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Abstract. Among the collection of temperature-sensi- 
tive secretion mutants of Saccharomyces cerevisiae, 
sec11 mutant cells are uniquely defective in signal pep- 
tide processing of at least two different secretory pro- 
teins. At 37~ the restrictive growth temperature, 
sec11 cells accumulate core-glycosylated forms of in- 
vertase and acid phosphatase, each retaining an intact 
signal peptide. In contrast, other sec mutant strains in 
which transport of core-glycosylated molecules from 
the endoplasmic reticulum is blocked show no defect 
in signal peptide cleavage. A DNA fragment that com- 
plements the sec11-7 mutation has been cloned. Genetic 
analysis indicates that the complementing clone con- 

tains the authentic SEC11 gene, and that a null muta- 
tion at the SEC11 locus is lethal. 

The DNA sequence of SEC11 predicts a basic pro- 
tein (estimated pI of 9.5) of 167 amino acids including 
an NH2-terminal hydrophobic region that may function 
as a signal and/or membrane anchor domain. One 
potential N-glycosylation site is found in the 18.8-kD 
(Sec lip) predicted protein. The mass of the SEC11 
protein is very close to that found for two of the 
subunits of the canine and hen oviduct signal pepti- 
dases. Furthermore, the chromatographic behavior of 
the hen oviduct enzyme indicates an overall basic 
charge comparable to the predicted pI of the Secllp. 

T 
HE initial event in protein localization is achieved by 
interaction of a signal (leader) or transit peptide on a 
transported molecule with a cytoplasmic or membrane 

bound receptor. Properly targeted precursors are then trans- 
located across the membrane, followed by proteolytic re- 
moval of the NH2-terminal signal or transit peptide by highly 
specialized enzymes located within the target organelle. 

A variety of the specialized processing proteases have been 
purified. Escherichia coli contains two such enzymes: leader 
peptidase and lipoprotein signal peptidase (40, 44). Both en- 
zymes are integral membrane proteins of the cytoplasmic 
membrane and possess single subunits with relative molecu- 
lar masses of 36,000 and 18,000, respectively. Both enzymes 
are essential for bacterial cell growth, but not for transloca- 
tion of secretory proteins across the membrane. Repression 
of synthesis of leader peptidase causes improperly folded 
forms of secretory proteins to accumulate in the periplasm 
(ll). 

The eukaryotic counterparts of these processing proteases 
are more diverse and complex. Signal peptidase from dog 
pancreas and hen oviduct microsomes has been purified and 
found to consist of a complex of six polypeptides with molec- 
ular masses of 25, 23, 21, 18, and 12 kD (2, 15). Processing 
of mitochondrial precursor proteins requires a matrix local- 
ized, metalloendoprotease (4, 25) which consists of a 57-kD 
catalytic subunit and a nonassociated stimulatory protein of 
52 kD (Neupert, W.~ personal communication). 

In spite of the structural differences between prokaryotic 
and eukaryotic secretory protein peptidases, the substrate 
specificities are remarkably similar. Both enzymes cleave 
eukaryotic and prokaryotic secretory proteins in vitro at the 
correct peptide bond (29, 42). This conservation of activity 

has led to the suggestion that other subunits associated with 
the eukaryotic peptidase may perform other functions as- 
sociated with polypeptide translocation (15). 

Identification of a gene product required for signal peptide 
processing in yeast would allow a genetic approach to de- 
fining peptidase-associated proteins and their function in 
polypeptide transiocation into the endoplasmic reticulum 
(ER). ~ We have shown previously that amino acid substitu- 
tions at the signal peptide cleavage site of yeast invertase re- 
sult in accumulation of core glycosylated precursor forms of 
the enzyme within the lumen of the ER (5, 36). The block 
in secretion of mutant invertase is not complete even with 
substitutions that eliminate signal cleavage (5). For this rea- 
son we expect that mutations in the signal peptidase would 
show a pleiotropic but incompletely restrictive defect in 
secretion of molecules that have cleavable signal peptides. 
Inasmuch as this delay in secretion of diverse molecules is 
likely to compromise cell growth, we expect such a mutation 
will be found only in a conditionally lethal strain. 

In this report we describe the characteristics of a secretion 
defective mutant, sec11, whose properties fit the predictions 
of a signal peptidase lesion. 

Materials and Methods 

Strains, Plasmids, and Materials 

Table I lists the sources of bacterial and yeast strains used in this study, YPD 
liquid broth contained 1% Bacto-Yeast extract, 2% Bacto-Peptone (Difco 
Laboratories, Detroit, MI), and 2-5% glucose. Wickerham's minimal 

1, Abbreviations used in this paper: Endo H, endoglycosidase H; ER, endo- 
plasmic reticulum. 
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Table L Bacterial and Yeast Strains 

Strain Genotype Source of reference 

X2180-1B ga12, MATa YGSC* 

SEY2102 gal2, his4-519, ura3-52 1eu2-3,112, suc2-A9, MATa S Emr (13) 

SEY2102-sl I  gal2, his4-519, leu2-3,112, suc2-sl, MATa I. Schauer (36) 

SF273-1A sec l l- 7, ga l 2, MA Ta This laboratory 

SF274-2A secl2-4, gal2, MATa This laboratory 

SF276-1A sec l 3-1, g a l 2, MA Ta This  laboratory 

SF280-3B secl6-2, gal2, MATa This laboratory 

SF281-1B sec l 7-1, ga l 2, MA Ta This laboratory 

SF282-1A secl8-1, gal2, MATa This laboratory 

SF298-1B secl9-1, gal2, MATa This laboratory 

SF284-1B sec20-1, gal2, MATa This laboratory 

SF286-1B sec21-1, gal2, MATa This laboratory 
SF303-2C sec22-3, ga12, MATa This laboratory 

