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Cytochrome P450 sterol 14-demethylase (P450-CYP51) is the enzyme that catalyzes 14a
demethylation of lanosterol, a step in ergosterol biosynthesis, on the cytoplasmic side of
the endoplasmic reticulum (ER) in Saccharomyces cerevisiae. To investigate its localiza-
tion and the localization mechanism(s), we constructed a chimera by inserting a 30-resi-
due segment, Leu28S-Leusu of P450-CYP51 containing a potential JV-glycosylation site in
the cytoplasmic region, into the N-terminus of the same protein and tagging the C-tenni-
nus with three repeats of a hemagglutinin epitope. This chimera complements gene dis-
ruption on a single-copy vector and undergoes JV-glycosylation, showing that it
functions normally in vivo. Indirect immunofluorescence microscopy revealed that this
chimera is localized exclusively to the ER when it is expressed on either a single-copy or
multicopy vector. We carried out pulse-chase experiments and found that this chimera,
when expressed on a multicopy plasmid, gradually undergoes al->6 glycosylation, a cis-
Golgi-specific modification, but not otl—>3 glycosylation, a medial Golgi-specinc modifica-
tion. In contrast, a single-copy expression of this chimera does not lead to the cw-Golgi-
specific modification. These findings suggest that, when expressed on a multicopy plas-
mid, a fraction of this chimera is transported from the ER to the cis-Golgi compartment
and subsequently recycled to the ER, but when expressed on a single-copy plasmid, no
significant transport of this protein from the ER takes place. We thus suggest the possi-
bility that cytochrome P450 is retained in the ER by a saturable static mechanism.
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For proper functioning of eukaryotic cells, proteins need to action with the motif (8,9). Others possess an ER retrieval
be localized to specific organelles. Secretory and cell-surface motif (8L) containing a critical aromatic residue in the cyto-
proteins are generally thought to be exported from the en- plasmic domain that interacts with COPI (10). In addition,
doplasmic reticulum (ER) via the Golgi apparatus to the the RER1 gene product functions in the Golgi membrane of
plasma membrane m the absence of specific signals (1). Saccharomyces cerevisiae to return to the ER a set of inte-
Specifically, this requires that proteins that function exclu- gral membrane proteins including Secl2p, Sec71p, and
sively in the ER must possess specific motif(s) that make Sec63p (11-13) by recognizing a particular structural motif
them dynamically recycled from the Golgi apparatus or in the transmembrane domains of these proteins (14; Sato,
statically retained. K, Sato, M, and Nakano, A., unpublished results).

Many ER luminal proteins possess a KDEL or related Phenobarbital-inducible cytochrome P450 was shown to
signal at their C terminus (2,3) and are known to be recog- be exclusively localized to the ER in rat liver cells by immu-
nized by its receptor in the Golgi and recycled to the ER (4— noelectron microscopy (15-18). The same conclusion was
6). Some ER membrane proteins have a dilysine motif at reached with the use of a chimeric rabbit cytochrome P450
the C-terminal end of the cytoplasmic domain (7) and are 2C2 protein (19) and fusion proteins containing P450 (Ml)
retrieved from the Golgi to the ER through coatomer inter- (20). The latter study also found the N-terminal hydropho-

bic segment sufficient for the ER membrane retention.
1 This work was supported by Grants-in-Aid for Scientific Research Moreover, the cytoplasmic domain of Secl2p was discov-
firom the Ministry of Education, Science, Sports and Culture of Ja- ered to contain the ER retention signal, while the trans-
P811- membrane domain was found mainly to act as the retrieval
1 To whom correspondence should be addressed. E-mail: nakano© sienal (14)
K v f a ^ E R ^ n d o p l a s m i c reticulum; DAPI, 4',6'-<hamidino-2- Microsomal cytochrome P450 in general is a type I inte-
phenylmdole; HA, hemagglutinin, endo H, endoglycomdase H, SDS, g™1 membrane protein with a short N-terminal segment
sodium dodecyl sulfate, that serves both as an insertion signal and as a stop-trans-

