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Summary
Infections with the azole-refractory yeast Candida glabrata are now commonly treated with the
echinocandins caspofungin (CSF) or micafungin (MCF). True resistance (>32-fold decreased
susceptibility) to these lipopeptide inhibitors of cell wall synthesis is rare and strictly associated
with mutations in integral membrane proteins Fks1 or Fks2. In contrast, mutants exhibiting 4 to
32-fold CSF reduced susceptibility (CRS) were readily selected in vitro, and surprisingly
demonstrated 4 to 32-fold MCF increased susceptibility (MIS). Sequencing and gene deletion
demonstrated that CRS-MIS is Fks-independent. To explore alternative mechanisms, we initially
employed Saccharomyces cerevisiae, and observed that CRS was conferred by multiple mutations
(fen1Δ, sur4Δ, cka2Δ, and tsc10-ts) disrupting sphingolipid biosynthesis. Following this lead, C.
glabrata fen1Δ and cka2Δ deletants were constructed, and shown to exhibit CRS-MIS.
Sphingolipid analysis of CRS-MIS laboratory mutants and clinical isolates demonstrated elevated
dihydrosphingosine (DHS) and phytosphingosine (PHS) levels, and consistent with this
sequencing revealed fen1, sur4, ifa38, and sur2 mutations. Moreover, exogenous DHS or PHS
conferred a CRS-MIS phenotype on wild-type C. glabrata. Exogenous PHS failed, however, to
suppress CRS-MIS in a sur2 mutant blocked in conversion of DHS to PHS, implying that
accumulation of these intermediates confers CRS-MIS. We conclude that membrane sphingolipids
modulate echinocandin-Fks interaction.
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Introduction
Opportunistic fungal infections have increased in recent years due to increased numbers of
individuals who are immunocompromised. The antifungal agents available to combat these
infections are limited, not only in number but also in terms of their activity, spectrum, and
tolerability. Specifically, amphotericin B is fungicidal and broad spectrum, but toxicity
limits its use to life-threatening infections. Conversely, azoles such as fluconazole are well
tolerated but fungistatic, and resistance has been widely documented in both yeasts and
molds. One such yeast is Candida glabrata, second only to Candida albicans as a cause of
mucosal and invasive mycosis. C. glabrata exhibits intrinsically low azole susceptibility, and
treatment is frequently complicated by efflux pump-mediated resistance (Morschhauser,
2010; Sanglard and Odds, 2002). The lipopeptide echinocandins, the most recent addition to
the antifungal arsenal, combine low toxicity with high activity versus most Candida species
as well as Aspergillus fumigatus and related molds (Cleary, 2009; Kauffman and Carver,
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2008). Indeed, echinocandins have been elevated to first line agents for treatment of invasive
infection with C. glabrata, or with C. albicans if azole resistance is suspected (Pappas et al.,
2009). Clinically introduced echinocandins include caspofungin (CSF; FDA-approved in
2001), micafungin (MCF; 2005), and anidulafungin (ANF; 2006). All three are
semisynthetic derivatives of natural products, with a common cyclic hexapeptide core but
differing in their modifications to this core and to their lipid tails: alkyl in CSF, aryl-akyl in
MCF and ANF (Denning, 2003).

Although extensively studied since their discovery in the 1970’s, important gaps remain in
our understanding of echinocandin mechanism of action (Douglas, 2001; Perlin, 2007). It is
well established that they are non-competitive inhibitors of UDP-glucose polymerization
into the essential cell wall polysaccharide β-1,3-glucan (Sawistowska-Schroder et al., 1984;
Taft et al., 1988). Further biochemical and structural characterization of the responsible
enzyme has been hindered by its plasma membrane localization. As an alternative, genetic
analysis of Saccharomyces cerevisiae echinocandin-resistant mutants was pursued, which
initially identified the gene GNS1 (el-Sherbeini and Clemas, 1995). However, this putative
glucan synthase gene was later revealed to be allelic to the fatty acid elongase ELO2, also
known as FEN1 since mutation confers resistance to the ergosterol biosynthesis inhibitor
fenpropimorph (Ladeveze et al., 1993). Subsequent genetic analysis in S. cerevisiae, as well
as in Candida species, identified resistance-conferring mutations in FKS1 (or its paralog
FKS2), encoding a large integral membrane protein (Douglas et al., 1997; Douglas et al.,
1994). Partial purification by product entrapment, along with extensive kinetic analysis of
Fks1 mutants, strongly suggest that Fks1 is indeed the catalytic component of β-1,3-glucan
synthase (Garcia-Effron et al., 2009; Inoue et al., 1995; Okada et al., 2010). Nevertheless,
attempts to directly confirm Fks1 as the echinocandin target by crosslinking failed (Radding
et al., 1998), instead identifying Pil1 (Edlind and Katiyar, 2004), an eisosome component
and putative mediator of sphingolipid signaling.