SF309-2D sec23-1, gal2, MATa This laboratory 

PBY401A ura3-52, his4-519, 1eu2-3,112 gal2, MATa This study 

PBY408A secl l-7, ura3-52, his4-519, leu2-3,112 gal2, MATa This study 

PBY6 SE C I 1/sec- 11- 7, S UC2/suc2-A 9, his4-519~his4-519, leu2-3 ,112/1eu2-3 ,112, This study 
ura3-52/ura3-52, gal2/gal2, MATa/MATct 

Escherichia coil 
SE10 F- A(lac-pro)ara rpsL thi pyrF74::Tn5 (080dlacZAM15) S. Emr  (14) 

MC1061 F- araD139 A(araABOIC-leu)7679 Alacx74 galU galK rpsL hsdR M.J. Casadaban (10) 

TG-1 A (lacpro) supE, thi, F'traD36, proAB lacq ZAM15 hsdD5 T. Gibson (16) 

* Yeast Genetics Stock Center, University of California, Berkeley, California. 

medium (43) was used with 2-5 % glucose. Solid media were supplemented 
with 2% Bacto-Agar (Difco Laboratories). E. coli plasmids pUC9 (28), 
pUC12 (27), pUC18 (46), and pGEMI (26), and E. coli-yeast shuttle plas- 
mids YEpl3 (7), pSEY8 (14), Ylp5 (6), and pRB58 (9) have been described 
previously, pSEYc68 is identical to pSEYc58 (14) except for the multiple- 
cloning site which was derived from pUCI8 (46). The yeast genomic DNA 
library originally constructed by Nasmyth (31) contains DNA pieces result- 
ing from a Sau3A partial digest inserted into the Barn HI site of YEpI3. For 
low sulfate or low phosphate medium, chloride salts replaced sulfate or 
phosphate salts, respectively. Ammonium sulfate or potassium phosphate 
was added to the desired concentration. The absorbance of dilute cell sus- 
pensions was measured in a I-cm cuvette at 600 nm in a Gilford 2451A spec- 
trophotometer (Oberlin, OH). Liquid cultures were grown in flasks or tubes 
with agitation, and experiments were initiated with exponentially growing 
ceils at an OD6~ of 0.7-1.5. 

All reagents used were of analytical grade, except non-fat dry milk used 
for Western blotting was purchased at the local grocery store, la-32P] - 
dCTP, H235SO4, [0t-35SIdCTP and Na[125I] were obtained from Amershan 
(Arlington Heights, IL). Lyticase (Fraction II, 30,000-80,000 U/ml) was 
prepared as described by Scott and Schekman (37). Invertase antiserum was 
prepared as described earlier (36). Anti-acid phosphatase serum was gener- 
ously provided by G. Schatz (Biocenter, University of Basel, Switzerland). 
Endoglycosidase H (endo H) was obtained from P. Robbins (Biology Dept., 
Massachusetts Institute of Technology, Cambridge, MA). 

Cloning and DNA Sequencing 

Yeast strain PBY 408A was grown in YPD medium to an O D ~  of 1 and 
cells were converted to spheroplasts which were transformed with the 
genomic DNA library of Nasmyth (31). Transformants were selected on 
minimal medium lacking leucine at 24~ After 24 h at 24~ at which time 
transformants began to appear, plates were transferred to the sec mutant re- 
strictive temperature of 37~ Colonies that continued growth were 
selected, replated, and plasmid DNA was isolated from each (3), and used 
to transform E. coli strain SE10. Plasmid DNA was recovered from in- 
dividual E. coli transformants, and complementation of both temperature- 

sensitive growth and leucine auxotrophy was reconfirmed by transformation 
of the original strain PBY 408A. 

Plasmid pCBII32, isolated from the genomic DNA bank, contains a 
6.5-kb insert in YEpI3 that includes the SECll gene (Fig. 1 A). Plasmid 
pCBII33 consists of pSEY8 carrying the 1.4-kb Barn HI/Sac I fragment (Fig. 
1 C) cloned into the pUCl2-derived multiple-cloning site. pCBI134 contains 
the 1.4-kb Barn HI/Sac I fragment (Fig. 1 C) on the centromere plasmid 
pSEYc68, pCBseclI::LEU2 contains the 0.4 kb Bam HI/Pvu II fragment and 
the 0.5 kb Eco RV/Sac I fragment separated by a 3.l-kb Bgl II insert that 
carries the LEU2 gene (Fig. 1 E) on a pUCl8-derived vector. The yeast in- 
tegration vector pCBY511 contains the SEC11 gene and was derived from 
Ylp5 by insertion of the Barn HI/Sph I fragment (Fig. 1 B) into the Bam 
HI and Sph I enzyme-treated vector. 

Restriction endonuclease digestion and T 4 DNA ligase reactions were 
carried out according to the supplier's instructions. Standard techniques of 
plasmid isolation, agarose gel electrophoresis, and DNA transformation of 
E. coli and S. cerevisiae have been described elsewhere (21, 24, 39). DNA 
sequencing was performed using the dideoxy chain termination method of 
Sanger et al. (35). The 1.4-kb Bam HI/Sac I fragment (Fig. 1 C) that con- 
tains the SECI1 gene was isolated from pCBI132 and self-ligated to form con- 
catameric DNA. Sonication was used to obtain random DNA fragments of 
0.3-0.7 kb which were subcloned into pUC9 that was digested with Sma I. 
Clones were propagated, in TG-I cells and prepared for DNA sequencing. 
MI3 primer was a gift of W. Rottman and E. Penhoet (this Department). 