fer sequence (21-23) or as a transmembrane segment right
© 2000 by The Japanese Biochemical Society next to the signal-anchor sequence (24-26). The signal-
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anchor function is determined by the charges of the N-ter-
minal amino acid residues and the length of the transmem-
brane domain (27-29). Following the transmembrane do-
main, a proline-rich region is present in all known microso-
mal cytochrome P450s, and the proline residues were sug-
gested to be crucial for assuming the correct conformation
(30). A catalytic, heme-containing domain located C-termi-
nal to the pronne-rich domain is peripherally associated
with the cytoplasmic surface of the ER membrane (31). A
protein rotation study revealed a transient association of
cytochrome P450 C21 with NADPH-cytochrome P450 re-
ductase (32), which serves as an electron transfer enzyme
from NADPH to cytochrome P450 species.

Examinations of cytochrome P450 2C2 mobility in the
ER membrane indicated that exclusion of this protein from
the recycling pathway is not mediated by immobilization in
large protein complexes (33). The N-terminal amino acids
including the transmembrane domain of P450 2C1 and Ml
were reported to be sufficient for retention in the ER (34,
20). The ER retention of cytochrome P450 2C2, on the other
hand, is mediated by its cytoplasmic domain as well as N-
terminal hydrophobic domain (35).

The demethylation of lanosterol 14a is required for bio-
synthesis of ergosterol in S. cerevisiae (reviewed in Ref 36)
and of cholesterol in mammals (37). The enzyme catalyzing
this reaction, cytochrome P450-CYP51, was punned from
S. cerevisiae (38-40) and was found in all yeast strains
tested (41). The gene encoding the protein, ERG11/CYP51,
was cloned using as the indicator conferment of resistance
to ketoconazole, an inhibitor of the reaction step (42, 43),
and its expression was shown to be controlled by multiple
regulatory elements (44). Although the gene was demon-
strated to be essential for aerobic growth (43), a strain con-
taining null mutations in both ERG11/CYP51 and ERG3
is aerobically viable (45), because 14-methyl fecosterol is
produced instead (46). Rat and human cDNAs for P450-
CYP51 were subsequently cloned (47, 48) and found to be
highly homologous to the yeast counterpart.

In this study, we constructed a chimera of cytochrome
P460-CYP51 of S. cerevisiae which undergoes iV-linked gly-
cosylation. Indirect immunofluorescence microscopy reveal-
ed that this chimera is exclusively localized to the ER even
when it is expressed on a multicopy plasmid. When ex-
pressed on the multicopy plasmid, however, it was found to
undergo cis-Golgi-epecific but not medial Golgi-specific gly-
cosylation, indicating that the chimera is retrieved from the
Golgi apparatus to the ER. In contrast, the chimera ex-
pressed on a single-copy plasmid did not exhibit any signifi-
cant Golgi-specific modifications, suggesting its static reten-
tion in the ER We thus report a possible dosage-depen-
dence of the ER retention of cytochrome P460.

MATERIALS AND METHODS

Strains and Culture Conditions—The S. cerevisiae
strains used in this study are listed in Table I. The com-
plete, minimal, and sporulation yeast media and proce-
dures of tetrad analysis were as described (49). For genetic
manipulation, Escherichia coh strains DH5a (Bethesda Re-
search Laboratories, Gaitherburg, MD) and SCSI (Strat-
agene, La Jolla, CA) were used.

