen.
Quantitation of autoradiograms was carried out with a Molecular Dy-
namics scanner (Molecular Dynamics, Sunnyvale, CA) furnished with
Image-quant software.

Cell Growth, Radiolabeling, and
Immunoprecipitation
Yeast growth in low-sulfate synthetic medium, invertase induction,
and pulse labeling were carried out essentially as described by Roth-
blatt et al. (1989). CaCl2 was excluded from the medium and supple-
mented to 1 mM CaCl2 unless noted otherwise. Immunoprecipitation
of carboxypeptidase (CPY) and alpha factor was carried out by the
methods of Rothblatt et al. (1989). Immunoprecipitation of invertase
was performed essentially according to Rothblatt et al. (1989) except
that immunoprecipitation was carried out in immunoprecipitation (IP)
buffer (PBS, 1% Triton X-100, 0.1% SDS). Successive washes were
carried out in 1) IP buffer plus 2 M Urea, 2) IP buffer plus 300 mM
NaCl, and 3) 50mM NaCl, 10mM Tris-HCl, pH 7.5. Mannose linkages
on invertase were characterized as described by Franzusoff and
Schekman (1989). For pulse-chase analysis of invertase, cultures of
AA274 and AA255 were induced for invertase synthesis, pulsed-la-
beled for 5 min at 21°C with 60-,uCi tran-35S-label (ICN Radiochem-
icals, Irvine, CA) per optical density 600 (OD600) U and chased as
described (Rothblatt et al., 1989). Aliquots (1 OD600 equivalent) were
withdrawn at 0, 1, 2, 3, 4, 6, 8, 12, 20, and 40 min after the chase.
Cells were separated into periplasmic and cellular fractions and sol-
ubilized as described (Schauer et al., 1985). Invertase was immuno-
precipitated from the samples under denaturing conditions and re-
solved by SDS-PAGE in 7.5% polyacrylamide gels.

Immunofluorescence
Staining of fixed yeast cells by indirect immunofluorescence was carried
out essentially according to Davis and Fink (1990), with fixation typ-
ically carried out on ice for 2 h. Double-labeling experiments with
PMR1::HA as one antigen and various other antigens were carried
out with both primary antibodies simultaneously present in primary
incubations and both secondary antibodies concommitantly present
in secondary incubations. Primary antisera were diluted as follows:
12CA5 from ascites fluid, 1:250; crude anti-KAR2 antisera, 1:5000
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Table 1. Strain list

Strain Genotype Source

MATae ade2 his3A200 leu2-3,112 lys2A201 ura3-52
MATa pmrl-1::LEU2 ade2 his3A200 leu2-3,112 lys2A201 ura3-52
MATa ade2 leu2-3,112 lys2A201 ura3-52
MATa ade2 his3A200 lys2A201 ura3-52
MATa ade2 leu2-3,112 lys2A201 ura3-52
MATa ade2 his3A200 1ys2A201 ura3-52
MATa pmrl-1::HIS3 ade2 his3A200 leu2-3,112 lys2A201 ura3-52
MATa pmrl-1::LEU2 ade2 his3A200 leu2-3,112 lys2A201 ura3-52
(AA291/AA277) MATa/MATa ade2/ade2 his3A200/+ +/Ieu2-3,112 Iys2A201/lys2A201 ura3-52/ura3-52
MATa yptl-1(cs) leu2-3,112 lys2 ura3-52
MATa pmrl-1::LEU2 yptl-1 ACT1::pRB151 (URA3) his3A200 leu2-3,112 Iys2 ura3-52
MATa yptl-l ACT1::pRB151 (URA3) leu2-3,112 lys2 ura3-52
MATa secl8-l leu2-3,112 lys2A201 ura3-52
MATa secl8-1 ade2 leu2-3,112 lys2A201 ura3-52
MATa sec22-3 leu2-3,112 ura3-52
MATa sec2l-1 ade2 his3A200 leu2-3,112 ura3-52
MATa secl9-1 his3A200 leu2-3,112 lys2A201 ura3-52
MATa secl2-4 leu2-3,112 ura3-52
MATa secl3-1 leu2-3,112 lys2A201 ura3-52
MATa secl6-2 his3 leu2-3,112 lys2A201 ura3-52
MATa secl7-1 his3 leu2-3,112 ura3-52
MATa sec2O-1 leu2-3,112 1ys2A201 ura3-52
MATa sec23-1 ade2 leu2-3,112 ura3-52
MATa sec7 ade2 his3A200 leu2-32,112 lys2A201 ura3-52
(AA274/AA300) MATa/MATa pmrl-1::LEU2/pmrl-1::LEU2 ade2/ade2 his3A200/his3A200 leu2-3,112/

leu2-3,112 lys2A201/lys2A201 ura3-52/ura3-52
AA522(pLl61)
MATa PMR1: :HA ade2 his3A200 leu2-3,112 lys2A201 ura3-52
MATa/MATa/MATa/MATa
PMRI: :HA/PMR1: :HA/PMR1::HA PMR1::HA ade2/ade2/ade2/ade2
his3A200/his3A200/his3A200/his3A200 leu2-3,112/leu2-3,112/leu2-3,112/leu2-3,112 lys2A201/lys2A201/
lys2A201/lys2A201 ura3-52/ura3-52/ura3-52/ura-52

MATa/MATa/MATa/MATa ade2/ade2/ade2/ade2 his3A200/his3A200/his3A200/his3A200 leu2-3,112/leu2-
3,112/leu2-3,1 12/leu2-3,112 lys2A201/lys2A201/lys2A201/lys2A201 ura3-52/ura3-52/ura3-52

MATa/MATa PMR1::HA/PMR1::HA ade2/ade2 his3A200/hisA200 leu2-3,112/leu2-3,112 1ys24201/
lys2A201 ura3-52/ura3-52

MATa sec6-4 ade2 his3A200 leu2-3,112 ura3-52
MATa sec6-4 pmrl-l::LEU2 his3A200 leu2-3,112 lys2A201 ura3-52
MATa sec6-4 pmrl-l::LEU2 leu2-3,112 his3A200 ura3-52
MATa sec6-4 pmrl-l::LEU2 ade2 lys2A201 leu2-3,112 his3A200 ura3-52
MATa secl5-1 pmrl-1::LEU2 lys2A201 leu2-3,112 his3A200 ura3-52
MATa secl5-1 pmrl-1::LEU2 lys2A201 leu2-3,112 his3A200 ura3-52
MATa secl9-1 pmrl-l::LEU2 ade2 lys2A201 ura3-52 his3A200
MATa secl9-1 pmrl-l::LEU2 ade2 1ys2A201 ura3-52
MATa/MATa secl8-1/secl8-1 +/ ade2 leu2-3,112/leu2-3,112 lys2A201/lys2A201 ura3-52/ura3-52 (pL161)
MATa/MATa sec7-1/sec7-1 ade2/ade2 his3A200/his3A200 leu2-3,112/leu2-3,112 + /Ilys2A201 ura3-52/

ura3-52 (pLl61)
MATa/MATa sec6-4/sec6-4 his3A200/+ leu2-3,112/leu2-3,112 ura3-52/ura3-52 (pL161)
MATa secl-1 leu2-3,112 ura3-52
MATa sec2-41 leu2-3,112 ura3-52
MATa sec3-2 leu2-3,112 ura3-52
MATa sec4-8 leu2-3,112 ura3-52
MATa sec5-24 leu2-3,112 ura3-52
MATa sec6-4 leu2-3,112 ura3-52
MATa sec8-9 leu2-3,112 ura3-52
MATa sec9-4 leu2-3,112 ura3-52
MATa seclO-2 leu2-3,112 ura3-52
MATa secl5-1 leu2-3,112 ura3-52
MATa bet2-1 his4-619 ura3-52

MATa mnnl ura3

MATa sec53-6 ade2 ura3
MATa sst2::URA3 leu2-3,112 lys2-801 trplAl ura3-52
MATa sec63-1 leu2-3,112 ura3-52
MATa sec6l-3 leu2-3,112 ura3-52 trpI-1 his4 HOLl-l
MATa sec62 leu2-3,112 ura3-52
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Table 2. Percentage of different markers found in peak PMR1
fractions (fractions 5-7) from the gradient diagrammed in Figure 2

Marker Percent

PMR1 55.4
KEX2 50.1
GDPase 57.5
PMA1 1.1
NADPH cytochrome c reductase 2.2
a mannosidase 29.7