For Northern blot analysis fragments D1 and D2 (Fig. 1) were subcloned 
into pGEMI. The recombinant plasmids were converted to linear forms and 
strand specific [a-32P]CTP labeled RNA was prepared (supplier's protocol) 
and used as hybridization probes. Poly(A)§ purified from yeast strain 
X2180-1B was electrophoresed in an agarose gel containing 2.2 M formalde- 
hyde. Transfer of RNA to nitrocellulose and RNA-RNA hybridization was 
performed as described elsewhere (24). 

Accumulation of lnvertase in sec Mutant Strains 

sec mutant strains were grown in minimal medium containing 5% glucose 
to l OD60o/ml. Cells (80D600 U) were centrifuged at 24~ washed with 
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Figure 1. (,4) Restriction map of  the 6.5-kb insert in plasmid pCBtt32 
which contains the authentic SEC11 gene. The heavy arrow indi- 
cates the coding region o f  SECll and its direction of  transcription.  
Fragments  B-E are different subclones and constructs  which were 
ligated into vectors as descr ibed in the text. B, Barn HI; PI, Pvu 
I; PII, Pvu II; RE Eco RV; Sp I, Sph I. 

8 ml distilled water and resuspended in 4 ml fresh minimal medium +0.1% 
glucose. The cell suspension was divided into 4 aliquots of 20D600 U 
each. Two aliquots received tunicamycin (10 ~g/ml) followed by a 15-rain 
incubation of all samples at 24~ One treated and one untreated sample 
were left at 24~ while the other two were incubated at 37~ for 3 h. Each 
incubation was terminated with t ml ice cold 20 mM NaN~ and cooled on 
ice for 10 rain, followed by centrifugation in an IEC table top centrifuge for 
3 rain at room temperature. Ceils were washed with 2 ml ice cold I0 mM 
NAN3, centrifuged and placed on ice. Cell pellets were mixed with 0.3 g 
glass beads (0.3-0.5 ram), 0.3 mt of Laemmli dissociation buffer (22) was 
added, and cells were agitated on a Vortex mixer at top speed for 30 s, 4 
times with 30-s iutervals on ice. Cell homogenates were heated for 5 min 
in a boiling water bath, The extracts were centrifuged at top speed for 1 min 
in an IEC table top centrifuge and supernatant fractions removed and stored 
at -20~ Aliquots (24 Ltl) were resolved by 7.5 % SDS-PAGE, which was 
then followed by immunoblot analysis (8). Antiserum directed against inver- 
tase and [~251]Protein A were used to detect the different forms of invertase. 

Radiolabeling, Immunoprecipitation, and Treatment 
with Endo H 
Cultures of  PBY4OIA and PBY408A were grown up to t O D ~  Unit 
cells/ml in minimal medium +5% glucose and 0.1 mM ammonium sulfate. 
12 OD~o~ U of PBY401A and 14 O D ~  U of PBY408A cells were harvested 
by centrifugation for 5 rain at 6,000 g. Cells were washed in water and 
resuspended to 1 0 D s .  U/ml minimal medium +0.1% glucose. After 30 
min at 37~C, during which time the synthesis of invertase was derepressed 
and the secll mutant block was imposed, 0A5 mCi H2~~SO4/OD~ was 
added and cells were radiolabeled for 5 rain at 37~ Cultures were adjusted 
to 0.5% glucose, 1 mM ammonium sulfate, and 100 I~g/ml cycloheximide, 
to initiate the chase period. Aliquots of 2 OD~0 U of cells were taken at 
various times and added to chilled tubes that contained 20 ~tl 1 M NAN,. 
Cells were washed once with 2 ml ice cold I0 mM sodium azide and held 
on ice until the conclusion of the experiment. Cells from each time point 
of chase were centrifuged and resuspended in 400 ~l spheroplasting buffer 
(I.4 M sorbitol, 50 mM potassium phosphate, pH Z4, t0 mM sodium azide, 
80 mM [~-mercaptoethanot, 50 U lyticase per O D ~  unit of cells), in- 
cubated for l h at 30~ and spheroplasts collected by centrifugation for 10 
rain at 3,000 g. Supernatant fractions were adjusted to 0.5% SDS and in- 
cubated for 5 min in a boiling water bath. Spheroplasts were resuspended 
in 1OO gl 2% SDS and heated for 5 rain in boiling water. SDS-treated super- 
natant and pellet fractions were diluted to 1 mt with PBS containing 1% Tri- 
ton X-100. 50 Ixl (,,,5 mg protein) of nonradioactive extract from strain 
SEY2102 was added to each sample to compete for precipitation of unrelated 
proteins (36). 40 Ill oflgG Sorb, prepared as described by the manufacturer, 
was added for 30 rain at 4~ IgG Sorb was removed by centrifugation at 
12,000 g for 20 rain and supernatant fractions were transferred to new 
microfuge tubes. Invertase specific antiserum was added (4 ~l/OD~0o unit 
cell equivalent) and samples were incubated overnight at 4~ For each 