Plasmids and DNA Manipulations—DNA manipula-
tions, including restriction enzyme digestion, ligation, bac-

TABLE I Strains used in this study.
Strain
ANY21

ANY200

KHY02

KHY09

KHY12

KHY13

KHY14

KHY15

KHY16

SNS218-3C

Genotype
MATa ura3 Ieu2 trpl his3 his4 suc2
gal2
MATalMATa ura3/ura3 Ieu2/leu2
trpl /trpl his3lhus3 his4/his4 suc2/
suc2gal2/gal2
MATa ura3 trpl his3 his4 suc2 gal2
ergll Icyp51 \LEU2 [pYO326-ERGll 1
CYP51]
MATa ura3 trpl fus3 his4 suc2 ga!2
ergll lcyp51:iLEU2 [pYO326-chimera
Ml
MATa ura3 Ieu2 trpl his3 fus4 suc2
gal2 [pRS316-chunera N]
MATa ura3 Ieu2 trpl his3 his4 suc2
gal2 [pYO326-chimera N]
MATH rerl 1EU2 ura3 Ieu2 trpl his3l
his4 gal2 [pYO326-chimera N]
MATapepk ADE2 ura3 trpl his3/his4
gal2 [pYO326-chimera N]
MATa rerl LEU2 pep4:ADE2 Uu2
ura3 trpl his3 [pYO326-chimera N]
MATa secl8-l ura3 Iys2 ade2 trpl his3
Ieu2 barl\HIS3 mfaVADE2
mfa2..TRPl

Reference
56

12

This study

This study

This study

This study

This study

This study

This study

11

terial transformation, and plasmid isolation were carried
out by standard methods. For DNA fragment purification,
the DNA PREP kit (Asahi Glass, Tokyo) was routinely
used. DNA sequencing was performed with an automated
DNA sequencer (Model 373A, Applied Biosystems, Foster
City, CA). Yeast transformation was carried out by the lith-
ium acetate method (49). A yeast multicopy replication
plasmid, pYO326 (URA3) (50), and a single-copy plasmid,
pRS316 (URA3) (51), were previously described.

To facilitate construction of a chimera, we first intro-
duced a BamYR site near the 5' terminus of the ERG11I
CYP51 gene using PCR. The first PCR fragment was am-
plified with the oligomers 5'-CAATCTTAAAGGCCGATA-
ATCCAC-3' and 5^(?TCG«ATCCTCCTTGTATTACTCGT-
TTGTTC-3' using as template the pBluescript SK- plasmid
(Stratagene, La Jolla, CA) containing the ERG11/CYP51
gene together with the flanking sequences from —404 bp
(Clal site) to 2260 bp (Hindlll site). The amplified frag-
ment was digested with BaniHI and gel-purified. Another
fragment was amplified by PCR with the same template
but with 5'-CTCGGATCCTCTGCTACCAAGTCAATCG-3'
and 5'-CGTCAATAGTACCAGTAGT-3', double-digested
with SamHI and Styl, and similarly purified. The two frag-
ments were then ligated to the above-mentioned plasmid
digested with Clal and Styl, to produce a plasmid identical
with the original one except for a BaniHI site introduced at
the N-terminus of the ERG11/CYP51 gene. The sequence
of the obtained plasmid was confirmed, and the 2.7-kbp
Smal fragment containing the mutated gene was then
ligated to pYO326 digested first with BamYO., blunt-ended
with T4 DNA polymerase, and then Ctol-digested. We next
introduced an HA epitope tag with 3 repeats at the 3' ter-
minus of the ERG11/CYP51 gene. For this purpose, we
first annealed together two pairs of primers: 5'-GATCTAC-
CCATACGATGTTCCGGATTACGCTTACCCATACG-3'
and 5'-GCACATCGTATGGGTAAGCGTAATCCGGAACA-
TCGTATGGGTA-3'; and 5'-ATGTGCCGGATTACGCTTA-
CCCATACGATGTACCGGATTACGCTTA-3' and 5'-GAT-
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CTAAGCGTAATCCGGTACATCGTATGGGTAAGK3GTAA-
TCCG-3'. Then the two sets of annealed fragments were
separately phosphorylated with bacteriophage T4 polynu-
cleotide kinase (New England Biolabs, Beverly, MA), fol-
lowed by heat-inactivation of the kinase. The two seta of
double-stranded DNA were cloned in a three-piece ligation
into the above-described vector digested with Bglll
(pYO326-ERGll/CYP51-3HA), and the direction and
sequence of the HA tag were subsequently confirmed. The
last construction step was to insert a 30-amino-acid peptdde
of P450-CYP51, Leu^-Leu312 , into the N-terminus. We
thus PCR-amplified the portion of the ERG11/CYP51 gene
with 5'-CTCGGATCCATTGATCGATTCCTTGATGAAGA-
AC-3' and 5'-CTCGGATCCTAAGACACCAATTAACAAGT-
TAGCG-3' as primers and BamHI-digested and gel-punfied
the amplified fragment. The fragment was then inserted in
to the BamYD. site of pYO326-ERGll / CYP51-3HA to pro-
duce chimera N on multicopy plasmid (pYO326-chimera
N). After sequence confirmation, the ClalSacl fragment
containing chimera N was ligated to the similarly digested
pRS316 single-copy vector (pRS316-chimera N). We also
inserted the ERG11/CYP51 gene with the flanking
sequence into pYO326 to make pYO326-ERGll ICYP51 for
use as control.