Echinocandin resistance in C. glabrata, while remaining rare, appears to be increasing in
response to increasing clinical use (Garcia-Effron et al., 2010; Pfaller et al., 2011; Pfaller et
al., 2010; Zimbeck et al., 2010). Resistant isolates demonstrate minimum inhibitory
concentrations (MICs) ≥ 2 μg ml−1 (i.e., > 32-fold increase over susceptible isolates), are
strictly associated with mutations in β-1,3-glucan synthase genes FKS1 and FKS2, and
typically exhibit CSF, MCF, and ANF cross-resistance (Castanheira et al., 2010; Cleary et
al., 2008; Garcia-Effron et al., 2009; Katiyar et al., 2006; Pfeiffer et al., 2010; Zimbeck et
al., 2010). C. glabrata mutants with equivalent properties can be isolated in the laboratory,
albeit at low frequency (ca. 10−7) (Healey et al., 2011).

To shed further light on mechanisms of echinocandin action and resistance, we recently
described the isolation at relatively high frequency (ca. 10−5) of C. glabrata mutants
exhibiting low-level CSF reduced susceptibility (CRS), with MICs = 0.12 to 0.5 μg ml−1

(Healey et al., 2011). Surprisingly, most of these mutants paradoxically exhibited MCF
increased susceptibility (MIS), with MICs = 0.00025 to 0.004 μg ml−1. Sequencing and
gene deletion demonstrated that this CRS-MIS phenotype is FKS-independent (Healey et al.,
2011). Here we explore the CRS-MIS mechanism, initially employing S. cerevisiae as
genetic model and subsequently by biochemical and genetic studies of C. glabrata.
Intriguingly, these studies identified sphingolipid biosynthesis pathway mutations, and
specifically the accumulation of long chain bases (LCBs) dihydrosphingosine or
phytosphingosine as the basis for CRS-MIS. Furthermore, we show that CRS-MIS can be
reproduced by exogenous LCB, suggesting that echinocandin therapy can be enhanced
through addition of sphingolipid pathway inhibitors.
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Results
Characterization of S. cerevisiae CRS-conferring deletants

Pooled homozygous deletants representing 4741 non-essential S. cerevisiae genes were
selected on low-level (0.1 to 0.3 μg ml−1) CSF-containing YPD plates. Deletants exhibiting
CRS were identified by amplification and sequencing of their gene-specific tags. Of the 34
characterized CRS deletants, 17 were lem3Δ/lem3Δ, 9 were cka2Δ/cka2Δ, and 8 were
fen1Δ/fen1Δ. The selection was subsequently repeated with pooled heterozygous deletants
representing 5996 essential and non-essential genes: 10 of the 13 identified disruptants were
sur4Δ/SUR4 and the remainder lem3Δ/LEM3. Multiple isolations of each of these 4
different deletants imply that spontaneous mutations were not responsible. Nevertheless, the
corresponding deletants unexposed to CSF were recovered from the arrayed collection and
tested by broth microdilution assay, which confirmed their modestly reduced (2 to 8-fold)
CSF susceptibility.

Characterization of an S. cerevisiae temperature-sensitive CRS mutant
Although sur4Δ was implicated in CRS only in the heterozygous deletant selection, it is not
an essential gene. Its absence in the homozygous deletant selection can be explained by the
slow growth of the sur4Δ/sur4Δ deletant recovered from the arrayed collection. To identify
a true CRS-related essential gene, we selected for CRS mutants of haploid strain BY4742 at
25°C, and then screened 50 of these for temperature sensitivity at 38°C on drug-free YPD.
Mutant CRS-ts1 identified in this manner was transformed with a single copy plasmid
library of S. cerevisiae wild-type genomic DNA, and complementing clones selected at the
non-permissive temperature. Plasmids were rescued from 16 clones, and characterized by
restriction digestion followed by partial sequencing of their inserts. The inserts shared a
single essential gene, TSC10. Sequence analysis of this gene in CRS-ts1 and its wild-type
parent identified the mutation Lys35 to Glu (K35E).

