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Abstract. The Saccharomyces cerevisiae Wbpl protein
is an endoplasmic reticulum (ER), type I transmem-
brane protein which contains a cytoplasmic dilysine
(KKXX) motif. This motif has previously been shown
to direct Golgi-to-ER retrieval of type I membrane
proteins in mammalian cells (Jackson, M. R., T. Nils-
son, and P. A. Peterson. 1993. J. Cell Biol. 121:
317-333). To analyze the role of this motif in

yeast, we constructed a SUC2-WBPI chimera consist-
ing of the coding sequence for the normally secreted
glycoprotein invertase fused to the coding sequence of
the COOH terminus (including the transmembrane do-
main and 16-amino acid cytoplasmic tail) of Wbplp.
Carbohydrate analysis of the invertase-Wbpl fusion
protein using mannose linkage-specific antiserum
demonstrated that the fusion protein was efficiently
modified by the early Golgi initial «1,6 mannosyltrans-
ferase (Ochlp). Subcellular fractionation revealed that
>90% of the «1,6 mannose-modified fusion protein
colocalized with the ER (Wbplp) and not with the
Golgi Ochlp-containing compartment or other mem-

brane fractions. Amino acid changes within the dily
sine motif (KK—QK, KQ, or QQ) did not change the
kinetics of initial «1,6 mannose modification of the fu-
sion protein but did dramatically increase the rate of
modification by more distal Golgi (elongating 1,6 and
«1,3) mannosyltransferases. These mutant fusion pro-
teins were then delivered directly from a late Golgi
compartment to the vacuole, where they were proteo-
lytically cleaved in a PEP4-dependent manner. While
amino acids surrounding the dilysine motif played
only a minor role in retention ability, mutations that
altered the position of the lysines relative to the
COOH terminus of the fusion protein also yielded a
dramatic defect in ER retention. Collectively, our
results indicate that the KKXX motif does not simply
retain proteins in the ER but rather directs their rapid
retrieval from a novel, Ochlp-containing early Golgi
compartment. Similar to observations in mammalian
cells, it is the presence of two lysine residues at the
appropriate COOH-terminal position which represents
the most important feature of this sorting determinant.

common biosynthetic route not only for proteins des-

tined to be secreted from the cell but also for proteins
that reside in the various organelles of the pathway itself.
This ability to discriminate between these different protein
populations and thus selectively retain or target resident pro-
teins away from the bulk flow of vesicle-mediated secretory
traflic ensures that the unique compartmental structure of the
pathway can be maintained (Palade, 1975, Pfeffer and Roth-
man, 1987). All proteins entering the secretory pathway are
first translocated into the endoplasmic reticulum (ER).! To

IN eukaryotic cells, the secretory pathway provides a
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maintain residence, ER proteins must therefore either be se-
questered away from anterograde vesicular transport (by ei-
ther an active or passive mechanism) or be specifically re-
trieved from distal compartments in the pathway if they
escape from the ER.

Lumenal ER proteins typically contain a COOH-terminal,
four-amino acid retention/retrieval signal. The mechanism
for retention of these soluble proteins has been quite well-
characterized: both the mammalian KDEL (Munro and Pel-
ham, 1987) and the Saccharomyces cerevisiae HDEL (Pel-
ham et al., 1988) COOH-terminal sequences are thought to
confer ER residence to proteins by interacting with specific,
Golgi-localized receptors (Lewis and Pelham, 1990; Lewis
et al., 1990; Semenza et al., 1990) which mediate recycling
of these proteins from the Golgi complex (Dean and Pelham,
1990; Lewis and Pelham, 1992). While retrieval of mam-
malian KDEL-containing proteins may occur from several
distinct Golgi regions (Lewis and Pelham, 1992), yeast cells
appear to recycle soluble ER proteins only from an early
Golgi compartment (Dean and Pelham, 1990).
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Type I integral ER membrane proteins in mammalian cells
contain a COOH-terminal dilysine consensus motif (i.e.,
KKXX) which, like KDEL for soluble proteins, specifies
their ER retention/recycling. Deletion of the COOH-termi-
nal DEKKMP sequence from the E3/19K (E19) adenovirus
protein results in its cell surface expression (Padbo et al.,
1987), and chimeric proteins consisting of either CD8 or
CD4 cell surface proteins fused to the COOH-terminal tail
of E19 are retained in the ER (Nilsson et al., 1989). How-
ever, the CD8- and CD4-El9 chimeras acquire Golgi-
specific carbohydrate modifications consistent with a role for
KKXX in the specific retrieval of these proteins from the
Golgi complex (Jackson et al., 1993); as with the KDEL sys-
tem, retrieval is thought to occur from several distinct Golgi
compartments. Although the precise mechanism involved in
this recycling process is still largely unknown, the two lysine
residues cannot be substituted by other basic amino acids and
must be in either the -3,-4 or the -3,-5 positions relative to
the COOH terminus to function efficiently as a retrieval mo-
tif (Jackson et al., 1990). Recently, it was found that the
KKXX motif specifically binds coatomer proteins in vitro
(Cosson and Letourneur, 1994), which may suggest a role
for non-clathrin-coated vesicles in dilysine-mediated Golgi-
to-ER recycling.

In yeast, only one protein containing the COOH-terminal
KKXX motif has thus far been identified. Wbplp is an essen-
tial, 45-kD type I ER membrane protein which functions
as a component of the yeast N-oligosaccharyltransferase
(OTase) complex (te Heesen et al., 1991, 1992, 1993). As
such, its ER localization is crucial for proper functioning of
the gene product. We report here that the dilysine motif of
Whbplp functions as an ER retrieval signal in yeast. Using a
series of invertase-Wbpl fusion proteins to study the recy-
cling process, we found that the wild-type COOH terminus
of Wbplp is both necessary and sufficient to elicit recycling
of an invertase-Wbpl chimera from a very early Golgi com-
partment back to the ER. This Golgi compartment is likely
to contain Ochlp, the initial «1,6 mannosyltransferase, but
not elongating ol,6 or al,3 mannosyltransferases. Specific
mutations within the KKXX motif result in transit of the fu-
sions through later stages of the secretory pathway. Surpris-
ingly, fusion proteins not recycled to the ER are ultimately
delivered to the vacuole where they are proteolytically
cleaved in a vacuolar protease-dependent manner.

Materials and Methods

Strains and Media

Escherichia coli strains used in this study were XL1-Blue [supE44 thi-! lac
endAl gyrA96 hsdR17 relAl (F' proAB lacl? ZAMI5 Tnl0)] and BMH 71-18
[thi supE A(lac-proAB) (mutS::Tnl0) (FproAB, lacl? ZAMI5)). Bacterial
strains were grown on standard media (Miller, 1972). S. cerevisiae strains
used were SEY6210 (MATwx leu2-3,112 ura3-52 his3A200 rpA90! lys2-801
suc2A9) (Robinson et al., 1988), TVY1 (SEY6210 Apep4::LEU2) (T. Vida,
unpublished), YGO117 (WBPI-KK::URA3 Awbpl::HIS3 ade2-10! his3A200
tyrl), YGO119 (WBPI-QQ::URA3 Awbpl::HIS3 ade2-101 his3A200 tyrl),
THA53 (MATa/MATa WBPI/Awbpl::HIS3 ade2-10l/ade2-101 his3A200/
his3A200 ura3-52/ura3-52 lys2-801/LYS2 tyrl/TYRI) (te Heesen et al.,
1991), SEYS188 (MATa secl8-1 suc2A9 leu2-3,112 ura3-52) (Graham and
Emr, 1991), and YS57-2C (MATa ochl::LEU2 leu2 ura3 trpl hisl his3)
(Nakanishi-Shindo et al., 1994). Yeast strains were grown on yeast extract,
peptone and dextrose (YPD) or synthetic dextrose (SD) medium supple-
mented as necessary (Sherman et al., 1979).