To disrupt the ERG11/CYP51 gene, we first digested
pJJ250 plasmid with Sail, blunted the ends, then digested
with Bamm. The ERG11/CYP51 gene-carrying pBlue-
scnpt plasmid described above was digested with Styl,
blunt-ended, then digested with BgUl. The 2.0-kbp insert
and the 4.3-kbp vector were ligated, and the resultant plas-
mid was triple-digested with HindlO., Xhol, and Seal to
produce a 3.3-kbp fragment containing the ERG11/CYP51
gene with the portion from 195 bp to the 3' terminus
replaced by the LEU2 gene. Transformation of ANY200
cells with this fragment led to disruption of one copy of the
ERG11/CYP51 gene, which was confirmed by Southern
hybridization. The diploid cells were sporulated and sub-
jected to tetrad dissection,

Cytochrome P450 Sterol 14-Demethylase Assay—The bio-
chemical assay of lanosterol 14a demethylase activity was
carried out as previously published (47).

Antibodies—12CA5 and 16B12, monoclonal antibodies
recognizing the HA epitope from human influenza virus
hemagglutinin, were from Boehringer Mannheim (India-
napolis, IN) and Berkeley Antibody Company (Richmond,
CA), respectively. Fluorescein-conjugated goat anti-mouse
IgG was purchased from Organon Teknika (Durham, NC),
while FXab'̂  fragment of horseradish peroxidase-linked
anti-mouse Ig came from Amersham Life Science (Amer-
sham Place, UK). Mouse anti-P450 polyclonal antibody was
raised against a fusion protein of glutathione-S-transferase
(Pharmacia, Tokyo) and the Pro^-Lys629 peptide of P450-
CYP51, and the obtained antiserum was used without puri-
fication,

Immunofluorescence Microscopy—Fixed yeast cells were
prepared as described (52) with the modification that the
fixing was done for 1 h at 30°C. After permeabiUzation with
0.1% Triton X-100, we stained the fixed cells according to
the published method (49), using the 16B12 antibody at
X100 dilution as the primary antibody and fluorescein-con-
jugated goat anti-mouse antibody at 10 ug/ml as the sec-
ondary antibody, followed by 4',6'-diamidino-2-phenylindole
(DAPI) staining at 0.6 ng/mL The treated cells were ob-

served and images were recorded using an Olympus BH-2
photo microscope connected to an Apple computer.

Pulse-Chase Experiments—Metabolic labeling of yeast
cells and cell extract preparation were earned out as previ-
ously described (52), except that cells expressing chimera N
on the multicopy and the single-copy plasmid were respec-
tively labeled with 1.4 MBq (Tran35S-label, Amersham) for
10 min and 7.4 MBq for 30 min. The extracts were sub-
jected to the lmmunoprecipitation procedures and endogly-
coadase H (endo H) digestion as formerly described (14)
except that the second immunoprecipitation with anti-
al—»3 mannose antibody was omitted for the chimera N
extracts expressed on the single-copy plasmid. The samples
were then analyzed by use of 11% polyacrylamide sodium
dodecyl sulfate (SDS) gels and fluorography as described
(52). A Fuji Film image analyzer BAS-2000 was used for
observation and quantification.

