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As an approach to understand the molecular mechanisms of endoplasmic reticulum (ER) protein sorting, we
have isolated yeast rer mutants that mislocalize a Sec12-Mfalp fusion protein from the ER to later compart-
ments of the secretory pathway (S. Nishikawa and A. Nakano, Proc. Natl. Acad. Sci. USA 90:8179-8183, 1993).
The temperature-sensitive rer2 mutant mislocalizes different types of ER membrane proteins, suggesting that
RER? is involved in correct localization of ER proteins in general. The rer2 mutant shows several other char-
acteristic phenotypes: slow growth, defects in N and O glycosylation, sensitivity to hygromycin B, and abnormal
accumulation of membranes, including the ER and the Golgi membranes. RER2 and SRT1, a gene whose over-
expression suppresses rer2, encode novel proteins similar to each other, and their double disruption is lethal.
RER?2 homologues are found not only in eukaryotes but also in many prokaryote species and thus constitute
a large gene family which has been well conserved during evolution. Taking a hint from the phenotype of newly
established mutants of the Rer2p homologue of Escherichia coli, we discovered that the rer2 mutant is deficient
in the activity of cis-prenyltransferase, a key enzyme of dolichol synthesis. This and other lines of evidence let
us conclude that members of the RER?2 family of genes encode cis-prenyltransferase itself. The difference in phe-
notypes between the rer2 mutant and previously obtained glycosylation mutants suggests a novel, as-yet-

unknown role of dolichol.

In the secretory pathway, the endoplasmic reticulum (ER) is
the compartment from which the biosynthetic membrane flow
begins. Newly synthesized proteins are folded and modified in
the lumen of the ER and then transported to their destinations
by vesicular processes. On the other hand, a set of proteins is
sorted from these proteins and retained in the ER to carry out
their functions. Such ER localization is known to be fulfilled by
the recognition of signals that are present in the ER resident
proteins. Well-known examples of the ER localization sig-
nals include the C-terminal H(K)DEL and KKXX sequences,
which are involved in the retrieval of proteins from the Golgi
apparatus to the ER (19, 25, 26, 33, 46).

Secl2p is a type II transmembrane glycoprotein of the yeast
Saccharomyces cerevisiae and is essential for the formation of
COPII vesicles from the ER (4, 5, 10, 27, 32). Although Sec12p
has neither HDEL nor KKXX signals, most Sec12p is localized
to the ER in the steady state and is not detected on the purified
transport vesicles (4, 27, 29). However, a significant portion of
Secl2p receives cis-Golgi-specific modification on its N-linked
oligosaccharide chains (27, 29). From these observations, we
postulated that the ER localization of Secl2p involves two
different mechanisms: static retention in the ER and dynamic
retrieval from the early Golgi (29, 42, 44). To identify factors
participating in these sorting events, we isolated two mutants,
the rerl and rer2 (for return to the ER or retention in the ER)
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mutants, which mislocalize a Sec12-Mfal fusion protein be-
yond the early Golgi (29).

The RERI gene has been extensively studied by ourselves
and others; it encodes a protein possessing four transmem-
brane domains which is located in the early Golgi compart-
ment (6, 42). We have also demonstrated that Sec12p contains
two signals for ER localization: an Rerlp-dependent retrieval
signal in the transmembrane domain and an Rerlp-indepen-
dent retention signal in the cytoplasmic domain (44). Further-
more, we have recently shown that Rerlp is required for the
retrieval of not only Sec12p but also a variety of ER membrane
proteins (43). From these studies, we propose that Rerlp is a
component of the machinery required for the Golgi-to-ER
retrograde traffic, which constitutes a major retrieval pathway in
addition to the KDEL- and KKXX-dependent mechanisms (43).

In this paper, we report the characterization of the rer2
mutant. The rer2 mutant shows quite pleiotropic defects in the
normal endomembrane system, suggesting that RER?2 is very
important for maintaining the integrity of organelles. Cloning
by complementation has revealed the presence of a suppressor
gene, SRT1, in addition to the authentic RER2 gene. RER2 and
SRT1I are similar to each other, and their products belong to a
new protein family that is well conserved in many organisms.
Finally, we present evidence that RER2 encodes a key enzyme
of dolichol synthesis. The analysis of the rer2 mutant provides
new insight into the physiological roles of dolichol.

MATERIALS AND METHODS

Strains and culture conditions. The S. cerevisiae strains used in this study are
listed in Table 1. Yeast cells were grown in YPD (1% [wt/vol] Bacto yeast extract
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TABLE 1. Strains used in this study

Strain Genotype Reference or source

YPHS500 MATo ade? trpl his3 leu2 ura3 lys2 48

YPH501 MATa/MATw ade2/ade2 trpl/trpl his3/his3 leu2/leu2 ura3fura3 lys2/lys2 48

ANY200 MATa/MATo ura3jura3 leu2/leu2 trpl/trpl his3/his3 his4/his4 gal2/gal2 suc/suc 42

ANY21 MATa ura3 leu2 trpl his3 his4 gal2 suc 42

SNY9 MATo mfod::ADE2 mfo2::TRPI barl::HIS3 ade2 trpl his3 leu2 ura3 lys2 29

SKY1 MATa mfal::ADE2 mfa2::LEU2 barl::HIS3 ade2 trpl his3 leu2 ura3 lys2 42
SNH23-7A MATo rer2-2 mfol::ADE2 mfoa2::TRPI barl::HIS3 ade2 trpl his3 leu2 ura3 lys2 This study
SNH23-7D MATa rer2-2 mfoal::ADE2 mfa2::TRPI barl::HIS3 ade?2 trpl his3 leu2 ura3 lys2 This study
SNH23-10A MATo rer2-2 mfol::ADE2 mfoa2::TRPI barl::HIS3 ade2 trpl his3 leu2 ura3 lys2 29
HS23-3BA MATa rer2-2 mfal::ADE2 mfoa2::TRPI barl::HIS3 suc2::LEU2 ade2 trpl his3 leu2 ura3 lys2 This study
SMY2 MATo RER2::URA3::RER2 ade? trpl his3 leu2 ura3 lys2 This study
SMY41 MATao Arer2::LEU2 mfol::ADE2 mfa2::TRPI barl::HIS3 ade2 trpl his3 leu2 ura3 lys2 This study
SMY13 MATo Asrtl::TRP1 mfol::ADE2 mfoa2::LEU2 barl::HIS3 ade2 trpl his3 leu2 ura3 lys2 This study
SMYS5 MATa/MATo Arer2::LEU2/RER2 Asrt]1::TRP1/SRTI ura3/ura3 leu2/leu? trpl/trpl his3/his3 This study

his4/his4 gal2/gal2 suc/suc

SMY20 MATao Arer2::HIS3 ade?2 trpl his3 leu2 ura3 lys2 This study
BC180 MATa sst2-A2 ura3 leu2 his3 ade?2 29

SF604-9C MATo sec59-1 ura3 his4 suc2 R. Schekman

[Difco Laboratories, Detroit, Mich.], 2% [wt/vol] polypeptone [Nihon Seiyaku,
Tokyo, Japan], and 2% [wt/vol] glucose) or in MVD (0.67% yeast nitrogen base
without amino acids [Difco Laboratories] and 2% glucose) supplemented ap-
propriately. MCD medium is MVD containing 0.5% Casamino Acids (Difco
Laboratories). Hygromycin B (Wako Junyaku Kogyo, Osaka, Japan) and sodium
orthovanadate (Sigma-Aldrich Japan, Tokyo, Japan) were added to YPD me-
dium to give final concentrations of 50 pg/ml and 4 mM, respectively.