(Rose et al., 1989); crude anti-SEC7 antisera, 1:250 (Franzusoff et al.,
1991a); affinity-purified anti-KEX2, 1:100 (Franzusoff et al., 1991a;
Redding et al., 1991). Secondary fluorescent antibodies Uackson Im-
munoresearch, West Grove, PA) were diluted as follows: DTAF-con-
jugated goat anti-mouse immunoglobulin (Ig) (DTAF: 5-[(4,6-di-
chlorotriazin-2-y)amino]fluorescein), 1:50, labeling bound 12CA5
antibody; Texas Red-conjugated donkey anti-rabbit IgG, 1:200, la-
beling bound aKAR2, aSEC7, or aKEX2 antibodies. As controls for
double-labeling experiments, one or the other primary antibody was
excluded from the primary incubation step. Spurious cross reactivity
as detected by labeling with the inappropriate fluorescent secondary
antibody was never observed. In addition, appropriate labeling of the
cognate primary was shown to be unperturbed by the presence or

absence of the other primary antibody. Where feasible, deletion strain
controls were run (e.g., kex2A, PMRI untagged strains). 4'6-diamidino-
2-phenylindole- 2HCl (DAPI) staining, slide preparation, microscopy,
and photography were carried out as described (Davis and Fink, 1990).
For the analysis of colocalization data, photographic negatives were

projected through an enlarger exposing Kodak XAR 5 film for 0.2 s

at f 16 to give an enlarged light transparent positive. This procedure
allowed images to be superimposed for close comparison. The staining
of PMR1:: HA by indirect immunofluorescence in various sec mutants
was carried out as described in the legend of Figure 5. For the quan-

titation of the number of ovoid structures per cell in wild-type and
sec7 strains, at the permissive and restrictive temperature, inclusions
> -1.5 Am were counted on a photographic image of a field and
divided by the total number of stained cells to give the average number
of inclusions per cell (the number of cells counted >50 for each class).

Subcellular Fractionation
The procedure for subcellular fractionation was based on sedimen-
tation through sucrose density gradients in the presence of MgCl2,
developed by Abeijon et al. (1989), but contained several modifications.
Cells were grown in synthetic complete media (SC) or SC minus uracil
(when maintaining URA3-based plasmids) to early logarithmic phase
(0.15-0.4 OD600 U/mi). Cultures were rapidly chilled on ice, and 300-
400 OD600 units of cells were harvested by centrifugation at 6000 X g
for 10 min. All subsequent steps were carried out on ice unless noted
otherwise. The cell pellet was resuspended in 30 ml of ice cold 10
mM NaN3 and centrifuged 5 min at 2000 X g. Cells were resuspended
in 5 ml of SB buffer [1.4 M sorbitol, 50 mM Tris HCl pH 7.5, 10 mM
NaN3, 40 mM betamercaptoethanol (BME)], 0.5 mM phenylmethyl-
sulfonyl fluoride (PMSF)], sonicated 5 s to disperse clumped cells, and
oxalyticase (Enzogenetics, Eugene, OR) was added to 0.1 mg/ml. Cells
were converted to spheroplasts for 30 min at 37°C with occasional
gentle shaking. The spheroplast suspension was adjusted to 1 mM
EDTA, chilled on ice, layered on top of 8 ml of 1.8 M sorbitol, and
spheroplasts were pelleted through the sorbitol cushion for 12 min
at 450 X g (1.7 K rpm in Sorvall RT6000). The supematant was as-

pirated, the spheroplast pellet gently loosened with a glass rod and
vortexed at low speed. Lysis buffer [20 mM triethanolamine acetate
pH 7.2, 12.5% sucrose (w/v), 1 mM EDTA] containing protease in-
hibitors [0.4 mM PMSF, 0.1 mM L-1-tosylamide-2-phenylethylchlo-
romethyl ketone (TPCK), 25 AM pepstatin A, 1 mM benzamidine
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HCI, and 1 ,g/ml each of leupeptin, antipain, and chymostatin, all
purchased from Sigma Chemical, St. Louis, MO] was added to 6 ml.
The spheroplast suspension was gently sheared by drawing it in and
out of a serological pipette several times, followed by very gentle
vortexing, and hand mixing. The lysate was homogenized with 10
strokes of a Wheaton A dounce homogenizer (Wheaton Scientific,
Millville, NJ) and then centrifuged 3 min at 450 X g to remove unlysed
cells, to produce the supernatant (S450) and the pellet (P450). In some
cases, the S450 was again spun 3 min at 450 X g to remove remaining
cell clumps and large debris. The resulting pellet fraction was combined
with the first and called the P450- One milliliter of the resultant S450
(- 60 OD600 equivalents) was layered onto gradients containing 1 -ml
steps of 18, 22, 26, 30, 34, 38, 42, 46, 50, and 54% sucrose (wt/wt)
in 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES) pH 7.5, 1 mM MgCl2. Gradients were spun 2.5 h at 38 000
rpm (174 000 X g) in a Beckman SW41 rotor (Beckman Instruments,
Palo Alto, CA) at 4°C. Gradients were fractionated from top to bottom
with a Buchler autodensiflow fractionator (Buchler Instruments, Le-
nexa, KS) and collected in 16-drop (-660 gl) fractions. The pellet at
the bottom of the tube was resuspended in the last fraction. Protease
inhibitors were added to the fractions.

Western Immunoblot Analysis of Gradients
Fractions
Samples for Western analysis were prepared by taking 40-pl aliquots
from each fraction, adjusting them to 1% SDS, 2% BME, 0.15 M Tris
HCl pH 6.8, 0.01% bromophenol blue, and then heating them for 5
min at 60°C. Samples were loaded on 10% polyacylamide gels and
subjected to SDS-PAGE. Proteins were electrophoretically transferred
to nitrocellulose, and blots were cut into horizontal strips centered
around the molecular weight of the various antigens. Blocking, an-
tibody and [1251I]-Protein A incubations, and quantitation were carried
out as described under Quantitation of Autoradiograms.

Enzyme Assays
Boc-gln-arg-arg-7 amino 4 methylcoumarin, the substrate for KEX2
assays, was purchased from Peninsula Labs, Belmont, CA. All other
reagents were purchased from Sigma Chemical. Typically 20-25 ml
of extract were used in all assays. Reactions were carried out in a total
volume of 100 gl, except for NADPH cytochrome c reductase assays
which were carried out in a volume of 1 ml. Guanosinediphosphatase
(GDPase) was assayed according to Abeijon et al. (1989). Liberated
phosphate was measured with the Fiske Subbarow kit from Sigma
Chemical. Nonspecific NDPase plus free Pi were determined using
CDP as a nonspecific substrate. These values were subtracted from
those obtained with the substrate GDP to give GDPase activity.
NADPH cytochrome c reductase was assayed according to Feldman
et al. (1987); a mannosidase was assayed according to the method of
Opheim (1978); latent KEX2 protease activity was assayed according
to the method of Cunningham and Wickner (1989); and protein con-
centration was determined by the Bradford method (1976). Sucrose
density was measured with a Bausch and Lomb refractometer (Roch-
ester, NY).

RESULTS

Epitope-Tagged PMR1 Protein for Localization
To follow the PMR1 protein, we constructed a version
of the PMR1 gene (PMR1::HA) that encodes a PMR1
gene product tagged with nine amino acids from the
influenza hemagglutinin protein (the HA epitope, Wil-
son et al., 1984) at its amino terminus. PMR1 ::HA en-
codes a fusion protein that retains activity as it com-
plements the pmrl deletion for growth on low Ca2"
media (Figure 1C) and for its sporulation defect. On
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Figure 1. (A) Monoclonal antibody 12CA5
(Field et al., 1988) specifically recognizes a 105-
kDa protein corresponding to the PMRI::HA
gene product. Protein extracts were made from
pmrl deletion strain AA274 transformed
with plasmids pL149 (single copy untagged
PMR1 CEN, lane a), pL149/N13 (single copy
PMRI ::HA CEN, lane b) and pL161 (multiple
copy PMR1 ::HA 2A, lane c). Western blots were
probed sequentially with monoclonal antibody
12CA5, rabbit anti-mouse IgG, and ['25I]-Pro-
tein A. (B) Mouse polyclonal antibodies gen-
erated against a TrpE::PMR1 fusion protein
(pL144) recognize a band of similar mobility
and intensity as that seen by anti-HA mono-
clonal 12CA5 in Western blots. Lane d: preim-
mune sera applied to immunoblotted extracts
derived from strain AA274(pL129) (strain
AA274(pL129) corresponds to AA274 trans-
formed with pL129, a high copy 2,u vector
carrying PMR1). Lanes e-g: a-PMR1 poly-
clonal antisera applied to extracts from
AA274,AA274(pL129),andAA530(containing
PMR1::HA on a multicopy 21i plasmid), re-

:HA spectively. Lanes h and i: extracts from
AA274(pL129) and AA530 probed with
monoclonal 12CA5. (C) The PMRI ::HA allele
is functionally competent. The pmrl deletion
strain AA274 grows poorly on Ca2"-deficient
medium, but strains carrying the PMR1::HA
(AA577) or PMRI (AA255) alleles grow equally
well.

