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Squalene synthase (farnesyl-diphosphate farnesyltransferase, EC 2.5.1.21) is the first committed enzyme of
the sterol biosynthesis pathway. Inhibitors of this enzyme have been intensively studied as potential antifungal
agents. To assess the effect of deactivating squalene synthase on the growth of fungi in mice, we isolated the
squalene synthase (ERGY) gene from the pathogenic fungus Candida glabrata and generated strains in which
the CgERGY gene was under the control of the tetracycline-regulatable promoter. Depletion of the ERGY gene
by doxycycline (DOX), a derivative of tetracycline, decreased the cell viability in laboratory media, whereas it
did not affect cell growth in mice at all. The growth defect caused by DOX in laboratory media was suppressed
by the addition of serum. Analyses of the sterol composition of the restored cells in serum-containing media
suggest that the defect of ergosterol biosynthesis can be complemented by the incorporation of exogenous
cholesterol into the cells. Thus, deactivation of squalene synthase did not affect fungal growth in mice,
presumably because the cells were able to incorporate cholesterol from the serum. These results showed that
squalene synthase could not be a suitable target of antifungals for the treatment of C. glabrata infection.

The incidence of life-threatening fungal infections has been
increasing, particularly among patients who are immunocom-
promised by human immunodeficiency virus infection and
among those who are receiving immunosuppressive therapy for
organ transplantation or chemotherapy for cancer. Current
therapies against such infections rely on two main groups of
drugs: polyenes, which disrupt membrane function, and azoles,
which inhibit the synthesis of ergosterol (4, 5). The toxicity of
polyenes, however, and the rapid appearance of azole-resistant
strains have motivated us to discover and develop new anti-
fungal drugs.

Sterol biosynthesis inhibitors are widely used not only in the
medical field, including as treatments for systemic fungal in-
fections, but also in the agricultural field. They are roughly
classified into three groups according to their target molecules.
One is the group of sterol 14a-demethylase inhibitors, includ-
ing azoles, which lead to cell death by accumulation of the
aberrant sterol 14a-methylergosta-8,24(28)-dien-3p,6a-diol
(14, 15). Morpholines and piperidines constitute a second
group of inhibitors that inhibit sterol A'*-reductase and A%~7-
isomerase. Treatment of fungal infections with these com-
pounds results in fungal growth inhibition by accumulation of
AB'_gterol and a corresponding depletion of ergosterol (16).
The third group, including allylamines, inhibits squalene ep-
oxidase and causes depletion of ergosterol (30). Thus, sterol
biosynthesis inhibitors have been well characterized. Neverthe-
less, two sterol biosynthesis inhibitor groups other than azoles
have limited usefulness against fungal infections due to host
toxicity for morpholines and undesirable pharmacokinetics for
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allylamines. Therefore, two approaches are thought to be nec-
essary for the further development of sterol biosynthesis inhib-
itors as antifungal agents; one is to seek additional potential
sites that are yet to be fully investigated. Another is to inves-
tigate the molecular responses of species resistant to such
compounds.

Candida glabrata causes not only mucocutaneous but also
deep-seated infections in transplant recipients and immuno-
suppressed patients (10, 31, 32). Recent data indicate a pop-
ulation shift to non-Candida albicans species, including C. gla-
brata, Candida krusei, and Candida tropicalis, whereas C.
albicans is mainly isolated from immunocompromised patients
(3). Among infections with Candida species other than C.
Albicans, the incidence of C. glabrata infection has been in-
creasing, mostly in conjunction with the use of azole antifun-
gals (24-26). Furthermore, this organism always grows as a
haploid yeast cell, which makes genetic manipulation of organ-
isms such as Saccharomyces cerevisiae easy. Furthermore, func-
tional analysis of a gene, including in a host, can be performed
by using a tetracycline-regulatable expression system (23).
Thus, C. glabrata is able to be an attractive experimental model
to understand molecular responses of Candida species to an-
tifungal compounds.

Squalene synthase (Erg9p) is the first enzyme branched out
from other farnesyl pyrophosphate (FPP) derivatives, ubiqui-
nones, dolichols, heme, and C,s- or C,,-isoprenoid chains.
Loss of its function in an ortholog of S. cerevisiae leads to cell
death (13) due to the defect of ergosterol biosynthesis. There-
fore, inhibitors of this enzyme as candidates of antifungal com-
pounds have been intensively pursued. The essential nature,
however, of the ERG9 gene in C. glabrata has not been re-
ported. To address this, we first isolated the ERG9 gene from
this organism and investigated its essentiality, including in a
host, by regulating its expression with a tetracycline-regulat-
able system (23). Contrary to our expectation based on its
essentiality in vitro, depletion of the squalene synthase gene
did not block the growth of C. glabrata in mice. We also
showed several lines of evidence supporting the ability of C.
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glabrata to incorporate exogenous sterol from serum in aerobic
conditions, suggesting that host cholesterol complements the
defect of ergosterol biosynthesis in C. glabrata. These findings
would provide new insight for exploiting target-driven drug
discovery programs.