S. cerevisiae sphingolipid pathway
Three of the five S. cerevisiae CRS-related genes identified in these independent screens
encode enzymes in the sphingolipid biosynthesis pathway (Fig. 1). This complex pathway
has two arms which result in the production of very long chain fatty acids (VLCFA) > 20
carbons in length, and production of the LCBs dihydrosphingosine (DHS) and
phytosphingosine (PHS) and their phosphorylated derivatives (e.g., PHS-1P). VLCFAs and
LCBs are subsequently joined to form ceramide with carbon chains of varying length, and
these ceramides are further modified with mannose and inositol side chains. Specifically,
FEN1 and SUR4 encode partially redundant fatty acid elongases in the VLCFA arm, and
TSC10 encodes ketodihydrosphingosine reductase in the LCB arm. Mutations in these genes
result in reduced synthesis of ceramide and complex sphingolipids, and accumulation of
LCBs (Beeler et al., 1998; Kobayashi and Nagiec, 2003; Oh et al., 1997). Additionally,
CKA2 (alpha’ catalytic subunit of casein kinase 2) was previously implicated in the
regulation of sphingolipid synthesis (potentially through phosphorylation of ceramide
synthase; Fig. 1), since a cka2Δ strain demonstrated a sphingolipid profile very similar to
that of a sur4Δ (elo3Δ) strain (Kobayashi and Nagiec, 2003). The fifth gene implicated in S.
cerevisiae CRS, LEM3, plays a role in glycerophospholipid transport across the membrane
(Saito et al., 2004) with no direct connection to sphingolipid biosynthesis. To determine the
potential basis for CRS-MIS in C. glabrata, we pursued each of these leads. It should be
noted, however, that the S. cerevisiae CRS deletants and mutants described above or
selected by conventional methods (Healey et al., 2011) did not exhibit MIS since their MCF
susceptibilities were minimally changed (data not shown).
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Characterization of C. glabrata fen1Δ, cka2Δ, and lem3Δ deletants
To test the role of the sphingolipid pathway in C. glabrata CRS-MIS, the syntenic FEN1
ortholog (CAGL0L08184g) was deleted and its echinocandin susceptibilities tested. Indeed,
this fen1Δ strain exhibited a clear CRS-MIS phenotype (Fig. 2), with 4-fold reduced CSF
and 32-fold increased MCF susceptibilities (128-fold differential). Moreover, deletion of the
syntenic CKA2 ortholog (CAGL0G02035g) had an identical effect. In contrast to these two
deletants relating to the sphingolipid pathway, a C. glabrata lem3Δ strain exhibited minimal
change (≤ 2-fold) in both CSF and MCF susceptibilities. ANF susceptibilities were
minimally changed for all three deletants; this was previously noted for C. glabrata CRS-
MIS mutants (Healey et al., 2011).

Sphingolipid analysis of C. glabrata CRS-MIS mutants
To extend these promising results obtained with C. glabrata deletants, three genetically
uncharacterized CRS-MIS mutants and their wild-type parent (Healey et al., 2011) were
subjected to sphingolipid analysis by LC-MS/MS. Compared to its parent strain 66032u,
mutant 66032u-C1 exhibited 7 and 6-fold increases in DHS and PHS, respectively (Table 1).
Similarly, mutant 66032u-C3 exhibited 5 and 7-fold increases in these two LCBs. By
analogy to S. cerevisiae (Kobayashi and Nagiec, 2003; Oh et al., 1997) these changes
suggest a loss-of-function mutation in one of the multiple enzymes involved in VLCFA
elongation (Fig. 1). The third mutant, 66032-C2, also exhibited an increase (25-fold) in
DHS; however, PHS did not increase but rather decreased 60-fold in this mutant compared
to its parent (Table 1). These changes suggest a loss-of-function mutation in the C4-
hydroxylase responsible for conversion of DHS to PHS (Fig. 1). The sphingolipid analysis
performed also detected phosphorylated LCBs and phytoceramides. PHSP was present at
levels about 10-fold below those of PHS for each mutant, varying in an equivalent pattern
(data not shown). DHSP and phytoceramide levels were near or below the limit of detection,
although the expected decrease in the ratio of C26 to C24 phytoceramides in the mutants
was apparent.

Sequence analysis of candidate sphingolipid pathway genes
Based on its sphingolipid profile, we initiated sequence analysis of the genes involved in
VLCFA elongation in 66032u-C1 in search of the responsible mutation. This promptly
identified a Fen1-N156D substitution (Table 2), confirmed as a mutation by sequencing the
corresponding region from parent 66032u. This substitution is non-conservative;
furthermore, BLASTP analysis indicates that N156 is highly conserved in Fen1 homologs of
other fungi. Thus, this mutation is consistent with loss of Fen1 function leading to DHS/PHS
accumulation. In mutant 66032u-C3, which similarly accumulates DHS/PHS, a premature
stop codon mutation (Y329stop) was identified in the C. glabrata SUR4 ortholog
(CAGL0G04851g), strongly implying loss-of-function in this second VLCFA elongase.
With respect to mutant 66032u-C2, as predicted by its sphingolipid profile (increased DHS,
decreased PHS) a substitution in the C. glabrata SUR2 ortholog (CAGL0H01375g) was
identified. The mutation, Sur2-M1I (Table 2), is similarly consistent with loss-of-function
since an alternative upstream start codon is absent (not shown).