Antibodies. Rabbit anti-Kar2p, anti-Yptlp, and anti-Gaslp polyclonal anti-
bodies were generous gifts from M. Rose of the Massachusetts Institute of
Technology; D. Gallwitz of the Max Planck Institute of Biophysical Chemistry,
Gottingen, Germany; and H. Riezman of the University of Basel, respectively.
Affinity-purified rabbit anti-Dap2p polyclonal antibody was kindly provided by
Y. Amaya of Niigata University and Y. Wada of Osaka University. Rabbit
anti-Sec12p and anti-carboxypeptidase Y (anti-CPY) polyclonal antibodies were
prepared as described previously (27, 49). The 16B12 mouse monoclonal anti-
hemagglutinin (anti-HA) antibody was purchased from Berkeley Antibody Com-
pany (Richmond, Calif.). Rabbit anti-Kex2p and anti-Pgklp polyclonal antibod-
ies were prepared through the support of Suntory Limited, Osaka, Japan.

Cloning of RER2 and SRTI. To clone RER2, hygromycin B sensitivity was
used. SNH23-7D (rer2-2) was transformed with a yeast genomic library on
YEp13 (56), and the transformants were replicated onto YPD plates containing
50 pg of hygromycin B per ml. Plasmids were recovered from the colonies that
grew on the hygromycin B plates and subcloned into pRS316 (48). The 1.6-kb
Spel-Ndel fragment (pR7) was capable of complementing both the hygromycin
B and temperature sensitivities of rer2 cells. To test the linkage between this
clone and the RER2 locus, the 5.2-kb Sall (in vector)-Bg/II fragment from the
original clone was inserted into the BamHI-Sall sites of YIp5, an integration
vector with a URA3 marker (50). This plasmid was digested with SacI and
integrated in the chromosome of a wild-type strain (YPH500) by homologous
recombination (to give strain SMY2). SMY2 was crossed with HS23-3BA
(rer2-2) and sporulated. Tetrad analysis showed a tight linkage between the
URA3 marker and the rer2 locus (11 parental ditypes of 13 tetrads), indicating
that this clone contained the authentic RER2 gene. We also tried to clone the
RER2 gene by complementation of the temperature sensitivity of rer2 cells. The
same yeast genomic library was introduced into SNH23-10A (rer2-2), and the
transformants that grew at 37°C were selected. Plasmids recovered from these
colonies contained two overlapping clones which were different from RER2.
They were subcloned into pRS316 and pQR326 (35), and the 2.4-kb Xhol-BglII
fragment was the smallest subclone that suppressed rer2-2. We named the gene
in this subclone SRT1.

Disruption of RER2 and SRTI1. The 0.7-kb AfIII-Spll region of RER2 was
replaced by the LEU2 gene in pY1, which contained the 5.5-kb SalI (in vector of
the original clone)-Nhel fragment in YEp352 (18). The disrupted copy of RER2
was excised by HindIII digestion and introduced into a diploid strain constructed
by crossing SNY9 and an isogenic MATa strain. A Leu™ haploid segregant
(SMY41) was obtained by tetrad dissection. The 2.4-kb XhoI-Bg/II fragment of
SRTI was subcloned into pBluescript SK(+) (Stratagene Cloning Systems, La
Jolla, Calif.) to give pRER206. The SRT! gene was disrupted by replacing the
0.6-kb EcoO109I-BamHI region with TRPI in pRER206. This plasmid was di-
gested with Xhol and Pvull and introduced into diploid (YPH501) and haploid
(SKY1) strains. A viable haploid strain whose chromosomal SRT was disrupted
(SMY13) was obtained.

To construct a Arer2 Asrtl double mutant, one of the RER2 loci was disrupted
with LEU2 by the same strategy as described above in a diploid strain, AN'Y200,
to give SMY1. One of the SRTI loci was further disrupted with TRPI to give

SMYS5. For this disruption, the TRPI fragment was inserted at the essential
BamHI site in pRER206, and the resulting plasmid was introduced into SMY1
after digestion with X/0I and Spel. SMYS itself and SMYS transformed with pR7
(RER2 in pRS316) were sporulated and subjected to tetrad dissection. The LEU2
and TRPI genes were excised from pJJ283 and pJJ248 (21), respectively. The
disruption of RER2 and SRT! in these experiments was confirmed by Southern
blotting.

Construction of 3HA-RER?2. To insert the 3HA fragment, a Spel site was
created at the fourth and fifth codons of RER2 by PCR-mediated, site-directed
mutagenesis with the oligonucleotide 5'-AAAGACGGTATGGAAACGACTA
GTGGTATACCTGGTCAT-3" and the complementary sequence. A DNA cas-
sette encoding 3HA was excised from pYT11 (52) with Nhel and inserted into
this Spel site in RER2 to construct 3HA-RER2. The AfIII-Sphl fragment of pR7
was replaced by the corresponding fragment of the tagged 3HA-RER2 gene
(pPR7HA). 3HA-RER?2 was also subcloned into pSQ326 (pR7HA-4) and pRS314
(pPR7HA-2) (35, 48).

Pulse-chase experiments. Metabolic labeling of yeast cells with Tran®>S-label
(ICN Biomedicals, Costa Mesa, Calif.), preparation of cell extracts, and immu-
noprecipitation were performed as described previously (30). Immunoprecipi-
tates were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and fluorography.

Immunofluorescence microscopy. Indirect immunofluorescence microscopy
was performed as described previously (28, 42). To amplify the fluorescent sig-
nals, a system using a biotinylated goat anti-rabbit antibody and streptavidin-
fluorescein (42) was employed.