Western blots, the 12CA5 monoclonal antibody rec-
ognizes a distinct protein that has the mobility predicted
for PMR1::HA (105 kDa). This band is not present in
extracts made from strains lacking PMR1 ::HA and
is -10-fold more abundant in strains containing
PMR1 ::HA on a multicopy 2,t plasmid (Figure 1A, lanes
a-c). A band of similar mobility and intensity repre-
senting the native untagged protein is seen in Western
blots with mouse polyclonal antisera generated against
a TrpE::PMR1 fusion protein (cf. lanes f and i, Figure
1B). This same band is absent in extracts made from
pmrl deletion strains and present at similar levels in
strains overproducing PMR1 or PMR1::HA on a 2,
plasmid (Figure 1B, lanes e-g). The comparable behavior
of native PMR1 and PMR1::HA when visualized with
the polyclonal antisera and the functional equivalence

of PMR1 and PMR1::HA validate the use of the epi-
tope-tagged gene for localization studies. All of the lo-
calization studies described below use the epitope-
tagged protein, which will be referred to simply as
PMR1, and the 12CA5 monoclonal antibody directed
against the HA epitope.

PMR1 Comigrates with Golgi Markers in
Subcellular Fractionation
PMR1 was localized by the subcellular fractionation of
extracts prepared from gently lysed spheroplasts re-
solved by velocity sedimentation through sucrose gra-
dients. The various subcellular compartments were
identified in gradient fractions by measuring protein or
enzymatic markers characteristic for each organelle (see
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Figure 2. Subcellular distribution of PMR1. (A) PMR1 comigrates with Golgi markers KEX2 and GDPase. The S450 prepared from strain
AA662 was layered on 18-54% sucrose gradients, and subcellular organelles separated during a 2.5-h spin at 174 000 X g as described in
MATERIALS AND METHODS. PMR1::HA was detected with the 12CA5 monoclonal (Field et al., 1988) on Western blots. For enzymatic
assays, NADPH cytochrome c reductase activity was measured as an ER marker, guanosinediphosphatase (GDPase) and KEX2 protease as
Golgi markers, and a mannosidase as the vacuolar marker (see MATERIALS AND METHODS). Fraction 1, top of the gradient; fraction 16,
bottom. Units are expressed on a per fraction basis. PMR1 (0) (expressed as percent total of PMR1 antigenic material summed over the whole
gradient), GDPase (A) (1 unit = nmole phosphate produced per minute), KEX2 (O) (1 unit = nmole of substrate, BOC-gln-arg-arg-7-amino-4-
methylcoumarin, cleaved per hour), NADPH cytochrome c reductase (0) (1 unit = nmole cytochrome C reduced per minute), alpha mannosidase
(O) (1 unit = nmole methylumbelliferyl a-D-mannose cleaved per hour), protein (v), % sucrose (w/w) (v). (B) PMR1 fractionates away from
the plasma membrane marker PMA1 (the plasma membrane H+-ATPase) and the ER marker DPM1 (dol-P-man-synthase). Aliquots (40 gl)
from sucrose density gradient fractions were electrophoretically resolved through 10% SDS-polyacrylamide gels. Proteins were electrophoretically
transferred to nitrocellulose and the blots incubated with antibodies and [.25.I-Protein A. Blots were exposed to preflashed Kodak XAR 5 film
and exposed at -70°C with an intensifying screen. Top: immunoblot analysis of fractions (from the gradient illustrated in Figure 2A); bottom:
densitometric scans of autoradiogram exposures with Imagequant software. Quantities are expressed as percent total material. The Y axis on
the left corresponds to the scale for PMR1; the Y axis on the right corresponds to the scale for PMA1 and DPM1. PMR1 (0), PMA1 (O), DPM1
(O). The small amount of PMR1 that does appear in the ER fraction varied from experiment to experiment and probably reflects the mixed
nature of this fraction as indicated by the presence of other markers.

Figure 2 legend and MATERIALS AND METHODS).
The majority of PMR1 was found in the low-speed su-
pernatant prepared from lysed cells (S450), and most of
this material was recovered from the gradient (typically,
73% of PMR1 in the S450 was recovered from gradient
fractions). The bulk of PMR1 appears to comigrate with
the Golgi markers, GDPase (Abeijon et al., 1989) and
KEX2 protease (Bowser and Novick, 1991; Cunningham
and Wickner, 1989; Redding et al., 1991), and separates
from endoplasmic reticulum, plasma membrane, and
vacuolar markers (Table 2, Figure 2, A and B, Figure
11). The Western blots in Figure 2B illustrate clearly
that the majority of PMR1 is not associated with the
plasma membrane or the ER, the two major sites of
localization for most known Ca 2+ pumps in nonmuscle
cells of higher metazoans (Carafoli, 1987). PMR1 also
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separates from the lumenal ER marker, KAR2 (Figure
11), the yeast BiP homologue (Rose et al., 1989; Nor-
mington et al., 1989). Although PMR1 comigrates
roughly with Golgi markers, its peak is slightly displaced
from that of KEX2 and GDPase. The overlap with these
markers is consistent with a Golgi localization for PMR1,
although the altered profiles could reflect a different
subcellular distribution.

PMR1 Localizes to a Golgi-like Organelle that
Overlaps with but Is Distinct from the SEC7 and
KEX2 Compartments
Staining of PMR1 by indirect immunofluorescence re-

veals a punctate pattern similar to that obtained with
proteins thought to be associated with the Golgi (YPT1,
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Figure 4. The majority of PMR1 is found in a compartment distinct from compartments containing the Golgi markers SEC7 and KEX2, and
the ER marker KAR2. Double-label immunofluorescence was carried out as described in MATERIALS AND METHODS. (A and B) Double-
labeling with PMR1 and SEC7, respectively, in strain AA662. (C and D) Double-labeling with PMR1 and KEX2, respectively, in strain AA662
transformed with KEX2 containing plasmid, YCp-KX212. (E and F) Double-labeling with PMR1 and KAR2, respectively, in strain AA530 (bar
= 10,um).

Segev et al., 1988; KEX2 and SEC7, Franzusoff et al.,
1991a; Redding et al., 1991; SEC14, Cleves et al., 1991)
or post-Golgi vesicles (Sec4p, Goud et al., 1988). Al-
though the punctate pattern of PMR1 could be observed
in cells containing PMR1 ::HA on a CEN-based vector,
the clearest visualization was bbtained in tetraploid cells

containing four copies of the integrated PMR1 ::HA allele
(Figure 3A) or multiple copies of PMR1::HA on a 2 ,u
plasmid (Figure 3B). Punctate staining could also be seen
in diploids carrying two copies of the integrated gene
(Figure 4A). Although higher gene dosage intensifies
fluorescent staining and hence the resolution between

Figure 3. Indirect immunofluorescent staining of PMR1 gives a punctate staining pattern. Immunofluorescence was performed as described
in MATERIALS AND METHODS with anti-HA monoclonal 12CA5 as a primary antibody and DTAF-labeled goat anti-mouse IgG to visualize
sites of primary antibody binding. (A) tetraploid strain, AA654, harboring four integrated copies of epitope-tagged PMR1 ::HA. (B) Strain AA530
containing PMR1 ::HA on a multicopy 2q plasmid. (C) An untagged PMR1 strain, AA660, as the negative control for antibody specificity. (D-
F) Corresponding DAPI stained nuclei of these cells. (G-I) Respective Nomarski optics with DAPI staining superimposed. The yeast vacuole
is the large indentation seen in Nomarski images (bar = 10 um).
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Table 3. Colocalization of PMR1 with SEC7 and KEX2