RESULTS

Construction of Chimera N—To analyze the localization
of P450, we first introduced potential N-glycosylation sites
by mutating the N-terminal luminal segment, but found
that none of the mutated proteins underwent 2V-glycosyla-
tion (data not shown). Following the example of Szczesna-
Skorupa and Kemper (28), we then constructed chimera N
by inserting an HA epitope tag at the C-terminus and by
inserting a copy of a cytoplasmic 30-residue segment of
P450-CYP51, Leu^-Leu312, which contains a potential N-
glycosylation site, right after the N-terminal Met residue
(Fig. 1). This chimera is comprised of 591 residues and com-
plements ERG11/CYP51 gene disruption on a single-copy
plasmid (data not shown). Moreover, the specific lanosterol
14a demethylase activity of &Aergll/cyp51 strain carrying
this chimera on a multicopy plasmid (KHY02) turned out
to be even larger than that of a Aergll/cyp51 strain with
the wild-type ERG11/CYP51 gene on a multicopy plasmid
(KHY09) (395 vs. 160 pmol/min/nmol P450).

Chimera N Is Glycosylated—We examined whether chi-
mera N is N-glycosylated by testing endo H sensitivity of
the protein. Chimera N was expressed on a multicopy or a
single-copy plasmid, protein extracts were prepared, and
portions of the extracts were subjected to endo H digestion.
When a wild-type sample was analyzed by Western blotting

Ergiip TMD

283t_eu-312Leu

Chimera N

530

3HA

591

f Potento) AfglycosytatJon site

TWD* Traranicidjune domam

Fig. 1 Construction of chimera N. Construction of chimera N is
illustrated. P450-CYP51 is an integral membrane protein with its
N-terminus in the ER lumen and the catalytic domain exposed to
the cytoplasmic side.
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using an anti-HA antibody, there was no significant stain-
ing (Fig. 2, lane 1). The extracts of chimera N-expressing
cells without endo H treatment gave a band at approxi-
mately 67 kDa, with higher intensity for the higher expres-
sion level (lanes 2 and 4). The corresponding samples with
endo H digestion produced a shifted band with the appar-
ent molecular weight of 65 kDa (lanes 3 and 5). The endo H
sensitivity indicates that chimera N is Af-glycosylated. On
the other hand, the P450-CYP51 species merely tagged
with 3HA at the C-terminus, i.e., chimera N without the N-
terminal insertion, did not exhibit endo H sensitivity (data
not shown), suggesting that it is the N-terminaUy inserted
segment of chimera N that is iV-glycosylated. In addition,
with the high expression level, a faint band with the same
migration distance as that of the endo H-treated samples
is visible Qane 4), corresponding to the unglycosylated frac-
tion of chimera N.

Chimera N Is Localized to the ER—We next examined
the localization of chimera N by indirect unmunofluores-
cence microscopy using an anti-HA antibody. A strain car-
rying this chimera on a single-copy plasmid showed fluo-
rescence emanating exclusively from the ER (Fig. 3, panels
c and d) (see Ref 14), while the corresponding wild-type
strain with no plasmid gave no significant fluorescence
(panels a and b). Furthermore, the identical strain harbor-
ing chimera N on a multicopy plasmid revealed exclusive
ER localization of the chimera (panels e and f). Thus chi-
mera N is exclusively localized to the ER even when ex-
presssed on a multicopy plasmid.