The Journal of Cell Biology, Volume 127, 1994

Plasmid Construction and Site-Directed Mutagenesis

The plasmid pBS(WBPI/HII-HII ) was generated by inserting a 2-kb HindII-
HindII fragment from the original p45-11 WBP! clone (t¢ Heesen et al.,
1991) into the HindII site of pBluescript(KS)+ (Stratagene Inc., La Jolla,
CA); this resulted in a new Sall site at one end of the fragment. Plasmids
YIpS[WBPI-KQ], YIpSIWBPI-QK], and YIpS[WBPI-QQ] and were gener-
ated as follows. First, site-directed mutagenesis of pBS(WBPI/HII-HII ) was
used to generate mutant whbpl sequences encoding the predicted K—Q
amino acid changes and creating a new Spel site. Then, the following three
fragments were ligated into the yeast integrating plasmid YIp5S (URA3)
(Rothstein, 1991), which had been cleaved with HindIII and Sall: (a) a 3.1-
kb HindIll-BamHI fragment from p45-11, (b) a 332-bp BamHI-Spel frag-
ment encoding the indicated K—~Q amino acid substitutions, and (c) a 678-
bp Spel-Sall fragment extending past the 3’ end of the WBP1-coding region.
Finally, the CENV sequence (located ~2 kb from the WBP! open reading
frame) was removed from these YIp5[WBPI-XX] constructs by cleavage with
HindIII and Hpal, the ends were blunted using the Klenow enzyme, and
the plasmids were ligated. YIp5[WBPFI-KK] was constructed by replacing
the BamHI-Sall fragment of YIp5{WBPI-QQ] with the BamHI-Sall frag-
ment of pBS(WBPI/HII-HII). YIpS[WBPI-KKmyc] was constructed from
Yip5[WBPI-KK] and contains sequences encoding a 12-amino acid c-myc
epitope tag (Evan et al., 1985) at the 3’ end of the gene. The predicted amino
acid sequence of the modified COOH terminus of this construct was
KKTNEQKLISEEDLN (placing the lysine residues at -14,-15). All muta-
tions were verified by sequence analysis.

Plasmid pSEYC350 (URA3, CEN) containing the PRCI promoter and
signal sequence followed by codons 3-512 of the SUC2 gene was generated
from pCYI-20 (Robinson et al., 1988) by digestion by pCYI-20 with BamHI
and HindIII, exonuclease treatment of the 5’ overhanging ends (thus destroy-
ing the HindIII and BamHI sites), and ligation of the plasmid. Smal and
BamHI sites were then introduced between codons 512 and 514 (514 is the
stop codon) of SUC2 by oligonucleotide-directed mutagenesis. Plasmid
pSEYC68 (URA3, CEN) was constructed by subcloning the polylinker from
pUCI18 (Norrander et al., 1983) into pSEYCS8 (Emr et al., 1986).

Plasmids pEGI-KK, pEGI-KQ, pEGI-QK, pEGI-QQ, and pEGI-KKmyc
(encoding the KK, KQ, QK, QQ, and KK+myc invertase-Wbpl fusion pro-
teins, respectively) were constructed by subcloning the following two frag-
ments into the plasmid pSEYC68 (URA3 CEN), which had been cleaved
with EcoRI and Sall: (a) the 3.2-kb EcoRI-BamHI fragment from
PSEYC350 containing the PRC] promoter and signal sequence and the
SUC2 gene, and (b) the appropriate 1-kb BamHI-Sall fragment from the
corresponding YIp5[WBPI-XX] constructs described above. Plasmids
PEGI-KK3, pEGI-KK4, and pEGI-KKS (encoding the TFKKSS, SSKKTN,
and TFKKT invertase-Wbpl fusion proteins, respectively) were generated
by oligonucleotide-directed mutagenesis of pEG1-KK, using a mutagenizing
oligonucleotide and a selection oligonucleotide as described in the Trans-
former Site Directed Mutagenesis Kit (Clontech Laboratories, Inc., Palo
Alto, CA). The drOST construct (pSWdrOST) was generated from pEGI1-
QQ by replacing the 3’ sequences (encoding the 16 COOH-terminal amino
acids) of whpl with sequences encoding the COOH-terminal 20 amino acids
of the Drosophila WBPI homologue (drOST).

Yeast and Bacterial Methods

E. coli transformations were performed using the method of Hanahan
(1983). Yeast transformations were performed by the alkali cation method
(Ito et al., 1983). Standard yeast genetic techniques were used throughout
(Sherman et al., 1979). To construct yeast strains YGO117 and YGO119,
plasmids YIpS[WBPI-KK] and YIpSiWBPI-QQ], respectively, were linear-
ized with Stul and integrated into the ura3-52 locus of TH453 to yield
diploid strains. After sporulation, Ura+His+ haploid segregants were iso-
lated: these segregants had a deleted whbpl gene and carried the WBPI-KK
(YGO117) or WBPI-QQ (YGO119) genes at ura3-52. Invertase activity was
determined by the method of Goldstein and Lampen (1975).

Cell Labeling and Immunoprecipitation

Cells were grown to mid-logarithmic phase (Agep = 0.8-1.0 OD units) in
SD medium supplemented with the appropriate amino acids and 0.2 % yeast
extract. Cells were labeled in SD medium (without yeast extract) at 5 OD
equivalents/ml with 20 uCi of Tran 3’S-label (ICN Biochemicals, Inc.
Costa Mesa, CA) per OD equivalent of cells. Chase was initiated by adding
a 10x chase solution (50 mM methionine, 10 mM cysteine, 4% yeast ex-
tract, 20% glucose) to a 1X final concentration. Chase was terminated by

654



adding TCA to a final concentration of 10%. Immunoprecipitation of the
samples was carried out as previously described (Klionsky et al., 1988),
except that the buffer used to resuspend the dried pellet before glass bead
lysis also contained 6 M urea. Antigens to be reimmunoprecipitated with
a secondary antibody were dissociated from the first antibody by boiling for
5 min in 100 ul of 1% SDS, 20 mM Tris-Cl (pH 7.5), then diluted in 900
ul of Tween 20-IP buffer and subjected to a second immunoprecipitation
as described above. Immunoprecipitated samples to be treated with en-
doglycosidase H (endo H) were boiled for 5 min in 32 ul 0.5% SDS, 1%
B-mercaptoethanol then incubated in 40 1 0.05 M NaCitrate (pH 5.45) with
200 units of endo H (New England BioLabs, Beverly, MA) at 37°C for 1 h.
Untreated samples from the same immunoprecipitates were similarly pre-
pared, except that endo H was not added to the incubation.

To prepare invertase antiserum, commercially prepared invertase (Boeh-
ringer Mannheim Biochemicals, Indianapolis, IN) was deglycosylated with
N-Glycosidase F (PNGase F) (New England BioLabs), gel purified, and
used to immunize New Zealand white rabbits as previously described
(Klionsky et al., 1988). Antiserum directed against Wbplp (wheat germ
agglutinin-binding protein) was prepared as previously described (te Heesen
et al., 1991). al6 and «l,3 mannose-specific antisera were a gift from
Randy Schekman. Kex2p (Kex2 protease) antiserum was provided by Wil-
liam Wickner. Ochlp antiserum was a gift from Yoshifumi Jigami. ALP
(alkaline phosphatase) antiserum was prepared as previously described
(Klionsky et al., 1988).

Subcellular Fractionation

Cells were grown in SD medium as described for immunoprecipitation and
converted to spheroplasts as previously described (Vida et al., 1990).
Spheroplasts were labeled for 10 min and chased for 60 min as described
above, except that the labeling medium also contained 1 M sorbitol. NaN3
and NaF were then added to a 20 mM final concentration each, and the
spheroplasts were harvested by centrifugation at 4°C (all further procedures
were also performed at 4°C or on ice). Spheroplasts were resuspended in
a hypoosmotic lysis buffer (0.2 M sorbitol, 50 mM KOAc, 2 mM EDTA,
20 mM Hepes-KOH [pH 6.8], 1 mM DTT, phenylmethylsulfonyl fluoride
{20 ug/mi], antipain [5 ug/ml], aprotinin [1 xg/ml], leupeptin [0.5 pg/mi],
pepstatin (0.7 pg/mi], ay-macrogiobulin {10 ug/ml]) and dounced ~20
times with a glass tissue homogenizer. The crude lysate was centrifuged at
300 g to remove unlysed spheroplasts. The 300 g supernatant was cen-
trifuged at 13,000 g for 15 min to generate intermediate speed pellet (P13)
and supernatant (S13) fractions; the S13 was centrifuged at 100,000 g for
1 h to generate high speed pellet (P100) and supernatant (S100) fraction
(Fig. 6 A). 5 OD-equivalents for each of the P13 and P100 fractions were
precipitated by resuspending the pellet in lysis buffer and adding TCA to
10% final concentration. Sucrose step gradient procedures were performed
essentially as described by Dean and Pelham (1990), with the following
modifications. 20 OD-equivalents of the P13 material were resuspended in
200 ul of lysis buffer and loaded onto the top of a 1.2/1.5 M sucrose gradient
(Fig. 6 B), consisting of 800 ul each of 1.5 and 1.2 M sucrose in sucrose
gradient buffer (50 mM KOAc, 2 mM EDTA, 20 mM Hepes [pH 6.8], 1
mM DTT, 1 mM PMSF). The gradient was spun at 85000 g for L hin a
TLSSS swinging bucket rotor. Five equivalent fractions were removed from
the gradient, diluted in 500 gl lysis buffer, and precipitated by the addition
of TCA to 10% final concentration. All TCA-precipitated proteins were
processed for immunoprecipitation and/or second immunoprecipitations as
described above.