microliter of antiserum used, 5 ~l of 20% Protein A-Sepharose 4B was 
added to precipitate the immune complex. The precipitates were w~ashed 
twice with 1 ml PBS, I% Triton 3[-100, 0.1% SDS and twice with t ml 10 
mM Tris-HCl, pH 8, 50 mM sodium chloride. The washed complexes were 
solubilized in 30 ttl dissociation buffer (50 mM Tris-HCI, pH 6.8, 2% SDS, 
2 mM EDTA, 0.01% Bromphenol Blue, 10% glycerol, 1% 2-mercapto- 
ethanol) heated in a boiling water bath for 5 min and stored at - 2 0 ~  After 
centrifugation in a microfuge for 2 rain, the supernatant fractions were sub- 
jected to gel electrophoresis on 6% SDS polyacrylamide slab gels according 
to the procedure of Laemmli (22). Gels were fixed, prepared for fluorogra- 
phy by incubation for 25 rain in 1 M sodium salicylate, dried, and allowed 
to expose Kodak X-Omat AR film at -70~ Fluorograms were quantified 
by scanning with a Kratos model SD3000 spectrodensitometer coupled to 
a Kratos SDS3OO density computer (Kratos Analytical Instruments, Ram- 
sey, NJ) and an integrator (model No. 3380A, Hewlett-Packard Co., Pato 
Alto, CA). 

For treatment with endo H, 10-[al aliquots of  immunoprecipitated lurer- 
tase resuspended in dissociation buffer were diluted 4-fold and adjusted to 
250 mM sodium citrate, pH 5.5, 5 mM sodium azide. Samples were heated 
in boiling water for 5 mira cooled to 37~ and treated with 0.5 mU of endo 
H overnight at 37~ Incubations (40 ttl) were mixed with 10 ~tl 5 • dissocia- 
tion buffer (250 mM Tris-HCt, pH 6.8, 10% SDS, 10 mM EDTA, 0.05% 
Bromphenol Blue, 50% glycerol, 5 % l~-mereaptoethanol), heated in boiling 
water, and subjected to SDS-gel electrophoresis, 

NH2-Terminal Analysis of lnvertase 
and Acid Phosphatase Accumulated in 
secll Cells at 37~ 
PBY408A harboring pRB58 was grown in minimal medium containing 5% 
glucose and 100 ~tM sulfate to 1 0 D ~  unit/ml. Eight OD~t~ ceil equiva- 
lents were resuspended in 4 mt minimal medium (no sulfate) + 0.t% glu- 
cose + 4 t~M teucine and incubated for t5 rain at 37~ Four mCi H2-~5SO~ 
and 0.5 mCi of [~Hlleucine were added and cells incubated for 3 h at 37~ 
An equal volume of ice-cold 20 mM sodium azide was added and cen- 
trifuged cells were lysed by agitation with glass beads as described above. 
Immune precipitation and PAGE were performed as described above and 
the labeled protein identified after exposure of the dried gel to Kodak X- 
Omat AR film for 3 d at room temperature. Bands corresponding to the ER 
forms of invertase were excised, electroeluted, and prepared for sequential 
Edman degradation as described previously (36). Preparation of radiola- 
beled acid phospbatase was performed identically except strain SF273-1A 
and growth media depleted of PO43- were used. Material released in each 
of the first 18 cycles (for invertase) or 27 cycles (for acid phosphatase) was 
measured for (-~H) counts per minute in a Searle Delta 300 liquid scintilla- 
tion spectrometer, 

Resul t s  

secll Mutan t  Cells Accumulate  Core-glycosylated 
Glycoprotein Precursors 

In a search for pleiotropic mutations that affect signal peptide 
processing, a collection of yeast secretory mutants was ex- 
amined for accumulation of core-glycosylated invertase in a 
signal peptide-unprocessed form. Yeast cells produce two 
forms of invertase, both encoded by the SUC2 gene (9). A 
cytoplasmic, unglycosylated species is produced constitu- 
tively and a glycosylated, secreted form is synthesized in re- 
sponse to glucose deprivation. The secreted enzyme is made 
as a precursor with a 19 amino acid signal peptide that is 
cleaved upon arrival in the ER lumen, sec mutant strains that 
are known to accumulate secretory proteins in the ER (33) 
were derepressed for synthesis of secreted invertase at the re- 
strictive growth temperature of 37~ for 3 h, in the presence 
or absence of tunicamycin, an inhibitor of N-linked oligosac- 
charide synthesis. An invertase mutant form (suc2-sl) that 
shows reduced signal peptide processing because of an ala 
--> val substitution at position -1 of the signal peptide cleav- 
age site (36) was examined in parallel. Whole cell extracts 
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Figure 2. Accumulation of inver- 
tase in different sec mutant cells 
at 37~ Wild-type strains PBY- 
401A (SUC2) or SEY2102-slI 
(suc2-sl) and sec mutant strains 
(all SUC2) were grown to mid- 
logarithmic phase in minimal 
medium + 5 % glucose, washed, 
and resuspended in the same me- 
dium + 0.1% glucose. One half 
of each culture was treated with 
10 I.tg/ml tunicamycin and all cul- 
tures incubated at 24~ for 15 
min, followed by a 3-h incubation 
at 37~ Total cell protein was ex- 
tracted, separated on 7.5 % poly- 
acrylamide slab gels and analyzed 

by immunoblotting with anti-invertase antiserum and [t25I]protein A. wt, Wild-type strain; sl, wild-type strain carrying the suc2-sl inver- 
tase mutation integrated into the genome; TM, tunicamycin; 80, 58, and 56 kD denote the positions of migration on the polyacrylamide 
gel of core glycosylated, signal peptide-unprocessed, and -processed forms of invertase, respectively. 