Chimera N Acquires cis-Golgi-Specific Modification—To
investigate whether the ER localization of chimera N is
achieved by static retention or recycling from the Golgi, we
carried out pulse-chase experiments with a wild-type strain

WT Chimera N

EndoH

Chimera
N —

Single

+
Multi

kDa
83

- 6 2

-47.5

32.5

Fig. 2 Chimera N undergoes JV-linked glycosylation. ANY21
(wild-type), KHY12 (ANY21 with chimera N on a Bingie-copy plas-
mid), and KHY13 (ANY21 with chimera N on a multicopy plasmid)
cells were grown in MCD medium with appropriate supplements at
30°C Protein extracts were prepared from exponentially growing
cells by agitation with glass beads in the SDS gel sampling buffer.
Aliquots of the KHY12 and KHY13 extracts were subjected to en-
doH digestion. Proteins (50 (ig per lane) were separated on an 11%
SDS—polyacrylamide gel and subjected to immunoblottuig analysis
with the 12CA5 monoclonal antibody against the HA epitope. Chi-
mera N was detected at around the expected molecular weight (ar-
row). The other bands on lanes 4 and 5 are considered to be its
degradation products.

transformed with the multicopy plasmid carrying the chi-
mera. Cells were pulse-labeled with Tran^S-label for 10
min, chased for 0, 1, or 2 h, then subjected to immunopre-
cipitation analysis. As Fig. 4A shows, chimera N undergoes
degradation (compare lanes 1, 4, and 7), while the amount
of chimera N with al->6 mannosyl linkages (cis-Golgi spe-
cific modification) increased slowly with time (lanes 2, 5,
and 8), but that with al—»3 mannosyl linkages (medial
Golgi-specific modification) decreased Qanes 3, 6, and 9).
Quantification of 10 independent experiments (Fig. 4B)
revealed that the fraction of al->6 glycosylated chimera
increased with time, while that of al->3 glycosylated chi-
mera remained essentially unchanged. A pulse-chase anal-
ysis of a secl8-l strain SNS218-3C (11) transformed with
the multicopy plasmid carrying chimera N at 37°C (restric-
tive temperature) and 24°C (permissive temperature)
showed that this chimera did not acquire al—»6 linkages at
the restrictive temperature, but did so at the permissive
temperature (data not shown). This control experiment ver-
ifies that the portion of chimera N that undergoes the cis-

Fig 3. Chimera N is localized to the ER. ANY21 (wild-type) (a
and b), KHY12 (ANY21 with chimera N on a single-copy plasmid, c
and d), and KHY13 (ANY21 with chimera N on a multicopy plas-
mid, e and 0 cells cultured as in the legend of Fig. 2 were analyzed
by immunofluorescence microscopy using the 16B12 anti-HA anti-
body Images of the same fields with DAPI DNA staining (a, c, and
e) and with the antibody (b, d, and f) are presented

J Biochem
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1 2

Chase time (h)

0 1 2

Chase time (h)
Fig 4. Pulse chase experiments with chimera N expressed on
a multicopy plasmid reveal a cts-Golgi specific modification.
A strain harboring chimera N on a multicopy plasmid (KHY13) and
an isogenic strain with the RER1 gene deleted (KHY14) were pulse-
labeled for 10 mm, chased for the indicated times, lmmunoprecipi-
tated first with the anti-P450-CYP51 antibody and second with the
same antibody (P450), an antibody against otl->6 mannosyl linkage
(al,6), or one against al->3 mannosyl linkage (al,3), and endo H di-
gested as in "MATERIALS AND METHODS " (A) An example of ra-
dioimages with KHY13 (B) Quantified data from six mdependent
experiments with KHY13 The averages and the standard devia-
tions of the mean are shown Open squares, fraction of a\—>€ man-
nose modified; closed diamonds, fraction of al->3 mannose modified.
(C) Data from six independent experiments with KHY14 are quanti-
fied and presented as m (B)

Golgi-specific modification reaches the compartment via
the secretory pathway, which is blocked in secl8-l strain at
the restrictive temperature.

To test whether glycosylation depends on Rerlp, we car-
ried out the same pulse-chase experiments with an isogenic
Arerl strain carrying chimera N on the same multicopy
plasmid. Chimera N in this strain exhibited the same gly-
cosylation trends as in the wild-type strain, as quantified
data show (Fig. 4C). That is, the Arerl strain also shows a
gradual increase with time in the fraction of al->6 glycosy-
lated chimera, but no significant change in the fraction of
al—>3 glycosylated chimera. Thus the recycling of this chi-
mera is Rerlp-independent.