Results

Effect of Dilysine Motif Mutations on Whpl
Protein Localization

We first addressed the question of whether the KKXX motif
is necessary and/or sufficient for retention of Wbplp in the
yeast ER. If this is the case, then specific disruption of the
dilysine region might be expected to yield a detectable
phenotype (i.e., inviability or Wbplp mislocalization). A set
of wbpl point mutants was constructed by site-directed muta-
genesis in which either one or both of the lysine residues at
the -3, -4 COOH-terminal positions were replaced with
glutamine. As mentioned earlier, Wbplp is an essential
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subunit of the yeast N-oligosaccharyltransferase complex;
loss of Wbplp function is lethal (te Heesen et al., 1991). The
wbpl-KQ, wbpl-QK, wbpl-QQ mutant alleles or the WBPI-
KK wild-type control carried in a URA3 integrating plasmid
were integrated at the ura3-52 locus of TH453, a diploid
yeast strain in which one of the chromosomal copies of
WBPI was disrupted with the HIS3 gene. Following sporula-
tion, viable haploid progeny were recovered that contained
both the Awbpl::HIS3 allele (His*) and the wbpl point mu-
tant alleles (KQ, QK, or QQ) (Ura*). The wbpl mutant al-
leles thus complemented a lethal Awbp! null allele, indicat-
ing that the KKXX motif is not absolutely required for
proper Wbplp function.

To test directly if wild-type Wbplp or the K—Q point mu-
tants transit out of the ER and into the Golgi complex, we
determined if the Wbpl proteins received Golgi-specific car-
bohydrate modifications. In yeast, core oligosaccharides
added in the ER to appropriate asparagine residues are ex-
tended first by 1,6 mannosyltransferases in early (cis) Golgi
compartments and then by «l,2 and «l,3 mannosyltransfer-
ases in middle and late (medial and trans) Golgi compart-
ments (Franzusoff and Schekman, 1989; Graham and Emr,
1991). The presence of specific mannose linkages on a pro-
tein serves as an indicator of how far that protein has
progressed in the yeast secretory pathway. The lumenal do-
main of Wbplp contains two potential N-linked glycosylation
sites. To determine if these sites are utilized, we pulse-
labeled the yeast strains YGO117 (WBPI-KK) and YGO119
(whpl-QQ) for 10 min with Tran*S-label, chased with cold
methionine and cysteine for various times, and immunopre-
cipitated Wbplp. Treatment of Wbplp recovered from each
strain with endo H to remove N-linked oligosaccharides
resulted in a ~4 kD faster mobility on SDS-polyacryl-
amide gels. This indicated that Wbplp receives at least core
N-linked oligosaccharide modification (data not shown). To
test specifically for the presence of 1,6 mannosyl (early
Golgi) modifications on both wild-type Wbplp and the
Whbpl-QQ mutant protein, YGO117 (WBPI-KK)) and YGO0119
(wbpl-QQ) cells were pulse-labeled with Tran?5S-label for
10 min and chased for 60 min. Equal aliquots of cells were
removed after 0 and 60 min and processed for immunopre-
cipitation with Wbpl-specific antiserum. Wbplp was eluted
from the primary antibody, and half of each sample was
reimmunoprecipitated with either anti-Wbpl antiserum (Fig.
1, lanes I and 3) or antiserum specific to o1,6 mannose link-
ages (Fig. 1, lanes 2 and 4). Less than 5% of either the wild-
type or mutant Wbpl protein was recovered with the linkage-
specific antiserum (Fig. 1, lanes 3 and 4), indicating that they
do not acquire Golgi-specific modifications.

Changing the COOH-terminal dilysine sequence of Wbplp
from KK to QQ did not disrupt protein function (as evi-
denced by the ability of the point mutants to complement an
otherwise lethal WBP! deletion mutation) nor did it result in
Golgi-specific modification of Wbplp. These results can be
interpreted in several ways. First, Wbplp may cycle through
a post-ER compartment which does not contain «l,6 man-
nosyltransferase activity; alternatively, the N-linked glyco-
sylation sites of Wbplp may somehow become masked after
core modification and are thus unable to serve as a substrate
for al,6 mannosyltransferase(s). It is also possible that the
KKXX sequence does not serve as an ER retention motif in
yeast despite its demonstrated importance in the retrieval of
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Figure 1. Immunoprecipitation and «1,6 mannose modification of
Wbplp-KK and Wbplp-QQ. Strains YGO117 (WBPI-KK, top
panels) and YGO119 (wbpl-QQ, bottom panels) were labeled for 10
min with Tran*S-label and chased for 0 or 60 min. Wbpl-KK and
Wbpl-QQ proteins were recovered by immunoprecipitation. Each
‘Wbpl protein was then split into two equal aliquots which were sub-
jected to a second immunoprecipitation with antisera to either
Whbplp (lanes  and 3) or «1,6 mannose residues (lanes 2 and 4).

type 1 membrane proteins in mammalian cells. Finally,
Wbplp may be retained in the ER by at least two distinct
mechanisms, one that keeps the protein in the ER and one
that recycles the protein from more distal compartments if
it escapes the ER. If the lumenal domain of Wbplp either
contains an efficient primary ER retention signal or interacts
with other subunits of the OTase complex which may them-
selves contain ER retention signals, then the entire complex
may rarely, if ever, escape the ER. Consequently, the KKXX
motif, while functional, could simply be rendered nonessen-
tial in the context of this particular protein.

Construction of Invertase-Wbpl Chimeras

To test the possibility that the retention/recycling role of the
dilysine motif may be masked in Wbplp by another retention
mechanism, we fused the transmembrane domain and cyto-
plasmic COOH-terminal tail of Wbplp to invertase, a
reporter enzyme not normally retained in the ER. Secreted
invertase is a well-characterized glycoprotein which local-
izes to the periplasmic space between the plasma membrane
and cell wall. Invertase contains 10-13 N-linked oligosac-
charides (Trimble and Maley, 1977) that are extensively and
heterogeneously modified by the Golgi mannosyltransfer-
ases as the protein transits through the secretory pathway
{Ballou, 1976; Trimble et al., 1983). Secreted invertase mi-
grates as a high molecular mass smear on SDS-~polyacryl-
amide gels as a result of the heterogeneous glycosylation.
The invertase-Wbpl fusion construct consists of the PRC]
(encoding carboxypeptidase Y) promoter and signal se-
quence, the SUC2 gene encoding enzymatically active inver-
tase, and the COOH-terminal 111 codons of WBPI (Fig. 2).
Carboxypeptidase Y (CPY) is an abundant and constitu-
tively expressed vacuolar hydrolase (Hasilik and Tanner,
1978). Use of the CPY promoter and signal sequence en-
sures that the chimera will be both expressed at reasonable
levels (0.05-0.1% of total cell protein) and appropriately
directed into the secretory pathway. The CPY signal se-
quence is cleaved after translocation into the ER (Johnson
et-al., 1987), generating the invertase-Wbpl fusion protein.
Eight additional chimeras were constructed which differ
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Figure 2. Invertase-Wbpl fusion constructs. The 20-amino acid sig-
nal sequence of CPY (black box) and codons 3-512 of the SUC2
gene encoding external invertase (open box) were fused to the
COOH-terminal 111 codons of WBPI (gray box) as described in
Materials and Methods. The 16-amino acid COOH-terminal cyto-
plasmic tail sequence of Wbplp is shown in entirety for the wild-
type (KK) fusion. Asterisks indicate the lysine residues of the
KKXX motif and are shown above the -3 and -4 COOH-terminal
positions. Each of the other fusion constructs also encode the CPY
signal sequence, invertase, and the lumenal and transmembrane
(TMD) domains of Wbplp. For these fusions, specific amino acid
or tail length changes are indicated (the A denotes an amino acid
which was removed from the COOH terminus). Dashed lines repre-
sent amino acid residues which are the same as wild-type (KK).
The 20-amino acid COOH-terminal cytoplasmic tail sequence of
the drOST (Drosophila OTase homologue) construct is also shown
in entirety.