Subcellular fractionation. Subcellular fractionation was performed as de-
scribed by Sato et al. (42) with some modifications. Cells were grown to 107
cells/ml in MVD medium at 30°C and spheroplasted as described previously (28).
Spheroplasts (10°) were suspended in 1 ml of ice-chilled lysis buffer (0.2 M
sorbitol, 50 mM K-acetate, 2 mM EDTA, 20 mM HEPES-KOH [pH 6.8], 1 mM
dithiothreitol, 20 p.g of phenylmethylsulfonyl fluoride per ml, 5 g of antipain per
ml, 5 pg of aprotinin per ml, 5 pg of leupeptin per ml, and 5 pg of pepstatin per
ml) (15) and homogenized with a 1-ml Dounce homogenizer (Wheaton,
Millville, N.J.). The lysates were subjected to a series of centrifugation steps:
300 X g for 5 min in a 15M-18AL rotor (Sakuma, Tokyo, Japan), 13,000 X g for
15 min in the same rotor, and 100,000 X g for 45 min in an RP100AT rotor
(Hitachi Ltd., Tokyo, Japan) (all at 4°C). Aliquots were taken from the pellet
fraction of the 13,000 X g centrifugation (P13) and the pellet (P100) and super-
natant (S100) fractions of the 100,000 X g centrifugation and analyzed by SDS-
PAGE and immunoblotting. The amounts of 3HA-Rer2p in these fractions were
analyzed by SDS-PAGE and immunoblotting. The membrane association of
3HA-Rer2p was examined by a method described previously (28).

cis-Prenyltransferase assay. The cis-prenyltransferase activity was measured
by the methods of Bukhtiyarov et al. (7) and Quellhorst et al. (36). The P13
membrane fractions which were enriched in 3HA-Rer2p were prepared as de-
scribed above. The standard assay mixture contained membranes (100 pg of
protein), 1.4 nmol of farnesyl diphosphate (FPP) (American Radiolabeled
Chemicals Inc., St. Louis, Mo.), 5 nmol of [1-'*Clisopentenyl diphosphate (IPP)
(Amersham), 25 mM sodium phosphate (pH 7.4), 4 mM MgCl,, 20 mM KF, and
20 mM B-mercaptoethanol in a final volume of 100 pl. The mixture was incu-
bated at 30°C for 1 h, and the reaction was terminated by the addition of 400 .l
of 4 mM MgCl, and 2.5 ml of chloroform-methanol (3:2). After phase separa-
tion, the lower phase was washed with 1 ml of the upper phase obtained by
mixing with water-methanol-chloroform (1:2:3) and then evaporated and resus-
pended in chloroform. An appropriate aliquot was analyzed by thin-layer chro-
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FIG. 1. (A) Secretion of mature a-factor by cells producing Mfal-Sec71p
and Mfal-Sec63p. Wild-type (WT) (SNY9), Arerl (SKY7), and rer2-2 (SNH23-
7D) cells expressing Mfa1-Sec71p or Mfal-Sec63p on a single-copy vector were
examined by the halo assay at 23°C. (B) The rer2 mutants missecrete BiP. Wild-
type (SNY9), rer2-2 (SNH23-16C), Arer2 (SMY41), and Asrt] (SNY25) cells were
grown in YPD medium at 23°C to the early logarithmic phase. Proteins from the
medium (equivalent to 1.5 X 10° cells) were analyzed by immunoblotting with
the anti-BiP antibody.

matography on a Silica Gel G-60 plate (Merck) with the solvent system of
benzene-ethyl acetate (95:5) to confirm that the products were mostly dolichol
and dehydrodolichol compounds. Another aliquot of this chloroform suspension
was subjected to liquid scintillation counting to measure the total radioactivity
incorporated into the dolichol fraction. The total cell lysates prepared as de-
scribed above were also incubated under the same assay conditions, and the
products were similarly analyzed by thin-layer chromatography. The reference
molecules, i.e., dolichol from porcine liver, ficaprenol (polyprenol from Ficus
elastica), solanesol (all-frans-nonaprenpol), and squalene, were purchased from
Sigma.

Other methods. Halo assays were performed on MCD plates with a tester
MATa sst2 strain as described previously (29). For electron microscopy, thin
sections of yeast cells were prepared by the freeze-substitution fixation method
(51). Yeast transformation was carried out by the lithium thiocyanate method
(22) or by electroporation (16). DNA manipulations were performed by standard
techniques (41). DNA sequences of RER2, SRT1, and their derivatives were de-
termined by the dideoxy method with a DNA sequencer (model 373A; Applied
Biosystems, Tokyo, Japan).

RESULTS

The rer2 mutant mislocalizes a variety of ER proteins. To
monitor the localization of Sec12p within a cell, we have de-
vised an in vivo method utilizing the fusion protein with a yeast
a-mating-factor precursor (Mfalp) as a reporter. If this fusion
protein (Secl2-Mfalp) is transported to the late Golgi, the
Mfalp moiety is processed, leading to the secretion of mature
a-factor. The secreted a-factor can be detected by the halo
assay (Halo™). By this method, rer mutants were isolated as
cells defective in correct localization of Sec12-Mfalp (29). The
rer] mutant cells show no obvious growth defect at any tem-
peratures in spite of a clear Halo™ phenotype. In contrast, the
rer2 mutant exhibits severe growth inhibition even at 23°C and
no longer grows at 37°C (29). The halo formed around the rer2
cells is visible but small, which may be due to the slow growth
of the cells.

The halo assay method can be applied to monitor the local-
ization of Sec71p and Sec63p, which are also membrane pro-
teins localized to the ER in the wild-type cells. Sec71p is a type
III transmembrane protein (topology opposite to that of
Secl2p), and Sec63p spans the membrane three times. These
proteins form a multimeric complex required for the ER trans-
location of newly synthesized proteins (11, 12, 23, 39, 40). We
constructed fusion proteins of these proteins and Mfalp and
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recently demonstrated that both Mfal-Sec7lp and Mfal-
Sec63p are mislocalized in Arerl, indicating that Rerlp is a
component of the general machinery involved in the ER local-
ization of these proteins (43). In the present study, we intro-
duced these fusions into the rer2 mutant on a single-copy
plasmid and performed the halo assay at 23°C. As shown in
Fig. 1A, both fusions produced larger halos in rer2 cells than in
the wild-type cells, indicating that the rer2 mutant is constitu-
tively defective in the correct localization of Sec71p and
Sec63p. It is also noteworthy that the rer2 mutant missecretes
a significant amount of immunoglobulin heavy-chain binding
protein (BiP), a soluble ER protein possessing the HDEL
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FIG. 2. (A) Underglycosylation phenotype of rer2 mutants. Wild-type (WT)
RER2 (SNY9) and rer2-2 (SNH23-7D) cells were grown in YPD medium to 107
cells/ml at 23°C and then shifted to 37°C for the indicated times. Total cell
extracts were prepared, and proteins (70 wg) were analyzed by immunoblotting
with the anti-Sec12p antibody. (B) Biosynthesis of CPY in rer2 mutants. The
rer2-2 mutant (SNH23-7A) and wild-type (SNY9) cells were preincubated for 1 h
at 23 or 37°C and then labeled for 4 min with Tran>S-label and chased for the
indicated times at the same temperature. CPY was immunoprecipitated from cell
extracts and treated with or without endo H. Samples were analyzed by SDS-
PAGE and fluorography. p1, ER form; p2, Golgi form; m, mature vacuolar form;
*, unglycosylated pro-CPY. (C) Biosynthesis of a GPI anchor protein, Gaslp, in
rer2 mutants. After preincubation at 37°C for 1 h, rer2-2 (SNH23-7A) and wild-
type (SNY9) cells were labeled for 4 min with Tran*S-label and chased at 37°C.
Gaslp was immunoprecipitated and analyzed by SDS-PAGE and fluorography.
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FIG. 3. Immunofluorescence localization of an ER marker protein, BiP.
Wild-type (SNY9) (A and B) and rer2-2 (SNH23-7D) (C and D) cells growing at
23°C were subjected to indirect immunofluorescence microscopy with the anti-
BiP antibody. (A and C) Fluorescence images with the antibody. (B and D) DNA
staining with DAPI.

