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In fission yeast, orthologs of mammalian SREBP and Scap,
called Srel and Scp1, monitor oxygen-dependent sterol synthe-
sis as a measure of cellular oxygen supply. Under low oxygen
conditions, sterol synthesis is inhibited, and Srel cleavage is
activated. However, the sterol signal for Srel activation is
unknown. In this study, we characterized the sterol signal for
Srel activation using a combination of Srel cleavage assays and
gas chromatography sterol analysis. We find that Srel activation
is regulated by levels of the 4-methyl sterols 24-methylene
lanosterol and 4,4-dimethylfecosterol under conditions of low
oxygen and cell stress. Both increases and decreases in the level
of these ergosterol pathway intermediates induce Srel proteol-
ysis in a Scpl-dependent manner. The SREBP ortholog in the
pathogenic fungus Cryptococcus neoformans is also activated by
high levels of 4-methyl sterols, suggesting that this signal for
SREBP activation is conserved among unicellular eukaryotes.
Finally, we provide evidence that the sterol-sensing domain of
Scplisimportant for regulating Srel proteolysis. The conserved
mutations Y247C, L264F, and D392N in Scp1 that render Scap
insensitive to sterols cause constitutive Srel activation. These
findings indicate that unlike Scap, fission yeast Scp1 responds to
4-methyl sterols and thus shares properties with mammalian
HMG-CoA reductase, a sterol-sensing domain protein whose
degradation is regulated by the 4-methyl sterol lanosterol.

Lipid homeostasis in mammals is regulated at the transcrip-
tional level by sterol regulatory element-binding proteins
(SREBPs),* a family of ER membrane-bound transcription fac-
tors (1,2). SREBPs control expression of over 30 genes required
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for low density lipoprotein uptake and synthesis of fatty acids,
triglycerides, phospholipids, and cholesterol (3). SREBP con-
tains two transmembrane segments and is inserted into the ER
membrane in a hairpin fashion such that the N and C termini
are in the cytosol. The N terminus of SREBP is a basic helix-
loop-helix leucine zipper (bHLH-zip) transcription factor. The
C terminus of SREBP binds SREBP cleavage activating protein
(Scap), an ER membrane protein required for the function of
SREBP.

SREBP transcriptional activity is controlled by cellular cho-
lesterol concentration through a negative feedback system. In
cells with high levels of cholesterol, the SREBP-Scap complex is
retained in the ER in an inactive state. ER retention is mediated
by an interaction of Scap with the ER resident protein Insig (4).
A drop in cholesterol levels disrupts the binding of Scap and
Insig, facilitating ER exit of SREBP-Scap and transport to the
Golgi apparatus. In the Golgi, SREBP is activated by two pro-
teolytic cleavage events mediated by the Site-1 and Site-2 pro-
teases (5). Upon cleavage, the N-terminal bHLH-zip domain of
SREBP is released from the membrane and enters the nucleus
to activate transcription of target genes required for lipid
homeostasis.

The sterol-sensing ability of the SREBP pathway is mediated
by Scap, a polytopic ER membrane protein. Scap consists of 8
transmembrane segments and a C-terminal cytosolic domain
that binds to SREBP (1). Transmembrane segments 2— 6 of Scap
comprise the sterol-sensing domain (SSD) that regulates
SREBP activation in response to sterol levels (6). Previous stud-
ies identified three mutations in the SSD (Y298C, L315F, and
D443N) that each render Scap insensitive to sterol levels and
abolish Insig binding, causing constitutive ER exit and proteo-
lytic activation of SREBP (7). Although these residues are
important for Scap function, the exact mechanism by which
Scap measures cellular sterol content is unclear. Recent studies
suggest that cholesterol binds directly to the SSD of Scap and
induces a conformational change in the protein that enhances
Insig binding and ER retention of SREBP-Scap (8 -10).

Recently, our laboratory has characterized orthologs of
SREBP and Scap, named Srel and Scpl, in the fission yeast
Schizosaccharomyces pombe (11). Our studies indicate that
Srel and Scp1 function in an oxygen sensing pathway that mon-
itors sterol synthesis as an indirect measure of cellular oxygen
availability. Under oxygen-replete conditions, oxygen-depend-
ent synthesis of the fungal sterol ergosterol is high, and Srel is
inactive. When oxygen becomes limiting, ergosterol synthesis
is inhibited, leading to rapid proteolytic activation of Srel in a
Scpl-dependent manner (11). Following proteolysis, the solu-
ble N-terminal bHLH-zip domain of Srel enters the nucleus
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and directly activates transcription of genes required for oxy-
gen consumptive pathways including ergosterol, heme, sphin-
golipid, and ubiquinone biosynthesis (12). Activation of genes
in these pathways ensures cellular survival under low oxygen
conditions as both srel ™ and scpI ™ are required for low oxygen
growth. Our previous data suggest that like mammalian Scap,
Scpl is required for sterol sensing in fission yeast (11). Srel is
unstable in the absence of Scpl, and the activation of Srel
under low oxygen requires Scpl. Additionally, the three resi-
dues required for Scap sterol sensing, Tyr**®, Leu®'®, and
Asp™3, are all conserved in Scpl (Tyr**’, Leu®®*, and Asp®®?).
Although Scpl is likely the sterol sensor in fission yeast, the
identity of the molecular signal for Srel activation is unknown.