from the wild type only with respect to the specific amino
acid sequence of their COOH-terminal cytoplasmic tail do-
mains (Fig. 2). These tail sequences were designed to test
the effects of changing the position and sequence of both the
dilysine motif and its surrounding amino acids as well as the
effects of exchanging the yeast Wbpl tail for that of its Dro-
sophila homologue, which also contains the KKXX motif (1.
Stagljar and M. Aebi, unpublished observations). These
chimeras were subcloned into a low copy number (CEN)
vector and will be referred to as the “KK fusion,” “QK fu-
sion,” etc.

Dilysine Motif Mutations Affect Glycosylation and
Retention of Invertase-WBPI1 Fusion Proteins

If the dilysine motif functions in yeast in a manner similar
to that observed in mammalian cells, then mutations within
the motif should result in a defect in recycling of the fusion
from the Golgi back to the ER. Transit through the Golgi
complex would subject the invertase portion of the hybrid to
modification by the Golgi-specific glycosyltransferases; con-
sequently, a recycling defect should yield a concomitant
change in fusion glycosylation characteristics. To character-
ize the glycosylation state of the fusion proteins, yeast strains
(Asuc2) harboring low copy number (CEN) plasmids con-
taining either the KK (wild type) or QK (single point mutant)
invertase-Wbpl fusion constructs were pulse-labeled for 10
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min with Tran*S-label and chased by the addition of cold
methionine and cysteine. Cells were removed at various
timepoints and processed for immunoprecipitation with
invertase-specific antiserum. The immunoprecipitated fu-
sion proteins were eluted from the primary antibody and
split into four equal aliquots. Two of these aliquots were
reimmunoprecipitated with anti-invertase antiserum (Fig. 3
A, and B). To determine if Golgi-specific N-linked carbohy-
drates had been added to the chimeras, the remaining two
aliquots were reimmunoprecipitated with either «1,6 man-
nose- (Fig. 3 C) or «l,3 mannose- (Fig. 3 D) specific antise-
rum. One of the invertase immunoprecipitates (Fig. 3 B) as

KK Fusion QK Fusion

Chase: 0 30" 60" 90 0 30

60" 90
¥ - "
A " ll

110-

200

=100

| p————————
o . - - SO

|

D - W o e =70
- _— - - 56

D . . -70
- — - — 56

| 2 3 4 5 6 7 8

Figure 3. Glycosylation and processing phenotypes of the KK vs.
QK invertase-Wbpl fusion proteins. Wild-type (SEY6210) cells
harboring either pEGI-KK (KK fusion CEN, lanes I-4) or pEGI-
QK (QK fusion CEN, lanes 5-8) were pulse-labeled for 10 min
with Tran’*S-label and chased for 90 min. At the indicated
timepoints, equal amounts of cells were removed. KK and QK fu-
sion proteins were recovered from each sample by quantitative im-
munoprecipitation with invertase-specific antiserum and subse-
quently eluted from the primary antibody by boiling in 1% SDS.
The eluates were divided into four equal aliquots. Two of the ali-
quots were reimmunoprecipitated with invertase-specific antise-
rum (4 and B), one of which was subsequently treated with endo
H (B) to remove N-linked sugars. The remaining two aliquots were
reimmunoprecipitated with antisera specific to either o1,6- (C) or
«1,3- (D) linked mannose residues and then treated with endo H.
All samples were resolved by SDS-PAGE. Apparent molecular
masses (in kD) are shown to the right of the figure. In A4, core-
glycosylated fusion protein migrated at ~100 kD, while hyper-
glycosylated fusion protein migrated as a ~110-200-kD smear. Af-
ter deglycosylation (B-D), intact fusion protein migrated at ~70
kD, and proteolytically processed fusion protein migrated at
~56 kD.
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well as the 1,6 mannose and «l1,3 mannose immunoprecipi-
tates (Fig. 3, C and D) were treated with endo H to remove
N-linked sugars so that the amount of fusion protein
modified by the Golgi-specific mannosyltransferases could
be determined. The remaining invertase immunoprecipitate
was left untreated to observe the extent of hyperglycosylation
of the fusion proteins (Fig. 3 A).

Before the chase, both the KK and QK fusions migrated
as a ~v100 kD band (Fig. 3 A, lanes / and 5). During a 90-
min chase, the KK hybrid protein showed only a slight in-
crease in apparent molecular mass (Fig. 3 A, lanes 1-4),
while the QK fusion was converted to a high molecular mass
heterogeneous smear (Fig. 3 A, lanes 5-8) similar to wild-
type invertase. These changes were due largely to N-linked
mannose modification, as endo H treatment converted the
smear into a tight band (Fig. 3 B; see below). These data sug-
gest that unlike the KK fusion, the majority (>85%) of which
did not reach Golgi compartments in which N-linked core
oligosaccharides could be extensively glycosylated, the QK
fusion rapidly traveled to more distal Golgi compartments
containing transferases responsible for the addition of outer-
chain (i.e., elongated ol,6 and «l,3) N-linked mannose
residues.

Endo H treatment to remove N-linked oligosaccharides
converted the 100 kD band to ~770 kD, the approximate
predicted molecular mass for the unglycosylated fusion pro-
tein (Fig. 3 B, lanes / and 5). Endo H treatment also revealed
a proteolytic processing event (Fig. 3 B) which occurred in
the vacuole (see below). The processing event, marked by
the appearance of a 56-kD band and the concomitant disap-
pearance of the 70-kD band, occurred with kinetics similar
to those observed for hyperglycosylation (Fig. 3 A). Phos-
phorimager quantitation of endo H-treated fusion protein
bands in this and other experiments with long chase times
indicated that the half time for proteolytic processing for the
QK fusion is approximately fourfold faster (r;, ~50") than
for the KK fusion (z,, ~200".

After 60 min of chase, both the KK and QK fusions were
quantitatively reimmunoprecipitated with «1,6 mannose-
specific antiserum (Fig. 3 C), indicating that all the labeled
fusion protein had acquired at least initial «l,6 mannose
modification. Interestingly, the KK fusion was quantitatively
al1,6-modified but not hyperglycosylated at the 60- and 90-
min timepoints (Fig. 3, A and C, lanes 3 and 4), while the
QK fusion had acquired significant and extensive outer chain
modification after the same amount of chase (Fig. 3 4, lanes
7 and 8). In addition, 1,6 modification of these fusions was
found to be both SECI8- and OCHI-dependent (data not
shown). Secl8p is required for vesicle-mediated ER-to-
Golgi transport (Novick et al., 1980; Kaiser and Schekman,
1990) and consequently for conversion of core-glycosylated
secretory and vacuolar proteins to their Golgi-modified
forms (Stevens et al., 1982; Julius et al., 1984; Graham and
Emr, 1991). Ochlp has recently been identified as the man-
nosyltransferase responsible for adding the initial «l6-
linked mannose residue onto core N-linked oligosaccharides
(Nakanishi-Shindo et al., 1994). Taken together, these data
suggest that (a) the fusions exit the ER and transit to an early
(Ochlp-containing) Golgi compartment in a manner inde-
pendent of the dilysine motif, and () initial «1,6 and elongat-
ing al,6 mannosyltransferases may reside in distinct Golgi
compartments.
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As mentioned above, the «l,6 mannose-specific antiserum
detected both the intact (70 kD) and processed (56 kD)
fusions equally well (i.e., compare Figs. 3, B with C, lanes
2-4 and lanes 6-8). In contrast, only the proteolytically
processed fusion protein was quantitatively immunoprecipi-
tated with 1,3 mannose-specific antiserum (Fig. 3 D). Ac-
cordingly, the QK fusion was much more rapidly 1,3 man-
nosylated than the KK fusion, and the kinetics of appearance
of the processed fusion directly correlated with the appear-
ance of the al,3-modified protein (compare Fig. 3, B and D).
«1,3 mannose modification and proteolytic processing were
also nearly coincident with the appearance of the hyper-
glycosylated smear (compare Fig. 3, A and D); in fact, we
have observed that >85% of the hyperglycosylated fusion
protein migrating at ~110-200 kD in Fig. 3 4 can be reim-
munoprecipitated by the o1,3 mannose-specific antiserum
(data not shown). al,3 mannose modification of the fusion
protein thus appeared to be kinetically coupled to elongation
of the a1,6 mannose chains which in turn was tightly coupled
to the proteolytic processing event (Fig. 3 D). In summary,
while initial «1,6 mannose modification occurred at the same
rate for the KK and QK fusions, a single point mutation
within the dilysine motif significantly increased the kinetics
of al,6 mannose elongation, «l,3 mannosylation, and pro-
teolytic processing of the fusion protein. These results dem-
onstrate that the COOH-terminal KKXX motif does not
affect exit of the fusion from the ER or its subsequent transit
to the early Golgi but does significantly delay its transport
to later Golgi compartments.