signal (Fig. 1B) (29, 42). Because the intracellular level of BiP
was not appreciably different in the wild-type and the rer2 cells
(data not shown), the missecretion is not simply due to the
overflow of the Erd2p-dependent retrieval system. The rer2
mutant appears to have a lesion that disturbs the localization
of various ER proteins.

The rer2 mutant shows glycosylation defects. To examine
the level of expression of Sec12p in rer2 cells, immunoblotting
was performed with an anti-Sec12p antibody (Fig. 2A). Sec12p
acquires both N- and O-linked oligosaccharide modifications
and is usually detected as a fuzzy band around 70 kDa (27).
The steady-state amount of Sec12p in rer2 cells was compara-
ble to that in the wild type. In rer2 cells, however, a ladder of
smaller species was detected in addition to the fuzzy band
corresponding to the normal Secl2p in the wild-type cells.
After endoglycosidase H (endo H) treatment, the smaller spe-
cies of Secl2p in rer2 cells were still present (data not shown).
These results suggest that the rer2 mutant is defective in both
N- and O-linked glycosylation in the ER.

We also performed a pulse-chase experiment with CPY, a
vacuolar enzyme (49), to investigate the vesicular biosynthetic
pathway of the mutant (Fig. 2B). In the wild-type cells, the
conversion from the ER form through the Golgi form to the
mature vacuolar form of CPY takes place in about 30 min. The
same conversion of CPY species with a similar time course was
also observed with the rer2 mutant at 23°C. However, a ladder
of bands was detected throughout the chase time, the major
species of which migrated even faster than the mature form.

MoL. CELL. BIOL.

The mobility of this band was the same as that of endo H-
treated pro-CPY, suggesting again that the rer2 mutant has a
defect in N glycosylation. The endo H treatment also revealed
that about 30% of the CPY molecules had experienced the
proteolytic processing in 30 min, indicating that the vesicular
trafficking itself was not blocked in the mutant. The deficiency
of glycosylation was more severe at 37°C (Fig. 2B, lower pan-
els).

A pulse-chase experiment was also performed for Gaslp, a
glycosylphosphatidylinositol (GPI)-anchored protein which is
also modified by N- and O-linked glycosylation (53). As shown
in Fig. 2C, the major band migrated with an apparent molec-
ular mass of 70 kDa in the rer2 mutant, which coincided with
the size of the polypeptide moiety (14). Taken together, the
data indicate that the rer2 mutant apparently possesses a pro-
found temperature-sensitive defect in both N and O glycosyl-
ation.

In liquid culture, rer2 cells tend to form aggregates, which is
typical for glycosylation mutants. This could be due to alter-
ations in the cell wall structure resulting from the glycosylation
defect. The rer2 mutant also shows sensitivity to hygromycin B
and resistance to sodium orthovanadate. Such drug sensitivity
and tolerance are generally observed in various mutants that
have defects in glycosylation in either the ER or the Golgi (3,
9).

Abnormal membrane structures accumulate in the rer2
mutants. The intracellular membrane structures of the rer2
mutant were observed by indirect immunofluorescence mi-
croscopy with antibodies against organelle-specific marker pro-
teins. As shown by staining with the anti-BiP antibody (Fig. 3),
the rer2 mutant showed accumulation of the ER membranes,
which developed in the cytoplasm. The morphology of the
Golgi apparatus also looked abnormal in the rer2 mutant (Fig.

FIG. 4. Immunofluorescence localization of a cis-Golgi marker protein,
Yptlp. Wild-type (SNY9) (A and B) and rer2-2 (SNH23-7D) (C and D) cells
were incubated at 37°C for 4 h and subjected to indirect immunofluorescence
microscopy with the anti-Yptlp antibody. (A and C) Fluorescence images with
the antibody. (B and D) DNA staining with DAPL.
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FIG. 5. Electron micrographs of rer2 cells. Wild-type (SNY9) (A) and rer2-2 (SNH23-10D) (B to E) cells were incubated at 23°C (A, B, and D) or shifted to 37°C for 2 h
(C and E) and then subjected to freeze-substitution fixation and electron microscopic observation. Panels D and E are enlargements of panels B and C, respectively.
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4). The antibody against Ypt1p, which is localized mostly to the
early Golgi (34), stained enlarged structures which often had a
ring-like shape. These abnormal membrane structures were
seen even at 23°C but were recognized more clearly at 37°C.

We further observed the organellar morphology by electron
microscopy by the freeze-substitution fixation method. As shown
in Fig. 5, membrane structures were dramatically altered in the
rer2 mutant. At 23°C (Fig. 5B and D), ER-like membranes
piled up in the cytoplasm and the nuclear envelope, a part of
the ER, looked twisted, as often seen for some early sec mu-
tants (31). In addition, ring- and cup-shaped membranes 150 to
200 nm in diameter and numerous small vesicles accumulated
throughout the cytoplasm. The ring- and cup-shaped structures
are reminiscent of Berkeley bodies, which are formed in sec7
and sec/4 mutants, resulting from the deformation of accumu-
lating Golgi membranes (31), and presumably correspond to
the structures visualized by immunofluorescence of Yptlp. Ap-
parently, multiple secretory organelles accumulated in the rer2
mutant even at 23°C.

When the mutant cells were incubated at 37°C for 2 h, the
intracellular membranes became more aberrant (Fig. 5C and
E). The ER-like membrane further developed and expanded in
the cytoplasm. The boundary of the membranes became un-
clear compared to the normal ER membrane. In addition, ir-
regularly shaped unidentifiable structures and many fragment-
ed vacuoles were observed. Thus, RER2 appears to be required
to maintain the normal functions and structures of the whole
central vacuolar system.