Sequence analysis of sphingolipid pathway genes in additional CRS-MIS mutants
Based on these initial results, we sequenced FEN1, SUR4, and SUR2 from 16 additional
CRS-MIS mutants derived from 7 total C. glabrata strain backgrounds. Fen1 mutations were
identified in 8 of these, including 4 mutants with premature stop codons and one with a 24
amino acid deletion, all consistent with full loss of function (Table 2). Four mutants
exhibited Sur4 mutations, and 3 mutants exhibited Sur2 mutations, including a premature
stop codon (Table 2). In the remaining mutant, it was necessary to sequence the remaining
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VLCFA-pathway genes, which identified a mutation in the C. glabrata ortholog of IFA38
(CAGL0H07513g). In all cases, the implicated gene was sequenced in the parent strain to
confirm mutation.

Characterization of CRS-MIS clinical isolates by sphingolipid and sequence analysis
Our previous identification of C. glabrata bloodstream isolates 4719, 4743, and 4771
exhibiting a CRS-MIS-like phenotype provided initial support for the clinical relevance of
CRS-MIS (Healey et al., 2011). For all three, the FKS1 (CAGL0G01034g) and FKS2
(CAGL0K04037g) coding regions were sequenced in their entirety and no differences at the
amino acid level with the corresponding sequences from type strain CBS138 were detected
(Healey et al., 2011, and data not shown). Nevertheless, since the wild-type parents of these
clinical isolates are unavailable, confirmation of these isolates as bonafide CRS-MIS
mutants required elucidation of the CRS-MIS mechanism. With this now in hand, we first
subjected these clinical isolates to sphingolipid analysis, and subsequently sequenced
candidate genes. As shown in Table 1, isolate 4719 exhibited 9 and 21-fold elevated levels
of DHS and PHS, respectively, relative to representative wild-type isolate 380 analyzed in
parallel. Consistent with this, sequence analysis identified a Fen1 premature stop codon
mutation likely to yield loss of function. The sphingolipid profiles of the remaining isolates
revealed more modest increases, with 2 to 4-fold elevated DHS and PHS in isolate 4743 and
3-fold elevated PHS in isolate 4771, but again both carry substitutions in VLCFA elongation
enzymes. Specifically, the Ifa38-I339M substitution in isolate 4743 involves a residue that is
otherwise conserved in 7 genotypically diverse C. glabrata isolates, although it is
polymorphic in other yeast species (data not shown). The Fen1-K175M substitution in
isolate 4771 involves a residue that is similarly conserved in C. glabrata as well as 16 other
yeast species for which genome sequences are available. Note that the DHS level in this
isolate was unexpectedly low rather than elevated (Table 1); the basis for this is unknown,
although it could reflect a compensating mutation.

We confirmed that the Fen1-Y298stop and Fen1-K175M mutations of clinical isolates 4719
and 4771 conferred loss-of-function by introducing these alleles (with flanking regulatory
sequences) on a single-copy plasmid into the fen1Δ deletion strain described above. As with
the Fen1-N156D allele from mutant 66032u-C1 tested in the same manner, the 128-fold
CRS-MIS differential of fen1Δ was unchanged or only minimally reduced to 64-fold by
expression of the 4719 or 4771 alleles, respectively. In contrast, plasmid-based expression of
a wild-type Fen1 allele reduced the CRS-MIS differential to 8-fold. (Lack of full reversal
may be a consequence of lower plasmid-based expression due, for example, to competition
for regulatory factors from the chromosomal FEN1 promoter.)

Effects of exogenous long chain bases and myriocin
Analogous to the effects of the sphingolipid pathway mutations described above, exogenous
DHS or PHS (1.25 μg ml−1) conferred a CRS-MIS phenotype on all four wild-type C.
glabrata strains tested (Fig. 3A and data not shown). Specifically, exogenous PHS increased
the CSF MIC 8-fold and decreased the MCF MIC 8-fold (64-fold differential), while DHS
led to a 4-fold increase and a 4-fold decrease in CSF and MCF MICs, respectively.

For comparison, we tested myriocin, a specific inhibitor of the LCB1/LCB2-encoded serine
palmitoyltransferase representing the first, essential enzymatic step in the sphingolipid
pathway (Fig. 1). In contrast to DHS/PHS, myriocin at a subinhibitory concentration (1.25
μg ml−1) did not confer CRS-MIS, but rather conferred increased susceptibility to both CSF
and MCF (Fig. 3A). This enhancement of echinocandin susceptibility by inhibition of serine
palmitoyltransferase was independently confirmed in S. cerevisiae by testing a tetO
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promoter strain in which doxycyline addition downregulates LCB1 (data not shown). As
expected, PHS addition reversed the effects of myriocin (Fig. 3A).