In this study, we characterize the sterol signal for Srel acti-
vation using a combination of Srel cleavage assays and gas
chromatography sterol analysis. We find that Scpl-dependent
activation of Srel is regulated by both an increase and decrease
of 4-methyl sterol intermediates in the ergosterol synthetic
pathway under conditions of low oxygen and cell stress. C. neo-
formans SREBP is also activated by increased 4-methyl sterols,
suggesting that this signal for SREBP activation is conserved
across phyla in fungal eukaryotes. Finally, we provide evidence
that the SSD of Scp1 is important for sensing 4-methyl sterols as
single mutations Y247C, L264F, and D392N all result in consti-
tutive Srel activation. Collectively, these results advance our
understanding of Scap-mediated sterol sensing and the regula-
tion of lipid metabolism in eukaryotes.

EXPERIMENTAL PROCEDURES

Materials—We obtained yeast extract from BD Biosciences;
Edinburgh minimal medium (EMM) and amino acids from
Q-Biogene; oligonucleotides from Integrated DNA Technolo-
gies; horseradish peroxidase-conjugated, affinity-purified don-
key anti-rabbit, and anti-mouse IgG from Jackson Immuno-
Research; cholesterol (C6760) and lanosterol (C3250) from
Steraloids; itraconazole, compactin, A23187, lysing enzymes,
and H,O, from Sigma; anti-HA-HRP and alkaline phosphatase
from Roche Applied Sciences; anti-Myc 9E10 IgG from Santa
Cruz Biotechnology; anti-SpSrel and anti-CnSrelp IgG have
been previously described (11, 13).

Strains and Cell Culture—Schizosaccharomyces pombe strains
KGY425 (wild type) and srelA culture conditions for Srel
cleavage assays and sterol analysis, hypoxic growth conditions,
and yeast transformation were previously described (11).
C. neoformans serotype D strain B3501A and culture condi-
tions used in this study were also previously described (13).

Plasmids—nmt**-3xMyc-scp1, encoding scpl™ preceded by
three tandem copies of the Myc tag under control of the thia-
mine-repressible nmt** promoter was generated by insertion of
3xMyc into Rep81X (14) followed by insertion of scpl ™ cDNA
reverse transcribed from S. pombe total RNA. nmt**-3xMyc-
sepl Y247C, nmt**-3xMyc-scpl L264F, and nmt**-3xMyc-scpl
D392N were generated by mutation of scpl™ codons 247, 264,
or 392 from TAT, CTT, or GAT to TGT, TTT, or AAT, respec-
tively, using Quikchange PCR mutagenesis (Stratagene).

nmt-3xMyc-ergll, encoding ergll™ preceded by three
tandem copies of the Myc tag under control of the nmt pro-
moter was generated by replacement of 3xHA in pSLF173
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FIGURE 1. The S. pombe ergosterol biosynthesis pathway. Oxygen-requir-
ing enzymes are boxed. The structures of 4-methyl sterol intermediates (24-
methylene lanosterol, 4,4-dimethylfecosterol, and 4-methylfecosterol) and
the end product ergosterol are shown.

(15) with 3xMyc followed by insertion of ergl1™ open read-
ing frame amplified from S. pombe genomic DNA with Pfu
Ultra polymerase (Stratagene). nmt-3xHA-erg25, encoding
erg25™ preceded by three tandem copies of the HA tag under
control of the nmt promoter was generated by insertion of
3xHA into Rep3X followed by insertion of erg25™ open read-
ing frame amplified from S. pombe genomic DNA with Pfu
Ultra polymerase.

Immunoblot Analysis—Protein preparation, alkaline phos-
phatase treatment, and immunoblot analysis for S. pombe
experiments were described previously (11). Protein prepara-
tion and immunoblot analysis for C. neoformans experiments
were also described previously (13).

Sterol Analysis—Sterol extraction and gas chromatography
analysis were conducted as previously described (16). Briefly,
exponentially growing yeast (5 X 107 cells) were harvested by
centrifugation, transferred to glass tubes, and subjected to
methanolic saponification with 9 ml of methanol and 4.5 ml of
60% (w/v) KOH for 2 h at 75 °C after addition of 5 ug of choles-
terol as a recovery standard. Non-saponifiable sterols were
extracted with 4 ml of petroleum ether, evaporated to dryness
under a stream of nitrogen gas, and resuspended in 250 ul of
heptane. 3 ul of each sample was injected in splitless mode
using an automatic sampler onto an Agilent 6850 gas chro-
matograph equipped with an HP-1 column and FID detector.
Peak areas for each sterol were normalized to cholesterol peak
area to correct for recovery.