Cloning of the RER2 and SRT1 genes. To obtain the wild-
type RER2 gene, we first tried to isolate a clone that comple-
ments the temperature-sensitive growth of the rer2 mutant.
The rer2-2 mutant (SNH23-10A) was transformed with a YEp13-
based yeast genomic library (56), and the transformants that
grew at 37°C were selected. We obtained two clones which
overlap in the DNA inserts and identified the common frag-
ment (the 2.4-kb XholI-Bg/ll fragment) that complements rer2
temperature sensitivity. This DNA fragment contained a single
open reading frame (YMR101c) encoding a protein of 343
amino acids and was able to complement the temperature-
sensitive growth of the rer2 mutant on a single-copy plasmid.
However, the integration analysis indicated that this clone did
not map at the rer2 locus. We concluded that this clone is a
suppressor of rer2 and named it SR for suppressor of rer two.

The authentic RER2 gene was isolated by complementation
of the hygromycin B sensitivity of the rer2 mutant. rer2-2 cells
(SNH23-7D) were transformed with the same yeast genomic
library, and transformants were replicated onto YPD plates
containing 50 wg of hygromycin B per ml. Four independent
clones that complement rer2 were identified. They had an over-
lapping genomic fragment, and the 1.6-kb Spel-Ndel fragment
completely complemented the hygromycin B sensitivity of the
rer2-2 mutant on a single-copy plasmid. This subclone also
complemented the temperature sensitivity of growth and the
Halo™ phenotype of the rer2 mutant on a single-copy plasmid.
We sequenced this DNA fragment and revealed a single open
reading frame (YBRO002c) that encodes a protein of 286 resi-
dues. By integration mapping, this gene was confirmed to be
the bona fide RER?2 (see Materials and Methods).

Figure 6 shows the growth phenotypes of the original rer2
mutant, the rer2 mutant suppressed by SRTI, and the rer2
mutant complemented by RER2. The SRTI gene on a single-
copy plasmid (CEN) suppresses the temperature-sensitive
growth of the rer2 mutant like the authentic RER2 gene but
does not suppress the hygromycin B sensitivity very well. On a
multicopy plasmid (2wm), it suppresses both phenotypes. It
should be noted that the single-copy SRT! gene also sup-
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FIG. 6. Growth phenotypes of the rer2 mutant and complementation by
RER?2 and SRTI. rer2-2 cells (SNH23-7D) were transformed with RER2 or SRT1
on a single-copy (CEN) or multicopy (2um) plasmid. The transformants were
streaked on MCD plates and incubated at 23 or 37°C for 4 days. The same cells
were also streaked on a YPD plate containing 50 pg of hygromycin B per ml and
incubated at 23°C for 4 days.

pressed the Halo™ phenotype of the rer2 mutant (data not
shown).

Proteins encoded by RER2 and SRTI! (Rer2p and Srtlp,
respectively) show high sequence homology (30% identical)
over the whole polypeptide (Fig. 7A). Hydropathy analysis (24)
indicated no hydrophobic region in either Rer2p or Srtlp that
is capable of acting as a signal sequence or transmembrane do-
main. Database searches revealed many homologues of Rer2p
in various organisms, as shown in Fig. 7B. Srtlp is the only
S. cerevisiae homologue of Rer2p. High degrees of identity to
the Schizosaccharomyces pombe SPAC4D7.04c and the Caeno-
rhabditis elegans T01G1.b gene products (40 and 31%, respec-
tively), products of open reading frames identified by sequenc-
ing projects, were found. A higher plant, Arabidopsis thaliana,
also seems to have a homologue of Rer2p. Interestingly, sim-
ilar proteins can be found in many prokaryote species, includ-
ing Haemophilus influenzae, Escherichia coli, and Bacillus sub-
tilis. These proteins show ~30% identity to Rer2p throughout
the molecule. Thus, Rer2p seems to belong to a family that con-
tains well-conserved members from prokaryotes to eukaryotic
multicellular organisms. However, these entries in the data-
base are all hypothetical proteins. It should be also noted here
that Mycoplasma, a microbe lacking a cell wall, is the only or-
ganism that does not possess any Rer2p homologue among
those whose genomes were completely sequenced.

We determined the mutation points of the rer2 mutants. The
genomic DNA fragments containing the rer2 locus were recov-
ered by PCR and sequenced. The rer2-1 and rer2-2 alleles har-
bored missense mutations that led to G164-to-D and S209-
to-N amino acid replacements, respectively. These residues are
well conserved in the RER2 gene family from prokaryotes to
higher eukaryotes (Fig. 7B). The two mutants were very similar
in every phenotype we examined.
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FIG. 7. Sequence comparison of Rer2p with its homologues. The boxes show identical amino acid residues, and the borderless shading indicates similar residues.
(A) Sequences of yeast Rer2p and Srtlp. (B) Rer2p homologues in various organisms, including both eukaryotes and prokaryotes. They are all hypothetical proteins
found by the genome projects. The proteins are S. pombe SPAC4D7.04c, C. elegans TO1G1.1, E. coli 0253, H. influenzae HI0920, B. subtilis yluA, Synechocystis strain
PCC6803 SLL0506, and Methanococcus jannaschii MJ1372. Asterisks indicate the mutation points found in the rer2-1 (G164D) and rer2-2 (S209N) alleles.

The Rer2p family is essential for vegetative growth. We con-
structed RER2 and SRTI null mutants. In a diploid strain
(SMY3), one RER?2 locus was disrupted by replacing the Af/11-
Spll fragment of RER2 with a LEU2 fragment (Fig. 8A). The
disruption was confirmed by Southern blotting (data not shown).
Tetrad dissection identified Leu™ haploid cells (Arer2), which
were viable but grew very slowly even at 23°C (Fig. 8B). This
growth defect was more severe than that of the original rer2
mutants. The Arer2 strain showed phenotypes similar to those
of the rer2 mutants: temperature-sensitive growth at 37°C, mis-
secretion of BiP, hygromycin B sensitivity, and vanadate resis-
tance. These observations suggest that rer2-1 and rer2-2 were
both decrease-of-function type mutations, although not null.
We could not observe the mislocalization of Sec12-Mfalp, be-

FIG. 8. Disruption of the RER2 gene. (A) The AfIII-Spll region of RER2 was
replaced by the LEU2 fragment. The disrupted copy of RER2 was excised with
HindIII and introduced into a diploid strain. (B) Tetrad analysis of the resulting
strain (RER2/Arer2::LEU2) at 23°C. All small colonies were Leu™, indicating that
the disruption of RER2 causes a severe growth defect.
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FIG. 9. (A) Subcellular fractionation of 3HA-Rer2p. Arer2 cells expressing
3HA-Rer2p on a single-copy vector were spheroplasted, homogenized, and sub-
jected to a series of centrifugations: 300 X g for 5 min, 13,000 X g for 15 min, and
100,000 X g for 45 min. Aliquots were taken from the pellet of the 13,000 X g
centrifugation (P13) and the pellet (P100) and supernatant (S100) fractions of
the 100,000 X g centrifugation and analyzed by immunoblotting. (B) Extraction
of 3HA-Rer2p. The total homogenate was treated with the reagents indicated
and centrifuged at 436,000 X g for 1 h. The pellets and supernatants were
analyzed by Western blotting with the anti-HA antibody. TX-100, Triton X-100.
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cause the Arer2 mutant grew too slowly to be examined by the
halo assay. SRTI was also able to suppress the temperature-
sensitive and slow-growth phenotypes of the Arer2 mutant
(data not shown).