In S. cerevisiae, it has been shown that exogenous LCBs are incorporated into complex
sphingolipids and rescue serine palmitoyltransferase mutants (Nagiec et al., 1994; Wells and
Lester, 1983). As noted above, loss of Sur2 function in C. glabrata mutant 66032u-C2
resulted in DHS accumulation, PHS depletion, and a CRS-MIS phenotype. We reasoned that
exogenous PHS might reduce the CRS-MIS phenotype of this mutant by permitting
synthesis of complex sphingolipids. Intriguingly, PHS did not have this effect (Fig. 3B). On
the other hand, myriocin addition reduced CRS-MIS in both the sur2 mutant 66032u-C2 and
fen1 mutant 66032u-C1 (Fig. 3B). Together these data argue that LCB accumulation, as
opposed to complex sphingolipid depletion, is responsible for the CRS-MIS phenotype in C.
glabrata.

Discussion
We were motivated to study the mechanism behind the paradoxical CRS-MIS phenotype for
two reasons. First, it may suggest novel approaches to enhancing echinocandin therapy or,
relatedly, reducing the likelihood of resistance. Second, it is likely to shed much needed
light on the mechanism of echinocandin action. Initial studies in S. cerevisiae provided
several apparently unrelated leads, since CRS in this model yeast was conferred by
mutations in the LEM3 gene involved in glycerophospholipid transport, the protein kinase
gene CKA2, the fatty acid elongase genes FEN1 and SUR4, and the ketodihydrosphingosine
reductase gene TSC10. In fact, 4 of these 5 genes relate to sphingolipid biosynthesis (Fig. 1).
Following these leads, the C. glabrata orthologs of FEN1 and CKA2 were disrupted and
shown to confer CRS-MIS. Returning to the spontaneous laboratory mutants described in
our initial report (Healey et al., 2011), sphingolipid analysis revealed elevated levels of long
chain bases DHS or DHS plus PHS. Finally, gene sequencing confirmed the presence of
mutations in FEN1, SUR4, and IFA38 of the VLCFA arm and SUR2 of the LCB arm of the
sphingolipid biosynthesis pathway. In addition to defining its mechanism, these results
explain the relatively high frequency (ca. 10−5) at which CRS-MIS mutants arise (Healey et
al., 2011), since loss of function in any one of four different genes will suffice.

In retrospect, FEN1 (a.k.a. GNS1) was one of the first S. cerevisiae genes implicated in
reduced susceptibility to echinocandins, or more specifically the pneumocandin B0
derivative L-733,560 (el-Sherbeini and Clemas, 1995). More recently, screens of the S.
cerevisiae genome-wide deletion library for clones exhibiting reduced CSF susceptibility
identified lem3Δ (Lesage et al., 2004) and cka2Δ (Markovich et al., 2004), as we did here.
However, these screens failed to identify fen1Δ, sur4Δ, or any other sphingolipid pathway
deletant. A potential explanation for this discrepancy is that both previous screens employed
deletants in a haploid background while a diploid background was used here. Since the
diploid deletants were generated by mating independently generated haploid deletants, they
are less susceptible to aneuploidy artifacts associated with the latter (Hughes et al., 2000).
Validation of our S. cerevisiae screens was ultimately provided by their accurate prediction
of the basis for CRS-MIS in C. glabrata.

Confirmation and extension of our genetic analysis was provided by studies with
exogenously added DHS and PHS, both of which conferred the CRS-MIS phenotype on
wild-type C. glabrata strains. Contrary to expectation, exogenous PHS did not suppress the
CRS-MIS phenotype of Sur2 mutant 66032u-C2 which is blocked in the conversion of DHS
to PHS. This implies that CRS-MIS is mediated not by reduced synthesis of complex
sphingolipids but rather by the accumulation of LCB intermediates. Myriocin, an inhibitor
of the first step in sphingolipid synthesis and hence LCB accumulation, did reverse CRS-

Healey et al. Page 6

Mol Microbiol. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MIS. Indeed, myriocin enhanced susceptibility to all three echinocandin derivatives in wild-
type strains, most likely a consequence of decreased Fks1 function due to altered membrane
environment.