were prepared and accumulated invertase species detected by 
SDS-PAGE and immunoblotting (Fig. 2). Wild-type and mu- 
tant cells incubated in the absence of tunicamycin (Fig. 2, 
odd-numbered lanes) revealed core-glycosylated (Mr 
80,000) and cytoplasmic (Mr ~ 56,000) forms of invertase. 
In the presence of tunicamycin, secretory invertase produced 
by wild-type cells migrated as a 56-kD species, whereas sl- 
invertase had an apparent molecular weight of 58,000 due to 
retention of the signal peptide (Fig. 2, lane 4). Among the 
sec mutants examined, only secll accumulated a form of 
invertase that comigrated with sl invertase (Fig. 2, lanes 4 
and 6). 

A relation between the secretory defect and accumulation 
of the invertase precursor was established by incubating secll 
mutant cells at permissive, semi-permissive and restrictive 
temperatures (24 ~ 30 ~ 37~ Wild-type and secll mutant 
strains were derepressed for synthesis of invertase and one 
half of each culture treated with tunicamycin. Cell cultures 
were shifted to the respective temperatures for 3 h, followed 
by extraction of cell proteins, separation by SDS-PAGE and 
immunoblot analysis. A temperature-dependent accumula- 
tion of core glycosylated invertase in untreated samples, and 
of the 58-kD precursor species in tunicamycin-treated sam- 
ples, is documented by the data shown in Fig. 3. This charac- 
teristic was found in 10 independent secll isolates. Further- 
more, the processing defect co-segregated with temperature- 
sensitive growth among the haploid meiotic progeny of secll/ 
SECll heterozygotes. 

A more direct demonstration of deficient signal peptide 
processing came from NH2-terminal sequence analysis of 
radiolabeled glycoprotein precursors accumulated in secll 
at 37~ Mutant cells were labeled with [3H]leucine and 
358042- for 3 h at 37~ and core-glycosylated invertase, 
isolated by immune precipitation from whole cell extracts, 
was purified by SDS-PAGE. Sequential Edman degradation 
showed [3H] label released at positions expected for leucine 
in the signal peptide of  invertase (Fig. 4 A). Previous direct 
sequencing of invertase accumulated in the ER of another 
pleiotropic mutant (secl8) showed cycles of [3H]leucine re- 
lease expected for the signal peptide-processed species (36). 
Another secreted protein, acid phosphatase, whose efficient 

export depends both on faithful signal peptide cleavage (18) 
and on SECll (33), was also examined by NH2-terminal se- 
quencing of antigen immuno-purified from [3H]leucine and 
[35S]SO42- double-labeled secll cells. Fig. 4 B shows that 
this protein also accumulated as an unprocessed precursor. 
Unlike this phenotype of secll, signal cleavage defective sl- 
invertase has no effect on secretion of acid phosphatase (36). 

Secretion o f  lnvertase Is Delayed in 
secH Mutant  Cells 

We showed before that uncleaved preinvertase was delayed 
but not blocked in transport through the secretory pathway 
(5). Single amino acid substitutions at the signal peptide 
cleavage site increased the half time of secretion from 2-70 
min. The secretion delay phenotype of these signal peptide 
substrate mutations was consistent with the incompletely re- 

Figure 3. Temperature-dependent accumulation of different in- 
tracellular forms of invertase in secll mutant cells. Wild-type 
(SEY2102-slI) and secll mutant (PBY408A) strains were treated the 
same as described in Fig. 2, except that the 3-h incubation was per- 
formed either at 24~ 30~ or 37~ suc2-sl, wild-type strain car- 
rying the suc2-sl mutant gene integrated into the genome; TM, 
tunicamycin. 80, 58, and 56 kD, denote the positions on the SDS- 
polyacrylamide gel of core-glycosylated, signal peptide-unpro- 
cessed and -processed forms of invertase, respectively. Cytoplas- 
mic invertase migrates as a 56-kD species. 
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Figure 4. Amino terminal analysis of invertase and acid phospha- 
tase accumulated in secll mutant cells at 37~ Depicted are the 
3H-leucine counts per minute of the first 18 and 27 cycles of Ed- 
man degradation of invertase (A) or acid phosphatase (B), respec- 
tively. The predicted amino termini of precursor and mature forms 
of invertase and acid phosphatase are presented at the bottom of 
each panel. The 3H signal observed for the initiating methionine 
of invertase and acid phosphatase precursor polypeptides was due 
to the presence of [35S]SO42- in the labeling reaction. 

strictive secretion defective phenotype of all secll isolates 
(33). A test of the delay in invertase secretion was performed 
with wild type and sec11 cells pulse-labeled for 5 min with 
[35S]SO42- followed by a chase period at 37~ Half of the 
labeled invertase was secreted by wild-type cells during the 
5-min pulse radiolabeling while ~v60 min was required for ex- 
port of an equivalent amount from secll cells (Fig. 5). Thus, 
the secretion block was severe though clearly incomplete. 