Degradation of Chimera N Is Pep4p-Independent—As the
degradation of this chimera is rapid, we investigated
whether it is Pep4p-dependent. The degradation time-
course of chimera N in pulse-chase experiments in the
wild-type strain was compared with that in an isogenic
Apep4 strain (Fig. 5A). They did not differ significantly,

0 1 2
Chase time (h)

Fig. 5. Degradation rate of chimera N is independent of
Pep4p. (A) A strain harboring chimera N on a multicopy plasmid
(KHY13) and an isogenic strain with the PEP4 gene deleted
(KHY15) were pulse-chased and immunoprecipitated once with the
anti-P450 antibody, then endo H-treated as m "MATERIALS AND
METHODS" Each sample was subjected to SDS-PAGE and radio-
imaging and the band corresponding to the chimera was quantified.
The presented data are the averages and the standard deviations of
the mean of five mdependent experiments. (B) A Arerl strain ex-
pressing chimera N from a multicopy plasmid (KHY14) and the
isogenic strain with the PEP4 gene deleted (KHY16) were examined
as in (A), except that experiments were repeated four tunea Open
squares, PEP4, closed diamonds, Apep4

showing that the degradation was not slowed by disruption
of the PEP4 gene in the RER1 background. Similarly, the
time course of chimera N degradation in Arerl strain was
not significantly different from that in an isogenic Arerl
Apep4 strain (Fig. 5B). Thus the degradation of chimera N
is independent of the PEP4 gene both in the RER1 and
Arerl backgrounds.

Recycling of Chimera N Is Not Apparent at a Low Ex-
pression Level—Is the apparent leakage of chimera N to
the cw-Golgi compartment dependent on expression level?
To answer this question, we performed pulse-chase experi-
ments with the wild-type strain carrying the chimera on
the single-copy plasmid. As Fig. 6A shows, a very small
amount of al->6 glycosylated chimera was observed, which
decreased with time. The fraction of the al—>6 glycosylated
chimera remained essentially at the background level (Fig.
6B). Hence no significant fraction of chimera N reaches the
cis-Golgi compartment when it is expressed on the single-
copy plasmid.

DISCUSSION

Based on the results, we suggest that chimera N, which
contains an iV-glycosylation site at the N-terminus of P450-
CYP51, is localized to the ER by two mechanisms. When it
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Oh 1 h 2h

P450 a1,6 P450 a1,6 P450 o1,6

o i 2
Chase time (h)

Fig. 6. Pulse chase experiments with chimera N expressed on
a single-copy plasmid reveal no significant cis-Golgi specific
modification. The strain harboring chimera N on a single-copy
plasmid (KHY12) was pulse-labeled for 30 min, chased for the indi-
cated tunes, and subjected to irnmunoprecipitation. The second pre-
cipitations were earned out in two ahquots and examined as in the
legend of Fig 4. (A) A representative radioimage. (B) Quantified
data from triplicates. The averages and the standard deviations of
the mean are graphically presented.

is overproduced, a considerable fraction acquires a cis-
Golgi-specLnc modification, implying that Golgi-to-ER re-
trieval takes place. At the low expression level, however,
such recycling is not easily detectable and the static reten-
tion mechanism seems to dominate. That such a chimera of
P450 is recycled from the cis-Golgi when overexpressed is
in apparent disagreement with the previous reports that
P450 2C1 and Ml do not reach the Golgi apparatus in COS
cells (19, 20). Although the use of different P450 species
and unequal expression levels may have contributed to the
discrepancy, our results raise an interesting possibility that
even molecules, like P450, that are normally retained stati-
cally in the ER can be retrieved from the Golgi when the
retention mechanism is saturated. Further study will test
the general applicability of the present findinga