The mechanism by which LCB accumulation results in reduced susceptibility to one
echinocandin but increased susceptibility to another remains to be elucidated. While
sphingolipids have regulatory roles which include cell wall maintenance (Dickson, 2010)
such regulation should affect susceptibility to all echinocandins equally. It is more likely
that CRS-MIS reflects a direct interaction between sphingolipids, echinocandins, and Fks
within the context of the plasma membrane. A model illustrating this potential relationship
is presented in Fig. 4. It is based on a key structural difference among echinocandins: the
lipid tail, which is essential to echinocandin activity (Boeck et al., 1989), is purely alkyl in
CSF but mixed aryl-alkyl in MCF. Furthermore, it draws upon our recent topological
analysis of S. cerevisiae Fks1 indicating that all three hotspots for resistance-conferring
mutations are located externally, with hotspot 1 adjacent to and hotspot 3 embedded within
the outer leaflet of the plasma membrane (Johnson and Edlind, 2012). Thus, in this model
we speculate that increased LCB levels (e.g., from Fen1 mutation) within the membrane
weaken the interaction between the membrane-spanning hotspot regions of Fks1 (or Fks2)
and the lipid tail of CSF, but conversely strengthen the interaction with the lipid tail of MCF
(Fig. 4). Testing this model may be challenging; among other requirements there is a need
for echinocandin derivatives that differ only in their lipid tails (CSF and MCF differ as well
in modifications to their hexapeptide cores).

The mechanism by which cka2Δ confers CRS-MIS also awaits further study. Cka2-
mediated phosphorylation may be required for activity of one or more sphingolipid pathway
enzymes; e.g., Fen1 of the VLCFA arm, Sur2 of the LCB arm, or the Lag1/Lac1 ceramide
synthase that joins them. Indeed, Kobayashi and Nagiec (2003) reported impaired ceramide
synthase activity in their S. cerevisiae cka2Δ mutant, and we note that the C-termini of Lag1
and Lac1 are enriched in potential Cka2 phosphorylation sites.

Importantly, the three clinical isolates exhibiting a CRS-MIS phenotype described in our
initial report (Healey et al., 2011) were confirmed here as bonafide CRS-MIS mutants based
on sphingolipid analysis and gene sequencing. It remains to be seen, however, whether or
not C. glabrata CRS-MIS mutants routinely accumulate during CSF therapy. One argument
against this is that some sphingolipid pathway mutations are deleterious with respect to
growth in vitro and hence likely to confer reduced virulence in vivo. On the other hand,
there are numerous examples of deleterious mutations in diverse pathogens that are tolerated
due to the strong selective pressure exerted by antimicrobial therapy, especially in
immunocompromised patients. Echinocandin resistance-conferring Fks mutations provide a
particularly pertinent example (Ben-Ami et al., 2011; Garcia-Effron et al., 2009). Another
argument is that serum, which significantly affects echinocandin susceptibility (Paderu et
al., 2007), could significantly alter CRS-MIS; however, in assays with 15% human serum
(higher concentrations inhibit C. glabrata growth) this was not observed (data not shown).
Ultimately, it will be necessary to survey isolates from patients before and after CSF therapy
to establish the clinical relevance of CRS-MIS mutants. If indeed they do accumulate, a
switch to MCF would be preferable to the usual response of switching antifungal classes.
Alternatively, our results suggest novel ways in which echinocandin therapy could be
enhanced; e.g., by combining MCF with a sphingolipid pathway intermediate or inhibitor
that mimics the effects of CRS-MIS mutation.
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Experimental Procedures
Strains

C. glabrata strain 66032u (ura3) and its CRS-MIS mutants, clinical isolate 945 and its CRS-
MIS mutants, and CRS-MIS clinical isolates 4719, 4771, and 4743 have been described
(Healey et al., 2011). Strains 66032 and 200989 (ura3, trp1Δ, his3Δ) are from the American
Type Culture Collection (Manassas, Va.). Additional CRS-MIS mutants were selected on
CSF-containing medium as previously described (Healey et al., 2011). Pooled and arrayed
S. cerevisiae homozygous and heterozygous deletion libraries, their diploid parent BY4743,
and haploid BY4742 were obtained from Research Genetics (Invitrogen, Carlsbad, CA). The
S. cerevisiae genomic DNA library in shuttle vector YCp50 was generously provided by J.
Broach (Princeton).

Media, drugs, and sphingolipid intermediates
SOB medium with or without 50 μg ml−1 ampicillin was used to culture E. coli DH5a. The
yeast media used were YPD (1% yeast extract, 2% peptone, 2% dextrose) or, where
indicated, SD-ura or SD-trp (DOB plus CSM-ura or CSM-trp; Sunrise Science Products,
San Diego, CA). CSF (Merck, Rahway, N.J.), MCF (Astellas, Deerfield, IL), ANF (Pfizer,
New York, NY), myriocin, dihydrosphingosine, and phytosphingosine (Biomol/Enzo Life
Sciences, Farmingdale, N.Y.) were dissolved or diluted in dimethyl sulfoxide; final solvent
concentration was ≤ 0.5% in all experiments.