The disruption of SRT1 was performed by replacement of
the EcoO1091-BamHI fragment with the TRPI gene. We could
obtain a haploid strain (SMY13) whose chromosomal SRT/
gene was disrupted, indicating that the SRT1 gene is not es-
sential for growth. The correct disruption was confirmed by
Southern blotting (data not shown). The Asr¢/ strain grew nor-
mally at any temperature examined and did not show a signif-
icant difference from the wild type in hygromycin B sensitivity.
The localizations of Secl12-Mfalp (data not shown) and BiP
(Fig. 1B) were also normal in the Asrt/ mutant.

Double disruption of the RER2 and SRT! genes was per-
formed with LEU2 and TRP]I, respectively, in a diploid strain
(SMYS5) (see Materials and Methods). In dissection of 16 tet-
rads after sporulation, no Leu™ Trp™ segregants were able to
grow, suggesting that the double disruption of RER2 and SRT1
was lethal. To confirm this, the RER2 gene was introduced into
SMYS5 on the pRS316 plasmid, and tetrad dissection was car-
ried out again. We could obtain five Leu™ Trp* Ura™ seg-
regants, but none of them grew on a plate containing fluoro-
orotic acid, a reagent that forces elimination of the URA3
plasmid, even at 23°C. Thus, RER2 and SRTI constitute a
family that has an essential function for cell viability.

Subcellular localization of Rer2p. To analyze the biochem-
ical characteristics of the RER2 gene product, the 3HA tag was
introduced in the N-terminal part of Rer2p. This 3HA-Rer2p
was completely functional, because the 3HA-RER2 gene was
able to complement both the temperature and hygromycin B
sensitivities of the Arer2 mutant on a single-copy plasmid (data
not shown). Total cell lysates were prepared from Arer2 cells

FIG. 10. Subcellular localization of 3HA-Rer2p. Arer2 cells (SMY41) harboring RER2 (A and B) or 3HA-RER?2 (C and D) on a single-copy plasmid were grown
at 30°C and prepared for indirect immunofluorescence microscopy with the anti-HA antibody (16B12). (A and C) Fluorescence images with the antibody. (B and D)

DNA staining with DAPI.
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FIG. 11. Double immunofluorescence staining of BiP and 3HA-Rer2p. Arer2
cells (SMY41) harboring 3HA-RER2 on a single-copy plasmid were grown at
30°C and prepared for indirect immunofluorescence microscopy. (A) Rhoda-
mine fluorescence corresponding to the anti-BiP antibody. (B) Fluorescein flu-
orescence corresponding to the anti-HA antibody (16B12). (C) DNA staining
with DAPL

harboring 3HA-RER?2 on a single-copy or multicopy plasmid,
and immunoblotting was performed with an anti-HA mono-
clonal antibody (16B12). A single band migrating at around 39
kDa was detected in a dose-dependent manner; this mass was
slightly larger than the predicted molecular mass of 36 kDa
(data not shown).

To assess the localization of 3HA-Rer2p, subcellular frac-

TABLE 2. Activity of cis-prenyltransferase in
wild-type and rer2 cells”

cis-Prenyltransferase activity

Cells
(cpm/min/mg of protein) % of wild type
RER2 6,800 100
Arer2 180 2.7
Arer2/RER2 (CEN) 6,900 101

RER2/RER2 (2pm) 11,100 163

“The activity of cis-prenyltransferase was measured at 30°C as described in
Materials and Methods.
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FIG. 12. Isoprenoid biosynthesis activities in rer2 mutants. Total lysates were
prepared from RER2 (SNY9) (lanes 1 and 3), rer2-2 (SNH23-7D) (lanes 2 and 4),
and Arer2 (SMY20) (lane 5) cells, Arer2 (SMY20) cells harboring RER2 on a
single-copy plasmid (lane 6), and RER2 (SNY9) cells harboring RER2 on a
multicopy plasmid (lane 7) and incubated with [1-'"*C]IPP and FPP at 20°C (lanes
1 and 2) or 30°C (lanes 3 to 7). The lipidic products were extracted with chlo-
roform-methanol, spotted on a thin-layer chromatography plate, and developed
with the benzene-ethyl acetate (95:5) solvent system (see Materials and Meth-
ods). Dolichol from porcine liver, ficaprenol (polyprenol from F. elastica),
solanesol (all-frans-nonaprenpol), and squalene were used as standards.

tionation was performed. A total cell lysate was prepared from
the Arer2 strain expressing 3HA-Rer2p on a single-copy plas-
mid and subjected to differential centrifugation at 13,000 X g
and 100,000 X g (Fig. 9A). Although Rer2p has no hydropho-
bic region, most of the 3HA-Rer2p was fractionated in the P13
fraction, suggesting that 3HA-Rer2p is peripherally associated
with membranes. This fractionation pattern coincided with
that of an ER membrane protein, Secl12p, and a vacuolar en-
zyme, Dap2p, but not with that of a cytosolic enzyme, phospho-
glycerate kinase, or a late-Golgi marker, Kex2p, which were de-
tected mostly in the S100 and P100 fractions, respectively (15,
37, 38, 42). We further characterized the nature of the mem-
brane association of 3HA-Rer2p by using several chemical re-
agents. The total homogenate was treated with reagents as in-
dicated in Fig. 9B and centrifuged at 436,000 X g for 30 min.
3HA-Rer2p was not extracted with 1 M NaCl or 2 M urea but
was partially solubilized with 0.1 M sodium carbonate (pH
11.5) and 1% (wt/vol) Triton X-100. This result indicates that
3HA-Rer2p is tightly associated with membranes.