We were fully aware of the possibility that such an artifi-
cial chimera might assume the wrong topology with respect
to the membrane. However, if most of the constructed chi-
mera were inserted into the ER membrane in the reverse
orientation, the enzymatic activity would be negligible, in
disagreement with the single-copy complementation of an
ergll/cyp51 disruptant by this chimera and the biochemi-
cal assay data. Can a small fraction of the chimera be re-
versely inserted? With three potential A^-glycosylabon sites
in the portion corresponding to the cytoplasmic region in
the normal orientation, the reversely inserted chimera may
well acquire an iV-glycosylation pattern different from that
of the properly oriented one. Therefore, a significant frac-
tion of chimera N reversely inserted would give more than
two protein species reacting with an anti-HA antibody
before endo H digestion, in contradiction to the Western
blotting data (Fig. 2). Thus most of chimera N must be in
the proper orientation.

Indirect immunofluorescence microscopy revealed that,
even when expressed on the multicopy plasmid, the chi-
mera is exclusively localized to the ER and the expression

does not lead to proliferation of the ER, as observed when
Candida maltosa P-450 forms (Cml and Cm2) were ex-
pressed in & cerevisiae cells (53). The expression level on
the multicopy plasmid is not expected to be very high, as
only UAS2 in the original ERG11/CYP51 promoter (44)
was included in the construction, while the increased ER
membrane formation reported was detected when the pro-
tein expression was induced by the strong GAL10 pro-
moter. It is of interest that even at this expression level
some of the chimera reaches the cis-Golgi compartment.

Although multicopy expression of chimera N leads to a
progressive increase in the fraction undergoing al—>6 gly-
cosylation, it leaves the chimera with al—>3 glycosylation
at the background level (Fig. 4). These observations indi-
cate that a significant fraction of this chimera reaches the
cis-Golgi, but not the medial Golgi compartment. As this
chimera is exclusively localized to the ER, the portion of
chimera N that reaches the cw-Golgi is likely to be rapidly
recycled to the ER, as is the case with many other ER-resi-
dent proteins. That is, short transit time outside the ER
must give the appearance of exclusive ER localization. This
is not inconsistent with the immunoelectron microscopic
observations of cytochrome P450 (PB) (15-18).

How is this recycling to the ER achieved then? This chi-
mera does not possess any of the known retrieval signals,
namely, HDEL, KKXX 8L, or the Secl2p-type transmem-
brane motif We additionally found that the chimera re-
trieval is independent of Rerlp (Fig. 4). Thus the retro-
grade transport of this chimera must be mediated by a
hitherto unknown mechanism.

The chimera is significantly degraded during the chase
time (61% is degraded in 2 h when expressed on a multi-
copy vector in the wild-type strain, Fig. 5A). As 67% of the
chimera is degraded within 2 h when expressed on a single-
copy plasmid (data not shown), the process is not slowed
down with the lower expression level. This means that the
degradation is not linked to the transport from and re-
trieval to the ER, as the cts-Golgi-specific modification is
evident only when the chimera is expressed on the multi-
copy plasmid. In addition, the fact that the degradation is
not slowed in Apep4 strains (Fig. 5) suggests that the chi-
mera is not degraded in the vacuole, because Pep4p is
essential for maturation of most vacuolar hydrolases (54).
Whether wild-type P450-CYP51 is similarly degraded will
be answered by future investigation.

If the static retention mechanism of chimera N is indeed
saturable, it is interesting to note that cytochrome P450-
(PB) and NADPH-cytochrome P450 reductase were sug-
gested to form a monomolecular 1:1 complex in rat liver
microsomes (55). It is possible that, when overexpressed,
some fraction of the chimera fails to form a complex with
P450 reductase in the ER, leading to transport to the cis-
Golgi. It is likely that wild-type P450-CYP51 shows satura-
bility of static retention in the ER, too, because the chimera
contains all the wild-type sequences including the critical
transmembrane domain and functions as the wild-type spe-
ties.
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