Cloning and Genetic Analysis of the SEC11 Gene 

Yeast strain PBY408A was transformed with a yeast genomic 
DNA library contained on the multicopy vector YEpl3. 
Transformants were selected simultaneously for complemen- 
tation of leucine auxotrophy and growth at 37~ the restric- 
tive temperature for sec11 cells. Among 8,000 Leu § trans- 
formants, 6 showed a Ts § phenotype. Plasmids were 
isolated from these yeast transformants, propagated in E. coli, 
and sec11 complementing activity was re-evaluated by trans- 
formation of sec11 mutant cells. Two different plasmids 
(pCBl132 and pCBlll2) were found to complement the %-  
and leucine auxotrophic phenotypes in the second screen. 
Restriction enzyme analysis revealed the presence of the 
same genomic region in both plasmids. A restriction map of 
the smaller genomic clone pCBl132 is shown in Fig. 1 A. 
Subcloning into a single-copy CEN plasmid (pSEYc68) 
defined a 1.4-kb Bam HI/Sac I fragment (Fig. 1 C) that con- 
tained the complementing activity. 

Since yeast integrates linear yeast DNA fragments by ho- 
mologous recombination with the corresponding chro- 
mosomal sequences (34), it was possible to demonstrate that 
the authentic SEC11 gene was obtained. The large Barn 
HI/Sph I fragment (Fig. 1 B) was subcloned into the URA3- 
containing integration vector YIp5, producing plasmid 
pCBY511. A Sac I restriction site adjacent to the putative 
SEC11 gene was cleaved to produce linear molecules which 
were introduced by transformation into a heterozygous 
diploid strain PBY6 (SEC11/sec11). Five stable Ura § trans- 
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Figure 5. Kinetics of invertase secretion in wild type and secll mu- 
tant cells at 37~ sec11 Mutant (PBY408A) and wild-type cells 
(PBY401A) were grown under selective conditions in minimal 
medium + 5% glucose to mid-logarithmic phase. Cells were 
washed and incubated in minimal medium + 0.1% glucose for 30 
rain at 37~ conditions that derepress synthesis of invertase and 
impose the sec11 mutant block. Cells were labeled with [35S]SO42- 
for 5 min and then exposed to conditions of chase for the indicated 
times. Spheroplasts were prepared and invertase was immunopre- 
cipitated from spheroplast supernatant and pellet fractions. This 
material was treated with endoglycosidase H and deglycosylated in- 
vertase forms were separated on 6% SDS polyacrylamide slab gels. 
After fluorography, cross-reacting material was quantified by den- 
sitometric scanning. 

formants (PBY61 to 65) were sporulated and subjected to 
tetrad analysis. Integration of pCBY511 adjacent to the SEC11 
locus would result in cosegregation of sec11 with Ura- and 
SECI1 with Ura +. All spores of PBY64 and 65 showed 2:2 
segregation of Ts+:Ts - and coincident 2:2 segregation of 
Ura+: Ura- phenotypes confirming integration at the SEC11 
locus (Table II). All spores of PBY61 to 63 showed a Ts § 
phenotype, consistent with integration at the secll locus in 
these transformants. 

DNA/Protein Sequence and Transcription of SECll 

The nucleotide sequence of a 1.2-kb DNA fragment contain- 
ing the SECll gene was determined. As shown in Fig. 6, 
SECll contained a single uninterrupted open reading frame 

Table 11. The Cloned DNA Contains the Authentic 
SEC11 Gene 

ASCI 
Transformant dissected Ts+:Ts - Ura*:Ura- 

PBY61* 15 4 :0  (15)~ 2:2 (15) 

PBY62 16 4 :0  (16) 2:2 (16) 
PBY63 20 4 :0  (19) 2 :2  (20) 

PBY64~ 15 2 :2  (14) 2 :2  (15) 

PBY65 16 2:2 (15) 2:2 (16) 

The diploid strain PBY6 (sec11-7/SEC11) was transformed with the Sacl- 
linearized plasmid pCBY511, 5 independent Ura § transformants were picked 
and subjected to tetrad analysis. 
* The three strains PBY61, 62 and 63 represent an integration of the linearized 
plasmid adjacent to the secl 1-7 mutant locus, giving rise to 4 wild-type spores. 
:~ The two strains PBY64 and 65 resulted from integration of pCBY511 at the 
wild type locus ofSECII.  2 of the 4 spores have a duplicated SECI1 locus and 
two are secll ,  thus Ts- for growth. None of the Ts- spores were Ura + sug- 
gesting a tight linkage of the cloned fragment B (Fig. I) to the SECll locus. 

The numbers in parenthesis describe the number of asci that segregated ac- 
cordingly. 
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ATTCTCC G~GA GGCGGTTC TTTCTGTA GC TGTTGG r frI-[[CCAGATC TTATG~GACACACCTGC AC AAC A 
Bgl II 

ATG~C AqTC TC TGTCAGCTGCAAGACTCCCAAGACCAC GAAGC TGC T(/3TATC ITC TATI~C AGA GA ~ ~ 
Pvull 

TGTT GCTC IT ATTAT?A T?ACC ATAC GT ,ATAC [l-[r rTCCATTGC~AAAAGC GATT~CAAAAA AATAATC T 

CCAAGGA~ATAAATO3TGCAGAAACAATATACTaCAGAAATaTACC GGAAAGTAAACCCCAA~GAGTrAG 

Met Ash Leu ArE Phe Giu Leu Gln Lys l~ii~ Leu A~n V31 Cys erie ~uJ 16 
CACAAG ATG AAT CTA AGA TTT GAA TTG CAG AAA CTA VrG AAC O[T TGC rrr  t'rG 