Spheroplasting—To spheroplast yeast for A23187 Srel cleav-
age assay, logarithmically growing yeast (7.5 X 107 cells) at a
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Ergosterol

= WT
-o-srel1A

C.

24-methylene lanosterol D
1.8

0.24

- WT
-o-sre1A

0.18 |
1.2

0.12
0.6

0.06

Relative Amount
Relative Amount

4,4-dimethylfecosterol

2 4 6
Time (h)

RESULTS

Low Oxygen Increases 4-Methyl
Sterols and Activates Srel—Our
previous studies indicated that Srel
monitors oxygen-dependent sterol
synthesis as a measure of cellular
oxygen supply (11). The ergosterol
synthesis pathway requires 12 mol-
ecules of dioxygen for the produc-
tion of each ergosterol molecule
(Fig. 1 and Ref. 17). Under low oxy-
gen conditions, ergosterol synthesis
decreases and Srel cleavage is acti-
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FIGURE 2. Low oxygen causes 4-methyl sterol accumulation, ergosterol depletion, and Sre1 activation.
Wild-type and sreTA yeast were grown in rich medium for the indicated time at 0.5% oxygen. A, total cell
extracts (10 pg) were subjected to immunoblot analysis with anti-Sre1 1gG after treatment with alkaline phos-
phatase. Pand N denote the membrane-bound precursor and cleaved nuclear forms of Sre1, respectively. B-D,
sterols extracted from 5 X 107 cells were analyzed by gas chromatography. Cholesterol (5 g) was added as an
internal standard. Data are the average of three independent replicates. Error bars equal one S.D. 4,4-Dimeth-
ylfecosterol = 4,4-dimethylfecosterol + 4-methylfecosterol in all figures. E, wild-type yeast containing either
empty vector or plasmids expressing Myc-erg11 and HA-erg25 from the nmt promoter were grown in EMM for
20 h prior to growth in rich medium at 21% oxygen (atmospheric) or 0.5% oxygen for 2 h. Upper panel, total cell
extracts (10 ug) were subjected to immunoblot analysis with anti-Sre1 IgG after treatment with alkaline phos-
phatase. Lower panels, total cell extracts (40 ug) were subjected toimmunoblot analysis with anti-Myc IgG 9E10

or anti-HA-HRP.

concentration of 1 X 107 cells/ml were collected by centrifuga-
tion at 2,500 X g for 5 min. Cells were resuspended in 1 ml of
buffer SP1 (1.2 M sorbitol, 50 mM sodium citrate, 50 mm dibasic
sodium phosphate, 40 mm EDTA, and 28.4 mm 2-mercaptoeth-
anol, pH 5.6) and incubated at room temperature for 10 min,
followed by centrifugation at 2,500 X g for 5 min. Cells were
resuspended in 1 ml of buffer SP2 (1.2 M sorbitol, 50 mM sodium
citrate, 50 mM dibasic sodium phosphate, and 5 mg/ml lysing

24390 JOURNAL OF BIOLOGICAL CHEMISTRY

vated. However, addition of ergos-
terol to cells grown under low oxy-
gen does not suppress Srel
activation (data not shown). There-
fore, we hypothesized that low oxy-
gen Srel activation may be medi-
ated by changes in ergosterol
synthesis intermediates. To investi-
gate this possibility, wild-type and
srelA cells were grown at 0.5% oxy-
gen for increasing time, and samples
were harvested for immunoblot and
sterol analysis to determine if Srel
activation correlated with changes
in sterol intermediates. Antibody to
the N terminus of Srel detected an
accumulation of cleaved nuclear
Srel by 1 h (Fig. 2, A, lane 2). Srel
activation was maximal 4 h after
shifting to low oxygen and then
declined at 6 h.

From the same samples, we meas-
ured the relative quantities of squa-
lene and downstream sterol species
by gas chromatography (Fig. 1).
This analysis revealed significant
changes in only 3 sterol intermediates. Squalene levels were
unchanged at 0.5% oxygen. Ergosterol levels in a wild-type
strain decreased to a minimum at 2 h and then returned to
normal ¢ = 0 levels at 6 h (Fig. 2B). Paralleling Srel activation,
the amount of 24-methylene lanosterol increased up to 4 h after
a shift to low oxygen and returned to normal at 6 h, suggesting
that the oxygen-dependent enzyme Ergll is rate-limiting
under these conditions (Fig. 2C). Low oxygen also decreased
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