Dilysine Motif Mutant Fusion Proteins Are Delivered
to the Vacuole

If the invertase-Wbpl fusion proteins travel to the plasma
membrane when the dilysine motif is disrupted (analogous
to their mammalian CD4- and CD8-E19 counterparts [Jack-
son et al., 1990]), then cells containing the mutant fusions
should express cell surface invertase activity. Liquid inver-
tase assays were performed on SEY6210 (Asuc2) cells har-
boring either the KK, QK, KQ, or QQ fusions to compare
internal versus external (plasma membrane) enzyme activ-
ity. Although these cells expressed high levels of invertase
activity, <5% of the total invertase activity for any of these
strains was detected at the cell surface; instead, >95% of the
invertase activity was retained in some intracellular com-
partment (data not shown). Together with the observed pro-
teolytic processing (Fig. 3), this suggested that the mutant
fusion proteins may be delivered to the vacuole, where
vacuolar proteases present in this compartment could cleave
off the Wbpl portion of the fusion and release soluble, active
invertase. Similar events had been observed previously with
CPY-invertase fusions: when directed to the vacuole via a
specific vacuolar targeting sequence in the NH.-terminus of
CPY, these fusions underwent a vacuolar proteolytic cleav-
age to yield fully active, intact invertase (Johnson et al.,
1987).

To determine if processing of the invertase-Wbpl fusion
protein was being catalyzed by vacuolar proteases, we trans-
formed the KK and QK fusions into a protease-deficient
Apep4 strain. The PEP4 gene (Ammerer et al., 1986) en-
codes the vacuolar hydrolase proteinase A (PrA), which acti-
vates several protease zymogens within the vacuole. Isogenic
wild-type and Apep4 cells harboring the KK and QK fusions
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were pulse-labeled with Tran?S-label then chased for 60
min. Cells were removed after 0 and 60 min of chase,
processed for immunoprecipitation with anti-invertase an-
tiserum, and treated with endo H after immunoprecipitation
so the fusion proteins would migrate as a tight band in the
SDS gel. We found that processing of the QK fusion as well
as the minor processing of the KK fusion was almost com-
pletely abolished in the Apep4 strain (Fig. 4). In addition,
the processed invertase-Wbpl fusion migrated at the approx-
imate molecular mass predicted for unglycosylated invertase
(~56 kD) (Fig. 4, lane 4). Subcellular fractionation experi-
ments have indicated that the processed (56 kD) fusion pro-
tein localizes to a soluble, osmotically sensitive intracellular
compartment (i.e., the vacuole) (data not shown). Therefore,
the, processing event appears to be a PEP4-dependent proteo-
lytic cleavage at or near the invertase-Wbpl junction.

Finally, to test whether the fusion proteins first go the cell
surface and are then delivered to the vacuole via an endocytic
pathway, we examined the KK and QK fusions in a secl ts
mutant strain. At the nonpermissive temperature of 37°C,
secl mutants are blocked specifically in the delivery of secre-
tory vesicles from the Golgi to the cell surface (Novick and
Schekman, 1979). Pulse-chase experiments at 37°C showed
that the sec/ mutation did not block or delay the proteolytic
processing of either the wild-type or mutant fusion proteins
(data not shown). This indicates that the chimeras most
likely travel directly from the rrans-Golgi to the vacuole and
thus follow a route which is similar to that of native vacuolar
proteins.

The Dilysine Motif
Is Essential for Retention/Recycling
of Invertase-Whpl Fusions

The results shown thus far indicate that the cytoplasmic
dilysine motif dramatically delays transport of the invertase-
Whopl fusion from an early Golgi compartment to the vacu-
ole. We reasoned that the degree of PEP4-dependent pro-
cessing could be used as a simple assay to measure the
relative efficiency of various COOH-terminal sequences to
retain/recycle the invertase-Wbpl chimera. For this experi-
ment, a 60-min chase point was chosen as a convenient
timepoint due to the difference in observed processing of the

SEY6210 (wild type) TVY1 (Apepd)
KK QK KK QK
o el o 60! To el o 6
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1 2 3 -+ 5 6 7 8
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Figure 4. PEP4-dependent processing of invertase-Wbpl fusion
proteins. Wild-type (SEY6210 lanes /-4) and Apep4 (TVY], lanes
5-8) cells harboring either pEG1-KK (lanes , 2, 5, and 6) or pEGI-
QK (lanes 3, 4, 7, and 8) were pulse-labeled for 10 min with
TranS-label and chased for 0 or 60 min. Equal amounts of cells
were removed, and the KK and QK fusion proteins were recovered
by immunoprecipitation with invertase antiserum and treated with
endo H to remove N-linked oligosaccharides. Apparent molecular
masses (in kD) are shown to the right of the figure. Intact and
processed fusion proteins migrated at 70 and 56 kD, respectively.
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Figure 5. Proteolytic processing of invertase-Wbpl fusion proteins.
Wild-type cells (SEY6210) harboring each of the invertase-Wbpl
fusions described in Fig. 2 (see Materials and Methods) were pulse-
labeled, chased, immunoprecipitated, and endo H-treated as de-
scribed in the legend for Fig. 4. (4) Fusion proteins were recovered
after 0 and 60 min of chase. Fusion names (see Fig. 2) are shown
above each panel. Apparent molecular masses are shown to the
right. Intact and processed fusion proteins migrated at 70 and 56
kD, respectively. (B) Percent processed after 60 min was deter-
mined by phosphorimager quantitation and is shown in the bar
graph for each fusion. Percentages shown represent the average of
three separate experiments; <10% variability in percent processed
was observed. At 0 min, all fusions were ~5% processed.

wild-type and mutant fusions (see Fig. 3 B). Cells express-
ing each fusion protein shown in Fig. 2 from a low copy num-
ber vector were pulse-labeled for 10 min and chased for 60
min. At 0 and 60 min, the fusion proteins were recovered
by immunoprecipitation with invertase-specific antiserum,
treated with endo H, and resolved on SDS-polyacrylamide
gels (Fig. 5 A). The gels were then subjected to phos-
phorimager analysis to quantitate the degree to which each
fusion is processed after 60 min of chase (Fig. 5 B).
Consistent with a critical role for the dilysine motif in
retention/recycling, the KQ, QK, and QQ fusions yielded the