Indirect immunofluorescence microscopy was also performed
for the Arer2 strain expressing 3HA-Rer2p on a single-copy
plasmid. The cells were fixed and prepared for immunofluores-
cence with the anti-HA monoclonal antibody (16B12) (Fig.
10). We expected that 3HA-Rer2p would be localized to the
ER from the result of the fractionation experiment, but the
staining pattern of 3HA-Rer2p was quite different from the typ-
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ical ER pattern. As shown in Fig. 10C, the anti-HA antibody
stained punctate structures. These structures did not look like
vacuoles either. We realized that these punctate structures
were frequently observed alongside the nuclei (compare with
the DAPI [4',6-diamidino-2-phenylindole] staining in Fig.
10D) and near the cell surface. Since these regions are where
ER membranes often exist, we carried out double-staining
immunofluorescence with anti-HA and anti-BiP antibodies. As
shown in Fig. 11, the staining of 3HA-Rer2p (Fig. 11B) over-
laps at least partly with the staining of the ER protein BiP,
suggesting that 3HA-Rer2p is localized in a subregion of the
ER.

The rer2 mutants are deficient in the cis-prenyltransferase
activity required for dolichol synthesis. As described above,
the rer2 mutants showed deficiencies in early glycosylation
steps. Hygromycin B sensitivity, vanadate resistance, and cell
aggregation are also phenotypes often observed for glycosyla-
tion mutants. However, we hesitated to consider a direct role
of Rer2p in protein glycosylation at this point, because the
Rer2p family is conserved not only in eukaryotes but also in
a variety of prokaryotic species. An important clue to reveal
their function was obtained from our study of the 0253 gene,
the sole E. coli homologue of RER2. The 0253 gene was cloned
by PCR and found to be an essential gene in E. coli. Temper-
ature-sensitive mutants, which were constructed by random
mutagenesis on the plasmid, showed abnormal swollen cell
shapes at the nonpermissive temperature, and many cells
appeared to eventually die due to cell bursting (21a). This
suggested that 0253 plays an important role in the cell wall
synthesis. The fact that Mycoplasma, a parasitic eubacterium
lacking a cell wall, does not possess any RER2 homologue in
the genome supported this possibility.

The major constituent of the bacterial cell wall is peptidogly-
can. By looking into the metabolic map, we realized that pep-
tidoglycan synthesis in bacteria and glycosylation in eukaryotes
employ very similar reactions. Both pathways utilize a specific
lipid as the carrier of donor sugars: undecaprenyl phosphate
(UP-P) for peptidoglycan and dolichyl phosphate (Dol-P) for
oligosaccharides. Dol-P is made from dehydrodolichyl diphos-
phate (Dedol-PP) by reduction, dephosphorylation, and phos-
phorylation. Dehydrodolichol (Cgys to C,,) and undecaprenol
(Css) are both long-chain polyprenols and are synthesized by
condensation of IPP units onto FPP with a cis configuration
(Z-type), the reaction catalyzed by a single enzyme, cis-prenyl-
transferase (see Fig. 14). The genes coding for cis-prenyltrans-
ferase were not known for either prokaryotes or eukaryotes.

The possibility that the RER2 gene encodes the cis-prenyl-
transferase to synthesize Dedol-PP was tested as follows.
Membrane fractions were prepared from wild-type and Arer2
cells and assayed for cis-prenyltransferase activity by measur-
ing synthesis of polyprenol from IPP and FPP. The results are
shown in Table 2. In Arer2 cells, the activity of this enzyme was
remarkably decreased. The residual activity, 2.7% of the wild
type, may be due to the SRTI gene. The deficiency of cis-
prenyltransferase was efficiently complemented by the RER2
gene on a single-copy plasmid. Moreover, the wild-type cells
overexpressing Rer2p on a multicopy plasmid showed 1.6-fold
higher activity of this enzyme. To rule out the possibility that
the decrease of the activity was due to the mislocalization of
the enzyme, the whole activities of the isoprenoid biosynthesis
utilizing FPP and IPP were investigated with total cell lysates
(Fig. 12). The rer2-2 and Arer2 mutants synthesized compounds
that comigrate with squalene (an intermediate of ergosterol
synthesis) and all-frans-polyprenol (comigrating with solane-
sol) in amounts comparable (or even better in the case of
squalene) to those for the wild-type cells. However, the syn-
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FIG. 13. Overexpression of RER2 suppresses the temperature-sensitive growth
of sec59 cells. The sec59 mutant (SF604-9C) was transformed with RER2 on a
multicopy vector, SRTI on a multicopy vector, or a vector only. These and the
control wild-type strain (ANY21) harboring an empty vector were incubated on
an MCD plate at 35°C for 3 days.

thesis of dolichol compounds was quite deficient in the mu-
tants. This deficiency was observed at either 20 or 30°C. Thus,
the activity for synthesis of dolichol was almost lost in the rer2
mutant cells. These observations let us conclude that the RER2
gene is in fact responsible for the cis-prenyltransferase activity
in yeast.

SEC59 has been known to encode dolichol kinase, an en-
zyme required to complete the Dol-P synthesis pathway (see
Fig. 14) (17). RER2 on a multicopy plasmid partially sup-
pressed the temperature-sensitive growth of the sec59 mutant
at 35°C (Fig. 13). This observation strengthens our conclusions
described above. Perhaps the elevated amount of de novo-
synthesized dolichol from the overexpression of RER2 sup-
presses the partial defect of dolichol kinase.

DISCUSSION

In this paper, we have presented genetic and biochemical
evidence that the yeast RER2 gene encodes the cis-prenyltrans-
ferase enzyme Dedol-PP synthase. The in vivo function of
dolichol and its derivatives, which was never assessed before, is
discussed below.

Dolichol synthesis and rer2 mutant phenotypes. Dolichol, a
polyisoprenoid derivative, has been known to play essential
roles in protein glycosylation (8). In N-linked glycosylation, the
precursor oligosaccharide is preassembled on Dol-P and then
transferred to proteins. Dol-P is also needed for O-linked gly-
cosylation and GPI precursor synthesis in yeast. However, its
biosynthesis has remained one of the least understood reac-
tions in the metabolic pathways. Basically all isoprenoid com-
pounds of eukaryotes, including sterols, ubiquinones, and doli-
chol, are synthesized from mevalonate. The first branch in this
pathway to the synthesis of dolichol is the formation of long-
chain (Cg4s to C,q) polyprenyl diphosphate (Dedol-PP) by
addition of isoprenyl units from IPP to FPP. This reaction is
catalyzed by a single enzyme, cis-prenyltransferase (Fig. 14).
Although the activity of this enzyme can be detected in crude
extracts and membrane fractions (1, 2, 55), the gene encoding
this enzyme was never identified. The details of the later steps
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FIG. 14. (A) Role of carrier lipids in two systems. The unit of peptidoglycan is preassembled on UP-P in prokayotes, whereas the core oligosaccharide complex in
N glycosylation is synthesized on Dol-P in eukaryotes. Both lipids are derivatives of long-chain polyprenol. (B) Biosynthetic pathway of dolichol.

of dolichol synthesis, including a-saturation, dephosphoryla-
tion, and phosphorylation, are not well established either.

rer2 mutants, yeast mutants which we isolated as defective in
the correct localization of Sec12p, show defects in early steps
of N- and O-linked glycosylation. However, their other pheno-
types, including mislocalization of multiple ER proteins and
accumulation of aberrant ER and Golgi, were not previously
reported for many known glycosylation mutants. Moreover,
Rer2p homologues are found not only in eukaryotes but also in
prokaryotes. Thus, we were interested in determining the gen-
eral function of this protein family.