MATERIALS AND METHODS

Strains, growth media, and transformation. The C. glabrata strains used in this
study were ATCC 2001, ACG4 (his3 trpl PScADHI::tetR::GAL4AD::TRPI),
(23), and ERGY-controllable strain 97SQS (which is the same as ACG4 but
97t::ERG9 HIS3 mutant). The C. glabrata strains were grown at 37°C on yeast
extract-peptone-dextrose (YEPD) complex medium containing 2% glucose, 2%
Bacto Peptone (Difco Laboratories), and 1% yeast extract (Difco). YEPD agar
plates contained 2% agar (Difco) as a supplement. Yeast nitrogen base (0.67%
[Difco]) with 2% glucose and 2% agar (Difco) with appropriate amino acids and
bases was used as the selective medium after transformation of ACG4. Yeast
transformations were carried out by the modified lithium acetate method (6, 12).
Escherichia coli DH5a was used as the host strain for all plasmid constructions
and was grown on standard media.

Construction of plasmids and strains. A genomic library was constructed by
ligating 5- to 10-kb fragments of C. glabrata genomic DNA, which had been
partially digested with Sau3Al, into the BamHI site of pRS415 (Stratagene).
Genomic DNA was extracted from C. glabrata ATCC 2001 as described by Rose
et al. (28). The construction of the plasmid p97ERG9 was generated by intro-
ducing region A (nucleotides [nt] —503 to —133) and region B (nt —6 to 314) of
ERGY into Sacll/Xbal sites and EcoRI/Sall sites of p97CGH, respectively (23).
Region A (nt —503 to —133) or region B (nt —6 to 314) of CgERGY9 was
amplified by PCR with the primer pair ERGYAF (5'-CAGTCTCCGCGGCCA
CAATGGACTCCGGG-3") and ERGY9AR (5'-ACAGCATCTAGAGGACTTC
GAAGTTTATGCTC-3') or primer pair ERGIBF (5'-AAAAATGAATTCAT
AACCATGGGTAAAGTACTTG-3") and ERGYBR (5'-GGAGTCGTCGACA
CGCAACACTTTGACCTTC-3'), respectively. To replace the endogenous
promoter with the tetracycline-regulatable promoter (97t) by homologous re-
combination, p97ERG? linearized with Sacll/Sall was used to transform ACG4,
resulting in strain 97SQS.

Cloning and DNA seq ing of the C. glabrata ERGY gene. An approximately
0.4-kb fragment of the CgERG9 gene was amplified from C. glabrata genomic
DNA by PCR with the pair of primers ERG9-2 (5-TAYTGYCAYTAY-
GTIGCIGGIYTIGTIGG-3") and ERG9-4RV (5'-ATIGCCATIACYTGIGG-
DATIGCRCARAA-3"), which were designed based on the sequence of the
conserved region among S. cerevisiae, C. albicans, Schizosaccharomyces pombe,
humans, and Arabidopsis thaliana (Fig. 1). The amplified fragment was cloned in
pT7blue (Novagen), and its sequence was confirmed by the Sanger dideoxy chain
termination method with M13 universal and reverse primers by using an ABI 377
sequencer. The full-length ERG9 gene was identified from the genomic library by
screening with a 350-bp region of the central portion of this fragment as the
probe, which was radiolabeled by the random priming method by using
[«-*?P]dCTP. The DNA probe was amplified by PCR with primers ERG9FW
(5'-TGAATTGATTGTCCTTGCAGG-3") and ERGYRV (5'-TGAGGATTGC
TCGTGGATTG-3"). The DNA sequencing of the C. glabrata ERG9 gene was
performed by the Sanger dideoxy chain termination method with M13 universal
and reverse primers and synthetic oligonucleotides complemented to specific
regions of CgERGY using an ABI 377 sequencer.

Investigation of the number of viable cells in several culture media. Approx-
imately 10° 97SQS and ATCC 2001 cells were separately inoculated into YEPD
medium with or without 10 pg of doxycycline (DOX) per ml. After 14 h of
incubation at 37°C, the optical density at 660 nm was determined. The number
of viable cells was determined by counting the number of colonies on an agar
plate in which 20 pl of diluted cultures had been spread after incubation for 24 h
at 37°C. For the time course experiments, approximately 10° 97SQS cells were
inoculated and cultured in YEPD medium at 37°C with or without 10 ug of DOX
per ml. Their growth was monitored by measuring the optical density at 660 nm
at indicated times after adding DOX. The number of viable cells was also
determined as described above. For permeability experiments, approximately 10°
ATCC 2001 and 97SQS cells were inoculated and cultured in YEPD medium at
37°C for 14 h, with or without 10 pg of DOX per ml, in the presence of the
indicated concentrations of human serum (Irvine Scientific), human lipoprotein
(Sigma), human lipoprotein-deficient serum (Sigma), 50 pg of squalene per ml
(Sigma), and 25 pg of each of three sterols per ml (Sigma).

Determination of the number of viable C. glabrata cells in mice. To generate
immunocompromised mice, male CD-1 mice were treated as described previ-
ously (23). Each mouse was intravenously inoculated with 10> ATCC 2001 and
97SQS cells after having been given 5% of sucrose solution with or without 2 mg
of DOX per ml as drinking water starting 2 days before the infection. On the
indicated days, the mouse kidneys were removed and homogenized. The homog-
enates were spread onto YEPD plates containing penicillin G (200 U/ml) and
streptomycin (200 wg/ml). The number of colonies that had appeared after
culturing the cells for 24 h at 37°C was counted.