Fail to %
Antigen Colocalize colocalize Colocalization

Experiment 1 PMR1 55 260 17
AA662 SEC7 55 321 15

Experiment 2 PMR1 61 163 27
AA662 KEX2 61 172 26
(YCp-KX212)

Values refer (from left to right) to the number of punctate staining
dots which colocalize, the number of dots which fail to colocalize,
and the percent colocalization with respect to a given antigen.

individual puncta, the general staining pattern remained
qualitatively similar in all constructs. We typically ob-
served between 4 and 12 dots per cell in a given focal
plane, with some puncta appearing larger than others.
This staining is specific for PMR1::HA as only faint
homogeneous staining of the internal contents of the
cell was observed when the untagged control strain was
labeled (Figure 3C). The profile of DAPI staining (Figure
3, D and E) shows that PMR1 is neither nuclear, nor
perinuclear, and is not associated with mitochondria.
Comparison of PMR1 distribution with Nomarski im-
ages of whole cells (Figure 3, G and H) demonstrates
that PMR1 is neither plasma membrane associated nor
vacuolar.
The distribution of PMR1 was compared with that of

the Golgi markers, KEX2 and SEC7 (Franzusoff et al.,
1991a; Redding et al., 1991), and the lumenal ER marker
KAR2 (Rose et al., 1989) by double-labeling immuno-
fluorescence (see Figure 4 and Table 3). Although both
PMR1 and SEC7 give rise to punctate staining patterns
with similar numbers of puncta per cell, the two arrays
are largely not congruent (Figure 4, A and B). The stain-
ing associated with SEC7 colocalizes with PMR1 only
15% of the time (Table 3, experiment 1), whereas only
17% of the PMR1 associated dots colocalize with SEC7.
In fact, PMR1 and SEC7 often appear to be juxtaposed
but nonoverlapping. PMR1 and KEX2 demonstrate a
somewhat greater degree of colocalization (27%) than
the overlap seen with SEC7 (Figure 4, C and D) though,
again the majority of PMR1 staining dots do not su-
perimpose with the KEX2 pattern (Table 3, Experiment
2). Because SEC7 and KEX2, which colocalize in the
Golgi complex in yeast (Franzusoff et al., 1991a), fail to
show substantial overlap with PMR1, the majority of
PMR1 may be sequestered in a subcompartment of the
Golgi or may reside in pre- or post-Golgi compartments.
The KAR2 and PMR1 patterns are completely distinct
(Figure 4, E and F), confirming the results of subcellular
fractionation experiments. The regions of intense PMR1
staining lie in the interstitial spaces between the peri-
nuclear and cortical membranes of the ER delineated
by KAR2 staining (Rose et al., 1989).
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PMR1 Has an Altered Distribution in a sec7 Mutant
The distribution of PMR1 was determined in three rep-
resentative sec mutants, sec7, sec6, and secl8. sec7 strains
have been shown by electron microscopy to accumulate
aberrant, distended Golgi-like cisternae at 37°C under
low glucose conditions (Esmon et al., 1981; Novick et
al., 1980; Novick et al., 1981). In sec7 cells grown at
37°C under low glucose, PMR1 is localized in enlarged,
brightly staining ovoid structures (Figure 5), whereas at
the permissive temperature (24°C) the staining was
more similar to the punctate pattern found in wild-type
cells. Although large staining puncta are seen on oc-
casion in wild type or the sec7 mutant under permissive
conditions, the proportion of these ovoid structures is
greater in sec7 mutants at 37°C. The average number
of inclusions per cell for sec7 at the restrictive temper-
ature, sec7 at the permissive temperature and wild type
were 1.2, 0.29, and 0.36, respectively. The PMR1 stain-
ing pattern resembles that of YPT1, a Golgi-associated
antigen, when stained by indirect immunofluorescence
in a sec7 mutant (Segev et al., 1988). The lumenal ER
marker, KAR2, gives typical perinuclear ER staining in
a sec7 mutant, indicating that sec7 does not lead to gen-
eral disarray of internal compartments.
The distribution of PMR1 is not altered significantly

in either secl8 or sec6 mutants. At the nonpermissive
temperature, sec6 mutants accumulate large numbers
of post-Golgi secretory vesicles (Esmon et al., 1981;
Novick et al., 1980) that can be visualized by indirect
immunofluorescence with anti-Sec4p antibody (Goud
et al., 1988). Unlike the staining of Sec4p in sec6 strains,
PMR1 staining in sec6 remains unchanged, a result that
suggests that PMR1 is not a component of post-Golgi
secretory vesicles (Figure 5). The punctate staining pat-
tern of PMR1 persists in secl8 strains, a mutant that
accumulates ER and small vesicles (Novick et al., 1980;
Kaiser and Schekman, 1990), but the staining is fainter
(Figure 5). Failure to find distinct staining of newly syn-
thesized PMR1 in the ER of secl8 could reflect a low
rate of PMR1 synthesis or rapid degradation of the pro-
tein when abnormally retained in the ER membrane.

pmrl Strains Are Defective in the Addition of
Outer-Chain Mannose Residues
Invertase isolated from a pmrl strain migrates as a rel-
atively discrete band with a mobility intermediate be-
tween that of the core-glycosylated forms produced in
a secl8 mutant (Esmon et al., 1981) and that of the het-
erogeneous highly glycosylated forms synthesized in
wild-type strains (Figures 6A and 7, cf. lanes 1, 7, and
10). The pmrl secl8 double mutant exhibits only the
core glycosylation pattern associated with the secl8 sin-
gle mutant, showing that the secl8 block precedes the
pmrl glycosylation defect (Figure 6A). In similar double
mutant analyses, the pmrl truncated glycosylation pat-
tern prevails over the pattern of underglycosylation ob-
served in the ER/Golgi-blocked yptl-l (cs) mutant (Se-
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sec7-1 sec6-4 sec18-1

Figure 5. Staining by indirect immunofluorescence of PMR1:: HA in a sec7-1 mutant reveals an aberrant Golgi-like structure. Strains AA724
(sec7-1), AA728 (sec6-4), and AA720 (secl8-1) carrying PMR1 ::HA 2,g were grown to logarithmic phase in 2% glucose SC minus uracil media
at 23°C, (the permissive temperature), washed, and resuspended in 0.1% glucose SC minus uracil media and incubated at the permissive
or restrictive temperature for various times. AA724 was temperature shifted to 37°C for 2 h, AA728 was shifted to 36°C for 2 h, and AA720
was shifted to 30°C for 1 h. Cells were then fixed, permeabilized, incubated with anti-HA antibody, and stained with DTAF-conjugated
goat anti-mouse IgG. The top row shows cultures grown at the permissive temperature (Tp); the bottom row shows cultures grown at
the restrictive temperature (Tr). (A) sec7-1, 23°C; (D) sec7-1, 37°C; (B) sec6-4, 23°C; (E) sec6-4, 36°C; (C) secl8-1, 23°C; (F) secl8-1, 30°C
(bar = 10 jum).

gev et al., 1988) or the heterogeneous pattern seen in
the post-Golgi-blocked sec6 mutant (Esmon et al., 1981)
(see Figure 6, B and C). These epistatic relationships
enable us to assign the glycosylation defect of pmrl to
a segment of the secretory pathway between the ER
and the Golgi.
The nature of the glycosylation defect in pmrl became

clearer when we analyzed the mannose linkages on se-

creted invertase with antibodies specific to a 1,6 and a 1,3
mannose linkages, as signatures of early and late Golgi
processing steps, respectively (Franzusoff and Schek-
man, 1989). Because virtually all the periplasmic in-
vertase secreted from pmrl strains (Figure 7, lanes 7-9)
receives both al,6 (99%) and a1,3 mannose linkages
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(96%), the truncated glycosylation pattern is likely to
be a consequence of reduced outer-chain addition;
within the total population of invertase, nearly every

molecule contains both linkages, but the extent of either
a1,6 or aL,3 linkages or both is likely to be diminished.
Corrorboratively, secreted pro-alpha factor immuno-
precipitated from pmrl strains similarly receives both
aL,6 and a1,3 mannose linkages. The failure of pmrl
strains to elongate outer chains does not appear to be
due to more rapid secretion in the mutant strains be-
cause pulse chase experiments indicate that the time at
which 50% of the pulse-labeled invertase is externalized
is approximately the same for pmrl and wild-type strains
(4 and 5 min, respectively).
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Calcium Partially Suppresses the Glycosylation
Defect of pmrl
In pmrl strains, the glycosylation pattern of invertase
is dependent on the concentration of Ca21 in the me-
dium. In low Ca2 , the glycosylation pattern is truncated
and discrete relative to wild type (Figure 8, cf. lanes 3
and 9). However, when the pmrl null mutant is grown
in high external Ca2 , the apparent molecular weight
and heterogeneity of glycosylated invertase increases,
resulting in a pattern more like that found in wild type
(Figure 8, cf. lanes 7 and 13). After endoglycosidase H
treatment, all these forms of invertase migrate more
rapidly near the position of the unglycosylated form,
showing that glycosylation and not other processing
events cause the mobility shift. That Ca2+ itself partially
restores glycosylation to pmrl mutants implicates a role
for Ca2+ in a post-ER event.