Isolation and characterization of S. cerevisiae temperature-sensitive CRS mutant
Haploid BY4742 cells (1 × 107) were plated on 0.25–0.5 μg ml−1 CSF-containing YPD, and
CRS mutants selected following incubation at 25°C for 3 days. Mutants (50) were screened
for no growth at 38°C on drug-free YPD, which identified temperature-sensitive mutant
CRS-ts1. This mutant was transformed with a YCp50 single copy plasmid library of Sau3A
partially digested S. cerevisiae genomic DNA with selection on SD-ura plates at 25°C. The
17,000 transformants were pooled and 1 × 106 cells plated on YPD with incubation at 38°C.
From 16 of the 800 colonies obtained, plasmids complementing the temperature-sensitive
mutation were rescued by transformation into E. coli DH5α and purified as described below.
Inserts were characterized by restriction digestion, and sequences flanking the inserts were
determined with primers YCp50F and YCp50R (Table 3). This identified one essential gene,
which was amplified from CRS-ts1 and its wild-type parent and sequenced to identify the
mutation.

Isolation and characterization of CRS clones within the S. cerevisiae pooled deletion
library

Pooled homozygous or heterozygous deletion libraries (2 × 105 cells) were plated on 0.1 to
0.3 μg ml−1 CSF-containing YPD agar, and following incubation at 30°C for 3 days, CRS
clones were streaked for isolation and their DNA purified as described below. Deletant-
specific tags flanking the KanMX4 cassette were amplified as described below with primer
pairs KanUF/KanUR (uptag) and KanDF/KanDR (downtag) and sequenced with primers
KanUseq or KanDseq, respectively (Table 3). The deleted gene was identified by
comparison to the tag database (www-sequence.stanford.edu/group/yeast_deletion_project/
ResGenftp.html). The corresponding unexposed deletant from the arrayed collection was
subsequently tested by broth microdilution as described below to confirm the CRS
phenotype.
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C. glabrata gene deletion
Deletant fen1Δ was generated in C. glabrata 200989 by transformation with a PCR-
amplified TRP1 PRODIGE cassette (for primers, see Table 3) and selection on SD-trp as
previously described (Edlind et al., 2005). Deletant cka2Δ was similarly generated in strains
66032u and BG14 with a URA3 PRODIGE cassette and selection on SD-ura. Transformants
were screened by PCR with the indicated primers (Table 3). Deletant lem3Δ was described
previously (Edlind et al., 2005).

DNA purification, amplification, and sequencing
Plasmids were purified from lysozyme-treated E. coli or glass bead-disrupted S. cerevisiae
by the STET buffer/boiling procedure (Holmes and Quigley, 1981). Genomic DNAs were
isolated by phenol extraction of glass bead-disrupted cells followed by two cycles of ethanol
precipitation (Edlind et al., 2005). PCR with the indicated template and primers (Table 3)
employed Taq polymerase and the conditions recommended by the supplier (New England
Biolabs, Ipswich, Mass.). Plasmids, or PCR products treated with exonuclease I plus shrimp
alkaline phosphatase (New England Biolabs) were sequenced (Genewiz, South Plainfield,
N.J.) with gene-specific primers (Table 3).

Gap-repair cloning
Plasmid pGRB2.0 (pRS416 with URA3 marker and C. glabrata CEN/ARS; gift of B.
Cormack, Johns Hopkins) was linearized with SmaI and treated with alkaline phosphatase as
recommended by the supplier (New England Biolabs). FEN1 plus flanking sequence was
amplified using DNA from strains 66032u, 66032u-C1, 4719, or 4771 as template and the
pGRB-CgFEN1 primers (Table 3) which include 38 or 39 bases at their 5′ ends homologous
to pGRB2.0 sequences flanking the SmaI site. Competant fen1Δ cells were cotransformed
with linearized plasmid and PCR product with selection on SD-ura, and transformants
screened by PCR and sequencing. For an empty vector control, fen1Δ was also transformed
with untreated pGRB2.0.

Sphingolipid analysis
Approximately 2 × 108 cells from log phase cultures in YPD at 35°C were pelleted, washed
in sterile water three times, and frozen on dry ice. After thawing, LCBs were extracted and
analyzed by liquid chromatography-mass spectrometry (LC-MS/MS) (Bielawski et al.,
2010) by the Lipidomics Shared Resource of the Medical University of South Carolina
(www.musc.edu/BCMB/lipidomics).