M rement of squalene synthase activity. Approximately 10° cells/ml were
inoculated into YEPD medium or YEPD medium containing 5% (vol/vol) hu-
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man serum. The cells were harvested after 8 h of incubation at 37°C with or
without 10 pg of DOX per ml. Microsomal fractions were prepared from them
as described previously (11). The harvested cells were suspended with buffer S
(50 mM Tris-HCI [pH 7.5], 1 mM EDTA, 1 mM B-mercaptoethanol, 1 M
sucrose, 1 mM phenylmethylsulfonyl fluoride). The suspension was vortexed with
glass beads, and its extract was clarified by centrifugation. The supernatant was
then centrifuged at 100,000 X g for 1 h. After removing the supernatant, the
pellet was suspended with buffer A (25 mM Tris-HCI [pH 7.5], 0.5 mM EDTA,
1 mM B-mercaptoethanol, 30% [vol/vol] glycerol), and its extract was clarified by
centrifugation. Protein concentrations of these microsome fractions were deter-
mined with a bicinchoninic acid protein assay kit (Pierce). The same volume of
premix solution (400 mM phosphate-buffered saline, 10 mM MgCl,, 2 mM
NADPH, 7.5 pM FPP, containing *H-labeled FPP) was added to each microso-
mal fraction. After 1 h of incubation at 30°C, the reaction was terminated by
adding 1/5 volume of ice-cold stop solution (0.5 M EDTA, 5% [wt/vol] KOH).
These samples were washed with ice-cold water, filtered, and then dried. After
that, the count was measured with a scintillation counter (TOP count; Amer-
sham-Pharmacia).

Analyses of sterol composition of C. glabrata cells. To prepare samples for
analyzing sterol content, we modified the method described previously (8). Ap-
proximately 10° cells per ml were inoculated and cultured in YEPD medium or
YEPD medium containing 10% (vol/vol) human serum at 37°C. The cells were
harvested after 8 h of incubation with or without 10 ug of DOX per ml. They
were washed with sterile water and lyophilized. The lipid fraction of each sample
was extracted with 3 ml of CH,Cl,-MeOH (2:1) solution at 70°C. After drying,
the lipid fractions were saponified with 6% (wt/vol) methanolic KOH for 1 h at
90°C. An equal volume of water was added to the saponified samples. After
removal of the unsaponified fractions with 3 volumes of hexane, each sample was
acetylated with toluene-Ac,O-pyridine (1:2:1 vol/vol/vol) for 16 h at room tem-
perature and then evaporated; sterol compositions were analyzed with gas chro-
matograph-mass spectrometry (JEOL). We used 4,4-diphenyl-1-benzyl-piperi-
dine as the internal control for the analyses. When the mass spectrum was
measured, the chamber temperature was 200°C and ionization voltage was 30 eV.
The gas chromatography was performed at 250°C with a 2% OV-17 (5 mm by
1.5 m) column, and its flow rate was 30 ml/min.

Nucleotide sequence accession numbers. The DDBJ/EMBL/GenBank acces-
sion number for the sequence reported in this paper is AB009978 for CERG9.
The GenBank accession numbers for the previously determined nucleotide se-
quences of ERG9 of S. cerevisiae, C. albicans, S. pombe, humans, and A. thaliana
are M63979, D89610, L06071, X69141, and D29017, respectively.

RESULTS

Isolation of the C. glabrata squalene synthase (ERGY) gene.
To isolate the C. glabrata ERG9 gene, we designed degenerate
primers corresponding to the amino acid sequence in the
highly conserved regions among five other species: S. cerevisiae
(2, 13), C. albicans (N. Ishii, unpublished data), S. pombe,
humans (27), and A. thaliana (22) (Fig. 1 and Materials and
Methods). With these primers, we reproducibly amplified an
approximately 400-bp fragment from C. glabrata genomic
DNA (data not shown). The DNA sequence of this fragment
was capable of encoding a polypeptide that was homologous to
the other five species (Fig. 2). The central portion of this PCR
fragment was used as a probe to obtain clones from the C.
glabrata genomic library. Thirteen hybridization-positive
clones were obtained from approximately 100,000 colonies,
and their DNA sequences were determined by primer walking.