~e, Ala Ser Ala Tyr'"i::~t iFne Trp Gin 'Gly L~u Ai,,a, !te,,Ala T~r A~n Se~ A[;~34 
TTT GCA TCT GCT TAC ATG TTC TOG CAA G]C TrA GCC Al'r GCT ACT AAI" AO3 CCT 

~rlmll~lOll Ile Val~ V~ ~ V5 i llllll~teu lll~r G~y ~r ~I~U Pro m~ I~e Gin Arg Oly 52 
TCT CCG ATC GTG G~G GTG CTT TCA GGC TCC ATG GAA CCA GCT TTC CAA A~ GGF 

Pvu I 
Asp I le Leu I~e Leu Trp Ash Arg Ash Thr Phe ASh Gin Val Gly Asp VaI V~[ 70 
GAT ATC ClT TTC CTA TOG AAT AGA AAT ACT TTC AAC CAA GTA GGT GAY GTC GTG 
EcoRV 
Val TFr Glu Val GIu Gly Lys Gin Ile Pro lie Val His Arg Val Leu Arg Gin 88 
GTG TAT GAG GTC GAA GCK} AAA CAA ATC CCC A'IT GTG CAr AGA GTI" TI'G AOG CAA 

His Asn Asn His AIa Asp Lys Gin Pne Leu Leu Thr Lys Gly Asp ASh ASh Ala 106 
CAT AAC ;tAT CAC GCG GAC AAG CAA TrC CTC CTG ACC AAA GGT GAC AAT AAC GCC 

GIy Ash Asp lie Ser Leu Tyr Aia A.sn Lys Lys Ile Tyr Leu Ash LFs Ser tys 124 
GGC AAT GAT AT(: TCA CTA TAT GCT AAT AAG AAA ATT TAC TTG AAC AAG TCA AAG 

EcoRV 
GIu I le Val Gty Thr Val tysIGly Tyr Phe Pro Gin' Leu GIV Tyr Ire ~ r  l [ -~142 
GAG ATT GTA ~uG ACC GTC AAG GGC TAC Trr CcA CAA CTA GGG TAC AI~ ACG al'r 

ITrp I le 2erlGlu Ash Lys Tyr Ala Lys Rae AAa Leu Leu Gly Het Leu Gly Leu160 
TGG ATr ACE GAG AAC AAA TAT CCC AAG TTr CCA TTG TTA GG[ ATG TrG ~ TrG 

Ser Arg Leu Leu GIF Gty Glu AM 167 
AOr CGT CTG CTG GGG GGC GAG TAG I'rCGCCAAG'I~YTTTGGAACGATGTFrAc~rAc'FI'TGr 

ATTTGTGC ]TATOGTC TrTAAC ITGTTTAATrATATAACC ATAACCATTC GGTCC AC GC TGAAAACAAAAT 

AT['GrC TTAGGACAC GC ~GA GA ATI'ATI'GA AA AA CIG, A CF/ICCCAC AGTCATGTA CGC AA ~C A AC A GA G 
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Figure 6. Nucleotide sequence of the SEC11 
gene and the predicted amino acid sequence of 
Secllp. Both strands of the SEC11 gene and 
flanking regions were sequenced entirely. Un- 
derlined are restriction endonuclease sites that 
were used in this study and three TATA ele- 
ments that may be involved in initiation of tran- 
scription. The squiggled line denotes a 3' termi- 
nal signal for polyadenylation. Numbers refer 
to the nucleotides or amino acids relative to the 
initiating A or methionine of the coding se- 
quence, respectively. Encased are hydrophobic 
stretches of the presumptive SEC11 gene prod- 
uct. e, Denotes a possible glycosylation site 
for NH:-linked oligosaccharides. 

starting at the nucleotide designated +1 and terminating after 
nucleotide 501. This open reading frame (Secllp) predicts a 
basic polypeptide (estimated pI "~9.5) of 167 amino acids 
(18% charged) with a molecular weight of 18,825. Hydro- 
pathic analysis (Fig. 7) performed by the method of Hopp 
and Woods (20) detected an amino terminal hydrophobic 
stretch of 36 amino acids (Fig. 6, encased) preceded by three 
charged amino acids. This configuration is reminiscent of a 
eukaryotic signal peptide. A second hydrophobic stretch of 
14 amino acids was identified between amino acids 132 and 
145. The asparagine at position 121 of Sec lip is a possible 
site for N-linked glycosylation. No significant sequence ho- 
mology has been found to proteins in the Dayhoff protein se- 
quence bank at the University of California (San Francisco) 
or in the data bank from the National Biomedical Research 
Foundation (23). 

Examination of the DNA sequence upstream from SECll 
revealed several stretches of A residues and three TATA se- 
quences which are thought to be involved in positioning the 
start of transcription (17). Also highlighted in Fig. 6 (squig- 
gled line) are sequences that may be involved in transcription 
termination and polyadenylation. The sequence T A G . . .  27 
nuc leo t ides . . .  TACGT . . . .  located between nucleotides 
502-536, is homologous to a conserved sequence that may 
function in termination and polyadenylation of yeast mRNAs 
(47). 

Transcription of SEC11 was examined by Northern hybrid- 
ization. Two different DNA fragments (Fig. 1, fragments D1 

and D2) were subcloned into pGEMI and strand specific 
riP-labeled RNA was transcribed using either SP6 or T7 
RNA polymerase. RNA probes complementary to both 
DNA fragments detected the same SEC11 mRNA transcript 
of 0.85 kb (data not shown) and confirmed the direction of 
transcription as shown in Fig. 1. No other transcript originat- 
ing from DNA contained within the BgllI/SacI fragment was 
identified. 