Gaynor et al. ER Membrane Protein Retrieval

most severe retention defect when compared with the wild-
type KK fusion (Fig. 5). Further experiments have shown
that the processing and glycosylation (similar to those shown
in Fig. 3) phenotypes of all of the K—Q mutant chimeras are
essentially identical regardless of whether one or both lysine
residues are changed to glutamine (data not shown). Shifting
the position of the lysine residues from their -3, -4 positions
by either extending (KK+myc) or shortening (TFKKT) the
COOH-terminal tail also rendered the motif less effective for
retention/recycling than wild type (Fig. 5). However, neither
of these fusions was quite as defective as the K—>Q point
mutants. Finally, the remaining three fusions (TFKKSS,
SSKKTN, and drOST) might be expected to exhibit wild-
type behavior: the TFKKSS and SSKKTN constructs change
amino acids surrounding the dilysine motif to serines, and
the drOST construct exchanges the Wbplp cytoplasmic
COOH-terminal tail for that of its Drosophila homologue (1.
Stagljar, F. Simmen, S. te Heesen, and M. Aebi, unpub-
lished), which also contains the KKXX motif (see Fig. 2 for
the exact COOH-terminal sequence of the drOST construct).
The TFKKSS chimera displayed an intermediate processing
phenotype (Fig. 5); that is, the rate of transport to the vacu-
ole was faster than the wild-type KK construct but slower
than the K—>Q point mutant fusions. Interestingly, both the
SSKKTN and drOST chimeras were processed more slowly
than the wild-type KK fusion (Fig. 5). To test if these fusions
were simply retained in the ER due to improper folding, we
performed pulse-chase experiments which showed that both
the SSKKTN and drOST fusions could be quantitatively
reimmunoprecipitated with anti-cl,6-specific antiserum af-
ter 60 min of chase (data not shown); these fusions thus ap-
peared to be 1,6 mannosylated with kinetics similar to those
observed for the wild-type KK fusion (Fig. 3 C). Clearly,
the ability of KKXX to elicit retention/recycling in yeast is
both lysine and position specific; however, the amino acids
surrounding the motif (both before and after the KK) also ap-
pear to play a role in its function.

The Dilysine Motif Signals Retrieval to the ER

In mammalian cells, the KKXX COOH-terminal sequence
is thought to serve as a retrieval rather than retention signal
for type 1 ER membrane proteins. The most convincing
evidence for this comes from studies which localize Golgi-
modified CD8-KKXX chimeras to the ER via immunofluo-
rescent staining with lectin-specific antibodies (Jackson et
al., 1990; Jackson et al., 1993). Our data indicate that in
yeast, the KKXX motif either retains the invertase-Wbpl fu-
sion in an early (pre-al,3 mannosyltransferase-containing)
Golgi compartment or it functions as a recycling signal that
directs the return of proteins back to the ER. In an effort to
distinguish between these possibilities, we investigated the
subcellular distribution of the KK fusion protein. If the
KKXX COOH-terminal sequence does in fact elicit Golgi-
to-ER retrieval of type I membrane proteins in yeast, then
«l,6-modified KK fusion protein should localize primarily to
the ER rather than to the Golgi complex.

Fig. 6, A and B illustrate the protocol we employed to frac-
tionate yeast cells in a manner which would effectively dis-
tinguish endoplasmic reticulum membranes from Golgi and
vacuolar membranes as well as from soluble vacuolar and
cytosolic material. Wild-type cells harboring the KK inver-
tase-Wbpl fusion were converted to spheroplasts, labeled for
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Figure 6. Subcellular frac-
tionation of the invertase-
Wbpl (KK) fusion protein.
Wild-type (SEY6210) sphero-
plasts harboring pEGI-KK
(KK fusion) were labeled for
10 min with Tran3S-label,
chased for 60 min, and os-
motically lysed. (4) Lysed
spheroplasts were subjected
to differential centrifugation
as described in the text and in
Materials and Methods. 5
OD-equivalents (20% of the
total yield) of the P13 and
P100 fractions were processed
for immunoprecipitation. (B)
80% (20 OD-equivalents) of
the P13 material was resolved
on a 1.2/1.5 M sucrose gra-
dient. After an 85000 g spin
for 1 h, five equivalent frac-
tions were removed and
processed for immunoprecipi-
tation. (C) P13, P100, and
Pl3-sucrose gradient frac-
tions described above were
subjected to quantitative im-
munoprecipitation with inver-

1 2 3 4

tase antiserum to recover the invertase-Wbpl fusion protein. Half of each invertase immunoprecipitate was subjected to a second immuno-
precipitation with «1,6 mannose-specific antiserum (inv/«c1,6), while the other half was reimmunoprecipitated with invertase antiserum
(inv/inv). The minor band observed just beneath the KK fusion band corresponds to nonspecific cross-reactive material, as a band of this
molecular mass was also detected in invertase immunoprecipitates from SEY6210 spheroplasts not harboring a fusion protein. The marker
proteins Wbplp, ALP, Kex2p, and Ochlp were also recovered from the fractions by quantitative immunoprecipitation. Because Wbplp
immunoprecipitates often appear as a doublet, both bands in the Wbplp panels correspond to Wbpl protein.

10 min with Tran®S-label, and chased for 60 min. At this
chase point, the KK fusion can be quantitatively immuno-
precipitated with ol,6 mannose-specific antiserum (see Fig.
3 C), indicating that all of the labeled fusion protein has trav-
eled to the early Golgi. After gentle osmotic lysis and a
300 g spin to remove unlysed spheroplasts, the lysates were
subjected to differential centrifugation as shown in Fig. 6 4.
This generated 13,000 and 100,000-g pellet (P13 and P100)
fractions, from which cell-equivalent amounts were precipi-
tated with TCA and processed for immunoprecipitation. The
remaining P13 material, where ER membranes would be ex-
pected to fractionate, was further resolved on a sucrose step
(1.2/1.5 M) gradient (Fig. 6 B). After centrifugation at
85,000 g for 1 h, five equivalent fractions were removed from
the sucrose gradient and precipitated with TCA. Membranes
which migrated to the interface of this gradient appeared as
a sharp band and were collected in fraction 4, while fraction
2 consisted of lower density membranes which migrated as
a diffuse band in the 1.2 M sucrose (Fig. 6 B). The KK chi-
mera as well as various marker proteins for specific or-
ganelles were recovered from each fraction by quantitative
immunoprecipitation. To determine whether labeled fusion
protein had indeed traveled to the early Golgi, each invertase
immunoprecipitate was split and subjected to a second im-
munoprecipitation with either anti-invertase or anti-ol,6
mannose-specific antiserum before treatment with endo H
and resolution by SDS-PAGE.
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The KK fusion protein was found to be quantitatively
modified by «1,6 mannose residues and localized primarily
(>80%) to the P13 fraction (Fig. 6 C). The P13 fraction also
contained ~80% of Wbplp (marking the ER) (te Heesen et
al., 1991, 1992) and ~95% of alkaline phosphatase (ALP),
a resident vacuolar membrane protein (Klionsky and Emr,
1989). In contrast, the majority (80%) of the late Golgi
marker Kex2p (Redding et al., 1991) was found in the P100
fraction, while Ochlp (Nakayama et al., 1992), an early
Golgi marker protein, was split between the P13 and P100
fractions. Immunoprecipitates from the soluble (S100) frac-
tion are not shown: all proteins in question are membrane-
bound, and the only material found specifically in this frac-
tion was the small amount (~10%) of fusion protein which
had been proteolytically processed to the 56-kD form in the
vacuole.

To localize the intact KK fusion more definitively to the
ER and to separate it from other membranes which also
pelleted at 13,000 g, the P13 fraction was further resolved
on a sucrose step gradient as described above. In this gra-
dient, ER, Golgi, and vacuole membrane proteins exhibited
distinctly different migration profiles (Fig. 6 C). al6-
modified KK fusion protein comigrated with the ER resident
Whbpl marker protein: as determined by phosphorimager
analysis, 60% of each protein localized to fraction 4, 24%
was in fraction 2, and the remaining 14 % was mostly in frac-
tion 3. Another ER resident protein, protein disulfide
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isomerase (which localized primarily to the P13 fraction),
yielded a sucrose gradient migration pattern similar to that
of the KK fusion and Wbplp (data not shown). In contrast,
~100% of the vacuolar membrane marker ALP was found
in fractions 1 and 2, and the majority (70-80%) of the early
and late Golgi markers, Ochlp and Kex2p, migrated to the
upper, lower density membrane band (fraction 2) (Fig. 6 C).
When the «l,3 mannosyltransferase Mnnlp (Yip et al.,
1994), which resides in the medial Golgi (T. Graham, S.
Emr, unpublished observations; Graham and Emr, 1991),
was also immunoprecipitated from these fractions, we found
that the fractionation profile and sucrose gradient distribu-
tion of Mnnlp was similar to that of Kex2p and Ochlp and
distinct from that of the KK fusion and Wbplp (data not
shown). Membrane proteins of the plasma membrane are
also. known to pellet at 13,000 g (Marcusson et al., 1994).
1t is very unlikely that the KK fusion protein is localized to
the plasma membrane for several reasons: (a) the intact KK
fusion was not modified with «l,3 mannose (Fig. 3 D), (b)
these cells exhibited <5% surface invertase activity, and (c)
a SECl-independent delivery to the vacuole appeared to be
the fate for nonretained fusions. Therefore, the KK fusion
fractionated like an ER protein even though it was subject
to early Golgi modification: «l,6 mannose-modified KK fu-
sion cofractionated with Wbplp, and the majority of these
proteins migrated to a region of the sucrose gradient which
was depleted for Golgi and vacuolar membranes. Taken to-
gether with data presented above, these results strongly sup-
port a model in which the KKXX motif elicits recycling of
type I membrane proteins from an early Golgi compartment
to the ER in yeast.