This C. glabrata open reading frame predicted a protein of
443 amino acids, and the sequence has 71.3% identity to S.
cerevisiae Erg9p, 53.1% identity to C. albicans Erg9p, 37.7%
identity to S. pombe Erg9p, 37.7% identity to human Erg9p,
and 33.4% identity to A. thaliana Erg9p. Thus, the C. glabrata
protein resembled most of the S. cerevisiae protein. Further-
more, C. glabrata Erg9p conserves the squalene and phytoene
sequence motifs, Y(C/S/A)XXVA(G/A)XVG (positions 178
to 187) and (L/I/V/IM)GXXXQXXNIXRD(L/I/V/M/F/
Y)XX(D/E) (positions 217 to 231) (Fig. 1 and 2). Of numerous
potential sites for phosphorylation present in the C. glabrata
protein, two phosphorylation sites by casein kinase II and a
single phosphorylation site by protein kinase C were also
highly conserved. Concerning the sites for casein kinase II,
positions 80 to 83 in C. glabrata were conserved in all six
species’ enzymes, and positions 171 to 174 in C. glabrata were
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ORF: 1-1332 (443 aa)
-507 CCGAGGCCACAATGGACTCCGGGATATATCAGCACACTGGCGCCACCAGTACTACAAGCTGGCCATTGGCATCGACAGACCTGAGTCGCG -418
-417 AGACCCGCAGGCGGTGGCCGACTACGTACTCAGTAAAGTACCCCAGCGCGATGCCACTTACATAGAGAACACTACAACGTCTAAGGCACT -328
-327 CGAGCTGCTGCAAAGACAGTTCCCATATATATAATTGTACATAGTCTGAACAGCTAACCATCAATAAGCCTTCCATCACATACTATTATA 238
-237 TCCGATAAACTCTTATAATCCACTAAACGAAAGTGGGTCCCGAAGAGCCAAATTTTTCATACGAGGGAAGTCTGAGCATAAACTTCGAAG -248
-147 TCCATATATTGCTGTTATAAGAGCAGTGGATAACGGTTGCTAGAGTCAATTGATCTTTCTGTTGTAGGGTATACAGGAGGAACAAGCTGT -58
~57 TTAATAGAGATCAAGAATCGGTATCAATATTACAAAAAAAAAAATACCAGATAAACAATGGGTAAAGTACTTGACTTGGCGCTGCATCCG 33
1 M G K vV L. D L A L H P 11
34 CTTGAATTGAGAGCTGCTTTGAAGCTTAAGTTTATCAGACAGCCATTGTTCAGCACCAATGACACCAGAGCTACTCCACAGCTGGAGAGA 123
12 - L R A AL KL K F I R Q P L F s T™DNDTIRATUP Q L E R 41
124 TGTTACGAGCTGTTGAATCTGACCTCCAGATCCTTTGCTGCGGTTATTATGGAGTTGCACCCTGAGTTGCGTAATGTGATCATGGTCTTC 213
42 ¢ ¥ E L L. N L T S R $ F A AV I M EL HP E UL RNV I MV F 71
214 TATCTGATTCTGAGGGCTTTGGACACTGCTCGAGGACGATATGACCATTGATCCTCAATTGAAGGTCABAGTGTTGCGTGAATTTGACTCC 303
72 Y L I L R AL DTV EDDMTTIODUP QL KV KV L R E F D S 101
304 AAGTTGGACACCACCGATTGGTCCTTTGATGGCAATGATCTAAAGGAGAAAGACCGTGTTGTATTGACCGAGTTCCCATGCATCCTTGGT 393
102 X L. b T T D W S F DG ND UL K EXKDURV VL TEZFUPCTIUL G 131
394 GAATATCACAAGTTGAAACCAGAGTATCAGAAGGTTATCAAGAGAATTACCGGTCTTATGGGTAACGGTATGGCCGACTACATCTTGGAT 483
132 E Y H K L K P E Y ¢ KV I K R I T &L M GNGMADY I L D 161
484 GAGAACTTTAACTTGAACGGTGTGCAAACTGTTAAGGACTACGACAAATACTGCCACTATGTTGCTGGCCTAGTCGGTGATGGTTTGACT § 573
162 E N F N L N G VvV Q T VvV K D Y D K YJ|C H Y V A G L V G D G L T 191
574 [GAATTGATTGTCCTTGCAGGTTTTGGTTCTGACGATTTATACCATGGTAAAAACAGCTTCCAATTGTACGAGAGCTTGGGATTATTTTTG | 663
192} E L I v L. A G F G 8§ D D L Y HG KN S F QL Y E S L G L F L 221
664 JCAGAAGACCAACATTATCAGAGACTACGCCGAGGATTTGGATGACGGTCGTTCTTTCTGGCCTAAAGAAATCTGGTCTGAATATGCTACG | 753
2220 x T N I I R D Y A E DL D DGR S F W P K ETI WS E Y AT 251
754 JAAGCTAACCGACTTCAGAGACCCAAAGAACACCCAAAAGGGTGTCGATTGTATTAACCACTTGGTATTGAACGCCTTGACCCATGTCATC | 843
252 K L. T D F R DPKNTQ XK GV DCTINHILUVILNATILTHUV I 281
844 JGATGTCTTGACTTACCTAAGTTCAATCCACGAGCAATCCTCATTCCAATTCTGTGCCATTCCTCAAGTTATGGCCATCICCACTTTGGCC 933
282 D V L T Y L §$ $ I H E Q S$ S F Q F C A I P Q VM ATI|A T L A 311
934 AAAGTCTTCAACAACCCTGAAGTGCTAAGAAAGAATGTTAAGATCAGAAAGGGAACCACCTGCGACTTAATTTTGAACTCTAGAACTTTG 1023
32 Kk VvV F N NP E VL R KNV K IR KGTTT CUDUILIILNSURTIL 341
1024 AAAGGCTGTGTTGACATCTTCCAATACTACTTACGTGACATGAAGCAACGTTTGCCTGTTGAAGATCCARACTACTTGAAGTTTAACATT 1113
342 K 6 ¢ VvV D I F Q ¥ ¥ L R DMK QR L P V EDUPNYL K F NI 371
1114 CAAGTTGCTAAGATTGAACAATTCATTGAAGAAATGCTTCCAGGACAACTTACCAGCCGGTGTTGAACCAAGAGAAACCATGATCTACTTG 1203
372 ¢ VvV A K I E Q F I E EM F Q D N L P A GV E P RETMTI Y L 401
1204 AAGGTCCAAGAAAGATTAAAATGGGACACCCAAGTTATTCCaAGAGTGCAAGAAGAAGATTACAAATTCAACATGGCTTTGAGTGTTGTC 1293
402 XK V Q E R L K W D T Q V I P RV Q E E DY K F NMATL S V V 431
1294 TTCTGTGTATTGTTAAGTTTCTATTTCTTCACTAAGTGAAGAGTAAGTGTAACGGAATGCTAATAACGATTTTCATGAGTCTCTTTAATG 1383
432 ¥ ¢ VvV L L § F Y F F T K * 443
1384 CTTTATAAGTCAATATCCCCAAAAAATCATAAAAGATGAAAACAAAACATCAAAAGATTAAATTCATTAACAAATTAAATACTATGTAAA 1473

FIG. 1. Nucleotide and deduced amino acid sequence of C$ERGY. Nucleotides and amino acids are numbered to the left and right. The CgERG9 open reading
frame (ORF) begins at the base +1 and extends 1,329 nt to the stop codon beginning at position 1330. The region amplified by PCR with degenerate primers is boxed.