Broth microdilution assays
Echinocandin MICs (concentration inhibiting growth ≥ 80% relative to drug-free control)
were determined by broth microdilution in YPD as described (Vermitsky et al., 2006). For
combination studies, PHS, DHS, or myriocin at the indicated concentrations were added to
diluted cells 1 h prior to the broth microdilution assay. All assays were repeated at least
twice on separate days, and comparable results obtained.
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Fig. 1. Sphingolipid biosynthesis pathway in yeast
Synthesis of VLCFAs and LCBs are shown as separate arms, the products of which are
linked by ceramide synthase. Relative to phytoceramides produced from PHS,
dihydroceramides are typically produced from DHS at minor levels (grey). The mechanism
by which Cka2 regulates sphingolipid biosynthesis is unclear (question mark), but has been
suggested to involve ceramide synthase (Kobayashi & Nagiec, 2003). Complex
sphingolipids include additional head groups such as mannose and inositol (not shown).
Modified from Dickson (2010).
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Fig. 2. Deletion of C. glabrata genes involved in sphingolipid biosynthesis confers CRS-MIS
Three genes implicated in S. cerevisiae CRS were deleted in C. glabrata and tested for
echinocandin susceptibility by broth microdilution; results are expressed as fold change in
MIC relative to parent. FEN1 encodes a fatty acid elongase (partially redundant with Sur4)
in the VLCFA arm and CKA2 encodes a protein kinase catalytic subunit that regulates
(directly or indirectly) ceramide synthase. LEM3 is involved in glycerophospholipid
transport and has no known role in sphingolipid biosynthesis. Results are representative of
three independent experiments.
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Fig. 3. LCB accumulation is responsible for C. glabrata CRS-MIS
A. C. glabrata strain 66032u was pretreated with PHS, DHS, myriocin, or PHS + myriocin
(all at 1.25 μg ml−1) for 1 h and then assayed for echinocandin susceptibility. Results are
expressed as fold-change in MIC relative to non-pretreated controls, and are representative
of three independent experiments. B. CRS-MIS mutants 66032u-C2 (Sur2-M1I) and
66032u-C1 (Fen1-N156D) were pretreated with PHS or myriocin (1.25 μg ml−1) and then
assayed as in A above.
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Fig. 4.
Model illustrating potential mechanism by which LCB accumulation confers CRS-MIS.
Elevated LCB levels within the plasma membrane are hypothesized to weaken the
interaction between Fks (most likely at hotspot 3 which is membrane embedded) and CSF
but strengthen the interaction with MCF. (Not drawn to scale.)
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Table 1

LCBs accumulate in CRS-MIS laboratory mutants and clinical isolates.

Strain/mutant Mutation

pmol/sample

DHS PHS

66032u WT 110 180

66032u-C1 Fen1-N156D 820 1110

66032u-C2 Sur2-M1I 2800 3

66032u-C3 Sur4-Y329stop 590 1200

Isolate 380 WT 110 190

Isolate 4719 Fen1-Y298stop 950 4000

Isolate 4743 Ifa38-I339M 400 360

Isolate 4771 Fen1-K175M 31 630
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Table 2

CRS-MIS is mediated by mutation of the sphingolipid biosynthesis pathway.

Strain/mutant

MIC (μg ml−1)

CRS-MIS fold differentiala MutationCSF MCF

66032u 0.03 0.008 - -

66032u-C1 0.5 0.00025 512 Fen1-N156D

66032u-C2 0.5 0.0005 256 Sur2-M1I

66032u-C3 0.5 0.001 128 Sur4-Y329stop

66032u-C4 1 0.002 128 Sur2-E299stop

66032 0.03 0.008 - -

66032-C1 0.5 0.00025 512 Sur2-M197I

945 0.008 0.008 - -

945-C1 0.25 0.001 256 Fen1-W145stop

945-C2 0.12 0.0005 256 Sur4-S141F

945-C3 0.06 0.0005 128 Fen1-P206L

945-C4 0.06 0.0005 128 Sur4-S141F

CE14 0.016 0.008 - -

CE14-C1 0.25 0.0005 256 Fen1-W235stop

CE14-C2 0.25 0.001 128 Fen1-V255E

CE14-C3 0.25 0.001 128 Fen1-V255E

CE14-C4 0.12 0.0005 128 Sur4-K201E

CE08 0.016 0.008 - -

CE08-C1 0.25 0.00025 512 Sur4-L144R

DSY753 0.016 0.008 - -

DSY753-C1 0.5 0.0005 512 Fen1-E17stop

DSY753-C2 0.12 0.001 64 Sur2-N86K

2805615 0.008 0.008 - -

2805615-C1 0.25 0.0005 512 Fen1-D166Y

2805615-C2 0.25 0.002 128 Ifa38-G214D

2807990 0.03 0.008 - -

2807990-C1 0.5 0.001 128 Fen1-ΔI115-A138

Isolate 4771 0.25 0.001 - Fen1-K175M

Isolate 4719 0.25 0.0005 - Fen1-Y298stop

Isolate 4743 0.12 0.0005 - Ifa38-I339M

a
Relative to wild-type parent, fold increase in CSF MIC x fold decrease in MCF MIC.
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