pmrl Mutants Secrete Unprocessed a Factor and
Have a Slight Mating Defect
MATa pmrl strains secrete multiple forms of unpro-
cessed a factor (Figure 9A). a Factor, a tridecapeptide,
is synthesized as a polyprotein containing four repeats
of the a-factor peptide attached to an amino terminal
glycosylated leader that is cleaved in several processing
steps. This processing requires KEX2, an endoprotease
that cleaves the polyprotein into discrete peptides in a
late Golgi compartment, STE 13, a diaminopeptidylpep-
tidase that removes the N-terminal spacer amino acids,
and KEX1, which removes C-terminal amino acids to
give the mature secreted 13-amino acid peptide (for re-
view, see Fuller et al., 1988). pmrl strains secrete a high-
molecular-weight, highly glycosylated form of a-factor
precursor and little mature a factor, a profile resembling
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Figure 6. Analysis of internal and ex-
ternal invertase from pmrl and pmrl sec
double mutants. Strains AA255, AA274,
AA401, AA402, AA460, AA470,
AA680, and AA682 were grown to log-
arithmic phase in YP 5% glucose sup-
plemented with 0.5 mM CaCl2 at the

N$ permissive temperature [secl8 (A), 22°C;
Q yptl-1 (B), 30°C; sec6 (C) 220C], pre-

O'b 'CO shifted to the nonpermissive tempera-
§Cw ture for various amounts of time (secl8,

% ~ 36°C, 0.75 h; yptl-l, 140C, 3 h; sec6,
a e 34°C, 3 h), and induced for invertase at

the nonpermissive temperature in YP
0.1% glucose 0.5 mM CaCl2 for various
amounts of time (secl8, 2 h; yptl-l, 12
h; sec6, 2 h). Cells were harvested, con-
verted to spheroplasts, and separated
into periplasmic (e) or internal (i) frac-
tions. Extracts were resolved by SDS-
7.5% PAGE and subjected to Western
analysis applying sequentially anti-in-
vertase antibodies and [125I]-Protein A.
Immunoblots were exposed to Kodak
XAR 5 film at -70°C with an intensi-
fying screen.

that of the kex2 mutant (ulius et al., 1984). Also secreted
into the medium is an unidentified ladder of forms be-
tween 18 and 28 kDa that may represent early Golgi
glycosylation patterns or partial cleavage intermediates
in KEX2 processing.
The effect of Ca`+ in suppressing the secretion of a

factor precursors is striking. Addition of 10 mM Ca21
to the growth medium results in the secretion of fully
mature a factor, giving pmrl-l a profile indistinguish-
able from wild type (Figure 9A). The partial processing
of a factor could be the consequence of defective KEX2
activity, a known Ca2+-dependent protease (Fuller et
al., 1989) or result from the missorting of pro-a-factor,
or pro-a-factor-processing enzymes.
The halo bioassay for a-factor-induced growth arrest

also confirms that pmrl strains produce -10-fold less
a factor than wild type in low Ca2+ medium. The ad-
dition of 10 mM CaCl2 to the growth medium restores
the production of wild-type levels of biologically active
a factor (Figure 9B). Consistent with a defect in pher-
omone production, both MATapmrl and MATapmrl
strains exhibit weak unilateral mating defects in quan-
titative mating experiments (Table 4).

Localization of Carboxypeptidase Y and Other
Organellar Markers is Relatively Unaffected in
pmrl
We examined the trafficking of the vacuolar protein
carboxypeptidase Y (CPY) in a pmrl mutant, a protein
that is missorted in various vps and pep mutants (see
Klionsky et al., 1990 for review). Little CPY is secreted
into the medium in pmrl strains. The majority of CPY
reaches its destination in the vacuole where it is pro-
teolytically matured (mCPY) (Haslik and Tanner, 1978).
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Figure 7. Periplasmic invertase secreted from a pmrl background
acquires both al,6 and a1,3 mannose linkages. pmrl (AA274) and
PMRI (AA255) were grown to logarithmic phase in low-sulfate me-
dium, derepressed for invertase synthesis, and pulse labeled with
Tran35S-label for 30 min at 30°C. secl8-1 (AA460) was grown to log-
arithmic phase at 22°C, derepressed for invertase, shifted to 36°C
for 15 min, and pulse labeled at 36°C for 30 min. mnnl (AFY93) was
grown to log phase, derepressed, and pulse labeled for 45 min at
22°C. AA274 and AA255 cells were converted to spheroplasts and
secreted periplasmic invertase was subsequently immunoprecipitated
under denaturing conditions. Total invertase from AA460 and AFY93
were prepared by glass bead lysis and immunoprecipitated. In the
second round of immunoprecipitation equal amounts of immunopre-
cipitated invertase were solubilized and incubated with anti-invertase
(T), anti-a1,6 mannose (1,6), or anti-al,3 mannose (1,3) antibodies.
Core-glycosylated invertase accumulated in secl8 fails to receive Golgi
carbohydrates and is immunoprecipitated only by anti-invertase an-
tibody. Invertase accumulated in mnnl, which is deficient in the al,3
mannosyl transferase, (Nakajima and Ballou, 1975) is not immuno-
precipitated by anti-a1,3 antisera. Wild type receives both linkages.

A small amount (6.7% of the total CPY) of the Golgi
intermediate p2 form fails to target to the vacuole and
is secreted into the medium in pmrl strains (Figure 10).
This phenotype is not simply the result of cell lysis be-
cause the mature form of vacuolar carboxypeptidase Y
is not found in the medium. The p2 form, in addition,
has a slightly increased mobility relative to wild type.
Both of these phenotypes are reversed by the addition
of 10 mM CaCl2 to the medium. The amount of p2 CPY
secreted from pmrl grown in high Ca2" or from wild
type is 1% or less of the total. By comparison with
the dramatic effects of pmrl on a-factor processing and
invertase glycosylation, the effects of pmrl on vacuolar
sorting are minor and certainly not of the same mag-
nitude as the vacuolar defects observed in pep and vps
mutants (Klionsky et al., 1990).
We also examined the effect of the pmrl mutation on

the intracellular distribution of various organellar
markers. The fractionation profile of markers for the
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ER, vacuole, Golgi apparatus, and plasma membrane
appears relatively normal in extracts prepared from a
pmrl mutant (Figure 11). The most notable difference
is a threefold reduction in KEX2 specific activity and a
threefold increase of vacuolar a mannosidase specific
activity in fractionated extracts prepared from pmrl
(Table 5). Neither the fractionation of the lumenal ER
marker, KAR2 (Figure 11), nor its intracellular location
as visualized by indirect immunofluorescence appear
obviously changed by mutations in pmrl (Figure 12).
Similarly, the indirect immunofluorescence staining
pattern of the Golgi marker, SEC7, appears unperturbed
in pmrl strains (Figure 12).

pmrl Deletion Suppresses Various sec Mutants
Blocked in ER/Golgi and Post-Golgi Transport
The pmrl null mutant suppresses a cold-sensitive
growth lesion in YPT1 (Rudolph et al., 1989), a GTP
binding protein localized to the Golgi (Segev et al., 1988)
whose loss of function leads to a block in ER to Golgi
transport (Bacon et al., 1989; Baker et al., 1990). We
found that the temperature sensitivity of several other
sec mutants is also suppressed in a pmrl background.

secl8
[Ca2+] M L

pmrl PMR1
I I

M H L M H

Endo H - + - +*- + -- - +- + - +

i's.