Asterisk indicates termination of protein synthesis.

conserved in all four yeast species. As to the site of protein
kinase C phosphorylation, positions 49 to 51 in C. glabrata were
conserved in five species, excluding the A. thaliana protein
(Fig. 2). The hydrophobicity plot for the primary sequence of
the C. glabrata protein exhibited a pattern similar to those of
the other species (data not shown).

Investigation of the importance of the ERGY gene for cell
growth in laboratory media and in mice. To assess the impor-
tance of squalene synthase for the fungal growth in mice, we
generated ERGY9-controllable strain 97SQS, in which the
CgERGY gene was controlled by the tetracycline-regulatable
promoter 97t (23). The corrected replacement of the endoge-
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MGKVLDLAL-HPLE-LRAALKLK--FIRQPLF-STN-D-TRAT-PQ-LE-R-CYELL
MGKLLQLAL-HPVE-MKAALKLK--FCRTPLF-SIY-D-QS-TSPYLL--H-CFELLN
MGKFLQL-LSHPTE-LKAVIQ-LFGF-RQPLH-PGKRD-VNDK-E--LG-R-CYELL
MS--LANRIE---EI-RCLCQ--YKL-WNDLPSYGEDENVP--QON---IRRC-YQLLDYTSRYFAVVIKEL-PNGIREAV
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* * * %k k Kk * * * *
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TIEDDMSIEHDLKIDLLRHFHEKLLLTKWSFDGNAPDV-KD--RAVLTD-FESILIEF-HKLKPE-YQ
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*hkk Kkk kkk Kkkk * * * * * * * *

KVIKRITG—LMGNGM——ADYILDENFNLNGVd
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NVISNI-TKEMGDGMAYYAS-LAEKNDGFSVETIEDFNKYCHYVAGLVGIGLSRLFAQSKLEDPDLAHSQA-ISN--SLG
TVIADI-CRRMGIGM--AEF-LDKHVTS-EQEW-DKY---CHYVAGLVGIGLSRLFS-ASEFEDPLVG-EDTERAN~-SMG
EAIEEI-TRRMGAGM--AKFICQ-EVETVD-DY-DEY---CHYVAGLVGLGLSKLFL-AAGS-EVLTPDWEAISN--SMG

* Kk Kk k ******1** * x * * *  x

LFLQKTNIIRDYAEDLDDG---RSFWPKEIWSEYATKLTDFRDPKNTQ--K-GVDCINHLVLNALTHVIDVLTYLS-SIH
LFLQKTNIIRDYNEDLVDG---RSFWPKEIWSQYAPQLKDFMKPENEQ--L~GLDCINHLVLNALSHVIDVLTYLA-GIH
LFLQKTNIIRDYHEDLQDG---RSFWPREIWSKYTENLQDFHKVKTPAKEFAGVSCINELVLNALGHVTDCLDYLS-LVK
LFLQKVNIIRDYREDFDDNR--H-FWPREIWSKYTSSFGDLCLPDNSEKA---LECLSDMTANALTHATDALVYLSQLKT
LFLQKTNIIRDYLEDQQGG---REFWPQEVWSRYVKKLGDFAKPE-NIDLA--VQCLNELITNALHHIPDVITYLSRLRN
LFLQKTNIIRDYLEDINEIPKSRMFWPREIWGKYADKLEDL-KYEENTNKS--VQCLNEMVTNALMHIEDCLKYMVSLRD

khkkkk khkkkkk kK *kk Kk ok * * * *kk Kk * *

* *

EQSSFQFCAIPQVMAIATLAKVFNNPEVLRKNVKIRKGTTCDLILNSRT-LKGCVDIF-QYYLR~--DMKQRLPVE--DPN
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DPSSFSFCAIPQVMAVATLAEVYNNPKVLHGVVKIRKGTTCRLILESRT-LPGVVKIFKE-YIQVINHKSS--VR--DPN
QEI-FNFCAIPQVMAIATLAAVFRNPDVFQTNVKIRKGQAVQIILHSVNLKN-VCDLFLRYTRDIHY-KNTPK--D--PN
Q-SVFNFCAIPQVMAIATLAACYNNQQVFKGAVKIRKGQAVTLMMDATN-MPAVK-AI-IYQY--MEEIYHRIPDS-DPS
P-SIFRFCAIPQIMAIGTLALCYNNEQVFRGVVKLRRGLTAKVI-DRTKTMADVYGA--FYDFSCMLK-T-KV-DKNDPN
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FIG. 2. Alignment of deduced amino acid sequences for squalene synthases. Cg, C. glabrata; Sc, S. cerevisiae; Ca, C. albicans; Sp, S. pombe; Hs, human; and At, A.
thaliana. Asterisks indicate amino acid residues conserved in the six species. Dots show conserved similar amino acid residues in the six species. Predicted kinase motifs
are boxed. The arrows indicate the region that was used for designing the degenerated primers.