Discussion

A COOH-terminal, cytoplasmic dilysine motif has been
shown in mammalian cells to mediate retrieval of type I
membrane proteins from the Golgi to the ER (Jackson et al.,
1993). WBPI is the only yeast gene currently in the literature
which encodes an ER-resident, type I membrane protein
containing a COOH-terminal KKXX sequence (te Heesen et
al., 1991, 1992). In this work, we present the first evidence
that this dilysine motif also functions to mediate retrieval of
type I membrane proteins from the Golgi to the ER in yeast.
We have used a series of invertase-Wbpl fusion proteins to
show that the dilysine motif does not simply retain these fu-
sions in the ER immediately following their synthesis but
rather mediates their rapid retrieval from a very early cis-
Golgi compartment. Efficiency of retrieval not only depends
on the presence and the position of the COOH-terminal ly-
sine residues but is also influenced by amino acids surround-
ing the motif. Fusion proteins with disrupted KKXX motifs
transit through the medial- and trans-Golgi regions and are
efficiently shunted off to the vacuole, where they are proteo-
lytically cleaved in a PEP4-dependent manner.

The wild-type Wbpl protein does not appear to be trans-
ported to the Golgi and recycled back to the ER. Wpblp does
not require the dilysine motif for proper function/localiza-
tion nor does it acquire al,6 mannose modification indicative
of transit to an early Golgi compartment (Fig. 1). It appears
that many mammalian ER-resident membrane proteins (in-
cluding at least one KKXX-containing protein; Jackson et
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al., 1993) also remain in the ER without first passing through
an intermediate or “salvage” compartment (Ivessa et al.,
1992; Ahn et al., 1993; Szczesna-Skorupa and Kemper,
1993). Wbplp has been shown to form a protein complex
with at least one other member of the OTase complex, Swplp
(te Heesen et al., 1993). For Wbplp-Swplp complex forma-
tion, lumenal Wpbl sequences encoded proximal of the
BamHI site used to generate the invertase-Wbpl fusion con-
structs are essential (L. Wyder, S. te Heesen, and M. Aebi,
unpublished observations). It is possible that this complex
formation is responsible for the primary ER retention of
Wbplp. If Wbplp, Swplp, or another OTase subunit contains
an efficient ER retention signal, then the entire complex may
never leave the ER. The invertase-Wbpl fusions allowed for
specific analysis of the effect of the dilysine motif on ER lo-
calization of membrane proteins in yeast, presumably be-
cause the fusion proteins lack sequence determinants in
Whplp that allow for OTase complex formation.

Model for KKXX-mediated Recycling from the Early
Golgi to the ER

Comparison of the glycosylation characteristics of the wild-
type invertase-Wbpl fusion (KK fusion) with a fusion in
which one of the lysine residues had been changed to gluta-
mine (QK fusion) showed that the fusion proteins acquire
initial o1,6-linked mannose modification with similar ki-
netics (#,» ~v18 min for both the KK and QK fusions) (Fig.
3 C). al6 modification of the chimeras was SECI8-
dependent, indicating that the fusions exit the ER and subse-
quently undergo vesicle-mediated transport to the Golgi
complex (Novick et al., 1980; Wilson et al., 1989; Kaiser
and Schekman, 1990). o1,6 modification was also dependent
on the OCHI gene product, which has recently been
identified as the mannosyltransferase responsible for adding
the initial «l,6-linked mannose residue onto Asn-linked core
oligosaccharides (Romero and Herscovics, 1989; Nakanishi-
Shindo et al., 1994). Ochlp activity represents the first enzy-
matic event required for synthesis of outer chain mannose
linkages on yeast secretory proteins and thus must reside in
a very early Golgi compartment. Transit of the fusions to an
Ochlp-containing Golgi compartment therefore occurs in-
dependently of the dilysine motif. However, the 1,6 chains
on the KK fusion were not significantly extended by elongat-
ing mannosyltransferase(s), while the QK fusion acquired
outer chain Golgi modifications (Fig. 3). The dilysine motif
thus dramatically delays the kinetics of transport of the fu-
sion protein through the secretory pathway, and the lack of
elongated 1,6 and «l,3 mannose residues on the KK fusion
is not due to an inability of the KK fusion to receive this
modification.

We utilized differential centrifugation and sucrose gra-
dient analysis to show that the «l,6-modified KK fusion pro-
tein localized to an ER-enriched and relatively vacuole- and
Golgo-free membrane fraction (Fig. 6 C). Together, our
glycosylation and fractionation results support the recycling
model shown in Fig. 7: in an early, Ochlp-containing com-
partment, KKXX-containing type I membrane proteins (i.e.,
the KK fusion) are first selectively sorted away from proteins
destined for further anterograde movement (i.e., the QK fu-
sion) and are then rapidly returned to the ER. If the KK fu-
sion is subjected to repeated rounds of cycling through the
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Figure 7. Model for KKXX-mediated recycling of the invertase-
Whpl fusion protein. Both the wild-type (KK) and mutant (QK)
invertase-Wbpl fusion proteins exit the ER and transit to an early
Golgi compartment which contains Ochlp but not elongating «1,6
mannosyltransferase(s). In this compartment, the wild-type (KK)
fusion protein acquires initial &1,6 mannose residues and then recy-
cles back to the ER. The mutant (QK) fusion does not recycle but
instead transits through the rest of the Golgi complex (thereby ac-
quiring outer chain modification) and on to the vacuole, where it
is cleaved at the invertase-Wbpl junction. Core oligosaccharides
are represented by a vertical line, initial «1,6 mannose moieties by
a solid square, elongated 1,6 mannose residues by linked circles,
and al,3 residues by inverted triangles.

Ochlp-containing compartment, each pass through the com-
partment could result in the acquisition of additional «16
mannose residues on the >10 potential N-linked core oligo-
saccharides of invertase. This would account for our obser-
vation that the KK fusion gradually increased in molecular
mass over the course of a 90-min chase yet did not exhibit
the hyperglycosylation indicative of modification by elongat-
ing 1,6 and «1,3 mannosyltransferases (Fig. 3). While we
cannot exclude the possibility that recycling may occur from
more distal Golgi compartments, the tight coupling of elon-
gated «l,6 mannose modification (hyperglycosylation), al,3
mannose modification, and vacuole-localized processing ob-
served for the QK fusion makes this unlikely. The very slow
outer chain modification and processing observed for a small
pool of the wild-type KK fusion (long chase points) is thus
likely to reflect a gradual escape from the retrieval mecha-
nism (possibly due to the expression level of the fusion pro-
teins) rather than retrieval from distal Golgi compartments.

Our results are also consistent with a model in which
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Ochlp undergoes Golgi-ER cycling and consequently initi-
ates 1,6 mannose modification of the KK fusion in the ER
rather than in the Golgi. This model seems very unlikely for
several reasons. First, we have shown that Ochlp does not
cofractionate with ER membranes (Fig. 6 C). Second, we
observe that ol,6 mannose modification of the fusions is
SEC18-dependent, consistent with a requirement for ER-to-
Golgi transport of the fusions (in fact, the sec/8 block should
result in the accumulation of newly synthesized Ochlp mole-
cules in the ER; however, these proteins are clearly unable
to catalyze «1,6 mannosylation). Third, Wbplp, which does
not appear to leave the ER, is core glycosylated but not 1,6
modified (Fig. 1). Finally, it has previously been shown that
the ER resident glycoprotein protein disulfied isomerase
(LaMantia et al., 1991) does not receive al,6 mannose
modification either in the presence or absence of brefeldin
A (Graham et al., 1993). Together with our Wbplp results,
this suggests that even if Ochlp does recycle, it is not likely
to be functional in the ER. 1,6 mannose modification of the
KK fusion therefore first requires anterograde transport into
the Golgi complex.