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Figure 8. pmrl strains secrete invertase with a truncated glycosylation
pattern that is partially Ca2" remedial. AA274 (pmrl) and AA255
(PMRl) cultures were grown to log phase in 5% glucose Ca2"-free
synthetic media supplemented with 10 mM (H) or 0.2 mM (M) CaCl2,
or unsupplemented (L). Cells (5 OD600 Units) were pelleted, washed,
and resuspended in the same media containing 0.1% glucose and
induced for invertase synthesis for 3 h. Cells were converted to sphe-
roplasts to release secreted periplasmic invertase and extracts were
treated with (+) and without (-) endoglycosidase H. Samples were
heated in Laemmli's sample buffer and resolved by 7.5% SDS-PAGE.
Proteins were transferred to nitrocellulose, and the blot was probed
sequentially with anti-invertase antibodies and ['251]-Protein A. The
filter was exposed to preflashed Kodak XAR film at -70°C with an
intensifying screen. Lane 1, unsecreted core-glycosylated forms of
invertase accumulated internally in a secl8 mutant strain at the non-
permissive temperature for reference.
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Figure 9. (A) pmrl strains grown in low Ca21 secrete multiple forms
of unprocessed a factor. Wild-type PMR1 (AA255) and pmrl (AA274)
strains were grown and pulse-labeled with tran35S-label in either high
(10 mM) or low (200 ,M) CaCl2-containing media. Labeled cells were
separated into cell and medium fractions, and a factor was immu-
noprecipitated from the medium fraction under denaturing conditions.
Samples were resolved by SDS-PAGE in 17% polyacrylamide gels.
Gels were fixed, prepared for fluorography, dried, and exposed to
preflashed Kodak XAR film at -70°C. Lane 1, profile of forms secreted
from pmrl strains in low Ca2 , including highly glycosylated pro-a
factor and the ladder of forms between 18 and 28 kDa. Lane 3 dem-
onstrates that the secretion of a factor precursors is abolished in high
Ca2 . MATa PMR1 (+), MATapmrl (A). Mature a factor is designated
MaF. (B) Halo bioassay for a-factor-induced growth arrest. Concen-
trated culture supematants from strains AA274 and AA255 grown in
low Ca2+ (1 and 2, respectively) or high Ca2+ media (3 and 4, respec-
tively) were spotted onto filter disks and placed on a sst2 lawn (L4648).
The difference in halo diameter between sample 1 (culture supematant
from a pmrl strain grown in low Ca2+ media) and the others represents
- 10-fold reduction in a-factor concentration. Halo assays were per-
formed according to Elion and Fink (1990).

Suppression was analyzed first in a set of crosses be-
tween a strain carrying a LEU2 marked pmrl deletion
and various secretory mutants. These mutants included

those that block translocation into or function within
the ER, transport from the ER to the Golgi apparatus,
traffic through the Golgi complex, and vesicular trans-
port from the Golgi to the plasma membrane (see Table
6) (Novick et al., 1980; Deshaies and Schekman, 1987;
Newman and Ferro-Novick, 1987; Schmitt et al., 1988;
Segev et al., 1988).

In crosses where pmrl suppressed the temperature-
sensitive lethality of sec mutants, double mutant pmrl-
1::LEU2 sec ascospores grew, and single sec mutant as-
cospores did not. From the analysis of crosses between
nonisogenic strains we found that sec6-4 and secl5-1,
restricted in post-Golgi transport, and secl9-1, blocked
at several steps, were suppressed. To check this result,
we constructed isogenic PMR1 sec and pmrl sec double
mutants by introducing PMR1 on a CEN vector into the
sec pmrl background. In agreement with the crossing
results the isogenic strains showed suppression of secl9-
1, sec6-4, and weakly secl5-1 (see Figure 13A, sum-
marized in Table 6). Typically suppression was confined
to a narrow temperature range. For instance, pmrl secl9
double mutants grow well at 36°C but not at 37°C.
Some of these sec mutants demonstrated Ca2+-related
phenotypes. For example, the secl9 single mutant is
suppressed by the addition of 10 mM CaCl2 to YPD
plates, whereas high Ca2' reverses the pmrl-dependent
suppression in the pmrl secl9 double mutant (Table 7).
Moreover, yptl-l (cs) partially suppresses the EGTA-
sensitive growth defect of pmrl strains, an example of
cosuppression (Table 7).

PMR1 Overexpression Intensifies the Temperature-
Sensitive Growth Defect of Various sec Mutants
The effect of overexpressing PMR1 on the growth phe-
notype of various sec mutants was analyzed by trans-
formation of the sec mutants shown in Table 6 with a
high copy 2,u plasmid containing PMRI under the con-
trol of its own promoter (pL129). The temperature-sen-
sitive growth defect of several sec mutants was en-
hanced by PMR1 overexpression; the presence of the
PMR1 2y plasmid narrowed the temperature range at
which a particular sec mutant could grow. The controls
were sec strains having PMR1 on a single copy CEN
vector (pL149) and a high copy YEp24 vector without
the PMR1 insert. No significant effect was seen in the
growth phenotype of wild-type strains overexpressing
PMR1 on a 2, plasmid.
The synthetic lethality caused by overexpression of

PMR1 in sec mutants is most obvious in sec21-1 and
yptl-1, blocked in ER/Golgi transport and sec9-1 and
seciO-4, restricted in post-Golgi transport (Novick et al.,
1980; Esmon et al., 1981; Schmitt et al., 1988; Segev et
al., 1988). Figure 13B illustrates that sec21-1 strains
bearing PMR1 2,t grow well at 24°C but fail to grow at
32°C, whereas the same strain harboring a YEp24 con-
trol plasmid grows well at both temperatures. In addi-
tion, a number of sec mutants, including secl3-1, and
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sec23-1 in the ER/Golgi class, secl-1, sec2-41, sec6-4,
and secl5-1 in the post-Golgi class, and secl9-1, are sig-
nificantly, though less strongly affected (Table 6).

mrW CPM+
pmr PMR1

2+
high Ca

pmrl PMR1
r-IX

DISCUSSION

Mutant strains lacking PMR1, a presumed Ca2" pump,
manifest pleiotropic secretory defects. These defects are
probably a direct consequence of a failure to deposit
Ca2" within the Golgi lumen, because PMR1 localizes
to a Golgi-like organelle by subcellular fractionation and
indirect immunofluorescence. Many of these distur-
bances are reversed by the addition of millimolar levels
of extracellular Ca2", suggesting that loss of pmrl func-
tion leads to defects in Ca2"-dependent activities. Be-
cause most metazoan Ca2" pumps have been assigned
to the sarco/endoplasmic reticulum or the plasma
membrane (Carafoli, 1987), this represents an unusual
location for a Ca2" pump.
The compartment in which PMR1 resides is termed

"Golgi-like" because its punctate staining in immuno-
fluorescence experiments resembles the pattern seen
with other yeast Golgi-associated antigens (Figures 3
and 4). However, the PMR1 pattern is novel in that it
only partly overlaps that of known Golgi markers, KEX2
and SEC7 (26% and 17% colocalization, respectively).
SEC7 colocalizes with KEX2 at a higher frequency
(58%), although these proteins are clearly not com-
pletely congruent (Franzusoff et al., 1991a). The partial
overlap of KEX2 and SEC7 has been attributed to lo-
calization of these proteins to different subcompart-
ments within the Golgi (Franzusoff et al., 1991a). KEX2
is thought to occupy a late Golgi subcompartment,
whereas SEC7 may be associated with several Golgi
subcompartments (Franzusoff and Schekman, 1989;
Franzusoff et al., 1991a,b). Although PMR1 partially
overlaps these markers, the majority of PMR1 may be
in yet a third subcompartment. In this regard it may be
important that nonoverlapping puncta of SEC7 and
PMR1 are often seen in close juxtaposition. That the
distended Golgi-like inclusions formed in sec7-1 mutant
strains (Novick et al., 1980; Esmon et al., 1981; Segev
et al., 1988) are visualized by indirect immunofluores-
cence staining of PMR1 places PMR1 in the secretory
pathway and is consistent with a Golgi localization
(Figure 5).