The Essential Nature of SECll 

The conditional lethality of sec11 mutations was consistent 
with either a thermosensitive sec11 gene product, or with a 
null mutation that exposed an independent thermosensitive 
process. Disruption of the chromosomal SEC11 locus should 
differentiate between these two possibilities. The 0.53 kb 
PvulI/EcoRV fragment of SECll was replaced by a 3.1-kb in- 
sert carrying the LEU2 gene (Fig. 1 E). A 3.8-kb Barn 
HI/Sac I fragment containing the disrupted SECll was intro- 
duced into PBY6 (SEC11/sec11-7) and diploid Leu § transfor- 
mants were sporulated and dissected into tetrads (Fig. 8). 
Among 44 asci analyzed from two transformants, both of 
which had a disruption of the sec11 allele, 42 gave rise to two 
viable spores and 2 tetrads produced only one progeny. All 
viable spores were Leu-/Ts § while other loci (MATa/MATct 
and SUC2/suc2-A9) were unaffected and segregated inde- 
pendently of the lethal phenotype. The results confirmed the 
essential role of the SECI1 locus in cell growth. 
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Figure 7. Hydrophilicity plot of the SECll gene product. The analy- 
sis was performed with a minimum length peptide of 6 amino acids 
(20). 

Discussion 

The pleiotropic, secretion-defective yeast mutant secll ac- 
cumulates signal peptide unprocessed forms of glycoproteins 
in the lumen of the ER. Incubation of mutant cells at a re- 
strictive temperature causes a dramatic delay but not an ab- 
solute block in secretion of precursor proteins. A similar, 
though enzyme specific defect is seen with signal peptide 
cleavage mutations in the invertase and acid phosphatase 
structural genes (5, 18, 36). The delay in secretion may result 
from an association of the hydrophobic signal peptide with 
the lumenal surface of the ER membrane. Schauer et al. (36) 
showed that an unprocessed mutant form of invertase resists 
saponin solubilization from the ER while signal peptide 
processed forms are readily released. 

Among the sec mutant strains that accumulate enzymati- 
cally active invertase in an intracellular, non-cytoplasmic 
pool, secll appears unique in displaying no proliferation of 
membrane-bounded organelles (33). Intracellular mem- 
brane proliferation may occur only when integral membrane 
components fail to be transported to a normal destination. If 
membrane proteins lack cleaved signal peptides, then a le- 
sion in the peptidase might not create exaggerated membrane 
profiles. In support of this, genes for several yeast plasma 
membrane proteins have been sequenced and reveal no typi- 
cal NH2-terminal signal peptide (30, 38). Similarly, secll 
cells are selectively blocked in the export of a subset of major 
periplasmic proteins (32). It will be interesting to determine 
whether secll interferes with the biogenesis of known plasma 
membrane proteins. 

The secll mutation most likely interferes with signal pepti- 
dase function directly rather than indirectly such as in the 
generation of a peptidase inhibitor. All 10 mutant isolates of 
secll, though differing in the severity of the lesion, are genet- 
ically recessive and display the same processing defect. 
Identification of Secllp as a subunit of yeast signal peptidase 
awaits purification of the yeast enzyme and generation of 
Secllp-specific antiserum. 

Secllp has a predicted size of 18.8 kD and a pI of 9.5. In 
size it resembles two of the subunits of eukaryotic signal pep- 
tidase. Hen oviduct and canine peptidase have in common 
one non-glycosylated subunit and two to three glycoprotein 
subunits that vary only in content of oligosaccharide chains 

Figure 8. The SEC11 gene is essential for cell growth. One SEC11 
locus in the diploid PBY6 was disrupted by one step gene displace- 
ment with fragment E (see Fig. 1). Diploid Leu + integrants were 
sporulated for 5 d on acetate containing sporulation plates. Tetrads 
were dissected and the spores subsequently scored for leucine aux- 
otrophy. The figure displays 23 tetrads. Each tetrad resulted in two 
viable Leu- spores. 

(1, 2, 15). Furthermore, the hen oviduct complex has a very 
basic charge as suggested by the purification characteristics 
on DEAE- and CM-cellulose (2). 

If Secllp is related to one of the two higher eukaryotic pep- 
tidase subunits it may serve either in a catalytic or facilitating 
role. Inasmuch as the eukaryotic and prokaryotic signal 
(leader) peptidases possess remarkably similar peptide bond 
specificities, a sequence homology between the catalytic 
subunit of the eukaryotic enzyme and the single subunit of 
the prokaryotic enzyme is anticipated. No such homology 
was seen in a direct comparison of SEC11 and the E. coli LEP 
gene. Hence, Secllp may provide some non-catalytic func- 
tion in signal peptide processing. A similar possibility has 
recently been described for the mitochondrial matrix pro- 
tease responsible for removing transit peptides from mito- 
chondrial precursors. One protein, defined both biochemi- 
cally and genetically (45), lacks catalytic activity, but 
dramatically stimulates the action of a non-associated matrix 
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protease (W. Neupert, personal communication). The facili- 
tating subunit may bind the translocated precursor and ex- 
pose the transit peptide cleavage site in a conformation 
favorable for protease action. Similarly Secllp could position 
the signal peptidase adjacent to a translocating secretory 
polypeptide. This possibility may be explored by testing 
genetic interactions between SEC11 and the genes that are re- 
quired for secretory protein translocation (12). 
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