nous ERGY promoter with 97t was confirmed by PCR diagno-
sis and Southern blot analysis (data not shown). First of all, we
investigated whether or not depletion of the CgERGY gene by
DOX affects the growth of 97SQS cells. When 97SQS cells
were cultured for 14 h in YEPD medium with DOX, a severe
growth defect was observed (Fig. 3A). The same result was
obtained with a defined medium (data not shown). We also

investigated squalene synthase activity of 97SQS and ATCC
2001 (wild-type strain) after 8 h of incubation with or without
DOX. As shown in Table 1, squalene synthase activity of
97SQS was almost the same as that of the wild type in the
absence of DOX, and the addition of DOX almost completely
inhibited its activity. We next determined the number of viable
cells at various time points after the addition of DOX. A
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FIG. 3. Viability of the ERG9-controllable strains in laboratory media and in mice. (A) The numbers of viable cells for 97SQS and ATCC 2001. Here, 10° 97SQS
and ATCC 2001 cells were inoculated into YEPD medium. After culturing in the absence (closed bars) or presence (open bars) of 10 pg of DOX per ml for 14 h, CFU
was determined by counting the number of colonies on YEPD agar plates where 20 wl of diluted cultures had been spread. Each value is based on three independent
experiments. (B) Time course for the number of viable 97SQS cells cultured with or without 10 ug of DOX per ml. For each strain, 10* cells were inoculated into YEPD
medium and cultured in the absence (closed diamonds) or presence (open squares) of 10 wg of DOX per ml for the indicated times. Each line represents the average
for three independent experiments. The error bars are not shown where the symbol is larger than the error bar. (C) Effects of DOX on the survival of ATCC 2001 in
mouse kidneys. The mice were sacrificed, and the ATCC 2001 cells in their kidneys were recovered. Closed diamonds, the number of cells recovered from untreated
mice; open squares, the number of cells recovered from DOX-treated mice. Each line represents the average for the number of cells recovered from five mice. Repeated
experiments showed the same results. (D) Effects of DOX on the survival of 97SQS in mouse kidneys. The mice were sacrificed and the 97SQS cells in their kidneys
were recovered. Closed diamonds, the number of cells recovered from untreated mice; open squares, the number of cells recovered from treated mice. Each line
represents the average for the number of cells recovered from five mice. Repeated experiments showed the same results.

reduction in the number of viable cells was observed 5 h after
adding DOX (Fig. 3B), suggesting that the lack of squalene
synthase activity caused rapid cell death. Furthermore, we in-
vestigated the importance of the enzyme for growth in mice by
counting the number of surviving cells in mice treated with
DOX or left untreated. Surprisingly, the 97SQS cells in the
mice treated with DOX could proliferate as normally as those
in the untreated mice. The results were almost the same as
those obtained when wild-type cells were inoculated into mice.
In contrast, a severe growth defect was observed when other
controllable strains, such as 9TEF3, in which the TEF3 gene
was controlled by a tetracycline-regulatable promoter, 99t (23),
were inoculated into DOX-treated mice (data not shown).
Serum suppresses the growth defect of 97SQS cells treated
with DOX. In yeast cells, including C. glabrata, the sterol bio-
synthesis pathway is strictly dependent on oxygen. Therefore,
sterol auxotrophs normally appear only under laboratory an-
aerobic conditions, unless the sterol defect is accompanied by
heme deficiency (20). ATCC 2001, 97SQS, and its parent

TABLE 1. Effect of DOX and human serum on squalene synthase
activity in ATCC 2001 and 97SQS cells”

Medium

supplementation Squalene synthase-specific

Strain DOX Human activity (pmol/h/mg of protein)
(pg/ml) serum (%)”

ATCC 2001 0 0 1,635 = 174

10 0 1,589 + 170

0 10 441 = 130

97SQS 0 0 1,680 = 166
10 0 16 £9

0 10 714 = 115
10 10 12*+6

“ Values are means * standard deviations (three independent samples per

group).
> Volume per volume.



2416 NAKAYAMA ET AL.

A 100
9.0
8.0
7.0
6.0
5.0
4.0
3.0
2.0

LogCFU/ml

None None SQ LANO ERG CHO

Doxycycline: 10 pg/ml

B 100
9.0
8.0 3
70
6.0
50
40
30 &
20 //,/
0.1 1 10
(8.4) (84) (840)

Human serum conc. (%)
(cholesterol conc.: ug/ml)

LogCFU/m]

10.0
9.0
8.0
7.0
6.0
5.0
4.0
3.0
20

@]

LogCFU/m)

0 5 10 15
0) (3.3) (6.6) 9.9)

Lipoprotein conc. (mg/ml)
(cholesterol conc.: mg/ml)