Ochlp Defines a Novel Early Golgi Compartment

Previous studies have shown that «l,6 mannosyltransferase,
al,3 mannosyltransferase, and Kex2 endopeptidase activities
can be used to separate and define distinct Golgi compart-
ments (Franzusoff and Schekman, 1989; Graham and Emr,
1991). Initiation and elongation of 1,6 mannose chains are
known to depend on the activity of at least two distinct en-
zymes (reviewed in Herskovics and Orlean, 1993). The
elongating «1,6 mannosyltransferase(s) are unable to extend
N-linked carbohydrate chains lacking the initial ol1,6 man-
nose residue (Ballou et al., 1990; Nakayama et al., 1992;
Yip et al., 1994). Our observation that the «l,6 mannose-
modified KK fusion recycles without acquiring elongated
ol,6 mannose moieties (Fig. 3 A, and Fig. 6 C) extends this
work and provides evidence that initiation and elongation of
al,6-linked mannose chains are also likely to occur in func-
tionally distinct Golgi compartments. As Fig. 7 illustrates,
our results indicate that Ochlp activity is likely to define an
additional early Golgi compartment. Consistent with this
notion, in vitro work has shown that conversion of pro-alpha
factor from its 26-kD ER form to a 28-kD form precedes and
is distinct from Golgi-specific outer chain carbohydrate
modification yet does not occur until after transport vesicles
are released from the ER (Bacon et al., 1989; Groesch et al.,
1990). Since the 28-kD form of pro-alpha factor is al,6
modified (Graham and Emr, 1991), this 26-28 kD conver-
sion may also occur in a Golgi compartment containing
Ochlp but not elongating 1,6 mannosyltransferase(s). Con-
sistent with our recycling model, retrieval of soluble HDEL-
tagged proteins in yeast is also thought to occur from either
a cis- or a pre-Golgi compartment (Dean and Pelham, 1990).
Unlike mammalian cells, which can recycle ER proteins
from cis-, medial-, and trans-Golgi regions (Pelham, 1988;
Peter et al., 1992, Jackson et al., 1993), retrieval of both
soluble and membrane proteins in yeast may thus be
confined to the same early Golgi compartment which is
likely to contain Ochlp but not elongating «l,6 man-
nosyltransferases.
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Retrieval-defective Fusion Proteins Are Delivered to
the Vacuole

An invertase-Wbpl fusion protein with a single K—~Q amino
acid substitution in the dilysine motif was not recycled back
to the ER; instead, it acquired outer chain «l,6- and «1,3-
linked carbohydrate modification (Fig. 3) and was then rap-
idly transported to the vacuole where it underwent a PEP4-
dependent proteolytic cleavage (Figs. 3 and 4). This vacuolar
default transport is somewhat surprising and is distinct from
events observed in mammalian cells, where disruption of the
dilysine motif leads to plasma membrane expression of
CD8- and CD4-KKXX chimeras (Jackson et al., 1990).
Soluble yeast proteins also appear at the cell surface if they
lack critical retention regions or if they are not properly tar-
geted to the appropriate subcellular destination (Johnson et
al., 1987, Hardwick et al., 1990; Valls et al., 1990). Re-
cently, however, the vacuole has been suggested to be the de-
fault destination for several yeast late Golgi membrane pro-
teins (e.g., Kex2p, Wilcox et al., 1992; Kexlp, Cooper and
Bussey, 1992; DPAP A, Roberts et al., 1992) whose Golgi
targeting/retention signals have been either altered or elimi-
nated. Like these Golgi proteins, the invertase-Wbpl mutant
chimeras contain no known vacuolar targeting signal yet are
rapidly and efficiently transported to the vacuole. Because a
secl mutant, which blocks Golgi to plasma membrane traffic
(Novick and Schekman, 1979), does not block vacuolar
delivery of the invertase-Wbpl fusions, vacuolar transport is
likely to occur directly from the late Golgi and not via en-
docytosis.

Using the PEP4-dependent cleavage of the invertase-Wbpl
fusions to assess the relative ability of various COOH-
terminal sequences to direct recycling, we have found that,
similar to the mammalian dilysine recycling system (Jackson
et al., 1990): (a) both lysine residues appear to be critical
for proper functioning of the retrieval motif, and (b) correct
positioning of the lysines relative to the COOH terminus is
required for efficient recycling (Fig. 5). Changing the amino
acids surrounding the motif resulted in near wild-type be-
havior; however, two constructs (SSKKTN and drOST)
appeared to be recycled slightly more efficiently than the
wild-type KK fusion, and one construct (TFKKSS) showed
an intermediate phenotype. Together, these data indicate that
while properly positioned lysine residues are required for re-
cycling, efficiency of retrieval is also influenced by neighbor-
ing amino acids.

The data presented here naturally lead to speculation
about both the precise role of the KKXX motif in yeast and
the nature of the machinery involved in KKXX-mediated
Golgi-ER recycling. Assuming that Wbplp may rarely, if
ever, leave the ER following its synthesis, its KKXX motif
may represent a “secondary” or redundant ER targeting sig-
nal which ensures that this essential protein, if it escapes the
ER, can be retrieved to its appropriate site of function. In
addition, there may be as yet unidentified yeast dilysine-
containing proteins which, like the mammalian E19 adenovi-
rus protein (Nilsson et al., 1989), are much more dependent
than Wbplp on KKXX-mediated retrieval for their proper
ER localization.

The retrieval mechanism which directs recycling of the
invertase-Wbpl fusions is likely to involve factors which ini-
tially recognize the dilysine motif and then mediate recycling
of these and other type I KKXX-containing membrane pro-
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teins back to the ER. It has recently been shown that the
yeast RERI gene is involved in Golgi-ER retrieval of Secl2p,
a type I ER membrane protein which does not contain a
KKXX motif (Nishikawa and Nakano, 1993). We have found
that rerl mutants are not defective in retrieval of the
invertase-Wbpl fusion proteins (E. Gaynor and S. Emr, un-
published observations), suggesting the KKXX-specific fac-
tors may be involved in the Golgi-ER recycling pathway.
Both the E19 and Wbplp cytoplasmic domains have recently
been shown to bind coatomer proteins in vitro; mutations
which change the lysine residues to serine abolish the inter-
action (Cosson and Letourneur, 1994). In mammalian sys-
tems, binding of the coatomer complex to membranes is
thought to initiate budding of COP-coated vesicles impli-
cated in ER-to-Golgi (Pepperkok et al., 1993; Peter et al.,
1993) and intra-Golgi anterograde traffic (reviewed in Roth-
man and Orci, 1992). Retrograde vesicular transport rep-
resents a likely mechanism by which proteins could recycle
between the Golgi and ER; however, this in turn requires
mechanisms able to distinguish Golgi-derived vesicles in-
volved in anterograde traffic from those participating in ER
protein retrieval. The yeast y-COP homologue, Sec2ip
(Hosobuchi et al., 1992; Stenbeck et al., 1992), has been
shown to play a role in ER-to-Golgi protein transport (Kaiser
and Schekman, 1990). Preliminary experiments analyzing
the sec2]-1 ts mutant at 2 semipermissive temperature indi-
cated that this coatomer mutant allele may exhibit a modest
defect in Golgi-to-ER retrieval of the invertase-Wbpl fusion
protein (E. Gaynor and S. Emr, unpublished observations).
Further experiments will be required to address the role of
coatomer in KKXX-mediated Golgi-to-ER recycling.

In this study, we have shown that the KKXX motif func-
tions efficiently as an early Golgi-to-ER retrieval signal in
yeast. We therefore hope to take advantage of the invertase-
Wbpl fusion system to develop a genetic selection allowing
us to screen for mutants which are specifically defective in
this retention/recycling process. Identification of the genes
involved and biochemical analysis of their products should
help elucidate the mechanism by which the dilysine motif
directs retrieval of type I membrane proteins to the ER.
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