C M C M C M C M

p2CPY m-
mCPY ._ i;W,.CPicp __r

S...

an___0

Figure 10. pmrl strains missort small amounts (6.7% of the total
CPY) of the vacuole bound p2 form of carboxypeptidase Y (p2C PY)
into the medium fraction. Wild-type PMR1 (AA255) and pmrl (AA274)
strains were grown and pulse-labeled with tran35S-label in either hig;
(10 mM) or low (200 ,iM) CaCl2. Labeled cells were separated into
cell and medium fractions, and CPY was immunoprecipitated from
both fractions under denaturing conditions. Immunoprecipitated
samples were resolved by SDS-PAGE through 9.0% polyacrylamide.
Gels were fixed, prepared for fluorography, dried, and exposed to
preflashed Kodak XAR 5 film at -70°C. plCPY is the core-glycosylated
ER form, p2CPY is the Golgi-modified form, and mCPY is the mature
vacuolar form.

Our subcellular fractionation experiments also sup-
port a Golgi-like distribution for PMR1 (Figure 2). PMR1
fractionates away from endoplasmic reticulum and
plasma membrane markers and largely comigrates with
the Golgi markers, GDPase, and KEX2 protease (Abeijon
et al., 1989; Cunningham and Wickner, 1989; Bowser
and Novick, 1991; Redding et al., 1991). However,
PMR1 does not strictly follow these markers because
the profile of PMR1 in peak fractions and shoulders is
often displaced from that of other Golgi markers. This
dissimilarity could reflect a different subcompartmental
distribution within the Golgi complex, or alternatively
represent the profile of a distinct comigrating organelle.
The localization of PMR1 to the Golgi has some am-

biguity because the structure of the yeast Golgi complex
has not been elucidated. Ultrastructural examination of

Table 4. pmrl strains exhibit a weak unilateral mating defect

Cross Relevant genotype Diploids/total % Diploid formation

AA288 X AA280 MATa PMR1 X MATa PMR1 328/565 58
AA300 X AA277 MATa pmrl X MATa PMRI 127/349 36
AA288 X AA274 MATa PMR1 X MATa pmrl 106/392 27
AA300 X AA298 MATa pmrl X MATa pmrl 230/1450 16

Quantitative matings were carried out according to Elion et al. (1990).
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Figure 11. Subcellular fractionation of the S450 from PMR1 (left) and pmrl strains (right). The S450s prepared from AA662 (PMR1::HA) and
AA522 (pmrl) were layered on 18-54% sucrose gradients, centrifuged, fractionated, and enzyme markers were assayed as described in the
MATERIALS AND METHODS. PMR1 (*) (expressed as percent maximum PMR1: :HA antigenic material), KAR2 (A) (expressed as percent
maximum KAR2 antigenic material), NADPH cytochrome c reductase (A), KEX2 (O), PMA1 (A) (expressed as percent maximum PMA1
antigenic material), GDPase (0), a mannosidase (C1), protein (x), % sucrose (wt/wt) ED.

wild-type yeast cells has only recently produced pictures
of a morphologically identifiable Golgi apparatus con-

taining cistemae that resemble those found in higher
eukaryotes (Preuss et al., 1992). Staining of presumed
Golgi antigens by indirect immunofluorescence reveals
a punctate staining pattern that is dispersed, hetero-
geneous, and morphologically indistinguishable from
other vesicular compartments at the light microscope
level (Segev et al., 1988; Cleves et al., 1991; Franzusoff
et al., 1991a; Redding et al., 1991). Although colocali-
zation of Golgi markers by immunofluorescence (Cleves
et al., 1991; Franzusoff et al., 1991a) and subcellular
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fractionation (Abeijon et al., 1989; Cleves et al., 1991)
is suggestive of association within the same organelle,
these techniques give few clues about the subcompart-
mental organization of the Golgi complex. Its subcom-
partmental organization is largely inferred from the ac-

cumulation of kinetic intermediates in sec mutants; these
define functional rather than physical subcompartments
(Franzusoff and Schekman, 1989; Graham and Emr,
1991). However, recent studies have separated pairwise,
Golgi markers KEX2 and GDPase (Bowser and Novick,
1991; Cunningham and Wickner, 1989) by subcellular
fractionation, biochemically defining these subcom-
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Figure 12. Staining by indirect immunofluorescence of KAR2 and SEC7 in PMR1 and pmrl backgrounds. Strains growing logarithmically in
YPD were fixed, permeabilized, labeled with anti-KAR2 or anti-SEC7 antisera, and stained with affinity purified DTAF-conjugated goat anti-
rabbit IgG. (A and B) Staining of KAR2 in PMR1 (AA305) and pmrl (AA522) backgrounds, respectively. (C and D) Staining of SEC7 in PMR1
(AA662) and pmrl (AA522) backgrounds, respectively (bar = 10 jim).

partments as distinct physical entities. Thus the novel
distribution of PMR1 in relation to known Golgi markers
could suggest localization to a Golgi subcompartment,
to other organelles such as intermediate vesicles, secre-
tory vesicles, endosomes, or even a less well-defined
compartment, such as the calciosome (Volpe, 1988).
What our data most clearly demonstrate is where PMR1
is not; it is absent from the ER, PM, and the vacuole.
Nonetheless, the weight of available evidence is con-
sistent with partial localization to the Golgi complex,
with the possibility that a proportion of PMR1 resides
in multiple secretory compartments. The localization of
a Ca2+-ATPase to the Golgi is not without precedent
(Virk et al., 1985).
The assignment of PMR1 to the Golgi helps to explain

some of the phenotypes of the pmrl mutant. Our as-
sumption is that PMR1 is required for pumping Ca2"

Vol. 3, June 1992

into the lumen of one of the Golgi subcompartments.
Accordingly loss of PMR1 from the Golgi membrane
could lead to a depletion of the lumenal Ca2" content
of the Golgi, an increase in cytosolic Ca2", or both. That
several Golgi processing steps are perturbed is consistent
with the notion that Ca2" is required in the Golgi lumen
for the full activity of Ca2"-dependent enzymes. We
find that the proteolytic maturation of a factor, an event
thought to take place in a late Golgi compartment (Julius
et al., 1984), is incomplete (Figure 9). This phenotype
may reflect a reduction in the activity of KEX2, a Ca2-
dependent Golgi-localized endoprotease (Fuller et al.,
1989; Franzusoff et al., 1991a; Redding et al., 1991),
because its specific activity is decreased threefold in pmrl
extracts (Table 5). The sorting of carboxypeptidase Y
from the Golgi to the vacuole is only slightly altered,
suggesting that vacuolar targeting of proteins is not sig-
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Table 5. Specific activity of markers for various compartments
in PMR1 and pmrl strains (from the gradients diagrammed
in Figure 11)

Specific activity

Marker PMR1 (AA662) pmrl (AA522)

GDPase 71.9 78.9
NADPH cytochrome

c reductase 0.0493 0.0488
a mannosidase 2.58 8.76
KEX2 10.7 3.39

Specific activity is expressed as the total number of units (summed
over the whole gradient) per milligram protein.

nificantly affected (Figure 10). In contrast, the sorting
and retention of heterologous secretory proteins nor-
mally trapped within the cell is so profoundly disrupted
in pmrl that these proteins are secreted into the medium
at 5-50-fold higher levels than wild type (Rudolph et
al., 1989; Smith et al., 1985). The locus of heterologous
protein retention is thought to be the ER, based on the
core-like glycosylation pattern of unsecreted proteins
in wild-type strains (Moir and Dumais, 1987). However,
the localization of PMR1 to a compartment downstream
from the ER appears to place the sorting of heterologous
proteins as a post-ER event or implies a coupling be-
tween the Ca-+ content of the ER and downstream
compartments. In animal cells, agents that perturb the
lumenal Ca2` concentration of secretory compartments
(A23187, BAPTA) or inhibit Ca2+-ATPase activity
[thapsigargin (Thastrup et al., 1990)] induce the secretion
of certain mutant T-cell receptor a chains that are nor-
mally retained in the ER (Suzuki et al., 1991), a phe-
notype reminiscent of the pmrl -dependent secretion of
heterologous proteins. Ca2+-influenced retention may
function through the ER lumenal chaperonin, BiP, as
its association with these mutant proteins is Ca2+ de-
pendent (Suzuki et al., 1991).
The glycosylation defect exhibited by pmrl strains is

also consistent with the localization of PMR1 function
to the Golgi. The pattern of invertase glycosylation in
double mutant combinations of pmrl with secl8, yptl,
and sec6 delimits the pmrl glycosylation defect to the
Golgi (Figure 6). This deficiency could result in part from
impaired activity of GDPase, a Golgi-localized, Ca2+-
requiring enzyme necessary for glycosylation (Abeijon
et al., 1989; P. Robbins, personal communication). In-
vertase secreted from pmrl strains receives both aL,6
and al,3 mannose linkages, hallmarks of early and late
Golgi processing steps, respectively (Figure 7). This re-
sult implies that secretory proteins are reaching early
and late Golgi compartments. However, the truncated
glycosylation pattern suggests that the extent of gly-
cosylation on individual molecules is reduced and may
indicate impaired outer chain elongation, which is pos-
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tulated to occur in intermediate Golgi compartments
(Franzusoff and Schekman, 1989). Other laboratories
see reduced amounts of al,3 mannose linkages within
the population of total invertase isolated from pmrl
strains (M. Rose, personal communication). This dis-
crepancy may reflect differences in strain background
or growth conditions because we have only observed
slight reductions in repeated experiments.
A striking characteristic of many pmrl phenotypes is

their Ca2"-conditional nature. Addition of external cal-
cium to a pmrl mutant partially reverses some secretory