FIG. 4. Effect of added lipids, serum, and lipoprotein on growth of 97SQS.
(A) Effect of added sterols and squalene on the growth of 97SQS. The 97SQS
cells (10%) were inoculated into YEPD medium containing 50 pg of squalene
(SQ) per ml, 25 pg of lanosterol (LANO) per ml, 25 pg of ergosterol (ERG) per
ml, and 25 pg of cholesterol (CHO) per ml. They were then cultured in the
absence and presence of 10 ug of DOX per ml for 14 h at 37°C. Each value is
based on three independent experiments. (B) Effect of added serum on the
growth of 97SQS cells. For both cell lines, 10> cells were inoculated into YEPD
medium containing the indicated concentrations of serum and were cultured in
the absence (closed symbols) and presence (open symbols) of 10 pg of DOX per
ml for 14 h at 37°C. The amount of cholesterol contained in the media is
indicated in parentheses on the x axis. Each line represents the average of three
independent experiments. The error bars are not shown where the symbol is
larger than the error bar. (C) Effect of added lipoprotein on the growth of 97SQS
cells. The 97SQS cells (10°) were inoculated into YEPD medium containing the
indicated concentrations (wt/vol) of lipoprotein and were cultured in the absence
(closed diamonds) or presence (open squares) of 10 pg of DOX per ml for 14 h
at 37°C. The amount of cholesterol contained in the media is indicated in
parentheses on the x axis. Each line represents the average of three independent
experiments.
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strain, ACG4, had heme competency because they could grow
on nonfermentable media (data not shown). It has been re-
ported that the concentration of oxygen in an animal body is 10
to 50 mm Hg (1). Admittedly, that figure is much lower than
laboratory aerobic conditions; however, this value is not low
enough to induce oxygen-dependent gene expression (1). Fur-
thermore, 10 pg of cholesterol per ml was sufficient for the
wild-type S. cerevisiae strain treated with lovastatin or fen-
propimorph to grow under aerobic conditions (19, 21). We,
therefore, examined the permeability of the cells for lipids in
aerobic conditions to address how the 97SQS cells were able to
maintain normal growth in the mice treated with DOX. When
97SQS cells were inoculated into DOX-containing YEPD me-
dium, the growth defect still occurred in the presence of 25-
pg/ml lanosterol, ergosterol, and cholesterol and in the pres-
ence of 50-pg/ml squalene (Fig. 4A). On the other hand, the
addition of human serum, which contains a high concentration
of cholesterol (5.5 mg per ml of serum), to YEPD medium
could suppress the growth defect of the 97SQS caused by
DOX. The numbers of viable cells were in correlation with the
concentration of human serum below 5% (vol/vol) (Fig. 4B).
Moreover, we could obtain similar results when the sera of
other species, such as calf or mouse, were added to YEPD
medium (data not shown). To exclude the possibility that se-
rum affects the binding of DOX to the fusion transactivator
tetR-GAL4AD, we investigated the activity of squalene syn-
thase in DOX-treated 97SQS cells in the presence of human
serum. As shown in Table 1, the squalene synthase activity of
97SQS cells was almost completely depressed in the media
containing human serum and DOX. Furthermore, human se-
rum did not affect the DOX-dependent growth defect of other
controllable strains such as 99TEF3 (data not shown). Thus,
the growth defect of 97SQS by DOX would be suppressed in
the presence of serum. We then examined whether the addi-
tion of lipoprotein to media could suppress the growth defect
of 97SQS cells treated with DOX, because almost all choles-
terol exists as a lipoprotein in serum. The addition of lipopro-
tein could suppress the growth defect by DOX (Fig. 4C). Nev-
ertheless, the suppression was not observed in the medium
containing lipoprotein-deficient serum (data not shown).

Effect of serum on sterol composition in C. glabrata cells. To
confirm that cholesterol would suppress the DOX-induced
growth defect in the 97SQS cells, we analyzed the sterol com-
position of the cells. As shown in Table 2, deactivation of
squalene synthase by DOX affected only sterol biosynthesis
and resulted in reduced amounts of ergosterol in the cells
without the accumulation of aberrant sterols. Reduction of
ergosterol correlated with a loss of viability in the 97SQS cells
cultured with YEPD medium containing only DOX. On the
other hand, when 97SQS cells were cultured in the presence of
human serum and DOX, the cholesterol fraction was detected,
and their growth defect was also suppressed. Interestingly, a
cholesterol fraction was detected in all the cells cultured with
human serum. This is the first demonstration that wild-type
yeast cells can incorporate sterols from growth media under
aerobic conditions. The amount of cholesterol in the 97SQS
cells cultured with DOX and serum was higher than that in
cultures with only serum. By investigating the effect of DOX on
the sterol content of 97SQS cells cultured with serum, we
found that the reduced amount of ergosterol was almost the
same as the increased amount of cholesterol in the 97SQS cells
cultured with DOX and serum, implying that incorporated
cholesterol could be compensating for decreased ergosterol.
Thus, these results suggest that incorporated cholesterol com-
plements the defect of ergosterol biosynthesis and results in
recovering cell growth.
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TABLE 2. Effect of DOX and human serum on viability and sterol composition of ATCC 2001 and 97SQS cells”
Medium supplementation Viability Sterol content (wg/g [dry/wt] of cells®
Strain (log CFU/
DOX (u.g/ml) Human serum (%) ml) Cholesterol Ergosterol Lanosterol Total
ATCC 2001 0 0 9.00 = 0.04 04 276.0 = 3.0 475 £ 0.6 280.7 = 2.4
10 0 NA® 04 287.6 = 17.4 59+04 293.4 = 17.6
0 10 8.89 = 0.03 975.4 £50.1 2184 £ 6.9 81=x1.0 1,201.85 + 44.2
97SQS 0 0 8.77 = 0.04 04 3784 £20.3 95*05 387.8 = 20.8
10 0 6.67 = 0.03 07 70.7 £ 8.7 uUb* 70.7 = 8.7
0 10 8.82 = 0.04 409.6 = 1.7 239.9 £ 29.5 48+33 654.3 = 26.3
10 10 8.33 = 0.07 667.3 = 22.9 929 £ 9.6 03x0.2 667.3 +22.9

“ Values are means *+ standard deviations (three independent samples per group).
? 4,4-Diphenyl-1-benzyl-piperidine was used as the internal standard in these experiments.