The Rer2p family is cis-prenyltransferase, an enzyme con-
served from prokaryotes to eukaryotes. The link between the
Rer2p family and cis-prenyltransferase was revealed by our
study of the E. coli RER2 homologue, the 0253 gene. This gene

turned out to be essential for growth in E. coli, and its tem-
perature-sensitive, conditional-lethal mutants showed a defect
in cell wall synthesis. The synthesis of bacterial peptidoglycan,
the major constituent of the cell wall, also utilizes a polyprenol
compound, UP-P, as the sugar carrier. The unit of peptidogly-
can (a disaccharide with a peptide side chain) is preassembled
on UP-P, a reaction similar to the oligosaccharide synthesis
on Dol-P (Fig. 14). The synthesis of UP-P is also catalyzed
by a cis-prenyltransferase enzyme, undecaprenyl diphos-
phate (UP-PP) synthase, and the only difference from Dedol-
PP synthase is the chain length of the product. We measured
the activity of UP-PP synthase for the 0253 temperature-sen-
sitive mutants and found that it was in fact markedly decreased
in the mutants (21a). Furthermore, while these studies were in
progress, we learned that Koyama’s group at Tohoku Univer-
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sity cloned a Micrococcus luteus gene that encodes UP-PP
synthase (47). This gene was the M. luteus counterpart of the E.
coli 0253 gene. They showed not only that the overexpression
of this gene increases the synthesis of UP-PP but also that the
purified gene product has the enzyme activity (47). These re-
sults lead to the conclusion that these prokaryotic genes en-
code UP-PP synthase, which is essential for peptidoglycan bio-
synthesis.

For the yeast RER2, we have demonstrated that the rer2
mutants are deficient in the Dedol-PP synthase activity. The
overexpression of RER?2 results in an increase of the activity.
Furthermore, the overexpression of RER?2 partially suppresses
the temperature sensitivity of the sec59 mutant, a dolichol ki-
nase mutant. Taking all of these observations together, we
conclude that members of the RER2 gene family encode cis-
prenyltransferase, which synthesizes Dedol-PP in eukaryotes
and UP-PP in prokaryotes. Since Dedol-PP is the precursor of
dolichol, which is essential for protein glycosylation and GPI
synthesis, the glycosylation defects of the rer2 mutants are all
well explained. SRT probably encodes an isozyme of Dedol-
PP synthase, although it appears to play a minor role in the in
vivo activity.

Subcellular localization of Rer2p. It has been reported that
the cis-prenyltransferase activity is associated with microsomal
membranes (2, 55). This is consistent with the results of our
fractionation experiment that 3HA-Rer2p is a peripheral but
tightly associated membrane protein and colocalizes with an
ER marker. However, immunofluorescence microscopy has
revealed that 3HA-Rer2p is not continuously present in the
ER but rather shows a quite restricted localization. A fascinat-
ing explanation for this may be that Rer2p is localized to a
subregion of the ER membrane that is specialized for dolichol
synthesis. In the yeast Saccharomyces carlsbergensis, the forma-
tion of dolichol was observed when an in vitro assay was per-
formed with the intact membrane, but Dedol-PP was not effi-
ciently converted to dolichol when the enzyme was solubilized
(7). The enzymes in dolichol synthesis might form a complex or
be concentrated in the ER subdomain to increase the efficiency
of the sequence of reactions.

Physiological function of dolichol. Do the defects in N and
O glycosylation as well as in GPI anchor synthesis due to the
deficient dolichol synthesis explain all of the phenotypes of the
rer2 mutants? Formally, glycosylation mutants can have quite
pleiotropic phenotypes, because they are deficient in a variety
of glycoproteins. However, among a large number of yeast
glycosylation mutants so far isolated, several phenotypes may
be unique to the rer2 mutants. For example, intracellular mem-
brane structures are quite abnormal in the rer2 mutants. The
ER membranes are extensively elongated and accumulated,
and the Golgi membranes form ring-like structures. Although
information on the intracellular morphology in glycosylation
mutants is very limited, the sec53 mutant, a phosphomanno-
mutase mutant, was reported to show no appreciable lesion in
the membrane structures (13). The sec59 mutant, a dolichol
kinase mutant, was reported to exhibit some extension and
fragmentation of the ER membrane, but this was not drastic
like that of the rer2 mutants (13). Tunicamycin treatment,
which shuts off N-linked glycosylation, does not seem to affect
organellar morphologies so dramatically. We would argue that
the accumulation of abnormal membranes in the rer2 mutants
is not a general outcome of glycosylation deficiency. The most
important phenotype of the rer2 mutants from the viewpoint of
membrane trafficking is that they mislocalize various ER pro-
teins (Sec12-Mfalp, Mfal-Sec63p, Mfal-Sec71p, and BiP) to
later compartments of the secretory pathway. Examination of
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such a phenotype has not been performed for other glycosyla-
tion mutants and is now under way in our laboratory.

The difference between the rer2 and sec59 mutants is partic-
ularly intriguing, because both are defective in the supply of
the final product of the lipid carrier, Dol-P, and the greatest
difference is that the rer2 mutant lacks all of the derivatives of
polyprenol but the sec59 mutant can make dolichol. If they
indeed differ in phenotypes, this will provide a good clue to
understand a novel, as-yet-unknown physiological function of
dolichol. There are some reports that the presence of dolichol
or Dol-P in the lipid bilayer alters the membrane properties of
model liposomes (8, 20, 45, 54). It is possible that dolichol and
its derivatives have a structural role in membranes. The regu-
lation of the dolichol level and its phosphorylation may be
important to maintain the organellar membrane integrity. An
interesting observation along this line is that ergosterol syn-
thesis seems to be activated in rer2 mutants (Fig. 12), suggest-
ing that a mechanism to balance dolichol and sterol exists.
Alternatively, dolichol might positively participate in various
cellular functions, such as protein sorting in the secretory
organelles. rer2 and srtI mutants will provide important tools to
reveal the physiological roles of this least-studied lipid in
eukaryotes, and we will continue these efforts in our future
projects.
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