Table 6. Summary of the genetic suppression with pmrl and lethal
overexpression of PMR1 in sec mutants

Relevant Suppression Lethal over-expression
Strain genotype by pmrl of PMR1

Post-Golgi sec
mutants

NY768 secl-1 +/- (34°C) - (32°C)
NY770 sec2-41 - - (34°C)
NY772 sec3-2 - +
NY774 sec4-8 - +
NY776 sec5-24 - +
NY778 sec6-4 +++ (36°C) - (34°C)
NY780 sec8-9 - +
NY782 sec9-4 - --- (32°C)
NY784 seclO-2 - (37°C)
NY786 secl5-1 + (37-38°C) - (36°C)

ER/Golgi sec
mutants

AA482 sec 7-1 - +
AA471 secl2-4 - +
AA473 secl3-1 +/- (34°C) -- (32°C)
AA474 secl 6-2 - +
AA476 secl 7-1 - +
AA459 secl8-1 - +
AA468 secl9-1 +++ (36°C) - (34°C)
AA479 sec20-1 - +
AA466 sec21-1 - --- (32°C)
AA465 sec22-3 - +
AA480 sec23-1 - -- (30°C)
AA311 yptl-l +++ (14°C) ---(22°C)
ANY119 bet2-1 - N.D.

Early sec
mutants

L2851 sec53-6 - +
RSY455 sec6l-3 - N.D.
RSY530 sec62 - N.D.
RSY153 sec63-1 - N.D.

For suppression, +++ = vigorous growth, somewhat less than wild
type. The other symbols (++ and +) represent, respectively, decreasing
amounts of growth relative to +++; +/- = variable or very weak
suppression; - = no suppression. Temperature of suppression is in
parentheses. For lethal overexpression, growth was observed over 1-
4 d. --- = strong synthetic lethality (3-4 logs difference in growth
inhibition by PMR1/2A relative to YEP24 transformed control strains);
-- = moderate synthetic lethality (-2 logs difference in growth in-
hibition relative to controls); - = weak, but noticeable synthetic le-
thality (- 1 log difference in growth inhibition relative to controls);
+ = no clearcut synthetic lethality. The temperature on the right in-
dicates the semipermissive temperature at which lethal overexpression
is most clearly seen. N.D., not determined.
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Figure 13. Genetic interactions with sec mutants. (A) pmrl suppresses the temperature-sensitive lethality of sec6-4. Two sets of isogenic pairs,
sec6-4 and sec6-4 pmrl, indicated by the brackets, were constructed by transforming sec6-4 pmrl double mutant strains AA688 and AA691
with either PMR1/CEN (pL149) or control plasmid (pUN80). Equal OD600 units of logarithmically growing cells were harvested, serially diluted
10-fold and transferred onto SC-ura media with a pronged inoculator. Top: growth at the permissive temperature of 24°C. Bottom: growth at
36'C, the nonpermissive temperature for the sec6-4 single mutant. (B) PMR1 overexpression on a 2, plasmid intensifies the temperature-
sensitive growth defect of sec21-1. Strain AA466 (sec2l-1) was transformed with plasmids pL129 (PMR1/21t), pL149 (PMRI/CEN), and control
plasmid YEp24. Strains were grown to logarithmic phase in SC-ura medium. Equal OD600 units of logarithmically growing cells were harvested,
serially diluted 10-fold and transferred onto SC-ura media with a pronged inoculator. Top: growth at the permissive temperature of 22°C.
Bottom: growth at the semipermissive temperature of 32°C. Brackets indicate pairs of independent transformants.

defects, including outer chain glycosylation of invertase,
proteolytic processing of pro-a factor, the sorting of
CPY, and secretion of the heterologous protein bovine
prochymosin (Don Moir, personal communication). The
partial reversal of these secretory defects by Ca2"
strongly suggests that a fundamental defect of the pmrl
mutant results from altered Ca2" balance and is consis-
tent with its proposed role as a Ca2+ pump. This re-

versibility could be explained if the presence of extra-
cellular Ca2" drives more Ca" into Golgi compartments,
thereby restoring Ca2"-dependent events. These results
suggest a role for Ca" itself in the proper function of
the Golgi apparatus and normal passage through the
secretory pathway. Our finding that a deletion of pmrl
can suppress sec mutations impaired in ER/Golgi transit
(yptl-1) (Schmitt et al., 1988; Segev et al., 1988; Bacon
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et al., 1989; Baker et al., 1990) and post-Golgi transit
(sec6-4, secl5-1), as well as those defective in multiple
functions (secl9-1) (Novick et al., 1980; Esmon et al.,
1981; Bowser and Novick, 1991) also implies a global
effect on secretory transport by altered calcium balance
(Figure 13, Tables 6 and 7). In these sec strains, a de-
crease of Ca2" in the Golgi lumen or an increase of Ca2"
in the cytoplasm caused by the pmrl mutation could
drive a reaction that otherwise would not take place in
PMR1. Similarly, overexpression of PMR1 may restrict
certain sec mutants by limiting a Ca2"-dependent re-

action. In support of this idea, YPT1 function in in vitro
ER/Golgi transit is closely coupled to a Ca2"-dependent
step (Baker et al., 1990), and peptides corresponding to
the ras-related rab effector domain potently inhibit ER/
Golgi transport at a step coincident with the accumu-
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Table 7. Calcium-related interactions of pmrl and sec mutants

pmrl and secl9-1 pmrl and yptl-l

YPD YPD + Ca2+ EGTA EGTA + Ca2+

PMR1 +++ +++ PMR1 +++ +++
pmrl +++ +++ pmrl -+++
secl9-1 - + yptl-l ++ ++
secl9-1, pmrl ++ - yptl-l, pmrl + ++

Strains were patched onto YPD and grown under permissive conditions. Cells were diluted to 5-10
X 106 cells/ml in water and replica plated onto various media with a multipronged inoculator. For
interactions between pmrl and secl9-1, strains were replica plated onto YPD and YPD containing 10
mM CaCl2 and incubated at the nonpermissive temperature (36°C) of secl9-1. KCl or NaCl did not
rescue the secl9-1 temperature-sensitive growth defect. For interactions between pmrl and yptl-l, strains
were replica plated onto SC + 25 mM EGTA and SC + 25 mM EGTA + 10 mM CaCl2 and incubated
at 30°C. Growth was scored after 2-3 d. +++ = vigorous growth, ++ = moderate growth, + = weak
growth, - = poor growth. Each additional plus represents approximately a 5-10-fold increase in cell
density.

lation of a Ca2"-dependent prefusion intermediate
(Plutner et al., 1990). The interaction of PMR1 with sec
mutants from several points in the secretory pathway
could also indicate functional and physical localization
to more than one secretory compartment.
An alternative to the model that processing and sort-

ing enzymes are Ca2" dependent is that these enzymes
or secretory proteins themselves are missorted in a pmrl
mutant. This mislocalization could result in a loss of
normal Golgi subcompartmentalization. In subcellular
fractionation and immunofluorescence experiments
carried out in pmrl strains, we have not found a dra-
matic mislocalization of internal components (markers
for the Golgi and the ER for example do not apparently
redistribute to other organelles; see Figures 11 and 12).
A rigorous test of this alternative hypothesis will depend
on a clearer identification of Golgi subcompartments
through subcellular fractionation and immunoelectron
microscopy.
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