¢ NA, not assayed.
4 No cholesterol detected.
¢ UD, under the detection limit.

DISCUSSION

To estimate the efficacy of squalene synthase inhibitors for
the therapy of C. glabrata infections, we investigated the im-
portance of the squalene synthase gene for the growth of fungi
in mice by using the C. glabrata tetracycline-regulatable expres-
sion system (23). Herein, we report interesting evidence that
the CgERGY gene is essential for fungal growth in laboratory
medium; however, it is not required at all for fungal growth in
mice. We also found that erg9-deficient cells could grow in the
media containing serum and that the ability to incorporate
exogenous cholesterol can suppress their growth defect. Taken
together, these results suggest that this ability would also sup-
port growth of the erg9-deficient cells in mice. Inhibitors of
squalene synthase are, therefore, not useful for the treatment
of C. glabrata infections.

Both in S. cerevisiae and in mammalian cells, squalene syn-
thase activity is regulated transcriptionally and posttranslation-
ally to maintain the cellular sterol content (7, 17, 27). Squalene
synthase activity was decreased both in ATCC 2001 (endoge-
nous ERG9 promoter) and 97SQS (the artificial promoter 97t)
cultured with serum-containing media (in the absence of
DOX), presumably due to the ability of both cells to incorpo-
rate cholesterol from serum. These findings suggest that the
activity can be regulated posttranslationally. The predicted
phosphorylation sites, which are conserved in squalene syn-
thases, might participate in this regulation, although discussion
and further studies are required to verify this. In addition, the
squalene synthase activity of wild-type ATCC 2001 cells was
more strictly repressed than that of 97SQS cells cultured with
serum, implying that squalene synthase was also regulated
transcriptionally.

As shown in Fig. 4 and Table 2, C. glabrata cells can take up
sterol in an oxygen-independent manner. The ATCC 2001 and
97SQS cells still incorporated exogenous cholesterol in the
presence of serum, even though the cells generated amounts of
ergosterol similar to those obtained when they were cultured
under normal conditions (in the absence of serum). From our
data, it is difficult to determine how cholesterol was incorpo-
rated and whether or not the sterol uptake of normal cells is
governed by the same mechanism as in cells lacking ergosterol.
Nevertheless, these results allow us to speculate that ergosterol
is the major sterol used for maintenance of membrane integrity
for this fungal cell proliferation in mice and that incorporated
cholesterol may have an important role(s) in maintaining fun-
gal growth in the presence of serum and in the animal body.
Furthermore, when the amount of cholesterol in media con-
taining lipoprotein and the amount of cholesterol in media

containing human serum are compared, these results suggest
that a larger amount of cholesterol is necessary to rescue the
growth in the media containing lipoprotein, implying that ste-
rol uptake, at least in ergosterol-deficient cells, could be en-
hanced by some factor(s) in serum other than lipoprotein.

Numerous sterol biosynthesis inhibitors have been devel-
oped as antifungal agents. It has been reported, however, that
these agents have limited usefulness for infections by fungi,
including Candida species. It has been reported that al-
lylamines, which are squalene epoxidase inhibitors, have been
marketed as oral and topical treatments for dermatophytosis
(29). The limited usefulness of squalene epoxidase (ERGI)
inhibitors against Candida species has been thought to be due
to difficulties in crossing the plasma membrane (30). In C.
glabrata infection, this defect could be also explained on the
basis of our finding; incorporation of cholesterol could rescue
growth by inhibiting squalene epoxidase, as is observed in
erg9-deficient cells. On the other hand, morpholines and pip-
eridines, which inhibit sterol A'*-reductase and A*~7-isomer-
ase, are also limited for use against superficial fungal infec-
tions. These drugs cause fungicidal effects by the intracellular
accumulation of A®'*-sterol and depletion of ergosterol (9). It
has been reported, however, that A%'“-sterol did not block the
growth of S. cerevisiae growing in ergosterol-containing me-
dium under anaerobic conditions (18). Our findings suggest
that treatment of C. glabrata infections with these drugs could
only result in accumulation of A®'*-sterol. Thus, the sterol
uptake ability in ergosterol-deficient cells could explain the
limited usefulness of squalene epoxidase inhibitors and inhib-
itors of sterol A'*-reductase and A®*’-isomerase for C. gla-
brata infections. Therefore, the sterol uptake observed in our
study is an important factor to estimate the efficacy of known
sterol biosynthesis inhibitors in the treatment of C. glabrata
infections. Alternatively, sterol uptake inhibitors would have
potency as antifungal drugs for the therapy of C. glabrata
infection, especially if they were administered simultaneously
with known sterol biosynthesis inhibitors, such as squalene
epoxidase inhibitors and inhibitors of sterol A'*-reductase and
A®~7-isomerase. We believe that our findings and hypothesis
for the limited usefulness of squalene epoxidase inhibitors or
sterol A'*-reductase and A¥~’-isomerase inhibitors against C.
glabrata infections apply to infections by other fungi that have
activity for uptake of in-host cholesterol.
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